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ABSTRACT 

The global sustainable development is threatened by the escalating water 

crises in the new millennium. In the last century, water use has grown at 

more than twice the rate of population increase which has led to increase in 

number of chronically water scarce regions around the world. Pakistan – a 

country of over 141 million people is also experiencing very high water 

stress due to increasing population coupled with industrialization and 

urbanization. Water shortages are further compounded by urban water 

pollution due to discharge of untreated sewage to rivers and leakage to 

underlying aquifers leading to poor water quality in towns and cities. An 

example of such an urban centre is the Lahore metropolis – capital of 

Punjab Province, which is mainly a groundwater dependent city. Due to 

rapidly population growth, urbanization and industrial growth in Lahore, the 

watertable in the area has continuously been lowering since 1960 with the 

increase of groundwater abstraction making it unsustainable.  

 

The main aim of this dissertation was to study sustainable groundwater 

development policy options for adaptation to climate change as part of 

integrated urban water management. To achieve the objectives of the study, 

a parsimonious working surface-groundwater interaction groundwater flow 

model, using MODFLOW Package, was developed for understanding the 

hydro-geological dynamics under different aquifer management 

interventions as part of climate responsive policy. The developed model was 

calibrated using PEST (acronym for Parameter ESTimation) Package. There 

was a close agreement between the observed and simulated heads and the 

overall trend of the observed groundwater hydrograph was also followed 

well by the modelled data. 

 

The impact of climate change was investigated by considering ten future 

scenarios divided under two broad conditions: (i) future population growth 

rate ranging from 2.5 to 2.2%; and (ii) total population restricted at the level 

of last calibration period (2000 – 2004). The results of all the future 

scenarios indicate that the aquifer storage underneath Lahore and 

surrounding areas will continue to decrease with the passage of time under 



 v

different weather conditions. Due to heavy abstraction rates, the developed 

cones of depression will widen over time and space. Formation of sink 

conditions will result in flow of groundwater from semi-urban/rural areas of 

Lahore towards the urban area. Increase in groundwater abstraction in semi-

urban/rural areas due to future urbanization will result in decline in 

groundwater levels under the Lahore urban area thereby increasing energy 

needs and in some cases making the wells run dry.  Restricting the pumping 

rates at the last calibration period (2000 – 2004) may help in minimizing the 

groundwater storage reduction for sustaining the population level existing in 

period 2000 – 2004. The study proves the hypothesis that future climate 

change and urban development trends will render urban groundwater 

systems non-useful for domestic, urban and industrial use but science based 

policy incorporating climate change impacts into urban water management 

can help in achieving better outcomes for local population as well as for the 

environment. 
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Chapter 1 Introduction 

 

This chapter discusses the emerging global water crises due to population 

growth, urbanization and climate change. Global issues of groundwater use 

and its key challenges are also discussed in brief. In the context of absence 

of a climate responsive urban groundwater management policy in Pakistan, 

research questions are defined and research objectives are formulated to 

address these research questions. The dissertation structure is also presented 

at the end of this chapter. 

 
1.1 Backdrop 

Water is essential for all aspects of life and all socio-economic development 

is dependent on it. The global sustainable development is threatened by the 

escalating water crises in the new millennium. In the last century, water use 

has grown at more than twice the rate of population increase which has led 

to increase in number of chronically water scarce regions around the world. 

By 2025, 1800 million people will be living in countries or regions with 

absolute water scarcity, and two-thirds of the world population could be 

under water stress conditions (UN-Water, 2006) i.e. with water availability 

less than the water stress index of 1700 m3 of renewable water resources per 

capita per year (Falkenmark et al., 1989). If present rates of water 

consumption are maintained , five billion out of the world’s 7.9 billion 

people will be living in areas where it will be difficult or even impossible to 

meet the basic human water requirements in 2025 (UNFPA, 2003). 

 

As per United Nations Report (2004), the projected change in world 

population between 1995 and 2030 will be 2.51 billion, while at the same 

time the increase in urban population will be 2.44 billion, implying that all 

of the increased population in the next century will live in cities (Jury and 

Vaux, 2007). Thus this trend will significantly raise the proportion of the 

population in urban areas of developing countries (Figure 1.1). 
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Figure 1.1 Percentage of the urban population (Jury and Vaux, 2007) 

 

Jenerette and Larson (2006) estimated that the number of cities with more 

than 5 million residents was expected to increase globally from 46 to 61 

between 2015 and 2030, with disproportionate increases in Asia and Africa. 

The provision of adequate water for urban uses in metropolitan areas with 

huge populations in the future will be extraordinarily challenging. In many 

parts of the world, urban water is being supplied only by extracting 

groundwater at rates greatly in excess of natural recharge which is not only 

jeopardizing future availability but also causing ancillary problems such as 

land subsidence and increased vulnerability to aquifer contamination. Table 

1.1 shows the projected increases in global withdrawal and consumption of 

water by various sectors between 1995 and 2025. The withdrawal of water 

by the municipal and industrial sectors during the period 1995-2025 is 

comparable to the withdrawal for irrigation by agriculture, but actual 

consumption is only about 20%. 
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Table 1.1 Projected increases in water withdrawal and consumption by 

various water sectors for the period 1995-2025 

Sector Withdrawal 
increase 

(km3/year) 

Withdrawal 
increase (% 

of total) 

Consumption 
increase 

(km3/year) 

Consumption 
increase (% 

of total) 
Agriculture 685 47.3 499 72.3 

Municipal 263 18.2 24.3 3.5 

Industry 418 28.9 86.4 12.5 

Reservoir 

losses 

81 5.6 81 11.7 

Total 1447 100.0 690 100.0 

Source: Shiklomanov (2000) 

 

Climate change and associated enhanced climate variability have also 

emerged as important factors to consider in water resource planning as 

different Global Circulation Models (GCMs) involving alternative 

hypotheses agree on a number of projections relevant to the water regime. 

Frederick (1997) outlines the most significant of these as:  

 

 “Climate change simulations predict that globally averaged surface 

temperature will increase from 1.4 to 5.80C relative to 1990 by the 

end of the twenty-first century. 

 The timing and regional patterns of precipitation will change, and 

more intense precipitation days are likely. 

 Models used to predict climate change suggest that a 1.5–4.50C rise 

in global mean temperature would increase global mean 

precipitation about 3–15%. 

 Although the regional distribution is uncertain, precipitation is 

expected to increase in higher latitudes, particularly in winter. 

 Because potential evapotranspiration (PET) increases at higher air 

temperature, larger PET rates may lead to reduced runoff, even in 

areas with increased precipitation, implying a possible reduction in 

renewable water supplies. 

 Annual runoff is likely to increase at high latitudes, while some 

lower latitude basins may experience large reductions in runoff and 

increased water shortages. 
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 Flooding is likely to occur more frequently in many areas, although 

the amount of increase for any given climate scenario is uncertain 

and impacts will vary among basins. Floods may become less 

frequent in some areas. 

 Droughts could become more frequent and severe in some areas as a 

result of a decrease in total rainfall, more frequent dry spells, and 

higher evapotranspiration. 

 Seasonal disruptions might occur in the water supplies of 

mountainous areas if more precipitation arrives as rain rather than 

snow, and if the length of the snow storage season is reduced. 

 Water quality problems may increase where there is less flow to 

dilute contaminants introduced from natural and human sources”. 

 

Unlike most developing countries of the world, where according to latest 

estimates 70 to 80 percent of fresh water resources are used for agriculture 

purposes, Pakistan consumes up to 98 percent of its fresh water resources 

for agriculture (World Bank, 2006). This trend of water consumption in 

Pakistan, over the last ten years, has been on the rise. From using 37 percent 

of the water available, the current use has almost doubled i.e. about 62 

percent to satisfy the rising demands of a growing population. Pakistan has 

already joined the list of most water-stressed countries (water stress index 

1700 m3 or less per capita per year) in the world and is now on verge of 

degrading into outright water scarcity (water stress index 1000 m3 or less 

per capita per year) (Figure 1.2) due to high population growth, urbanization 

and climate change (World Bank, 2006). 
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Figure 1.2 Declining water availability (m3/capita/year) in Pakistan 

 

Pakistan, like other developing countries, is a country where more and more 

people are moving to cities with a hope to find a better quality of life and if 

this urban migration is unchecked the growth in the urban population will 

outpace the growth in the rural population by the year 2024. The high urban 

population growth, urbanization and climate change is exerting stress on the 

natural resources of the country.  

 

As a consequence of non-existence of consolidated water policy and poor 

enforcement of existing legislations, Pakistan is currently facing the 

challenges of: 

i) over-exploitation of groundwater beyond sustainable 

recharge limits;  

ii) deterioration in groundwater quality through over use, and 

pollution from municipal, industrial and agricultural uses;  

iii) groundwater contamination from geo-genic toxic like 

arsensic, fluoride and iron;  

iv) decline in water table and inefficient use of energy for 

pumping;  

v) use of poor quality groundwater for irrigation and human use 

and associated impacts on productivity and human health;  

vi) instances of land subsidence and saltwater intrusion;  

vii) increase in salts in the root zone and impaired drainage due 

to declining water table;  

Source: World Bank (2006)
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viii) potential for social instability;  

ix) inter-provincial water conflicts; and  

x) trans-boundary water conflicts 

xi) a lack of integrated water resources management policies in 

urban and rural areas to deal with climate change impacts. 

 

1.2 Problem Statement 

Pakistan is a country of over 141 million people, which is expected to grow 

to over 220 million by the year 2025. The most pressing need over the next 

quarter century will be provision of basic amenities such as water and 

sanitation. The increasing population will have a major impact on food, 

energy, water and environment. The stressed natural resource base and high 

environmental costs are threatening to undermine growth prospects of 

Pakistan. The urgency of addressing Pakistan’s water related problems has 

probably never been greater. Conservative estimates presented in the World 

Bank Report (2006) suggest that environmental degradation costs the 

country at least 6 percent of its GDP, or about Rs. 365 billion per year (US $ 

6.05 billion per year). The future growth and maintenance of existing life 

functions are threatened by Pakistan’s low, unreliable rainfall averaging 250 

mm a year. The country being water stressed consumes almost all of its 

available water supplies in most years (World Bank, 2006). The population 

explosion coupled with the demands of industrialization and urbanization 

has already created conditions of water scarcity. The water shortages 

combined with urban water pollution as a result of discharge of untreated 

sewage to rivers is further affecting the public health. The leakage from 

polluted water bodies to underlying aquifers is degrading the urban water 

quality. The eco-system is being badly affected by the direct disposal of 

untreated pollutants from industrial, agricultural and urban sources into 

surface and ground water bodies. The untreated pollutants are causing in 

heavily polluted water around towns and cities of Pakistan. An example of 

such an urban centre is the Lahore metropolis which is a groundwater 

dependent city. The main source of Lahore’s underlying aquifer recharge is 

the River Ravi and Lahore Branch Canal passing through the city. The River 

Ravi is one of the most polluted rivers of Pakistan receiving untreated 

domestic, industrial and agricultural waste water not only from Lahore but 
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also from bordering country India through the Hudiara Drain. The average 

values recorded at the time Hudiara Drain enters Pakistan and at the 

confluence of Hudiara Drain with Ravi are shown Table 1.2. It can be 

observed from Table 1.2 that the main pollutant indicators, Biological 

Oxygen Demand (BOD) and Chemical Oxygen Demand (COD), are diluted 

in Pakistan. It may also be mentioned that the average effluent flow in 

Hudiara Drain is much higher from India and hence the total quantity of 

pollution in Hudiara Drain from India is much more compared to that from 

Pakistan (Sami, 2001). 

 

Table 1.2 Pollutants Comparison 

Pollutants entering Hudiara Drain from India 
DO 

(mg/l) 

Discharge 
(cusec) 

pH BOD5 
(mg/l) 

COD 
(mg/l) 

TDS 
(mg/l) 

TSS 
(mg/l) 

Settleable 
solids 
(mg/l) 

0.55 187.7 7.94 113 276.4 695.2 348 4.25 

Pollutants entering River Ravi from Hudiara Drain 
DO 

(mg/l) 

Discharge 
(cusec) 

pH BOD5 
(mg/l) 

COD 
(mg/l) 

TDS 
(mg/l) 

TSS 
(mg/l) 

Settleable 
solids 
(mg/l) 

0.51 180.3 7.88 104.10 255.7 859.3 220 2.01 

Source: Sami (2001) 

 

Water samples were collected by Pakistan Council of Research in Water 

Resources (PCRWR) from 16 locations covering the major part of the 

Lahore city area and sources i.e. Tubewells (16) (Table 1.3 and 1.4). 

 

Table 1.3 Physical and Aesthetic Parameters in Drinking Water of 

Lahore, Pakistan 

Source: 

TW 

pH EC  

(mS/cm) 

Turbidity 

(NTU) 

Taste Odour 

Minimum 7.40 376 0.02 

Average 7.77 1020 0.40 

Maximum 8.20 2321 3.70 

Unobjectionable Odourless 

Source: PCRWR (2005) 
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Table 1.4 Water Quality Parameters in Drinking Water of Lahore, 

Pakistan 

Sour.

T/W 

Alk 

m.mol

/l 

HCO3 

mg/l 

Ca 

mg/

l 

Mg 

mg/

l 

Hard

mg/l 

Cl 

mg/l 

Na 

mg/

l 

K 

mg/

l 

SO4 

mg/l 

NO3 

mg/

l 

PO4 

mg/

l 

TDS 

mg/l 

Min. 3.00 150 20 13 140 11 11 1.4

0 

19 0.40 0.17 226 

Avg. 5.90 295 34 26 193 29 87 3.9

9 

83 0.56 0.24 539 

Max. 8.80 440 64 36 300 99 142 6.0

0 

186 0.85 0.34 763 

Source: PCRWR (2005) 

 

Out of the 16 locations none of any source was supplying safe drinking 

water. In each case one or more parameter(s) was falling under non-

acceptable guideline values. The data was computed and processed which 

showed that 43% samples were polluted with Coliform Bacterium. None of 

the sample showed E-coli contamination. The overall picture of other 

parameters was depicted as 100% water samples were possessing higher 

concentrations of As compared to WHO guide line values. The higher 

concentration of Fe was found in 50% water samples (PCRWR, 2005). 

 

A study conducted by UNICEF found that 20-40 percent of the hospital 

beds are occupied by patients suffering from water-related diseases, such as 

typhoid, cholera, dysentery and hepatitis, which are responsible for one third 

of all deaths. The total health costs associated with the deaths and sickness 

caused by waterborne disease are estimated to amount to more than 1.8 

percent of country’s GDP (World Bank Report, 2006). 

 

Due to rapidly population growth, urbanization and industrial growth in 

Lahore, the watertable in the area has continuously been lowering since 1960 

with the increase of groundwater abstraction. In 1960, there were a few small 

capacity tubewells operated by the ex-Lahore Municipal Corporation [now 

operated by Water and Sanitation Agency (WASA) – a wing of Lahore 

Development Authority (LDA)], and most groundwater abstraction were 

from small private wells. During the period 1967-1973, a further 21 

municipal tubewells were constructed and equipped with 110 litres/sec (4 
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cusecs) capacity pumps (NESPAK, 1993). In 2000, the number of high 

capacity tubewells increased to over 300 with a total installed capacity of 

29.7 m3/sec. The annual groundwater abstraction through these wells is 656 

MCM per annum (Mashhadi and Anwar, 2000). The groundwater 

abstraction from WASA and other tubewells within the Lahore Metropolitan 

Corporation Area is shown in Table 1.5.  

 

Table 1.5 Groundwater abstractions from WASA and other Tubewells 

Groundwater abstraction 

(m3/sec) 

Year Population 

(million) 

WASA Others Irrigation 

Total 

Groundwater 

abstraction 

(m3/sec) 

1987 3.67 11.70 3.80 1.30 16.80 

1990 4.10 12.79 5.09 0.95 18.83 

2000 5.60 29.70 6.40 0.74 36.84 

Source: Mashhadi and Anwar (2000) 

 

The effects of climate change are making things worse. No laws and water 

policy exists to make the urban groundwater sustainable. Keeping in view of the 

above conditions, a need was felt to carry out the present study to explore 

policy options which takes into account climate change and population 

growth for sustainable groundwater development. 

 

1.2.1 Research Hypotheses 

The present study is based on the following two key hypotheses: 

 Future climate change and urban development trends will render 

urban groundwater systems non-useful for human, urban and 

industrial use under a do nothing scenario. 

 Incorporation of global climate change impacts into urban water 

management will result in sustainable integrated water resources 

management especially resilient groundwater systems. 

 

1.2.2 Key Objectives 

The main objectives of the study are to: 
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 Synthesise existing groundwater studies to identify knowledge 

gaps for effective management of groundwater resource in 

groundwater dependent cities. 

 Develop tools to characterize water response under present and 

future population and climate stresses. 

 Scenario analysis to analyse future climate shocks on 

groundwater system response. 

 Devise alternative sustainable groundwater development policy 

options for adaptation to climate change.  

 

1.2.3 Research Questions 

There are a number of research questions to be answered. These include: 
 

1. What is the nature of the city’s water sources and the role the urban 

area plays on those sources (in both the larger and smaller contexts) 

particularly the groundwater systems? 

 

2. What will be the future demand (water consumption) that will be 

experienced in a town or city under future climate risk and 

development and what realistically can be achieved in the longer 

term from a climate change response perspective? 

 

1.3 Dissertation Structure 

Chapter 1 introduces the water issues at global level as well as in the context 

of Pakistan. Keeping in view the urban groundwater management issues, 

research question and objectives are outlined in this chapter. Chapter 2 

outlines the lesson learned from the literature reviewed related to: (i) issues 

in global urban water, in Pakistan and in the case study area of Lahore 

metropolitan; (ii) advances in research regarding global groundwater and 

climate, integrated water resources management (IWRM), and (iii) law and 

policy in some selected countries like European Union (EU) States, United 

States of America (USA), South Africa, New Zealand, Australia and 

Pakistan. Chapter 3 describes the methodology adopted to achieve the 

objectives of the present research study. Groundwater modelling and 

selection criteria of model are also presented in this chapter. Chapter 4 
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describes the lumped water balance to provide insights into the relative 

importance of main hydrological process in the study area. Chapter 5 

describes the design and details of developed groundwater model for the 

Lahore aquifer. Chapter 6 presents a range of water use scenarios based on 

climate change, population growth and urbanization for the case study area 

of Lahore, Pakistan. Chapter 7 presents conclusions from this research study 

and a possible way forward to improve the urban groundwater management.  

It is hoped that the Lahore’s case study may provide reference for other 

urban centres in the developing countries which are facing similar water 

problems around the world. 
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Chapter 2 Literature Review 

 

This chapter firstly reviews the prevailing issues in global urban water 

management, in Pakistan and in the case study area of Lahore metropolis. 

Secondly it presents a review of advances in research made regarding global 

groundwater and climate, integrated water resources management (IWRM), 

and relevant advances in law and policy in some selected countries around 

the world e.g. in the European Union (EU) States, United States of America 

(USA), South Africa, New Zealand, Australia and Pakistan. Based on the 

literature review, key messages and knowledge gaps are presented at the 

end. 

 

2.1 Introduction 

Out of the Earth’s 1386 million cubic kilometres of water, freshwater is only 

2.5% of that suitable quantity and nearly one-third of this meagre amount is 

available for human use (Postel et al., 1996). The total water withdrawn for 

human uses has almost tripled in the last 50 years from 1382 km3/year in 

1950 to 3973 km3/year and the worldwide projections anticipate that the 

human water consumption will further increase to 5235 km3/year by 2025 

(Clarke and King, 2004). More than half of the available freshwater supplies 

(surface and subsurface) are already being used for human activities and due 

to increasing demands of agricultural, industrial and residential, this 

proportion is increasing (Postel et al., 1996; Vorosmarty and Sahagian, 

2000). Figure 2.1 shows the availability of freshwater through average river 

flows and groundwater recharge, in cubic meters per capita per year, at the 

national level in 2000. It has been estimated that 5 out of 8 people will be 

living in conditions of water stress (per capita water availability less than 

1700 m3/year) or scarcity (per capita water availability less than 1000 

m3/year) by the year 2025 (Arnell, 1999; Falkenmark et al., 1989). By the 

year 2050, some 40% of the world’s population will probably experience 

water shortages (Gadgil, 1998; Kuylenstierna et al., 1998; United Nations, 

2002; Hamdy et al., 2003). 
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Figure 2.1 Availability of freshwater in 2000 (UNEP/GRID-Arendal, 

2002a) 

A comparison of countries facing water stress in 1995 and 2025 is shown in 

Figure 2.2. It can be observed from Figure 2.2, that 7 billion people will be 

suffering from water stress and scarcity by the year 2050. 

 

 

Figure 2.2 Freshwater Stress 1995 and 2025 (UNEP/GRID-Arendal, 

2002b) 

 
Most of the Earth’s liquid freshwater is found, not in lakes and rivers, with 

an estimated 98% of total liquid freshwater of the earth being held in 
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underground reservoirs/aquifers (UN/WWAP 2003). The global 

groundwater resources are shown in Figure 2.3.  

 

Figure 2.3 Global groundwater resources (BGR and UNESCO, 2008) 

 

The groundwater plays a very significant role in the supply of water for 

human activities (Shah, 2004). In many countries more than 50% population 

is dependent on the groundwater (Table 2.1). 

 

Table 2.1 Annual groundwater use in some selected countries 

Country Annual Use 
(BCM) 

No. of Tubewells 
(M) 

% of Population 
dependent on 
Groundwater 

India 150 20 55-60 

Pakistan 68 > 1.0 60-70 

Australia Na 0.5 (about) Na 

USA 100 0.2 < 1-2 

China 112 3.5 20-25 

Bangladesh Na 1.23 64 

Nepal 1.1 0.86 Na 

Source: Lashari et al. (2007) 

 

The importance of groundwater can be gauged from the World Water 

Development Report by the World Water Assessment Programme which 
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states: “Rapid expansion in groundwater exploitation occurred between 

1950 and 1975 in many industralized nations and between 1970 and 1990 in 

most parts of the developing world. Systematic statistics on abstraction and 

use are not available, but globally groundwater is estimated to provide about 

50% of current potable water supplies, 40% of the demand of self-supplied 

industry and 20% of water use in irrigation. Moreover, the value of 

groundwater to society should not be gauged solely in terms of relative 

volumetric abstraction. Compared to surface water, groundwater use often 

brings large economic benefits per unit volume, because of ready local 

availability, drought reliability and good quality requiring minimal 

treatment” (UN/WWAP, 2003). Groundwater supplies about 80% of 

domestic water supply in rural areas (Villholth, 2006). In addition to this, 

some 244 km3/year (equivalent to an estimated quarter of the world’s total 

annual withdrawal of groundwater) are estimated to be pumped for 

irrigation from about 19-26 million motorized dug wells and tubewells in 

2000 (Burke and Moench, 2000; Foster et al., 2000). Beside this reality, and 

as a direct consequence, increasing problems due to over exploitation and 

degradation groundwater such as: i) declining water tables; ii) wells running 

(seasonally) dry; iii) increasing pumping costs; iv) competitive deepening of 

wells; v) ground subsidence; vi) loss of wetlands and flowing springs and 

rivers; vii) salt water intrusion and other salinity problems; and viii) 

groundwater degradation from natural toxins (e.g. fluoride, arsenic) from 

spreading or leaching of anthropogenically-used substances from point and 

non-point sources have also been reported (Moench and Dixit, 2004; 

Richardson et al., 2004; FAO, 2003; Llamas and Custodio, 2003; Moench et 

al., 2003; Morris et al., 2003; Burke and Moench, 2000; Shah et al., 2000). 

 

As stated above, groundwater is utilized in water sectors such as 

agricultural, industrial and residential and in the subsequent sections its 

global use in these sectors is briefly discussed. 

 

2.1.1 Domestic use of groundwater 

Groundwater is an essential resource as two billion people depend directly 

upon groundwater aquifers for drinking water and 40% of the world’s food 

is produced by groundwater dependent irrigated agriculture (Morris et al., 
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2003). In 2000, over half of the 23 megacities (having a population of more 

than 10 million) of the world were found to be rely upon, or make 

significant use of local groundwater and it is estimated that many hundreds 

of cities worldwide are groundwater dependent (Morris et al., 2003). Table 

2.2 shows the estimated worldwide use of groundwater for potable supply. 

Figure 2.4 illustrates the freshwater use, in cubic kilometres per year, from 

1900 to 2000 for the world's major regions, and projects freshwater use for 

2000 to 2025. It also shows how much water was withdrawn and consumed, 

in cubic kilometres per year, by each continent at the end of the 1990's. 

Finally, it shows the world's top 20 water consumers per capita, in cubic 

metres. 

 

Table 2.2 Estimated percentage of water supply from groundwater 

source 

Region Per cent Population served 
(millions) 

Asia-Pacific 32 1000 - 2000 
Europe 75 200 - 500 

Central and South 
America 

29 150 

USA 51 135 
Australia 15 3 

Africa NA NA 
World - 1500 - 2750 

Source: Morris et al. (2003) 
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Figure 2.4 Global withdrawal and consumption (UNEP/GRID-Arendal, 

2002c) 

2.1.2 Industrial use of groundwater 

As much of the world’s industry is concentrated in developed and rapidly 

emergent economies, therefore, the percentage of water withdrawn for 

industrial use is higher in these countries (Morris et al., 2003).  Third World 

economies account for only 14% of the world’s industry out of which 60% 

is concentrated into nine countries located mainly in south-east Asia and 

Central and South America (Morris et al., 2003) as shown in Table 2.3. 
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Table 2.3 Industrial water use in the world's most and least 

industrialised countries 

Industrial Water Use Country Grouping 
% m3/p/year 

Canada ●▲ 80 1144 
France ●▲ 69 407 

Germany ●▲ 68 484 
Italy ●▲ 27 265 
Japan ●▲ 33 237 

Russia ●▲ 62 327 
United Kingdom ●▲ 77 155 

United States ●▲ 46 777 

Argentina ▲ 18 134 
Australia ▲ 20 53 

Brazil ▲ 17 37 
China ▲ 7 25 
India ▲ 4 15 

Indonesia ▲ 4 9 
Mexico ▲ 8 63 

Saudi Arabia ▲ 3 14 
South Africa ▲ 11 31 
South Korea ▲ 14 82 

Turkey ▲ 11 53 
Mali ▼ 1 1 

Central African 
Republic 

▼ 5 1 

Chad ▼ 2 0 
Guinea-Bissau ▼ 4 1 
Mozambique ▼ 2 1 

Ethiopia ▼ 3 1 
Burkina Faso ▼ 0 0 

Burundi ▼ 0 0 
Niger ▼ 2 1 

Sierra Leone ▼ 4 3 
● Member of G8 group of leading industrial nations 
▲ Member of G20 group of industrial and emerging economies 
▼ World’s poorest nations according to human development index 
HDI 
Source: Morris et al. (2003) 

 

2.1.3 Agricultural use of groundwater 

Through the increased use of irrigation (groundwater being the major 

source), an enormous rise in food production in many countries of the world 

has been witnessed during the last 30 to 40 years. India, Nepal, Bangladesh, 

Pakistan and China combined together use over 300 km3 of groundwater 
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annually which is nearly half of the world’s total annual use (Shah et al., 

2003). In India the amount of land irrigated by surface water has doubled 

between 1950 and 1985, but the area irrigated by groundwater has increased 

by 113 times so that by the 1990s more than half of the irrigated land used 

groundwater (Morris et al., 2003). USA, which has third highest irrigated 

area in the world, uses groundwater for 43% of its irrigated farmland 

(Morris et al., 2003). Table 2.4 shows the use of groundwater of some 

countries of South Asia and Australia.  

 

Table 2.4 Use of groundwater in some selected countries 

Country Groundwater (%) 

Pakistan 45 

India 53 

Bangladesh 69 

Nepal 50 

China 25 

Australia 34 

Source: Lashari et al. (2007) 

 

Figure 2.5 shows a comparison of water use by the agricultural, industrial 

and domestic sectors at the national level, indicating the dominant sectors 

and significant users of water country-wise.  
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Figure 2.5 Global freshwater withdrawal: agricultural, industrial and 

domestic use (UNEP/GRID-Arendal, 2002d) 

 

2.1.4 Groundwater quality degradation problems 

The groundwater quality degradation can occur due to the following reasons 

(Morris et al., 2003): 

 uncontrolled exploitation of groundwater e.g. where groundwater 

levels decline too fast or to unacceptable levels. This results not only 

reduction in water availability but can also result in other serious and 

potentially costly side effects like saltwater intrusion, piezometric 

depression and land-surface subsidence e.g. in metropolitan 

Bangkok, Thailand (Foster and Chilton, 2003); 

 human activities at the land surface which may contaminate the 

underlying groundwater aquifer like dumping of solid waste, 

wastewater disposal without treatment, chemicals spillage, etc; 

  major land use change like the one which took place in southern 

Australia where the removal of natural vegetation led to the twin 

menace of waterlogging and salinity 
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Morris et al. (2003) states that the scale of the contamination problem 

depends on the nature of the aquifer like contamination may become widely 

spread in a highly fractured aquifer as compared to aquifer having a modest 

permeability. The water use, availability of alternative sources and the scale 

of impact on different users are the important issues when groundwater 

quality degradation is being considered (Morris et al., 2003). 

 

2.2 Global Groundwater Issues 

Some global trends affect all the Earth’s freshwater reserves but perhaps the 

three most far-reaching in terms of resource sustainability, identified by 

Morris et al. (2003), are:  

i) salinisation,  

ii) trends in withdrawals and;  

iii) climate change  

 

 Salinisation: As the salinity does not reduce naturally and 

salinised groundwater needs energy-intensive desalination or 

dilution, therefore, it is the major threat to aquifer sustainability. 

The causes of salinisation are the poor irrigation practice in 

agricultural areas and over-abstraction inducing saline intrusion 

mostly in coastal areas. Salinised aquifers are slow to recover 

(Morris et al., 2003). 

 Global trends in withdrawals: It has been estimated that 8.2% of 

annually renewable groundwater is being extracted for human 

use (Shah 2004). This appears to be a small fraction but this 

number covers a large global variability of groundwater 

recharge, basically reflecting differences in rainfall and 

geological formations (Villholth, 2006). 

 Climate change: The potential effects of climate change on 

groundwater as identified in literature include: i) a long time 

decline in groundwater storage; ii) increased frequency and 

severity of groundwater droughts; iii) seasonal high water tables 

due to increase in precipitation; iv) mobilisation of pollutants due 

to seasonally high water tables; and v) saltwater intrusion in 

coastal aquifers due to sea level rise and resource reduction. 
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2.2.1 Global water challenges 

Water resources planners and mangers world-wide will have to face the 

following striking challenges in the near future (Morris et al., 2003): 

 Population explosion: As per global population projections, 

there will be an increase of 20% in the world population from 

over 6 billion in 2000 to over 7 billion by 2015, and to 7.8 billion 

by 2025, a total increase of 30% (Morris et al., 2003). 

 Urbanization: About two-thirds of the total world population 

used to live in rural areas back in 1970. By the year 2001, this 

had dropped to just over 50% and as per current predictions, this 

will fall to 44% with 56% of the population living in urban areas 

by the year 2020 (UNESCO-WWAP, 2006). The urban 

population is expected to reach almost 5 billion or 60% of the 

projected global population of 8.6 billion by 2030 (Howard, 

2007). 

 Water supply and sanitation: Around 25 million people die each 

year, especially in developing countries, due to water pollution 

and half of the diseases, affecting the world’s population, are 

transmitted by or through water (Morris et al., 2003).  According 

to the recently UNICEF & WHO jointly published Report 

(2008), two and a half billion people, 38% of the world’s 

population, remain without improved sanitation facilities 

(defined as one that hygienically separates human excreta from 

human contact), mostly in sub-Saharan Africa and Southern 

Asia. The number of people without an improved drinking water 

source (defined as a drinking water source or delivery point that, 

by nature of its construction and design, is likely to protect the 

water source from outside contamination, in particular from 

faecal matter) is now below one billion (UNICEF and WHO, 

2008).  

 Increase in per capita water use: Improvement in water supply, 

sanitation and other aspects of living standard in the developing 

countries will result in increase in per capita water use thus 

having a major effect on water demand and quantity of 

wastewater available for reuse (Morris et al., 2003). 
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 Dwindling global water resources: Globally, water use has 

outpaced the population for at least a century and this trend is 

still continuing. This can be gauged from the fact that the world 

population quadrupled over the past hundred years while water 

use grew by a factor of seven (UNDP, 2006). The combined 

effect will result in global decrease the per capita availability of 

water resources e.g. in Africa, the per capita annual renewable 

water resource is predicted to decline by over 55% between the 

period 1995-2025 from 5700 m3 to 2500 m3 (Morris et al., 2003).  

 Agriculture: Forty percent of the world’s food is produced by 

the irrigated lands and two-thirds of the world’s freshwater 

withdrawals are used by agriculture (Morris et al., 2003). In 

agriculture, future water management will have to face pressure 

from two directions (UNDP, 2006): i) on the demand side 

industralization, urbanization and changing diets will increase 

demand for food and the water used in its production while; ii) 

on the supply side the scope for expanding access to irrigation 

water is limited. Beside this, the salinisation of soils and 

groundwater is a major threat to water resource sustainability 

(Morris et al., 2003). 

 Industry: Back in 1900, industry used an estimated 6% of the 

world’s water but now it uses four times that share (UNDP, 

2006).  

 Biodiversity: Less than 7% of the total land area of the globe 

received any form of protection for its flora and fauna in 1996 

(Morris et al., 2003). 

 

After discussion of the global groundwater issues and challenges in the 

preceding sections, the groundwater issues being faced by Pakistan are 

discussed in the succeeding sections. 
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2.3 Overview of Groundwater Issues in Pakistan 

2.3.1 Introduction 

Pakistan, lying in the South Asian region, is blessed with diverse landscapes 

with varied terrain and elevation extremes ranging from lowest being the 

Indian Ocean at 0 m and highest being the world’s 2nd highest mountain – 

K2 (PEPA, 2005). Despite being mostly arid, the landscape diversity causes 

four distinct seasons to be found in the country. The country’s high 

population growth rate is stressing its natural resource base. According to 

population projections, the country’s population figures will reach 173 

million by 2010 and 221 million by 2025 (PEPA, 2005). As per these 

estimates there is a great threat that the country would slide below the water 

scarcity threshold of 1000 m3 per capita per year from 2010 onwards 

(PEPA, 2005) (Table 2.5).  

 

Table 2.5 Per capita water availability in Pakistan 

Year Population (million) Availability (m3 per 
capita per year) 

1951 34 5300 
1961 46 3950 
1971 65 2750 
1981 84 2100 
1991 115 1600 
2000 148 1200 
2013 207 850 
2025 267 659 

Source: PEPA (2005) 

 

The main source of surface water in Pakistan is the Indus River and its 

tributaries: i) on eastern side: Jhelum, Chenab, Ravi, Beas and Sutlej Rivers 

and ii) on western side: Kabul River alongwith with its main tributaries i.e. 

Swat, Panjkora and Kunar River. The total catchment area of Indus River 

System (IRS) is 970,468 sq. km (374,700 sq. miles) of which about 56% i.e. 

529,134 sq. km (204,300 sq. miles) lies in Pakistan. Figure 2.6 illustrates the 

average water availability in Pakistan. As Pakistan is dependent on a single 

river system i.e. IRS it implies that it has little of the robustness that most 

countries enjoy due to blessing of having a multiplicity of riven basins and 

diversity of water resources (World Bank, 2005). The Indus Basin System 

receives on average about 123,348,185 mega litres (ML) [123 BCM] of 
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freshwater annually from combined sources of glacier melt, snowmelt and 

rainfall which is further augmented by about 61,674,092 ML (61.5 BCM) of 

groundwater (World Bank, 2006). Both urban and rural domestic water 

supply consumption is about 4,933,927 ML (4.92 BCM) annually or only 

some 5% of total freshwater use in Pakistan (World Bank, 2006). A 

significant amount out of 14 BCM of river losses contribute to aquifer 

recharge and minor amount to evaporation. 

 

 

Figure 2.6 Average water availability in Pakistan (GCISC, 2005) 

 

The most populous Punjab Province has about 80% fresh groundwater. 

Beside saline water in the south and desert areas, there is some evidence of 

high fluoride or arsenic content locally in Punjab Province (World Bank, 

2006). A number of locations in Punjab Province are reportedly been 

contaminated by industrial wastewater discharges (World Bank, 2006). In 

Sindh Province, only less than 30% of groundwater is fresh, with much of 

the province underlain by highly brackish water, and some instances of 

elevated fluoride levels (World Bank, 2006). Increase in groundwater 

abstraction in the North-West Frontier Province (NWFP) has resulted in 

wells now reaching into saline layers, and much of Balochistan Province 

also has saline groundwater (World Bank, 2006). 
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Most of the urban and rural population rely on groundwater as the source of 

drinking water. In the Sindh Province due to groundwater generally being 

saline, an estimated 24 percent of the rural population get water from 

surface water or dug wells (World Bank, 2006). Most of the towns and cities 

of Pakistan are facing the serious issue of groundwater quantity and quality 

deterioration due to groundwater overexploitation and discharging of 

untreated sewage and industrial effluents directly into the surface water 

bodies (World Bank, 2006).  

 

2.3.2 Groundwater issues 

The most pressing of many environmental challenges being faced by 

Pakistan is preserving the quality and availability of freshwater resources. 

The fast pace of urbanization and industrialization coupled with dependence 

of the agricultural sector on chemicals and fertilizers is resulting in 

overcharging of the carrying capacity of country’s water bodies to 

assimilate and decompose wastes (PEPA, 2005). A daily total 1793 million 

gallons (mgd) of effluents, being generated from 15 major cities of the 

country, are discharged into the rivers (Tvedt and Jakobsson, 2006), thus 

deteriorating the water quality and contaminating the lakes, rivers and 

groundwater aquifers.  

 

Lashari et al. (2007) found out in their study that non-effective groundwater 

laws and policies have resulted in the following issues of groundwater use 

in Pakistan: 

 Groundwater mining at the rate of  about 1.5 m per year 

 Development of secondary salinization (sodicity and salinity) 

 Influencing on or no implementation of regulations 

 Pollution due to agricultural, industrial and human activities 

 Increase in pumping cost due to water table decline 

 

The following sub-sections present a closer analysis of various groundwater 

issues being faced by Pakistan. 
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i) Increase in population and urbanization 

As stated previously it has been forecasted that the country’s population 

figures will reach 173 million by 2010 and 221 million by 2025 thus causing 

the country to slide below the water scarcity threshold of 1000 m3 per capita 

per year from 2010 onwards (PEPA, 2005).  

 

Due to absence of opportunities in the rural sector, the trend of rural to 

urban migration is anticipated to continue (GoP, 2002) and if it is unchecked 

the growth in the urban population will outpace the growth in the rural 

population by the year 2024 (Figure 2.7). 

 

Figure 2.7 Actual and anticipated urban and rural population growth 

(GoP, 2002) 

 

ii) Climate change effect 

The water availability can be further aggravated by the probable reduction 

in water resources due to climatic changes (PEPA, 2005). A rise in 

temperatures has been observed in the arid and semi-arid zones as well as in 

the arid mountains, for the last couple of years along with a drop in the 

humid and semi-humid environments (PEPA, 2005). There has been an 

increase in precipitation in the hot, humid, semi-humid and semi-arid zones 

while a decrease in the cold, humid, semi-humid, arid mountains and coastal 

areas. As a result of the climatic change, reduced flows have been observed 
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in the Indus River and Kabul River while a mixed trend has been observed 

in the Jhelum and Chenab Rivers (PEPA, 2005).  

 

iii) Decline in groundwater levels 

Due to uncontrolled exploitation of groundwater, the water table in the 

Indus Basin is declining fast due to rates of extraction exceeding the rate of 

replenishments (PEPA, 2005). In the national capital city, Islamabad, the 

decline in water table has been over 15 m between the period 1986 – 2001 

while in the Punjab Province capital - Lahore, the decline in the water table 

has been over 4 m between 1993 and 2001 (PEPA, 2005). In the other 

provincial capital cities, the decline rate has been on a lesser extent, 

however, estimates show that without  an artificial recharging, groundwater 

in sub-basin of Quetta (Balaochistan Province capital) would be exhausted 

by 2016 (PEPA, 2005). 

 

iv) Groundwater quality degradation 

As stated earlier, untreated pollutants from industrial, agricultural and urban 

sources are being released directly into surface and ground water bodies, 

thus polluting groundwater around major towns and cities (World Bank, 

2006). Arsenic (As) contaminated groundwater is also a serious problem in 

Pakistan (Farooqi et al., 2007). Based on the monitoring program of 

groundwater quality, the Pakistan Council of Research in Water Resources 

(PCRWR) and UNICEF reported that As contaminated groundwater (10-

200 μg/L) is found in many areas of the country (Farooqi et al., 2007). In a 

study carried out by the Public Health Engineering Department of Pakistan, 

in collaboration with UNICEF, revealed that As-enriched groundwater 

occurs in the Indus alluvial basin and the highest As concentration was 906 

μg/L in the Muzaffargarh District of Punjab province (Nickson et al., 2005). 

 

The major sources of surface and groundwater pollution are: 

 

a) Industrial Pollution: As most of the industries in the country 

are located in or around urban centres, therefore, they are recognized 

as key sources of increasing pollution in natural streams, rivers, as 

well as the Arabian Sea by discharging untreated toxic water (PEPA, 
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2005). A serious area of concern is the contamination of shallow 

groundwater near industrial plants as groundwater pollution is often 

permanent and may take a very long time for flushing out pollutants 

such as toxic metals (e.g. Chromium) from the tanneries (PEPA, 

2005). The major industrial sectors responsible for water pollution 

are pulp & paper, textile, fertilizer, cement and sugar – mostly in 

cluster set ups in Karachi, Lahore, Faisalabad, Sialkot and Peshawar 

(GoP, 2002). Only 1% of treated wastewater is being discharged into 

rivers and drains in Pakistan (PEPA, 2005). In the North-Western 

Frontier Province (NWFP), 80000 m3 of industrial effluents 

containing a very high level of pollutants are discharged daily into 

the Kabul River (PEPA, 2005).  

 

b) Urban pollution: The pollution by urban wastewater is very 

alarming as it can be judged from the fact that 2 million tonnes of 

urban excrement is produced every year and 50% of this ends up in 

the water (PEPA, 2005).  

 

Table 2.6 shows the municipal and industrial flows disposed to 

inland surface waters in 2000 and its projection in 2010 & 2025. The 

future projections are based on 24.95% increase for the year 2010 

and 23.153% increase over 2010 for the year 2025. 

 

Table 2.6 Municipal and industrial flows disposed to inland surface 

waters 

 

Source: GoP (2002) 
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c) Agricultural pollution: In Pakistan an estimated 5.6 million 

tonnes of fertilizer and some 70,000 tonnes of pesticides are used 

annually (World Bank, 2006) and pollution from agricultural sources 

can be expected to contribute to the contamination of groundwater 

and aquifers. Ali and Jabbar (1991) and Latif et al. (1999) conducted 

studies to assess the effect of pesticide and fertilizers on shallow 

ground water quality. Their study results showed that pesticide 

residues had already reached the aquifer, and fertilizers (nitrate), 

though still within safe limits in groundwater, were in considerable 

concentrations in the lower subsoil layers, imposing a possible future 

threat to the groundwater (Tvedt et al., 2006). However, as 

compared to the industrial and domestic pollution, agricultural 

pollution is marginal as can be gauged from the fact that. in the 

Sindh Province, the pollution of water due to irrigation is 40 tonnes 

per day or 3.21% of the total pollution (PEPA, 2005).  

 

v) Salinity and water logging 

The agricultural land particularly in the Provinces of Punjab and Sindh is 

affected by the twin menace of salinity and water logging as an outcome of 

perennial canal irrigation system introduced to overcome aridity problem 

(GoP, 2004). The groundwater table began to rise as a result of seepage of 

water from the unlined canals & watercourses and the percolation of water 

from the irrigated fields. The water table depth rose from 152 cms to 305 

cms during June 2002 in 1401 thousand hectares to 3629 thousand hectares 

and the same increasing trend was observed during October 2002 i.e. from 

2472 thousand hectares to 5217 thousand hectares (GoP, 2004). The 

statistics reveal that the worse affected province by the twin menace of 

salinity and water logging is the Sindh Province (GoP, 2004).  

 

The remedial measures to overcome the problem were taken by initiating 

the Salinity Control and Reclamation Projects (SCARPs) in the early 1960s. 

The lowering of water table was partially successful by SCARPs and mainly 

due to massive development of private tubewells especially in the Punjab 

province. But salinity developed in normal soils as a result of irrigation with 
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poor quality tubewell water and it is estimated that 38% of the gross 

command area in Pakistan is waterlogged and 14% is saline (Kahlown and 

Azam, 2002).  

 

vi) International water conflict 

After Independence of Pakistan in 1947, problems between India and 

Pakistan arose over the distribution of water as rivers in Punjab Province 

flow into the Pakistan territory from across India. To solve this water 

distribution problem, a treaty known as Indus Water Treaty, brokered by the 

World Bank, was signed by the two countries in 1960. As per this treaty, 

Pakistan has exclusive rights for the three western rivers, namely Indus, 

Jhelum and Chenab whereas India retains rights to the three eastern rivers, 

namely Ravi, Beas and Sutlej. The new river water distribution seriously 

affected the urban centres’ aquifers which were previously being recharged 

by these eastern rivers and their associated irrigation canal systems.  

 

The biggest setback due to the lost of water use of one of the three eastern 

rivers is being faced by the Punjab Province capital city of Lahore where the 

main source of recharge to the underlying aquifer is River Ravi. The 

bifurcation of River Ravi between Lahore (Pakistan) and Amritsar (India) 

caused separation of branches of the famed Upper Bari Doab Canal that fed 

parts of West Punjab from their source of water (Hill, 2008). A brief 

description of groundwater issues being faced by the Lahore metropolis is 

given in the following section. 

 

2.4 Overview of Groundwater Issues in Lahore, 

Pakistan 

2.4.1 Introduction 

Lahore is the provincial metropolis of Punjab. It is also a second urban 

center of Pakistan after Karachi. It is situated mainly on the left bank of the 

River Ravi. According to 1998 census the population of Lahore was 5.75 

million and it is expected that its population will increase to 7.4 million by 

the year 2010, when the total water demand would be of the order of 600 to 700 

million gallons per day (mgd) (Mashhadi and Anwar, 2000).  
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2.4.2 Groundwater issues 

In the rapidly-developing cities of Asia, Latin America and Africa the urban 

explosion is being accompanied by uncontrolled groundwater abstraction 

and by indiscriminate solid and untreated liquid waste disposal to the 

ground, resulting in increase of scarcity and deterioration of groundwater 

quality (Chilton, 1999). The western Pakistani city of Lahore is no 

exception to this and same is true for this groundwater dependent city. 

 

The main source of recharge to Lahore aquifer systems is the River Ravi, 

wounding its way through the Lahore city for thousands of years. The River 

Ravi originates in India, and by the Indus Water Treaty its flow is curtailed 

by dams built in India. The flows in the River Ravi are highly variable with 

time during the year. They also vary along the length of the river due to link 

canals discharging into the river and water withdrawals at head works 

through canals.  

 

About 75% of Lahore city water requirement is met by groundwater. Ground 

water abstraction from the Lahore aquifer has been going on since time 

immemorial. The ground water levels under the Lahore City are decreasing 

due to increasing use of water for drinking and cleanliness purposes while 

the recharge to the aquifer remains very low. As a result of heavy 

groundwater abstraction from underground aquifer of Lahore, a cone of 

depression has been formed under CBD of Lahore (Mashhadi and Anwar, 

2000; Niaz, 2005). The pollution in River Ravi is the highest of all the rivers 

in Pakistan. Most wastewater discharges in the river reach between Lahore 

and Balloki Headworks, a length of 62 km. The river presently receives 

47% of the total municipal and industrial pollution load discharged into all 

the rivers of Pakistan (Sami, 2001). The Hudiara Drain is also a major 

source of pollution for the Ravi River. It has a total length of 98.6 km of 

which 44.2 km lies in India and the remaining 54.4 km in Pakistan territory 

(Afzal et al., 2000). It enters Pakistan loaded with pollution from India, is 

diluted with agriculture runoff and mixed with some industrial pollutants in 

Pakistan. The drain carries mainly industrial and agricultural waste from 

both India and Pakistan. It may also be mentioned that the average effluent 

flow in Hudiara is much higher from India and hence the total quantity of 
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pollution in Hudiara drain from India is much more compared to that from 

Pakistan (Sami, 2001). 

 

2.5 Climate Change and Groundwater – An 

Overview 

The change in climate has been taking place since time immemorial but the 

scale of the fluctuations varies from hundreds of millions of years to 

decades or less e.g. Huggett, 1991; Goudie, 1994; Issar, 2003; Lamy et al., 

2006; Yang, 2006. The present global warming is no longer a hypothesis but 

a planet-wide observation but the main concern raised by global warming is 

that the climatic variations affect the water cycle (Dragoni and Sukhija, 

2008). It has been observed in many studies carried out by various 

researchers (Dragoni, 1998; Buffoni et al., 2002; Labat et al., 2004; 

Huntington, 2006; IPCC, 2007) that the hydrological cycle is already being 

impacted by the climate change. There is now an unanimous consensus on 

the forecast that the global warming will persist for decades despite the 

mitigation measures (Michaels, 2005; Singer and Avery, 2006; Trenberth et 

al., 2006; IPCC, 2007). The warming process continuation will result in 

numerous environmental problems and the most severe among them will 

relate to water resources (Loáiciga, 1996, 2000; Milly et al., 2005; Holman, 

2006; IPCC, 2007). The alternation of droughts and short cool-warm 

periods (Lambe, 1977; Goudie, 1994; Dragoni, 1998; Brown, 2001; Fagan, 

2001; Davis, 2002), directly causing millions of death world-wide during 

the last millennium, gives us an insight to the magnitude of future 

consequences caused by the natural and moderate climatic changes. Various 

studies (Stewart, 2005; Brooks, 2006; Cremaschi et al., 2006; Kumar et al., 

2006; Issar and Zohar, 2007) describes the dependence of development (and 

in some cases the disappearance) of many civilizations on natural and 

moderate climatic change.  

 

Neither the importance of comprehensive knowledge of spatio-temporal 

climatic variations for adaptation and survival of human society nor the 

importance of the relationship between groundwater and climatic change 

can be over emphasized (Dragoni and Sukhija, 2008). It has been estimated 

that the global volume of groundwater is between 13% and 30% of the total 
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volume of freshwater of the hydrosphere (Jones, 1997; Babklin and Klige, 

2004) and  groundwater provides 15% of the water used annually 

(Shiklomanov, 2004), the remainder being from surface water (Dragoni and 

Sukhija, 2008). Aquifers are less sensitive to climate change than surface 

water bodies and they mitigate droughts due to their high storage capacity 

(Dragoni and Sukhija, 2008).  

 

2.5.1 Future climate change and its impact on water resources 

The Intergovernmental Panel on Climate Change (IPCC), a scientific 

intergovernmental body set up by WHO and UNEP, in its latest technical 

paper on climate change and water has highlighted the following 

observations (Bates et al., 2008): 

 “Observed warming over several decades has been linked to changes 

in the large-scale hydrological cycle such as: i) increasing 

atmospheric water vapour content; ii) changing precipitation 

patterns, intensity and extremes; iii) reduced snow cover and 

widespread melting of snow; and iv) changes in soil moisture and 

runoff. 

 Climate model simulations for the 21st century are consistent in 

projecting precipitation increases in high latitudes (very likely) and 

parts of the tropics, and decreases in some sub-tropical and lower 

mid-latitude regions (likely). 

 By the middle of the 21st century, annual average runoff and water 

availability are projected to increase as a result of climate change at 

high latitudes and in some wet tropical areas, and decrease over 

some dry regions at mid-latitudes and in the dry tropics. 

 Increased precipitation intensity and variability are projected to 

increase the risks of flooding and drought in many areas. 

 Water supplies stored in glaciers and snow covers are projected to 

decline in the course of the century. 

 Higher water temperatures and changes in extremes, including 

floods and droughts, are projected to affect water quality and 

exacerbate many forms of water pollution. 
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 Globally, the negative impacts of future climate change on 

freshwater systems are expected to outweigh the benefits (high 

confidence). 

 Changes in water quantity and quality due to climate change are 

expected to affect food availability, stability, access and utilisation. 

 Climate change affects the function and operation of existing water 

infrastructure – including hydropower, structural flood defences, 

drainage and irrigation systems – as well as water management 

practices. 

 Current water management practices may not be robust enough to 

cope with the impacts of climate change. 

 Climate change challenges the traditional assumption that past 

hydrological experience provides a good guide to future conditions. 

 Adaptation options designed to ensure water supply during average 

and drought conditions require integrated demand-side as well as 

supply-side strategies. 

 Mitigation measures can reduce the magnitude of impacts of global 

warming on water resources, in turn reducing adaptation needs. 

 Water resources management clearly impacts on many other policy 

areas, e.g. energy, health, food security and nature conservation. 

 Several gaps in knowledge exist in terms of observations and 

research needs related to climate change and water”. 

 

2.6 Advances in Research 

2.6.1 Tools used for studying the relationship between 

groundwater and climate change 

The following are the main tools which are being used to study the relations 

between groundwater and climate change: 

 

2.6.1.1 Global Circulation Models (GCMs) and Regional 
Circulation Models (RCMs) 

The IPCC regards the Global Circulation Models (GCMs) as the most 

reliable tools for obtaining indications regarding the future climate (Troen, 

1993; Kattenberg et al., 1996; IPCC, 2007). There are chances that the 
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future scenario outputs by these GCMs prove to be contradictory 

(Rosenberg et al., 1999; Gagnon and Gough, 2005; Stephenson et al., 2006; 

IPCC, 2007; Kripalani et al., 2007; Li et al., 2007) as the results are 

averages over vast areas (IPCC, 2007; Jacob et al., 2007; Ruosteenoja et al., 

2007). The GCMs do not give a realistic description of the local climate in 

general (Imbert and Benestad, 2005) and it is therefore common to 

downscale the results from the GCMs either through a nested high-

resolution regional climate model (RCM) (Christensen and Christensen, 

2002; Christensen et al., 2001, 1998) or through empirical/statistical 

downscaling (von Storch et al., 1993; Rummukainen, 1997). A brief list of 

typical shortcomings associated with various models/analyses used in 

climate research (Imbert and Benestad, 2005) is given in Table 2.7. 

 

Table 2.7 Typical drawbacks associated with various models commonly 

used in climate research (Imbert and Benestad, 2005) 

Name of Model Typical Drawback 
GCMs May have systematic biases/errors. 

Unable to give a realistic description of local 
climate in general. 
Processes described by parameterisation may 
be non-stationary. 

Nested RCMs May have systematic biases/errors. 
Require large computer resources. 
Processes described by parameterisation may 
be non-stationary. 
Often not sufficiently realistic description of 
local climate  

Empirical downscaling:  
Analog models Cannot extrapolate values outside the range of 

the calibration set. 
Do not account for non-stationary relationships 
between the large-scale and local climate. 
Needs a large training sample (often unsuited 
for monthly means). 
Do not ensure a consistency in the order of 
consecutive days. 

Linear models Assume normally distributed data. 
Tend to reduce the variance. 
Do not account for non-stationary relationships 
between the large-scale and local climate. 

Source: Imbert and Benestad (2005) 
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As the various downscaling approaches have different strengths and 

weaknesses, therefore, one method cannot be universally considered as the 

best (Imbert and Benestad, 2005).  

 

2.6.1.2 Remote sensing techniques  

In the last couple of decades, great efforts have been made for application of 

remote sensing to water resources research and management (Bastiaanssen, 

1998), including groundwater (Schultz and Engman, 2000). Remote sensing 

provides a convenient way of assessing the spatial and temporal variations 

in water fluxes in different components of the hydrological cycle (Dragoni 

and Sukhija, 2008). It was Dickey et al. (1997) who proposed in their study 

that specialized satellites be used to monitor the earth’s gravity field from 

space and theorized that those gravity field measurements would be useful 

for estimating changes in terrestrial water storage. After their proposal begot 

GRACE (Gravity Recovery and Climate Experiment – a joint partnership 

between the NASA, USA and DLR, Germany 

http://www.csr.utexas.edu/grace/), Wahr et al. (1998) and Rodell and 

Famiglietti (1999) evaluated the theory using modelled soil moisture and 

snow data, by comparing the magnitudes of the water storage changes to 

estimates of the uncertainty in the technique. The studies agreed that 

terrestrial water storage changes were potentially detectable by GRACE on 

monthly or longer time intervals, depending on the size of the region of 

interest and the magnitude of the changes themselves. This subject was also 

discussed by Dickey et al. (1999) and it was Wahr et al. (2000) who showed 

in their study how GRACE data could be used to help monitor ice mass 

changes in Antarctica. Nerem et al. (2000) in their study used data from 6 

years of satellite laser ranging to the Lageos 1 and 2 satellites to 

demonstrate that their orbits were measurably perturbed by changes in water 

storage on earth. Rodell and Famiglietti (2001) incorporated groundwater 

storage information in an observation-based study of projected water storage 

detectability by GRACE. Extending the previous study, Rodell and 

Famiglietti (2002) assessed the potential to isolate annual changes in High 

Plains aquifer groundwater storage, in central USA, from the other factors 

that will affect the GRACE gravity measurements, including variations in 

root zone soil moisture.  
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2.6.1.3 Isotope methods 

The isotope methods have been developed during the last four decades and 

they are based on proxy records of climate change in the past in different 

media (Dragoni and Sukhija, 2008). Such studies are termed as 

palaeohydrology / palaeoclimatic studies (Parrish, 2001; Mazor, 2003). The 

following are the different media / materials through which climate change 

can be studied (Dragoni and Sukhija, 2008): 

 Oxygen and carbon isotope composition of benthic and planktonic 

foraminifera (Bar-Mathews et al., 2003); 

 Hydrogen and oxygen isotopic ratios of organic matter (Sauer et al., 

2001; Shu et al., 2005; Web and Longstaffe, 2006); 

 Ice cores (Thompson et al., 1998; Hondoh, 2000; Thompson et al., 

2000); and 

 Carbon and oxygen composition of carbonates, cave deposits, lake, 

groundwater (Li et al., 1989; Bar-Matthews et al., 1998; Frumkin et 

al., 1999; Niggemann et al., 2003; Sasowsky and Mylroie, 2004; 

Pentecost, 2005; Parker et al., 2006). 

 

The palaeohydrology / palaeoclimatic studies are possible as most media are 

basically formed through precipitation which in turn originates or is 

modified by climatic processes, and these can be reconstructed on the basis 

of their isotopic composition (Dragoni and Sukhija, 2008). The isotopic 

composition, in many cases, provides some information about rainfall, 

aquifer recharge and the water table position at the time of deposition 

(Cremaschi and Di Lernia, 1999; Nelson et al., 2000; Drake et al., 2004; 

Garnett et al., 2004; Mariani et al., 2007; Fernandes and Carreira, 2008).  

 

2.6.1.4 Groundwater models 

Groundwater models describe the groundwater flow and transport processes 

using mathematical equations based on certain simplifying assumptions 

(Kumar, 2000). A model must be viewed as an approximation and not an 

exact duplication of field conditions due to the simplifying assumptions 

embedded in the mathematical equations and also the many uncertainties in 

the values of data required by the model (Kumar, 2000). Despite being a 

simplified representation of reality, groundwater models are invaluable tools 
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for describing and understanding hydrogeological processes (Dragoni and 

Sukhija, 2008).  

 

There are various types of groundwater models such as conceptual model, 

mathematical model, analog model and physical model. The mathematical 

model simulates groundwater flow indirectly by means of a set of governing 

equations representing the physical processes occurring in the system. They 

can be solved either analytically or numerically. The analytical model is 

simple and it provides a continuous solution over the model domain whereas 

numerical model is complex and it provides a discrete solution. As 

analytical modelling assumes simplification in homogeneity, isotropy, 

geometry, initial conditions etc., therefore its flexibility is limited. Detailed 

information regarding analytical modelling can be found in Bear (1979), van 

Genuchten and Alves (1982) and Walton (1989). Due to inherent 

complexity of geology (heterogeneous, anisotropic, geometry, initial 

conditions, etc), a more powerful solution is needed to solve the flow 

equations numerically and hence numerical models are employed.  The type 

of numerical models depends on the numerical technique employed in 

solving these models. The most common numerical models are: (i) finite-

difference models (e.g. MODFLOW); and (ii) finite-element models (e.g. 

SUTRA). A comprehensive treatment of the application of these numerical 

models to groundwater problems are presented by Remson et al. (1971) and 

Wang and Anderson (1982). 

 

Many studies have been carried out to forecast the potential impacts of 

global climate change to surface water hydrology (e.g. Gleick, 1986; 

Loaiciga et al., 1996; Bobba et al., 1997; DETR, 1997; Arnell, 1999; Najjar, 

1999; Mimikou et al., 2000; Brikowski, 2008) and groundwater hydrology 

(e.g. Malcolm and Soulsby, 2000; York et al., 2002; Yusoff et al., 2002). To 

study the impact of climate change on surface and groundwater resources 

various hydrologic models have been used (e.g. Vaccaro, 1992; Wilkinson 

and Cooper, 1993; Gureghian et al., 1994; Cooper et al., 1995; Bobba et al., 

1997; Bouraoui et al., 1999; Rosenberg et al., 1999; Kirshen, 2002; Croley 

and Luukkonen, 2003; Loáiciga, 2003; Eckhardt and Ulbrich, 2003; Allen et 

al., 2004; Brouyere et al., 2004; Hansor and Dettinger, 2005; Krysanova et 
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al., 2005; Scibek and Allen, 2006; Jyrkama and Skyes, 2007). The principal 

focus of climate change research with regard to groundwater has been on 

quantifying the likely direct impacts of changing precipitation and 

temperature patterns e.g. Arnell, 1998; Yusoff et al., 2002; Loaiciga et al., 

2000 (Holman, 2006). A range of modelling techniques has been used in 

various studies like soil water balance models, empirical models, conceptual 

models, and distributed models.  

 

2.6.1.4.1 Modelling the impact of climate change on groundwater 

recharge 

 

Vaccaro (1992) in his study investigated the degree of variability in climate 

and its impact on future recharge predictions in a basin in the north-western 

USA. In his study, he considered i) historical climatic records; ii) climate 

predictions from the synthetic weather generator WGEN; and iii) three 

GCMs along with two different land use conditions. He concluded from his 

study that the variability in annual recharge was less under the GCM 

conditions than using the historic data. 

 

A methodology was developed by Bouraoui et al. (1999) to disaggregate the 

outputs of large scale GCMs for use in hydrologic models. In their study, 

they investigated the impact of doubling atmospheric CO2 on groundwater 

recharge in a watershed in France. The results of the study indicated that 

recharge would decrease in the basin due to an increase in atmospheric CO2. 

In another study carried out by Rosenberg et al. (1999), the impact of 

climate change on the water yield and groundwater recharge was studied for 

the Ogallala aquifer in the central USA. They used three different GCMs to 

predict changes in the future climate due to anticipated changes in 

temperature and CO2 concentrations. The study concluded that recharge was 

reduced under all scenarios, ranging up to 77%, depending on the simulation 

conditions. 

 

The groundwater model MODFLOW was used in the study carried out by 

Kirshen (2002) for investigating the impact of global warming on a highly 
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permeable aquifer in the north-eastern USA. He estimated the groundwater 

recharge by using a separate model which was based on precipitation and 

potential evapo-transpiration (ET). Both hypothetical and GCM-predicted 

changes to the input parameters were used, resulting in higher, no different, 

and significantly lower recharge rates and groundwater elevations, 

depending on the climate scenario used. 

 

Chen et al. (2002) proposed a statistical model to relate climatic variables to 

the groundwater level in the southern Manitoba region (Canada) based on 

simplified water flow and water balance models. A test using partial 

historical observations to predict the rest of the observations showed 

encouraging results with an overall correlation coefficient of 0.92 for the 

empirical statistical model. Their method is useful only in an impact 

assessment of climate change on groundwater for a shallow aquifer and 

needs further testing to be applied for deeper aquifers. 

 

Croley and Luukkonen (2003), in their study, also used the groundwater 

model MODFLOW to investigate the impact of climate change on 

groundwater levels in Lansing, Michigan, USA. The groundwater recharge 

rates were based on an empirical streamflow model which was calibrated 

using the results from two GCMs. The study concluded that the simulated 

steady-state groundwater levels were generally predicted to increase or 

decrease due to climate change, depending on the GCM used. 

 

In another study carried out by Eckhardt and Ulbrich (2003), the impact of 

climate change on groundwater recharge and streamflow in a small 

catchment (693 km2) situated in the southeast of the Rhenish Massif in 

Germany was investigated. The input parameters in their hydrologic model 

were adjusted based on simulations from five different GCMs. They 

concluded from the study that more precipitation will fall as rain in winter 

due to increased temperatures, resulting in higher recharge and streamflow 

in January and February. It was also observed that the increase in recharge 

from the snowmelt in the month of March disappears, while recharge and 

streamflow were shown to be potentially reduced in the summer months. 
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A karst aquifer in south-central Texas, USA was studied by Loáiciga (2003) 

and he considered the impact of climate change not only on streambed 

recharge, but also on pumping rates (i.e. groundwater use). The impact of 

climate change on the streambed recharge was estimated using runoff 

scaling factors based on the ratio of historical and future streamflows 

predicted from linked general and regional climate models. The results of 

his study indicated that the rise in groundwater use associated with predicted 

population growth would pose a higher threat to the aquifer than climate 

change. 

 

Allen et al. (2004) used Grand Forks aquifer, British Columbia, Canada as a 

case study area for modelling the sensitivity of an aquifer (using Visual 

MODFLOW model) to changes in recharge and river stage consistent with 

projected climate-change scenarios for the region. Visual HELP 

(Hydrologic Evaluation of Landfill Performance) model was used to 

estimate the recharge to the aquifer. The results from their study indicated 

that the variations in recharge to the aquifer under the different climate-

change scenarios, modelled under steady-state conditions, have a much 

smaller impact on the groundwater system than changes in river-stage 

elevation of the rivers flowing through the valley. All simulations showed 

relatively small changes in the overall configuration of the water table and 

general direction of groundwater flow. 

 

A study carried out by Brouyere et al. (2004) investigated the impact of 

climate change on a chalky groundwater basin (Geer Basin) in Belgium 

using the results from three GCMs with an integrated hydrological model. 

Two scenarios showed decreases in groundwater levels, while one of the 

models showed no significant change. 

 

In another MODFLOW study, Scibek and Allen (2006) compared the 

responses of two small regional-scale aquifers, situated in Canada and USA, 

to predicted climate change. The results from their study suggest 

observable, but small, changes in groundwater levels, forced by changes in 

recharge. 
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Jyrkama and Skyes (2007) used the hydrologic model HELP3 to estimate 

the response of groundwater recharge to potential climate change in the 

Grand River watershed in Ontario, Canada. The study concluded that the 

climate change may potentially have both positive and negative impacts on 

the hydrology of the Grand River watershed. In addition to the temporal 

impacts, the results of the study also demonstrated the effectiveness of the 

developed methodology to quantify the spatial impact of climate change 

even for large regional scale watersheds. 

 

2.6.1.5 Urban Groundwater Modelling 

 

Many researchers (Choi and Ball, 2002; Calabró, 2001) of urban waters 

have focused mainly on urban runoff modelling but Choi and Ball (2002), in 

their study, have described a conceptual catchment modelling system with 

four components i.e. generation, collection, transport and disposal. Göbel et 

al. (2004) and Jat et al. (2008) studied the changes of groundwater recharge 

due to urbanization and its effect on groundwater level. A lot of research has 

been carried out on pollution in urban environment which mainly focuses on 

groundwater quality statistics (Vidal et al., 2000; Foppen, 2002; Shepherd et 

al., 2006; Bakri et al., 2008). 

 

Mitchell et al. (2001) developed a water balance model (Aquacycle) which 

represents water flows through the urban water supply, stormwater, and 

wastewater systems. Its daily time step provides temporal distribution of the 

flows, and enables comparison of the different components of the urban 

water demand. Aquacycle was tested using data from the Woden Valley 

urban catchment in Canberra, Australia and found able to satisfactorily 

replicate its water supply, stormwater and wastewater flows. 

 

Mitchell et al. (2007) assessed 65 models from around the world which are 

used within the field of Integrated Urban Water Management (IUWM). The 

models assessed were: AISUWRS, Aquacycle, AQUALM, BASINS, 

BASIX, CANOE, CITY DRAIN, DRAINS, E2, EnviroPro Designer, 

EPANET 2, FLUX for Septic Trenches, Home Water Investigator, House 

Water Expert, HSPF - FORTRAN, Hydro Planner, ILSAX, InfoWorks CS, 
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InfoWorks WS, Integrated Waterway Assessment Framework, IQQM, 

Krakatoa, MEDLI, MIKE URBAN, MODFLOW, MODHMS, MUSIC, 

PARMS Suite, PURRS, QUAL2E, RAFTS, Rainwater TANK, RAP, 

REALM, REBEKA, RORB, RRL including SymHyd, SEEPW, SEWSYS, 

SHETRAN, SMHI - BIOLA model, SLAMM, STORM, StormNET, 

SWIMv2, StormSHED, Switch (v1 and v2), SWMM, TAWS, TRENCH 

v3.0, UGROW, UrbanCycle, UVQ, URBS (Australia), URBS (France), 

URWARE, WARMF, Water CAD, Sewer CAD, StormCAD, WaterCress, 

WATHNET, WEAP, WSAA SDP, and WUFS. Out of these 65 reviewed 

models, seven models namely Aquacycle (Mitchell et al., 2001), Hydro 

Planner (Maheepala et al., 2005), Krakatoa (Stewardson et al., 1995), 

UrbanCycle (Hardy et al., 2005), Mike Urban 

(www.dhisoftware.com/mikeurban), UVQ (Mitchell and Diaper, 2005), and 

WaterCress (Clark et al., 2002) most closely complied with the following 

criteria (Mitchell et al., 2007): 

 covered all aspects of the urban water cycle, being water supply, 

stormwater, wastewater and groundwater; 

 took an integrated approach to the representation of the urban water 

system; 

 simulated both quality and quantity; 

 represented non-traditional approaches to urban water service 

provision such as rainwater tanks, stormwater harvesting, greywater 

and wastewater reuse as well as water efficiency; and 

 able to represent separate stormwater/wastewater systems. 

 

The study concluded that there is a lack of IUWM models which strike a 

balance between the scope and detail of integrated system representation. 

Wolf (2007) observed that the models are not suited to depicting the 

variations in groundwater levels or the qualitative deterioration of urban 

groundwaters, as they include no information on regional groundwater flow 

fields or aquifer characteristics. Rauch et al. (2002) eloquently stated ‘it is 

not the most complex model that is the best one, but the least complex that 

answers the question reliably’. 
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Wolf and Hötzl (2007) in their study demonstrated how current urban water 

cycle models can be used to generate the necessary input data for 

groundwater risk assessment using numerical groundwater modelling. Two 

frameworks for model coupling were presented, AISUWRS DSS (Assessing 

and Improving the Sustainability of Urban Water Resource Systems – 

Decision Support System) derived from a joint European-Australian 

research initiative and UGROW, which was developed as a part of 

UNESCO IHP activities. The application of these frameworks allows the 

impact assessment of various management scenarios, including 

decentralised infiltration and water sensitive urban design. They concluded 

that considering the large number of input parameters additional research is 

required in future to enhance reliability of the results.  

 

Vizintin et al. (2009) presented the results of the 5th FP project AISUWRS 

(Assessing and Improving the Sustainability of Urban Water Resources and 

Systems) which aimed to assess the impact of the urban water infrastructure 

to underlying or nearby aquifers with the urban water balance modelling 

approach - a chain of different models that handle with contaminant fluxes 

and the movement of contaminants from the urban infrastructure into the 

underlying aquifer. An existing urban water management model UVQ was 

linked to a model for sewer infiltration and exfiltration (NEIMO), as well as 

unsaturated zone models (SLeakI/POSI, UL_FLOW) with existing 

numerical groundwater models. They observed that the linked process 

models offer the prospect of better quantification of urban water balance and 

contaminant loads, including improved estimates of total recharge and its 

components in urban areas. Once the model framework has been set up for a 

selected city, it can easily be updated in the future and it can be used for 

other purposes like planning of local remediation measures in the vicinity of 

individual contaminant spillages. The study described the application and 

results of the urban water model chain for the city of Ljubljana, which is the 

capital of Slovenia. The results from this study suggest that residential land 

uses in urban areas with thick unsaturated zone may have significantly 

smaller impact on the groundwater than agriculture or industry. This can be 

seen as a speculative understanding of the groundwater pollutions problems. 

In this respect, use of sustainable urban development systems like on-site 
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infiltration of roof runoff and improved sewer control and standards could 

result in better groundwater quality. 

 

2.6.2 Uncertainty in Groundwater Modelling 

Due to dwindling groundwater resources, accuracy and reliability in 

predicting groundwater flows has gained importance for sustainable 

groundwater management practices (Rojas et al., 2008). The imperfect 

knowledge of the underlying system and/or uncertainty due to natural 

variability in system processes and field conditions causes uncertainty in 

groundwater modeling (Singh et al., 2009). The uncertainty in groundwater 

modeling can stem from various sources such as natural randomness, 

uncertain model inputs, parameters, boundary conditions and 

conceptualizations. The different sources of uncertainty in the modeling 

process can be categorized as (i) conceptual uncertainty; and (ii) parametric 

uncertainty which can be of two kinds – unconditional and conditional 

uncertainty; and (iii) stochastic uncertainty (Singh et al., 2009). Figure 2.8 

shows the different types of uncertainty in groundwater modeling. 

According to Singh et al. (2009), out of these sources of uncertainty the 

parametric uncertainty is traditionally the main focus of uncertainty analysis 

in groundwater modeling.   
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Figure 2.8 Different types of uncertainty in groundwater modelling 

(Singh et al., 2009) 

 

2.6.3 Previous Groundwater Studies Carried Out in the Study 

Area 

Greenman et al. (1963) reported on the outcome of a comprehensive 

programme of groundwater and soils investigations which began in 1954. 

The main objectives of those studies were to assess the water and soils 

resources of the Punjab Province and, in particular, to investigate the 

relationships between hydrology, irrigation activities and the problem of 
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sub-surface drainage. They observed that the water logging was a major 

problem over much of the Punjab Province although it was not a principal 

concern in the Lahore area of the Upper Bari Doab. 

 

Water supply and sewerage studies for Lahore were carried out in 1962 by 

Mahboob and Hydrotechnique and Nihon Suido and ACE in 1969 but 

neither of these studies included the development of a groundwater model. 

 

The Groundwater Cell (GWC) of the ex-Lahore Improvement Trust (LIT) 

[now known as Lahore Development Authority (LDA)] published eight 

reports in 1973 on the operation and performance of tubewells in Greater 

Lahore. Report No. 4 provided estimates of groundwater abstractions and 

Report No. 6 of recharge during the exceptional floods of July and August 

1973. The results of these and earlier studies were summarised by Ashraf 

and Ahmad (1974). 

 

The book entitled “Groundwater Resources of Pakistan” by Dr. Nazir 

Ahmad, published in 1974, provides some useful historical background on 

the hydrogeology of the Lahore region. 

 

Camp, Dresser and McKee (CDM) Ltd. (1975) produced a master plan for 

the water supply, sewerage and drainage of Lahore. This study included a 

first attempt at an analytical groundwater model covering the city area of 

about 313 km2. The study considered a range of aquifer transmissivities and 

assumptions about river recharge and infiltration. The study concluded that 

spacing the high capacity tubewells 1220 m apart and drawing water from a 

larger area would arrest the decline in water levels at least until 1986. Other 

assumptions led to predicted drawdown over large parts of the city between 

40 and 82 m with the construction of Thein Dam (Ranjit Sagar Dam) by 

India on Ravi River and 30 m to 55 m without the construction of Thein 

Dam. However, the actual decline in water table has been less than the 

predictions made by Messers CDM.   

 

In 1986, National Engineering Services Pakistan (NESPAK) carried out a 

study of the Lahore water supply system. The study considered the design of 
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the well feed system and the water supply distribution network. It also 

included a preliminary evaluation of the groundwater resources and the 

response of the groundwater table to the increasing rates of abstraction.  

 

In 1987, Balfours commenced a feasibility study for WASA on wastewater 

treatment for Lahore. The Interim Report recommended to the use of waste 

water stabilisation ponds within the flood plain of the Ravi River which was 

then also a favoured location for the construction of new well fields for 

water supply by Lahore Water and Sanitation Agency (WASA). The two 

forms of proposed development were not compatible on water quality 

grounds. 

 

In 1988, Binnie and Partners and NESPAK carried out a study for 

groundwater resources evaluation which included the study of aquifer under 

Lahore. They developed a computer model of the Lahore area with the Ravi 

River forming the western boundary of the model. After calibration, the 

developed model was used to test the effect of future management policies 

on the aquifer. These included the siting of new well fields to meet future 

demand, the effect of proposed wastewater stabilization ponds to the south 

of the Lahore city and the construction of the Thein Dam (Ranjit Sagar 

Dam) upstream of Lahore which would reduce the flow in the Ravi River. It 

was recommended that the model area (30 km x 37 km = 1110 km2) should 

be increased in order to improve model accuracy and to represent the area to 

the west of the Ravi River (NESPAK, 1991). 

 

NESPAK (1993) extended the model area from 1110 km2 to 1845 km2. In 

spite of some uncertainties in the model data, the final model was 

considered to be a good representation of the Lahore aquifer. The extended 

model was used to predict a number of future scenarios, including the siting 

of the new well fields, the effects of the construction of the Thein Dam 

(Ranjit Sagar Dam) and wastewater stabilization ponds. In terms of new 

well fields, the model showed that the best options were development in the 

areas along the Lahore Branch and BRBD Link Canals, the area to the west 

of the River Ravi and the area along the eastern bank of the River Ravi to 

the south of the city. The area to the south of the city appeared to have the 
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smallest effect on groundwater draw downs but it is also the location for the 

new wastewater ponds. The construction of the Thein Dam (Ranjit Sagar 

Dam) was shown by the model to have only a very small effect on the 

aquifer. This was the case even when annual flows in the Ravi River were 

reduced by 60% which is 20% more than the most extreme reduction of 

flows envisaged. In studying the wastewater ponds, the simulations 

demonstrated clearly that the ponds would lie in a zone of steep 

groundwater gradients between the Ravi River and the city. Any pollution 

from the ponds would be drawn rapidly towards the city areas. Pollution 

from the ponds would decrease with time, though constant monitoring 

would be required to ensure that nearby water supply wells were not 

affected. It was concluded that the most attractive site for developing the 

necessary new well fields, in order to meet the increased demand, was the 

proposed area for the wastewater ponds but the two developments were 

clearly not compatible. 

 

None of the previous studies described above have attempted to incorporate 

the climate change impacts into urban water management for sustainable 

groundwater management. The present study strives to overcome this 

shortfall by developing a regional surface - groundwater interaction model 

for aquifer underlying sprawling Lahore city and its surrounding area in 

order to: i) characterize water quantity response under present and future 

population and climate stresses for Lahore urban groundwater system; and 

ii) for scenario analysis of future population and climate shocks on 

groundwater system response. 

 

2.6.4 Integrated water resources management (IWRM) 

Various researchers have established that water resources problems are 

going to be more complex in the future world wide (Singh, 1995; Wurbs, 

1998; Simonovic, 2000). The factors contributing to the complexity of water 

resources planning and management problems include: i) population 

growth; ii) climate variability; iii) regulatory requirements; iv) temporal and 

spatial scales; v) socio and environmental considerations; and vi) 

transboundary considerations (Matando, 2002). In the past, two main 

approaches have been tried to manage the water resources. In the 
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subsequent section, a brief discussion of these two main water resources 

management approaches is outlined. 

 

2.6.4.1 Water Resources Management approaches 

2.6.4.1.1 Supply-driven management 

Initially the water resources managers and policy makers were driven to 

manage and supply water to people for their direct use i.e. for drinking, 

growing and preparing food and provision of power for domestic and 

industrial use (Al Radif, 1999). The initial water resources management 

stage continued until the end of 1970s and it was characterized by 

maximizing the volume of water available for direct use (Al Radif, 1999). 

The flow chart of main components of supply driven management is shown 

in Figure 2.8. 

 

Figure 2.9 Flow chart of main components of supply driven 

management (Al Radif, 1999) 

 

2.6.4.1.2 Integrated water resources management (IWRM) – demand-

driven approach 

Considering the limitations of the supply-driven management approach and 

as a solution to meet the unprecedented water demands due to rapid 

population growth, the integrated water resources management (IWRM) 
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was advocated during the 1980s (Al Radif, 1999). The concept of integrated 

management has been widely accepted in the water resources and 

environmental management communities (Mitchell, 1990; Viessman, 1996; 

Grigg, 1999; Margerum and Hooper, 2001; Braga, 2001). It highlights 

various kinds of interactions e.g. i) between surface water and groundwater; 

and ii) between water resources and various human and environmental uses 

of those resources (Mitchell, 1990). The IWRM concept also recognizes the 

need to promote collaboration and participation of various individuals and 

organizations with a stake in the management of water resources (Margerum 

and Hooper, 2001; Michaels, 2001). No universal definition of IWRM exists 

and the term is used in different manners (Davis, 2007) as can be seen in 

Table 2.8.  

 

Table 2.8 IWRM definitions and concepts conceived by various 

organizations (Davis, 2007) 

Organization IWRM Definition and Concepts 
World Bank Perspective that ensures that social, economic, 

environmental and technical dimensions are taken into 
account in the management and development of water 
resources (World Bank, 2003) 

International Union for 
Conservation of Nature (IUCN) 

No universally agreed definition exists. One manner—
the integrated management of all water resources (i.e., 
surface water, groundwater, marine waters, etc.). Second 
manner—integration of water with the management of 
other natural resources (such as soil and native 
vegetation and even dealing with related management 
issues such as alien invasive species). The IUCN asserts 
that only through the integration of conservation into 
IWRM can one ensure ongoing maintenance of the wide 
range of services provided by ecosystems and the 
livelihoods that depend upon them (IUCN, 2003a, b). 

Global Water Partnership 
(GWP) 

A process that promotes the coordinated development 
and management of water, land, and related resources to 
maximize the resultant economic and social welfare in 
an equitable manner without compromising the 
sustainability of vital ecosystems. 

U. S. Environmental Protection 
Agency (USEPA) 

A watershed approach is a flexible framework for 
managing water resource quality and quantity within 
specified drainage areas or watershed, includes 
stakeholder involvement and management actions 
supported by sound science and appropriate technology 
(USEPA, 2005). 

U. S. Corps of Engineers 
(USACE) 

The coordination of activities in pursuit of a set of 
common goals for water resources development and 
maintenance (Cardwell et al., 2004). 

Source: Davis (2007) 
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However, in the present study, the IWRM as defined by Carter et al. (2005) 

is being followed which states that “the integrated management is defined as 

policies, programs and activities that consider the relationships between 

increased development and the availability of ground and surface water 

supplies” (Carter et al., 2005). The core of this management approach, 

which forms the basis for sustainable development, is (Figure 2.9): i) the 

establishment of multi-disciplinary teams at various levels (local, regional, 

national and international) to communicate different perspectives on water 

resources; ii)  building consensus on the conservation of water resources; 

and iii) the maintenance of ecosystem functioning (Al Radif, 1999). 

 

 

Figure 2.10 Flow chart of integrated water resources management (Al 

Radif, 1999) 

 

Many agencies and researchers have focussed on what constitutes sound 

water governance, principles that underpin IWRM and measures to assess 

sustainability of water practices (Anderson et al., 2004; GWP, 2000; ASCE 

and UNESCO, 1998; Cardwell et al., 2004; Dourajeanni et al., 2002; 

Dourajeanni, 2001; Falkenmark, 2004; Hooper, 2005, 2006; Rogers and 

Hall, 2003; SWRR, 2005). The four guiding principles of IWRM are (Carter 

et al., 2005): 

 Integration of resources sectors; 

 Coordination of government, non-government and community 

management activities; 

 Stakeholder participation in resource management; and 
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 Accommodation and compromise 

 

The above principles of IWRM reflect mainstream thinking within the 

resource management literature (Mitchell and Shrubsole, 1994; Viessman, 

1996; Slocombe, 1998; Hartvelt and Okun, 1991; Dorcey, 1997; Marshall, 

1998; Bellamy and Johnson, 2000; MacKenzie, 1997; Durham and Brown, 

1999; Child and Armour, 1995; Koudstaal et al., 1992; Gupta and Onta, 

1997; Margerum and Hooper, 2001). 

 

2.6.4.2 Past IWRM studies 

Al Radif (1999), in his study, discussed the various water problems viz. (a) 

increasing water shortages, (b) deteriorating water quality and (c) stresses 

on water supplies and the challenges they represent to integrating the 

approaches of water management to ensure sustainability of the resource. As 

per study carried out by a group of experts of United Nations, IWRM pays 

little attention to the ecosystem’s role as a provider of water resources and 

other goods & services; therefore, he has suggested an ecosystem-based 

approach for water resources management. 

 

In another study carried out by Matonda (2002), a comparison between 

conventional and integrated water resources planning and management 

approaches has been made. He argues that both approaches if implemented 

very well are geared to deliver the same end results i.e. ‘sustainable 

development’ but he concludes that both approaches have failed to deliver 

the end results due to a missing link. According to him, this missing link in 

both the approaches is the institutional framework that coordinates water 

resources planning and management responsibilities and activities at all 

levels of government. This missing link has also been recognized by Global 

Water Partnership (GWP) and has been included in the GWP IWRM 

Toolbox and in the Murray-Darling and Mekong River Basin Systems 

(Malano et al., 1999). 

 

As per Carter et al. (2005), the concepts of integrated and sustainable 

management have been discussed in detail in resource management 

literature but there has been less attention paid to the practical ways to 
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implement and evaluate the success of these concepts at the local level. 

Keeping this in view, they illustrate a method, in their study, by which land 

use planning and water management activities may be evaluated through the 

development of a normative model. Also the lessons learned from an 

application of the developed model to three study municipalities (Wasaga 

Beach, Innisfil and Newmarket) in the Province of Ontario, Canada are 

discussed. 

 

Davis (2007) carried out a broad review of IWRM and water sharing 

concepts. He introduced several water sharing models and principles. Two 

examples of mature yet different IWRM governance structures in 

California, USA and France have been studied and compared. The 

comparison shows that: i) the IWRM legislation does not exist in USA and 

national top-down mandates are largely absent whereas the California State 

is providing a strong facilitating role to encourage IWRM practices; ii) 

IWRM practices in France have grown predominantly from top-down 

mandates starting from reorganization of water governance based on river 

basins in 1960s and reaffirming in the Water Framework Directive in the 

1990s; iii) USA places net economic development as the primary objective 

while complying with the established environmental laws (US Federal 

Government 1983) whereas the 1992 French water law places 

environmental concerns on an even footing with socio-economic aspects; iv) 

in California State (USA) active public participation occurs from dynamic 

involvement in formal state water resources planning, progressing novel 

ideas, to litigation that can force compliance with existing laws and 

consideration of alternative water management practices whereas in France, 

public involvement involves decentralization of decisions and the 

implementation from the historical, highly centrist planning to the six River 

Basin Committees and a multitude of local River Basin Agencies and 

municipalities, although the national government retains final say; v) in both 

California State (USA) and France, historic imbalances transpired, 

compromising healthy riverine ecosystems; and vi) the most straightforward 

financing model exists in France, where fees collected for water extractions 

and discharge are used to fund water infrastructure and management 

practices within the river basin whereas financing and cost in California 
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State (USA) reflect a large conglomeration of methods, reflecting the 

myriad of enabling legislation, agency mandates and actors in water 

management in the state. The study concludes that in spite of shifting 

societal values, growing water demand, increasing water quality degradation 

and more prevalent water use conflicts, IWRM remains a promising 

mechanism and the current internationally recognized framework to achieve 

improved water management. 

 

2.6.5 Water law and policy 

Worldwide water resources managers and policymakers are being faced 

with increasing and competing demands on a limited and more certain 

resource due to global population explosion and climate variability (Ward, 

2007). Plagued with various water problems which cover a variety of areas 

like aquifer depletion, groundwater contamination, dams siltation, irrigation 

water salinization, prolonged drought and flooding (Ward, 2007), the search 

for sustainable water policies is high on the international and national 

agendas (Lundqvist, 1998; Gleick, 2000). An example of this high priority 

is the year 2000 Water Framework Directive which is the most important 

European Union directive in the water field in several decades (Ward, 

2007). By 2015, the Directive requires “good water status” for all European 

waters (Garin et al., 2002; Logan and Furse, 2002; Mostert, 2003; Borja et 

al., 2004; Achleitner et al., 2005; Stelzer et al., 2005).  

 

A significant challenge for 21st century water policy is to satisfy growing 

human demands for water while protecting the aquatic ecosystems upon 

which economies and life itself depend (Ward, 2007). This task is daunting 

especially in dry places with rapidly growing populations and economies 

(Postel et al., 1998). It is becoming increasingly clear that science and 

society must come together in unprecedented ways to achieve a civilized 

sharing and a wise management of the world’s finite water resources 

(Narasimhan, 2008). 

 

Narasimhan (2008) states in his study that the foundations of modern water 

law in Europe and the New World were formulated nearly two thousand 

years ago by Roman jurists who were inspired by Greek philosophy of 
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reason. Recognizing that vital natural elements such as water, air and the sea 

were governed by immutable natural laws, they reasoned that these elements 

belonged to all humans and therefore cannot be owned as private property. 

In law, such public property was governed by jus gentium, the law of all 

people or the law of all nations whereas jus civile or civil law governed 

private property. In his study, he examines the historical roots of modern 

water law, follows their evolution through the centuries and examines how 

the spirit of science inherent in jus gentium is profoundly influencing 

evolving water and environmental laws in Europe, the United States and 

elsewhere.  

 

2.6.5.1 Overview of national water legislation in various 
selected countries 

A brief overview of national water legislation in the European Union 

member nations, United States of America, New Zealand, South Africa, 

Australia and Pakistan is presented in the subsequent sections. 

 

2.6.5.1.1 European Union States 

The European Parliament and the Council of the European Union adopted, 

in October 2000, the Water Framework Directive which established a 

common vision of water management (Narasimhan, 2008). The Directive 

required the member states to suitably modify their laws, statues and 

policies within deadlines to achieve the common vision. The principal aims 

of the Directive were (European Commission, 2000): 

 “expanding the scope of water protection to all waters, surface 

waters and groundwater; 

 achieving ‘good status’ for all waters by a set deadline; 

 water management based on river basins; 

 combined approach of emission limit values and quality standards; 

 getting the prices right; 

 getting the citizen involved more closely and 

 streamlining legislation” 
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The Directive declared that “water is not a commercial product like any 

other but, rather, a heritage which must be protected and 

defended…,”(European Commission, 2000). 

 

The 27 member nations of the European Union (EU) have already taken 

actions to comply with the Water Framework Directive. Among the EU 

member nations, France is positioned well to readily comply with the 

Directive because its 1964 Water Law had already established a water 

management plan based on river basins which divided the country into six 

well-defined basins. Also in 1992, the amended Law implemented the EU’s 

Directives on water pollution control and nitrate abatement (Bongaerts, 

2002). The compliance with the Directive involves organizational 

challenges in Germany. At present, the German water management 

responsibilities are vested with 16 Länder (administrative territories) and 

inter-basin management is achieved through Länder working groups. The 

conversion of this present management structure to a river-basin structure 

would pose an organizational challenge. In addition to that, community 

participation in decision-making is not at present part of the German process 

(Narasimhan, 2008). Like Germany, Spain manages water through 

Autonomous Communities and as per Spanish law, when a riven basin 

spans more than one Autonomous Community the State has the 

responsibility for water management. Both Germany and Spain faces special 

challenges for changing from administrative divisions to the watershed as a 

unit of water management (Narasimhan, 2008). 

 

Some EC Directives worth mentioning are (EC 2003a,b,c,d; EC 2006): 

a) Water Framework Directive (2000/60/EC) 

“Water Framework Directive (WFD) is a legislative framework to protect 

and improve the quality of all water resources such as rivers, lakes, 

groundwater, transitional and coastal waters within the EU. Member States 

must incorporate the WFD into national law by the end of 2003. The new 

approach to managing Europe’s water resources in the WFD has ambitious 

objectives and clear deadlines; the introduction of River Basin Management 

on a Europe-wide scale; the requirement for cross border co-operation in 
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water management between countries and other parties involved; pollution 

prevention and control on the basis of a “combined approach”; greater 

public participation in water management, and economic analysis of water 

use. The WFD promotes the integrated management of water resources to 

support environmentally sound development and reduce problems 

associated with excessive water abstraction, pollution, floods and droughts. 

The WFD provides the framework for water policy decision-making within 

the river basin context. It will require the integration of industrial, 

agricultural, rural development, nature conservation and forestry 

programmes, etc., at the river basin scale and, in many cases, transboundary 

collaboration between European countries”. 

b) Drinking Water Directive (80/778/EEC) and its revision (98/83/EC) 

“The Drinking Water Directive specifies quality standards for water 

intended for drinking and use in food or drink production. Standards are set 

for six different categories of parameters: organoleptic quality and 

physicochemical parameters; parameters concerning substances undesirable 

in excessive amounts; toxic substances; microbial contaminants; and the 

minimum required concentrations for softened water intended for human 

consumption. The Directive sets maximum admissible concentrations and 

minimum required levels for most parameters, which must be incorporated 

into the legislation of EU members, and includes guidelines for other 

parameters. The standards are backed up by monitoring and legal 

enforcement, and regulations also govern the quality of surface water 

abstracted for potable supply and the extent of treatment required”. 

c) Groundwater Directive (80/68/EEC) 

“The Groundwater Directive aims to protect exploitable groundwater 

sources by prohibiting or regulating direct and indirect discharges of 

dangerous substances. The dangerous substances covered by the directive 

are those controlled by the Dangerous Substances Directive. Member States 

are required to prevent the introduction of List I substances into 

groundwater and to limit the introduction of List II substances. The 

European Commission adopted a proposal for a new Directive to protect 

groundwater from pollution on 19 September 2003 (COM(2003)550)”. 
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d) Protection of Groundwater against Pollution (2006/118/EC) 

“This Directive is designed to prevent and combat groundwater pollution. 

Its provisions include: 

 criteria for assessing the chemical status of groundwater;  

 criteria for identifying significant and sustained upward trends in 

groundwater pollution levels, and for defining starting points for 

reversing these trends; 

 preventing and limiting indirect discharges (after percolation through 

soil or subsoil) of pollutants into groundwater.  

 

Groundwater is considered to have a good chemical status when: 

 measured or predicted nitrate levels do not exceed 50 mg/l, while those 

of active pesticide ingredients, their metabolites and reaction products 

do not exceed 0.1 g/l (a total of 0.5 g/l for all pesticides measured);  

 the levels of certain high-risk substances are below the threshold values 

set by Member States; at the very least, this must include ammonium, 

arsenic, cadmium, chloride, lead, mercury, sulphate, trichloroethylene 

and tetrachloroethylene;  

 the concentration of any other pollutants conforms to the definition of 

good chemical status as set out in Annex V to the Water Framework 

Directive (EN);  

 if a value set as a quality standard or a threshold value is exceeded, an 

investigation confirms, among other things, that this does not pose a 

significant environmental risk”. 

e) Urban Waste Water Treatment (91/271/EEC and 98/15/EC) 

“This Directive concerns the collection, treatment and discharge of urban 

waste water and the treatment and discharge of waste water from certain 

industrial sectors. Its aim is to protect the environment from any adverse 

effects caused by the discharge of such waters. Industrial waste water 

entering collecting systems and the disposal of waste water and sludge from 

urban waste water treatment plants are subject to regulations and/or specific 

authorisation by the competent authorities. The Directive establishes a 
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timetable, which Member States must adhere to, for the provision of 

collection and treatment systems for urban waste water in agglomerations 

corresponding to the categories laid down in the Directive”. 

2.6.5.1.2 United States of America 

During the 19th and the first half of the 20th century, water resources in the 

United States were generally perceived as a means of supporting vigorous 

economic growth, supported by legal rights to water exploitation 

(Narasimhan, 2008). By virtue of federal statutes and court decisions, state 

law determines what a water right is, and state & federal constitutions 

prevent the conversion of private use rights to public purposes without the 

payment of just compensation. Among the many other enacted federal 

legislations, the following merit mention (Narasimhan, 2008): 

 Wild and Scenic Rivers Act of 1968 

 the federal Water Pollution Control Act of 1972, which together with 

its 1977 amendment has come to be known as the Clean Water Act 

(the cornerstone of surface water quality protection in USA) 

 Endangered Species Act of 1973 

 Safe Drinking Water Act of 1974 

 Resource Conservation and Recovery Act of 1976 

 Pollution Prevention Act of 1990. 

 

During the second half of the 20th century, adverse impacts of water 

resources exploitation on the environment and ecosystems have led to a re-

examination of water policies and law. The government’s public trust 

responsibilities are receiving increased attention from the perspective of 

protecting water quality and conserving available water resources. The 

American water law is in a state of transition in regard to natural resources 

and the environment (Narasimhan, 2008). 

 

“In the western United States, water policy has gradually shifted from 

regulating water for agricultural purposes to regulating it for urban uses over 

the past two century. Water policy has moved from a primarily local and 

regional concern to a national one, as the federal government has taken a 

more active role in the formulation and execution of water policy. The most 
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important  key policy issue facing Western political and economic leaders is 

how, and whether, water rights originally obtained for agricultural purposes 

can, or should, be reallocated to serve municipal needs” (Microsoft® 

Encarta® Online Encyclopedia 2009) 

(http://encarta.msn.com/encyclopedia_761589807/Water_Policy_in_the_A

merican_West.html).  

 

2.6.5.1.3  New Zealand 

New Zealand and South Africa, towards the close of the 20th century, 

enthusiastically embraced the spirit of public trust to modernize their natural 

resouces and water laws (Narasimhan, 2008). New Zealand enacted a 

Resource Management Act (RMA) in 1991 which replaced common law 

with a renewable water permit system (New Zealand, 2006). The RMA’s 

central theme was sustainable management of natural resources to meet 

reasonably foreseeable needs of future generations, safe-guarding life-

supporting capacity of air, water, soil, and ecosystem, and avoiding adverse 

impacts of human activities on natural resources. 

 

The New Zealand Ministry for the Environment is working with regional 

and local councils to ensure the well management of quality and use of 

urban waters. In order to meet these objectives, the Government is 

developing national policies such as the proposed National Policy Statement 

on Freshwater Management. It will help to guide decision making on 

freshwater management under the RMA 1991 at national, regional and 

district level. 

 

2.6.5.1.4 South Africa 

The South African natural resource policy is regarded as encapsulating best 

practice from a global perspective (Goddon, 2005). In sharp distinction to 

earlier eras within South Africa, the water reforms introduced widespread 

structural change accompanied by an open policy making process (South 

Africa, 2006). A 1997 White Paper (DWAF, 1997) underpinned the raft of 

water reforms which included the Water Services Act 1997 and the National 

Water Act 1998 (Goddon, 2005).  
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A progressive law and policy framework has been developed within the 

water and sanitation sector of South Africa, with an explicit constitutional 

recognition of the right to water and the right to a clean environment 

(COHRE, 2009). The Water Services Act 1997 recognises the right of 

access to basic water supply and basic sanitation and the White Paper on 

Basic Household Sanitation 2001 focuses on provision of a level of basic 

household sanitation to rural areas and informal settlements. The Free Basic 

Water Implementation Strategy 2002 sets a target to provide 6000 litres of 

water free per household per month (COHRE, 2009).  

 

The South African standards relating to a ‘basic’ level of water supply is 

defined as 25 litres per person per day, which is a level sufficient to promote 

healthy living (DWAF, 2002). This amounts to about 6 000 litres per 

household per month for a household of 8 people. This volume of 6 000 

litres per month has therefore been set as the target as a ‘basic’ level for all 

households in South Africa (DWAF, 2002). This quantity is also regulated 

as part of the national strategy in terms of Sections 9 and 10 of the Water 

Services Act of 1997 (RSA, 1997). 

 

The South Africa’s National Water Act 36 of 1998 (DWAF, 1998; South 

Africa, 2006) explicitly designates the Government as the Trustee of the 

nation’s water resources. As per this Act, the Government is vested with the 

responsibility of judicious and equitable use of water resources, with the 

recognition of justifiable economic and social growth and international 

responsibilities (South Africa, 2006). The concept of public trust was 

inspired by the original Roman-Dutch law formulation as well as more 

recent trust principles of USA (Goddon, 2005). The Act’s preamble 

specifically recognizes the need of IWRM by stating, ‘Recognising the need 

for the integrated management of all aspects of water resources and, where 

appropriate, the delegation of management functions to a regional or 

catchment level so as to enable everyone to participate, ..’(South Africa, 

2006). The National Water Act 1998 separated water and land entitlements 

and introduced a water licensing system which considered equity, efficiency 

and sustainability aspects (Hallowes et al., 2008). Lack of viable supply side 
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augmentation options gave impetus to the water management reform 

process (DWAF, 2004). 

 

However, Hallowes et al. (2008) argues that the social and political 

transformation that occurred in South Africa has resulted in a new 

dispensation which requires a paradigm shift in the allocation, management 

and operation of water resources. According to them the mandate is to 

allocate, manage and operate water resources in order to obtain the optimal 

balance of equitable, efficient and sustainable water use in catchments. For 

this, they have explored the concept of Fractional Water Allocation and 

Capacity Sharing (FWACS) as a method of allocating and managing water 

entitlements to encourage water market mechanisms while ensuring that 

social (equity) and sustainability requirements are achieved. Also FWACS 

system can be used as a framework in which water efficiency can be 

obtained in the context of water scarcity in South Africa as well as many 

other countries (Hallowes et al., 2008). 

 

2.6.5.1.5 Australia 

After the British settlement of Australia, the common law of England 

constituted the foundation for the management of Australia’s water 

resources (Ghassemi and White, 2007). As common law rules were found to 

be inadequate to secure water supplies for mining, pastoral pursuits and 

town use, therefore, common law was modified to suit Australia’s condition 

(Fisher, 2000). The Victorian Royal Commission on water supply in 1884, 

headed by Alfred Deakin, laid the foundation of present water legislation 

and the State control of water resources (Ghassemi and White, 2007). The 

Victorian legislation was passed in 1886 vesting the ownership of water 

resources in the Crown. As this legislation tied the granting of water rights 

to land ownership, thus it prevented the transfer of water rights 

independently of the sale of land – a deliberate strategy to prevent water 

rights being controlled by a few wealthy individuals (Ghassemi and White, 

2007). 
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To overcome the complications of the common law and to establish State 

ownership of water resources, the Water Rights Act of 1896 was passed by 

the legislature in New South Wales. The model of state control was 

followed by the other states and territories e.g. in Queensland (Rights in 

Water and Water Conservation and Utilization Act 1910); in Western 

Australia (Rights in Water and Irrigation Act 1914); in South Australia 

(Control of Waters Act 1919); in Tasmania (Water Act 1957); in Northern 

Territory (Control of Water Ordinance 1938); and in the Australian Capital 

Territory (Water Resources Act 1998) (Ghassemi and White, 2007). In 

brief, the ownership of all groundwater and surface water in watercourses, 

lakes and springs in Australia are vested in the Crown and the State or 

Territory governments, on behalf of the Crown, generally confer 

entitlements to owners or occupiers of land to use water through licensing, 

issuing of permits and/or entering into agreements (Ghassemi and White, 

2007). 

 

Claydon (1995) has highlighted in his study that although the existing 

system of water entitlement has enabled the development and use of water 

resources over many years, serious limitations and problems have emerged 

as competition for scarce water resources increases. The problems identified 

are (Ghassemi and White, 2007): i) Lack of incentives to move water to 

higher value uses and to increase investments; ii) lack of signals as to the 

true worth of water, leading to inappropriate water pricing; iii) conflict 

between resource management and commercial activities; iv) need for self-

adjusting reform in the water industry; v) lack of security in tenure and 

specification of rights over time, leading to missed investment 

opportunities; and vi) lack of clarity regarding rights or entitlements. 

 

The Council of the Australian Governments (COAG), in 1994, undertook a 

major reform of water legislation with respect to issues such as water 

pricing, water allocation and entitlements, allocation of water for the 

environment (environmental flows), and institutional reforms (COAG, 

1994). The Commonwealth Government has assumed an important role 

through policy formulation and provision of financial assistance while the 

ownership and management of water resources has been conferred to the 
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States and Territories. Due to jurisdictional differences, several cooperative 

schemes for water resources management came into existence (Ghassemi 

and White, 2007). The origin of this pattern was the River Murray Waters 

Agreement between the three States (New South Wales, Victoria and South 

Australia) in 1915. This Agreement paved the way for the establishment of 

the River Murray Commission and later evolving into the Murray – Darling 

Basin Commission (MDBC) and the Murray – Darling Basin Agreement 

(Ghassemi and White, 2007). 

 

The major dam development phase ended in 1980s and heralded the start of 

economic era in water resources policy, shortly followed by concerns over 

the impacts of water resources development on the environment and the 

sustainability of water resources schemes (Ghassemi and White, 2007). The 

main issues were the allocation of fairly vague water rights to ecosystems 

and need of amendments in Australian water legislation to protect 

environmental requirements and ecosystems. To address these issues, the 

National Water Initiative (NWI) (NWI, 2004) was signed on 25 June 2004 

between the Commonwealth of Australia and the Governments of New 

South Wales, Victoria, Queensland, South Australia, the Australian Capital 

Territory and the Northern Territory. The Governments of Tasmania and 

Western Australia joined the Agreement in June 2005 and April 2006 

respectively. The National Water Initiative (NWI) comprised of the 

following elements (Kaspura, 2006): 

 “Water access entitlements and planning framework 

 Water markets and water trading 

 Water pricing and institutional arrangements 

 Integrated management of water for the environment 

 Water resource accounting 

 Urban water reform 

 Community partnerships and adjustment 

 Knowledge and capacity building” 

 

Urban water reforms were required as the water consumption practices 

became unsustainable (Chartres and Williams, 2006; Dillion, 2000; 

Quiggin, 2006; Syme and Hatfield-Dodds, 2007) and in the last decade all 
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Australian capital cities, except Darwin and Hobart, have imposed water 

restrictions to curtail demand and protect supplies (Ryan et al., 2009). Under 

urban water reform, the actions agreed were set out under two headings: i) 

demand management; and ii) innovation and capacity building. As per 

Kaspura (2006), the demand management objectives were:  

 “Legislation to be passed in 2005 to implement a mandatory 

labelling and minimum efficiency standards for agreed household 

appliances called the Water Efficiency Labelling Scheme (WELS) 

 Development and implementation of an advisory scheme for 

household garden irrigation, garden design and plants called the 

“Water Smart Scheme.” 

 Temporary water restrictions are to be reviewed to evaluate which 

elements could become part of permanent standard practice. 

 Implementation of ways to reduce urban system water losses 

including system leaks, excess pressure and other maintenance 

requirements”. 

 

The objectives under this heading were (Kaspura, 2006): 

 “Develop national health and environmental guidelines for recycled 

water and stormwater elements of water sensitive urban designs by 

2005. 

 Develop national guidelines for evaluating water sensitive urban 

developments in new sub-divisions and high rise buildings by 2006. 

 Evaluate “icon water sensitive urban developments” to draw out the 

lessons learnt by 2005. 

 Review the institutional and regulatory models for urban water cycle 

planning and management to draw up best practice guidelines by 

2006. 

 Review incentives to stimulate innovation”. 

 

The development of NWI recognises the continuing requirements to use 

water productivity and efficiently, to service urban and rural communities, 

and to ensure the health of river and groundwater systems. One of the key 

outcomes specified for urban reform in the NWI was encouragement for 

greater use of recycled water ((Kaspura, 2006). The NWI puts in place a 
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program of implementation for the agreed water law reform directions and 

this process has been enhanced by the establishment of a National Water 

Commission (NWC) under National Water Commission Act 2004 (Goddon, 

2005). The NWC responsibilities include overseeing implementation of 

reforms, accrediting implementation plans of state and territory 

governments and overseeing assessment of progress towards reforms (NWC 

Act, 2004). 

 

McKay (2005) while reviewing the water institutional reforms in Australia 

has focussed especially on the nature and extent of reforms initiated since 

1995 and has highlighted the issues and challenges in effecting changes in 

some key reform components. She has observed that regional diversity in 

legal systems and quality standards as well as conflicts between private 

interest and public welfare are still serious to constraining market-based 

water allocation and management. She concluded in her study that due to 

these issues and challenges, Australia is still in need of further reforms, 

especially to promote national standards in many legal, policy and 

organisational spheres of water allocation and management. 

 

McKay (2006) argues that the reasons for the groundwater overexploitation 

in Australia mostly related to the laws and policies which were designed to 

promote water development as a means to community development. She 

states that groundwater has been the Cinderella of Australian water laws, 

policies and institutions for the period of white settlement. According to her 

the problem started with the wholesale transfer of the common law of 

England to Australia as this allowed for exhaustion by each landowner and 

the result of this mentality created the tragedy of the common in some areas. 

She further states that the vesting provisions of the period from 1869 

onwards were also a problem as the vesting power to use and control 

groundwater was given a very permissive interpretation in each state, 

perhaps harking back to the common law. She observed that the allocations 

were given freely with no water charge and no restriction placed on water 

abstraction from the bores, resulting in chronic over abstraction problems in 

some places and ad hoc policies to deal with local problems. According to 

her the coherence between laws for surface and groundwater remains a 
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problem. The study places stress on the achievement of ecologically 

sustainable development (ESD). 

 

In an inter-sectoral comparison of Australian water reforms, Crase et al. 

(2008) have noted that in the approach to policy reform, there are marked 

contrasts between urban and agricultural sectors. They have observed that 

whereas governments have embarked on a range of mandated initiatives to 

alter or constrain the behaviour of urban dwellers, the approach adopted for 

irrigated agriculture has been characterized by an emphasis on markets and 

private property rights. Godden (2005) has also highlighted the fact that the 

Australia has adopted an approach that relies more on the ‘invisible hand’ of 

the market. Crase et al. (2008) acknowledges the high transaction costs of 

individual households engaging in a water market but they argue for more 

liberal market participation by urban water authorities on behalf of their 

constituents. They also call for more rigorous economic assessment of the 

plethora of water-saving and demand-management strategies being 

proposed in the urban water setting. 

 

Internationally, Australia is often seen as an effective ‘model’ for water law, 

policy and management (Harris, 2003). It has pioneered the adoption of best 

practice approaches such as the inter-relation between inland aquatic 

ecosystems and the marine environment (Godden, 2005). Also in terms of 

water reforms, Australia is regarded as having effectively combined the twin 

goals of environmental protection and efficiency of water use –whilst 

retaining ‘ownership’ of the water resource in the public realm (Godden, 

2005). 

 

2.6.5.1.6 Pakistan 

Pakistan has an unusually long- and well-established tradition of water 

entitlements (World Bank, 2005). Internationally, Pakistan’s rights to water 

from the Indus Basin System (IBS) are unambiguously defined in the Indus 

Waters Treaty brokered by the World Bank and signed by India and 

Pakistan on 19 September, 1960. Salman (2008) states that the Indus Waters 

Treaty has a number of unique features: 
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 “Rather than dividing the waters of the Indus River System (IRS) 

between the two parties, the Treaty divided the six rivers comprising 

the IRS between them. 

 It is the only international water treaty co-signed by a third party. 

 It has varying process for the settlement of issues which may arise 

between the two parties under the Treaty. 

 It entered into force and effect retroactively”. 

 

Under the provisions of Article VIII(1) of the Indus Waters Treaty 1960, 

both India and Pakistan have appointed a Commissioner for Indus Waters. 

Unless either Government decides to take up any particular question directly 

with the other Government, each Commissioner is the representative of his 

Government for all matters arising out of the Treaty and serves as the 

regular channel of communication on all matters relating to the 

implementation of the Treaty. The two Commissioners together form the 

Permanent Indus Commission whose purpose and functions are (i) to 

establish and maintain cooperative arrangements for the implementation of 

the Treaty, (ii) to promote co-operation between the Parties in the 

development of the waters of the 'Rivers', (iii) to make every effort to settle 

promptly any question arising between the Parties and (iv) to undertake 

tours of inspection of the Rivers to ascertain facts. As a result of Indus 

Waters Treaty, reservoirs and a network of inter-river link canals were 

constructed in the Indus Basin under the Indus Basin Settlement Plan. As a 

result, the river water diversions for irrigation were increased. The 

cultivable area was increased by 15-20% and the cropping intensities almost 

doubled. 

 

At the national level, up to 1991 Indus River water was shared on historical 

average basis worked out from 1977-1982. In 1991, an agreement to share 

waters of the Indus River was reached between the four provinces of 

Pakistan in the form of the Water Apportionment Accord (WAA). This 

accord is based on both the existing and future water needs of the four 

provinces. The WAA 1991 has two important features: i) it protects the 

existing uses of canal water in each province; and ii) it apportions the 
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balance of river supplies, including flood surpluses and future storages 

among the provinces. For the implementation of this Accord, the need to 

establish an Indus River System Authority (IRSA) was recognized and 

accepted. Thus IRSA was established under the IRSA Act 1992 having 

representation from all the four provinces. The salient functions of IRSA 

are: 

• Regulation and distribution of surface waters amongst the provinces 

• Review and specify river and reservoir operation patterns 

• Compilation of canal withdrawal indents and issue of operational 

directives 

• To settle any question that may arise between two or more provinces 

in respect of distribution of water 

• Decision is taken by voting and aggrieved party may approach to 

Council of Common Interests (CCI). 

 

The Water Accord defines the water entitlements at the canal command 

level which are based on historic use. In large areas of the system, these 

entitlements serve as the basis for allocation of water among canal 

commands. Well established rules exist for further distribution of water at 

the distributary canal and outlet levels (World Bank, 2006). The canal water 

is supplied continuously up to the outlets on the watercourses but from there 

onward it is distributed in a weekly or 10-day rotation called warabandi 

(‘wara’ means turn and ‘bandi’ means fixation) within the watercourse 

command area (Latif, 2007). The warabandi is a proxy to a water right in 

which a farmer has the right to time, a surrogate for water (World Bank, 

2006). In the irrigation sub-sector, most of the current institutional 

arrangements for water resources management are greatly influenced by the 

laws and administrative procedures introduced during the British colonial 

period (Bandaragoda, 2006). Pakistan has experimented with an overall 

change in the irrigation institutions but the progress of reform attempt seems 

to be grinding to a halt owing to lack of an internally generated demand for 

reforms (Bandaragoda, 2006). 
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a) Overview of water sector planning and development 

After gaining independence in 1947, the Government of Pakistan, in the 

absence of a well-defined water policy, carried out water sector planning 

and development through mandates which were spelled out in the 5-Year 

Plans. The water sector was not given the due consideration at all times 

during the 45 years of history of Pakistan when 5-Year Plans were the main 

policy declarations of the government until 2001 (WCD-CPP, 2003). A total 

of eight Five Year Plans were implemented between 1955 to 1998 which 

mainly focussed on: i) increasing productivity through increased application 

of water; ii) control of twin menace of water logging and salinity through 

Salinity Control and Reclamation Projects (SCARPs); iii) provision of 

inexpensive electricity to accelerate agricultural and industrial development; 

iv) water conservation; v) use of groundwater for supplementary irrigation; 

vi) water management; vii) reduction of conveyance losses; viii) 

involvement of water users in the improvement of water courses; ix) 

improved water management and involvement of farmers and stakeholders; 

x) initiation of On-Farm Water Management Projects; and xi) formation of 

Farmers’ Organizations (FOs) and decentralization of the water 

management system through Area Water Boards (AWBs). The Ninth Plan 

was not issued and in September 2001, the Government approved a 10 Year 

Perspective Development Plan 2001-2011 which also included a Three Year 

Development Plan for the period 2001-2004 (WCD-CPP, 2003). 

 

In the absence of a consolidated water policy, the following policy decisions 

were implemented in the water sector as components of various policy 

programmes (WCD-CPP, 2003):  

 The transboundary policy for the Indus system is defined by the 

Indus Water Treaty signed between Pakistan and India in 1960. 

Several infrastructure projects have been planned and implemented 

in the water sector during the post-treaty period  

 Transition of Salinity Control and Reclamation Project (SCARP) 

tubewells in fresh groundwater areas and their replacement with 

privately owned and operated community tubewells which was 

completed in Punjab through the Punjab Private Sector Groundwater 

Development Project.  
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 Exploitation of groundwater in fresh groundwater areas to be 

performed entirely by the private sector which has led to over 

550,000 tubewells in the country mostly in the private sector. 

 Institutional reforms in the irrigation and drainage sector through 

Provincial Irrigation and Drainage Authority (PIDA) Acts, 

specifically the establishment of the Provincial Irrigation and 

Drainage Authorities (PIDAs), Pilot Area Water Boards and Farmer 

Organisations which are underway under the Institutional Reforms 

of Sindh Irrigation and Drainage Authority, the rest of the provinces 

will follow the same course of action. 

 Adoption of a National Conservation Strategy (NCS) in 1992 as a 

guiding environmental policy for Pakistan and a Mid-Term Review 

of its achievements, impacts and prospects was conducted in 2000 

(World Bank, 2006). 

 Encouragement of beneficiary participation in operation and 

management of irrigation and drainage systems at tertiary canal level 

and for rural water supply and sanitation schemes which led to 

approval of PIDA Act and formation of PIDAs.  

 Improvement of cost recovery both in irrigation and drainage and in 

rural and urban water and sanitation schemes which has been partly 

achieved through system improvement.  

 Enactment of the Environment Protection Act which was formulated 

in 1997. 

 Adoption of the National Environmental Action Plan (NEAP) in 

2001 to alleviate poverty through environmental projects (World 

Bank, 2006). 

 Adoption of the National Environmental Policy (NEP) in 2005 

which provides broad guidelines to the federal, provincial and local 

governments in addressing environmental concerns and cross-

sectoral issues such as poverty, health, trade and local governance 

(World Bank, 2006). 

 

The National Water Policy (NWP) 2005 gives top priority to the provision 

of safe drinking water for all, along with hygienic sanitation for urban and 

rural populations. The NWP establishes important basic principles including 
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protection of sources, monitoring and maintenance of drinking water 

quality, and progressive upgrading of facilities for the provision of water 

and sanitation, on a sustainable basis. Though the National Water Policy 

(NWP) provides a framework within which to establish a single set of rules 

and regulations for Pakistan’s future water management (World Bank, 

2006) but there is need for harmonising it with the Pakistan Environmental 

Protection Act (PEPA) 1997 (Gabriel and Khan, 2006). 

 

b) Water and environmental related legislations 

A number of water related legislations have been drafted to implement the 

above described policy decisions. Some of the water and environmental 

related legislation in Pakistan have their origin in the colonial times e.g. 

- Canal and Drainage Act 1873 

- The Explosives Act 1884 

- The Ports Act 1908 

- The Forest Act 1927 

 

A few water related legislations are worth mentioning and a brief review of 

these, carried out by WCD-CPP (2003), is presented below: 

 

Pakistan Penal Code  

The Pakistan Penal Code of 1860 describes penalties for voluntarily 

corrupting or fouling public springs or reservoirs so as to make them less fit 

for ordinary use. The subject of toxic or hazardous waste pollution is also 

covered to some extent purely in qualitative terms. It is not effective, as it 

does not define corrupting or fouling.  

 

Factories Act  

The Factories Act of 1934 of the Ministry of Industries includes clause 

which deals with disposal of wastes and effluents from manufacturing 

processes and fines for polluters. This Act is also not enforced; hence there 

is limited potential for their implementation. Moreover, the penalties 

prescribed for various offences are so meagre that potential offenders are 

not concerned.  
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The Indus River System Authority (IRSA) Act  

The IRSA Act, formulated in 1992, implements the Water Accord which 

apportions the balance of river supplies, including flood surpluses and future 

storages among the provinces.  

 

The Canal and Drainage Act  

The Canal and Drainage Act of 1873 is the most comprehensive legislation 

aimed to control and regulate the entire irrigation and drainage system and 

to ensure the supply of irrigation water from the canal system to farmers. 

Under this law the field officers have been given the magisterial powers to 

control encroachments and to ensure equitable irrigation supplies. The 

Canal and Drainage Act, which is enforced by the Provincial Governments, 

also prohibits fouling of canal water which may be used for domestic 

purposes in localities nearby. A critical legal analysis of the Act reveal that 

i) the balance of legal rights enshrined in the Act is heavily in favour of the 

state as opposed to the water users; and ii) the colonial document meant to 

facilitate control over a population than a legislation (Mustafa, 2001). 

 

The WAPDA Act  

The Water and Power Development Authority (WAPDA) was created at the 

Federal level in 1958 through the WAPDA Act. Its mandate is to undertake 

construction of large irrigation and drainage projects and for construction 

and operation of large hydropower projects. The Authority is also 

responsible for generation, transmission and distribution of power in the 

country.  

 

Water User Ordinances  

The Water User Ordinances was promulgated in 1982 to enable formation 

of Water User Associations (WUAs) for participation in water management 

at water course level. The WUAs made a good start by participating in 

improvement of more than 10,000 water courses but after the completion of 

improvement works became dormant.  
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The Provincial Irrigation and Drainage Authority Acts  

The Provincial Irrigation and Drainage Authority Acts were enacted in all 

provinces in 1997. The purpose is to introduce institutional reforms in the 

water sector of Pakistan. The public sector institutions have not been able to 

recover even O&M costs because of inadequate assessment and collection 

of user charges. These Acts will initiate irrigation and drainage sector 

reforms to improve service delivery and sustainability. These Acts provide 

the legal framework for establishment of Provincial Irrigation and Drainage 

Authorities (PIDAs), Area Water Boards (AWBs) and Farmers 

Organizations (FOs).  

 

Community Irrigation Farmer Organizations Regulation  

Community Irrigation Farmer Organizations Regulation was approved in 

the year 2000 in pursuance to the implementation of provincial Irrigation 

and Drainage Authority Acts. This regulation mainly supports the provincial 

PIDA Acts for enforcement at the grass-root level. 

 

Pakistan Environmental Protection Act  

The cornerstone of environmental legislation is the Pakistan Environmental 

Protection Act (PEPA) of 1997 which has replaced the Pakistan 

Environmental Protection Ordinance (PEPO) issued in 1983 (World Bank, 

2006). The Act is directed to provide a basic environmental policy and set 

up a management structure for pollution control. Proper enforcement of the 

Act can result in improved water quality in various water bodies as the 

disposal of untreated municipal and industrial wastes will be controlled. 

Under the Pakistan Environmental Protection Act 1997 (GoP, 1997) a 

number of rules, standards and institutional have been implemented 

(Ahmad, 2002) e.g. 

- Establishment of the Pakistan Environmental Protection Agency  

- National Environmental Quality Standards (self-monitoring and 

reporting by Industries) Rules, 2000 

- Environmental Samples Rules, 2001 

- Provincial Sustainable Development Fund Board (Procedure) Rules, 

2001 Pollution Charge for Industry (Calculation and Collection) 

Rules, 2001 
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- National Environmental Quality Standards (Environmental 

Laboratories Certification) Regulations, 2000 

- Provincial Sustainable Development Fund (Utilization) Rules, 2002 

- Composition of Offences and Payment of Administrative Penalty 

Rules, 2002 Hazardous Substances Rules, 2002. 

- Appointment of senior civil judges as Environmental Magistrates to 

deal with cases related to the handling of hazardous substances and 

vehicular pollution.  

- Establishment of Environmental Tribunal 

 

Punjab Soil Reclamation Act  

The Punjab Soil and Land Reclamation Act of 1952 provides legal basis for 

implementation of salinity Control and Reclamation Project (SCARP) to 

control the water logging and salinity. The Act empowers the Department of 

Irrigation to license and control groundwater in any area notified as problem 

area by the government. The Department of Irrigation has the authority to 

exercise all the powers under the Act. The Act was later extended to cover 

the whole country.  

 

The Sindh Irrigation Act  

The Sindh Irrigation Act was approved in 1879 to be implemented for 

irrigation management by the Sindh Irrigation Department. The Act has 

been superseded by the PIDAs and is not in practice anymore.  

 

The Punjab Minor Canal Act  

The Punjab Minor Canal Act was approved in 1905 by the government to be 

implemented by the Punjab Irrigation Department for the management of 

minor canals in the sub-continent.  

 

The Canal and Drainage Act NWFP Amendment  

Canal and Drainage Act NWFP Amendment 1948 provides legal authority 

to the provincial Department of Irrigation for allocation of canal water to 

farmers. The Amendment was for the improvement in irrigation system and 

is implemented by the NWFP Irrigation Department.  
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The Balochistan Ground Water Rights Administration Ordinance  

The Balochistan Ground Water Rights Administration Ordinance of 1978 

provides detailed procedures for ground water extraction. The Ordinance 

makes provisions for defining water basins in different areas. It requires 

setting up of a district water committee to grant permission for drilling of 

tube-wells. But this law is poorly enforced. Balochistan Ground Water 

Rights Administration (Amendment) Ordinance of 2000 makes provisions 

for installation of water measuring devices on all the sources engaged in 

ground water extraction. No water meters have been installed yet but the 

department of Irrigation plans to install devices on the sources in Quetta 

valley.  

 

c) Enforcement of legislation 

The implementing agencies in Pakistan do not have the capability and 

capacity to fully implement the legal provision. This is due to factors such 

as (Gabriel and Khan, 2006): 

 

- Political instability and lack of multi-sector commitment  

- Corruption and weak governance 

- Absence of a strong policy framework 

- Limited institutional technical and legal capacity 

- Poverty and external debt resulting in conflicting growth policies 

e.g. subsidies on fossil fuels and establishment of new industry 

without proper environmental safeguards 

 

As far as the definitions of the objectives and legal provisions are concerned 

the water laws in Pakistan are quite comprehensive, except that extraction of 

groundwater needs to be regulated (WCD-CPP, 2003). However, sectoral 

policies are lacking both in terms of development and implementation 

(WCD-CPP, 2003). A consolidated national water policy is still lacking 

which is supposed to be the driving force and backbone of all major 

initiatives. The environmental legislation also needs certain improvements 

and part of a consolidated national water policy (WCD-CPP, 2003).  
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WCD-CPP Report (2003) concludes that: i) Firstly, certain laws do not have 

detailed and in-depth implementation mechanisms to facilitate proper 

understanding and compliance and, moreover, they do not provide tangible 

checks to scale or quantify the amount of violation; ii) Secondly, there is 

duplication in responsibilities among various government institutions which 

creates conflicts and confusion among them and subsequently affects the 

efficiency; iii) Thirdly, certain new environmental legislation should be 

promulgated to back up and promote the existing regulations for such 

aspects as riverine water quality standards, irrigation water quality 

standards, sectoral environmental quality standards and groundwater 

recharge and quality standards; and iv) Fourthly, a proper monitoring 

mechanism is required for all legislation. No legislation can be effectively 

enforced without well-defined and sustainable monitoring measures (WCD-

CPP, 2003).  

 

d) An overview of groundwater management policies in Pakistan 

van Steenbergen and Oliemans (2002) noted in their study that two very 

different policy themes – (i) control of high groundwater tables in the canal-

irrigated areas in the Indus Basin; and (ii) active promotion of tubewell 

installation as a means to encourage agricultural development - dominated 

the political agenda for a long time in Pakistan. For the first policy theme, 

following institutional reforms, projects and legislations were carried out 

(van Steenbergen and Oliemans, 2002): 

 Water Logging Board in 1912 and later a Drainage Board (1917) 

 Punjab Soil Reclamation Act (1952) 

 Salinity Control and Reclamation Projects (SCARPs) 

 Pakistan Water and Power Development Authority (WAPDA) Act 

(1958) 

 

As per WAPDA Act of 1958, Wapda being a federal government 

autonomous body has control over Pakistan’s groundwater resources and it 

can issue area-specific rules which Wapda never bothered to announce such 

kind of rules. On the other hand Punjab Soil Reclamation Act of 1952 

empowers the provincial irrigation department the responsibility of 

groundwater management and it is in direct conflict with the WAPDA Act. 
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However, the relevant portions of both Acts relating to groundwater 

regulation were never operationalised (van Steenbergen and Oliemans, 

2002). 

 

As per van Steenbergen and Oliemans’ (2002) study, the second important 

government policy in the 1960s, 70s and 80s was to stimulate private 

tubewell development in order to i) to help alleviate drainage problems in 

canal-irrigated areas; ii) to foster economic development outside the canal-

irrigated areas; and iii) to bring large tracts of land under cultivation in 

unirrigated parts of the Indus plains, Baluchistan and NWFP. As a result of 

this policy, private tubewell ownership in the Indus Plains exceeded 

400,000 and in Baluchistan and NWFP more than 10,000 in the early 1990s 

(van Steenbergen and Oliemans, 2002).  

 

From 1980s onward, the main focus of government policy was on 

institutional reforms as per advice of the international donor agencies and 

the following legislations were made to implement those reforms (van 

Steenbergen and Oliemans, 2002): 

 Water User Ordinances (1982) 

 The Provincial Irrigation and Drainage Authority Acts (1997) 

 Community Irrigation Farmer Organizations Regulation (2000) 

 

van Steenbergen and Oliemans (2002) in his study concluded that the 

groundwater policy for the 50 year period (1950-2000) may be summarised 

by a number of characteristics: 

 “The focus was on i) the control of water logging resulting from 

inadequate provision of drainage facilities during the development of 

the canal irrigation system in the Indus plains; and ii) the stimulation 

of private tubewell development. The government interventions 

were essentially supply driven. There was little concern about 

overexploitation of aquifers or deteriorating groundwater quality. 

 The policy relied on public investment and subsidies rather than 

regulation. Whatever legislation was made was not enforced e.g. The 

Balochistan Ground Water Rights Administration Ordinance of 1978 

which was negatively affected by the large land-holders who had 
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political influences and the tribal leaders as well (WCD-CPP, 2003). 

The only local rule issued in 1990 under the Ordinance was a total 

ban on new wells in Quetta Valley to safeguard the drinking water 

supply of more than 600,000 people living in the provincial capital 

of Quetta.  

Also there was ambiguity as to who should regulate groundwater 

exploitation, i.e. the federal government or the provincial 

governments. 

 All policies were initiated and implemented from Province and 

Federal level. The involvement of local government bodies was 

minor. Neither was there any involvement of local farmer 

organizations as both types of institutions are weak in Pakistan”. 

 

The ambiguity as to who should regulate groundwater exploitation, i.e. the 

federal government or the provincial governments has been put to an end 

with the enforcement of the Provincial Irrigation and Drainage Authorities 

(PIDAs) Act of 1997 which places the groundwater management 

responsibility beside other responsibilities with the four provinces. Also the 

promulgation of the Environmental Protection Agency Act of 1997 heralds 

the beginning of a legal basis for groundwater quality management. Despite 

of issuance of these Acts, little has happened in operational terms. 

 

Bhatti and Kijne (1992) argue that groundwater management should be a 

part of a larger effort at integrated water resources management (IWRM) in 

Pakistan. The integrated management of surface irrigation, drainage and 

groundwater at regional scale in Pakistan is long overdue (van Steenbergen 

and Oliemans, 2002).  

 

Lashari et al. (2007) while comparing institutional and legal groundwater 

management framework in Australia and Pakistan observes that the socio-

economic situation and awareness in South Australia is much stronger than 

in Pakistan and hence the groundwater management is more sustainable. 

They conclude that the groundwater laws and policies in Pakistan have been 

enacted for controlling the water logging and salinity and not for focussing 

on sustainable groundwater management. The implementation of 
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groundwater regulation is not effective as it also helps in food security 

through reliable supply of water and increase in crop yield. The political 

agenda, social set up, influence of big land holders and poverty are the main 

reasons for hindrance in implementing the regulations. They recommend 

that some policies and legal framework of Australia can be replicated in 

Pakistan for sustainable management of groundwater. 

 

Biswas (2001) studied the water policies in the developing world and 

concluded that a critical review of the existing water management policies, 

strategies or plans indicates that the approaches identified and / or pursued 

continue: 

 to be too traditional; 

 to be too conservative; 

 to be too uni-sectoral; 

 to be too engineering-oriented; 

 to be too focused on water quantity; 

 to be too hierarchical and top-down; 

 to be too politically correct; 

 to place too much emphasis on past experiences; 

 to have too little consideration of future trends and developments; 

 to have too inadequate linkages with energy, health and industrial 

policies. 

 

Biswas (2001) further concluded that due to several fundamental changes 

that have occurred in the water sector and other related sectors, water 

policies of the 21st century have to be significantly different from the 

policies and strategies that were used in the 20th century. 

 

2.7 Summary 

Based on the literature reviewed regarding: (i) issues in global urban water, 

in Pakistan and in the case study area of Lahore metropolitan; (ii) advances 

in research regarding global groundwater and climate, integrated water 

resources management (IWRM), and (iii) law and policy in some selected 

countries like European Union (EU) States, United States of America 
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(USA), South Africa, New Zealand, Australia and Pakistan, the key 

messages are: 

 5 out of 8 people will be living in conditions of water stress (per 

capita water availability less than 1700 m3/year) or scarcity (per 

capita water availability less than 1000 m3/year) by the year 2025. 

By the year 2050, some 40% of the world’s population will probably 

experience water shortages. 

 Three most far-reaching global groundwater issues in terms of 

resource sustainability are salinisation, trends in withdrawals and; 

climate change. 

 Over exploitation and degradation of groundwater is resulting in: i) 

declining water tables; ii) wells running (seasonally) dry; iii) 

increasing pumping costs; iv) competitive deepening of wells; v) 

ground subsidence; vi) loss of wetlands and flowing springs and 

rivers; vii) salt water intrusion and other salinity problems. 

 In Pakistan, the fast pace of urbanization and industrialization 

coupled with dependence of the agricultural sector on chemicals and 

fertilizers has led to the overcharging of the carrying capacity of 

country’s water bodies to assimilate and decompose wastes, 

resulting in the deterioration of water quality and contamination of 

lakes, rivers and groundwater aquifers. 

 In the rapidly-developing cities of Asia, Latin America and Africa 

the urban explosion is being accompanied by uncontrolled 

groundwater abstraction and by indiscriminate solid and untreated 

liquid waste disposal to the ground, resulting in increase of scarcity 

and deterioration of groundwater quality. Same is true for the case 

study area of Lahore metropolis. 

 The global warming process continuation will result in numerous 

environmental problems and the most severe among them will relate 

to water resources 

 Several gaps in knowledge exist in terms of observations and 

research needs related to climate change and water. 

 The principal focus of climate change research with regard to 

groundwater has been on quantifying the likely direct impacts of 

changing precipitation and temperature patterns 
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 In spite of shifting societal values, growing water demand, 

increasing water quality degradation and more prevalent water use 

conflicts, integrated water resources management (IWRM) remains a 

promising mechanism and the current internationally recognized 

framework to achieve improved water management. 

 The integrated management of surface and groundwater in Pakistan 

is long overdue. 

 No consolidated water policy exists in Pakistan. Though the 

National Water Policy (NWP) of 2005 provides a framework within 

which to establish a single set of rules and regulations for Pakistan’s 

future water management but there is need for harmonising it with 

the Pakistan Environmental Protection Act (PEPA) 1997. 

 Due to several fundamental changes that have occurred in the water 

sector and other related sectors, water policies of the 21st century 

have to be significantly different from the policies and strategies that 

were used in the 20th century. 


The key knowledge gaps identified from the literature review are: 

 Integrated management of surface and ground water and quality is 

lacking; 

 Public participation and true environmental costs are not considered; 

and 

 Climate risks are not being integrated in future water plans 
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Chapter 3 Methodology 

 
This chapter describes the methodology adopted to achieve the objectives of 

the present study. 

 

3.1 Introduction 

Firstly a review of current literature relating to: i) prevailing issues in urban 

groundwater generally around the world and in particular in Pakistan 

focussing on the case study area of Lahore metropolis; ii) advances in 

research made regarding global groundwater and climate; iii) integrated 

water resources management (IWRM); and iv) law and policy in some 

selected countries around the world was carried out in order to achieve first 

objective of the present study.  

 

3.2 Selection of Study Area 

Due to non-existence of a consolidated water policy and poor enforcement 

of existing legislations, Pakistan is currently facing numerous challenges 

owing to the high urban population growth, urbanization and climate change 

which are exerting stress on the natural resources of the country. Keeping in 

view of this, the groundwater dependent Lahore city was selected for the 

present research study.  

 

3.3 Groundwater Model 

A solid and workable surface-groundwater interaction groundwater flow 

model was required for understanding the hydro-geological dynamics under 

different aquifer management interventions in order to achieve the second 

and third objective of the study.  

 

3.3.1 Introduction to groundwater modelling 

The word model has so many definitions and is so overused that it is 

sometimes difficult to discern the meaning of the word (Konikow and 

Bredehoeft, 1992). Generally, models are not exact descriptions of physical 

systems or processes but rather they are conceptual descriptions or 

approximations that describe physical systems using mathematical 
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equations. By mathematically representing a simplified version of a 

hydrological system, reasonable alternative scenarios can be predicted, 

tested and compared. The applicability or usefulness of a model is depends 

on how closely the mathematical equations approximate the physical system 

being modelled. It is necessary to have a thorough understanding of the 

physical system and the assumptions embedded in the derivation of the 

mathematical equations in order to evaluate the applicability or usefulness 

of a model (Kumar, 2000). 

 

The groundwater models describe the groundwater flow and transport 

processes using mathematical equations based on certain simplifying 

assumptions which typically involve the direction of flow, geometry of the 

aquifer, the heterogeneity or anisotropy of sediments or bedrocks within the 

aquifer, the contaminant transport mechanisms and chemical reactions 

(Konikow, 1996). Due to the simplifying assumptions embedded in the 

mathematical equations and the many uncertainties in the values of the data 

required by the model, a model muse be considered as an approximation and 

not an exact duplication of field conditions (Kumar, 2000). Despite the 

approximations, groundwater models are a useful investigation tool that can 

be used for a number of applications such as groundwater recharge, 

dynamic behaviour of the water table, stream-aquifer interaction, sea-water 

intrusion etc (Konikow 1996; Kumar 2000). 

 

The governing flow equation for three-dimensional saturated flow in 

saturated porous media is: 
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where , 

Kxx, Kyy, Kzz = hydraulic conductivity along the x, y, z axes 

which are assumed to be parallel to the major axes of 

hydraulic conductivity [LT-1]; 

h = piezometric head [L]; 

Q = volumetric flux per unit volume representing 

source/sink terms [T-1]; 
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Ss = specific storage coefficient defined as the 

volume of water released from storage per unit 

change in head per unit volume of porous material  

[L-1] 

 

The above governing equation for groundwater systems are usually solved 

either analytically or numerically. Analytical models contain analytical 

solution of the field equations, continuously in space and time. In numerical 

models, a discrete solution is obtained in both the space and time domains 

by using numerical approximations of the governing partial differential 

equation. Various numerical solution techniques are used in the 

groundwater models. Among the most used approaches in groundwater 

modelling, two major techniques can be distinguished: i) Finite Difference 

Method (FDM) and ii) Finite Element Method (FEM). Comprehensive 

treatments of the application of these numerical methods to groundwater 

problems are presented by Remson et al. (1971) and Wang and Anderson 

(1982). Both of these numerical approaches require that the study area be 

subdivided by a grid into a number of smaller subareas (cells or elements) 

that are associated with node points (either at the centres of peripheries of 

the subareas). The FDM approximate the first derivatives in the partial 

differential equations as difference quotients (the differences between 

values of variables at adjacent nodes, both in space and time, with respect to 

the interval between those adjacent nodes). There are several advanced text 

books that focus primarily on FDM (Peaceman, 1977; Remson et al., 1971; 

Von Rosenberg, 1969). FEM is more useful where the domain of the 

problem has a complicated shape or when the function involved behaves 

very differently in different parts of the domain. 

 

Both the FDM and FEM approximations lead to an algebraic equation for 

each node point. The set of algebraic equations may be solved numerically 

by either direct method or iterative method. In direct methods, a sequence of 

operations is performed only once to solve the matrix equation, providing a 

solution that is exact, except for machine round-off error. Iterative methods 

arrive at a solution by a process of successive approximation (Konikow, 

1996; Kumar, 2000). These methods involve making an initial guess at the 
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solution, then improving this guess by some iterative process until an error 

criterion is satisfied. Several iterative and semi-iterative schemes have been 

developed such as successive over-relaxation methods, iterative alternating-

direction implicit procedure, strongly implicit procedure and conjugate-

gradient methods (Konikow, 1996; Kumar, 2000).  

 

3.3.2 Boundary and initial conditions 

Additional information about the physical state of the process is required in 

order to obtain a unique solution of a partial differential equation 

corresponding to a given physical process. To supply this information 

boundary and initial conditions are specified. For steady-state problems, 

only boundary conditions are required, whereas for transient problems, both 

boundary and initial conditions must be specified (Konikow 1996; Kumar 

2000). 

Conceptually, boundary conditions can be specified as: 

 Head controlled, fixed or user-specified head boundaries (Dirichlet 

type); 

 Flow controlled or user-specified flow boundaries (Neumann type), 

with no-flow boundaries as a special case; and 

 Head dependent flow boundaries (Cauchy or mixed type), where the 

flow depends on the computed or elsewhere defined water levels. 

The initial conditions are simply the values of the dependent variable 

specified everywhere inside the boundary at the start of the simulation. 

Normally, the initial conditions are specified to be a steady-state solution. If, 

however, initial conditions are specified so that transient flow is occurring 

in the system at the start of the simulation, it should be recognised that 

heads will change during the simulation, not only in response to the new 

pumping stress, but also due to the initial conditions (Franke et al., 1987).  

 

3.3.3 Model development, design and application 

A groundwater model application can consist of two distinct processes i) 

model development resulting in a software product and ii) application of 
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that product for a specific purpose (Kumar, 2000). Kumar (2000) suggested 

the following logical sequence to be followed for efficiently developing a 

groundwater model: 

i. Model objective: Firstly the model objective should be defined 

which explains the purpose of using a groundwater model as the 

modelling objectives will profoundly impact the modelling effort 

required. 

ii. Hydro-geological characterization: A proper characterization of the 

hydro-geological conditions at the study area is necessary in order to 

understand the importance of relevant flow or solute transport 

processes. It is not possible to select an appropriate model or 

develop a reliably calibrated model. 

iii. Model conceptualization: It is the process in which data describing 

field conditions are assembled in a systematic way to describe 

groundwater flow and contaminant transport processes at the study 

area. The model conceptualization aids in determining the modelling 

approach and which model software to use. 

iv. Selection of modelling software: Computer model software is 

selected after hydro-geological characterization of the study area has 

been completed and the conceptual model has been developed. The 

selected model should be capable of simulating conditions 

encountered at the study area e.g. analytical models can be used 

where field data show that the groundwater flow or transport 

processes are relatively simple whereas one, two or three-

dimensional groundwater flow and transport models should be 

selected based upon the complex hydro-geological characterization 

and model conceptualization. 

v. Model design: It includes all input parameters that are used to 

develop a calibrated model. The input parameters include model grid 

size and spacing, layer elevations, boundary conditions, hydraulic 

conductivity / transmissivity, recharge, any additional model input, 

transient (time dependent) or steady state modelling, dispersion 

coefficients, degradation rate coefficients, etc. 

vi. Model calibration: It consists of changing values of model input 

parameters in an attempt to match field conditions within some 
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acceptable criteria. The model calibration requires that field 

conditions at the study area be properly characterized otherwise it 

may result in a model calibrated to a set of unrepresentative 

conditions of the actual study area conditions. Sometime the people, 

who apply groundwater models or those who make decisions based 

on model results, want assurance that the model is “valid. Konikow 

and Bredehoeft (1992) recommend that the term “validation” not be 

applied to groundwater models because labelling a model as having 

been “validated” has very little objective or scientific meaning, such 

“certification” does little beyond instilling a false sense of 

confidence in such models. 

vii. Sensitivity analysis: It is the process of varying model input 

parameters over a reasonable range (range of uncertainty in value of 

model parameter) and observing the relative change in model 

response. Typically, the observed change in hydraulic head, flow 

rate or contaminant transport is observed. The data for which the 

model is relatively sensitive would require future characterization, as 

opposed to data for which the model is relatively insensitive. 

viii. Predictive simulations: The calibrated model may be used to predict 

some future groundwater flow or contaminant transport condition. 

As errors and uncertainties in a groundwater flow analysis and solute 

transport analysis make any model prediction no better than an 

approximation, therefore, all model predictions should be expressed 

as a range of possible outcomes that reflect the assumptions involved 

and uncertainty in model input data and parameter values. 

 

3.4 Selection of Groundwater Model 

A number of models are currently being used around the world within the 

field of Integrated Urban Water Management (IUWM). These models are: 

AISUWRS, Aquacycle, AQUALM, BASINS, BASIX, CANOE, CITY 

DRAIN, DRAINS, E2, EnviroPro Designer, EPANET 2, FLUX for Septic 

Trenches, Home Water Investigator, House Water Expert, HSPF - 

FORTRAN), Hydro Planner, ILSAX, InfoWorks CS, InfoWorks WS, 

Integrated Waterway Assessment Framework, IQQM, Krakatoa, MEDLI, 

MIKE URBAN, MODFLOW, MODHMS, MUSIC, PARMS Suite, 
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PURRS, QUAL2E, RAFTS, Rainwater TANK, RAP, REALM, REBEKA, 

RORB, RRL including SymHyd, SEEPW, SEWSYS, SHETRAN, SMHI - 

BIOLA model, SLAMM, STORM, StormNET, SWIMv2, StormSHED, 

Switch (v1 and v2), SWMM, TAWS, TRENCH v3.0, UGROW, 

UrbanCycle, UVQ, URBS (Australia), URBS (France), URWARE, 

WARMF, Water CAD, Sewer CAD, StormCAD, WaterCress, WATHNET, 

WEAP, WSAA SDP, and WUFS. Wolf (2007) observed that these models 

are not suited to depicting the variations in groundwater levels or the 

qualitative deterioration of urban groundwaters, as they include no 

information on regional groundwater flow fields or aquifer characteristics. 

 

As in the present study, a solid and workable surface-groundwater 

interaction groundwater flow model was required to understand the hydro-

geological dynamics under different aquifer management interventions, 

therefore, groundwater flow models, available in the market, were explored. 

A large number of groundwater flow and transport models are available in 

the market e.g. 3DFEMAT (3-D Finite Element Model of Flow and 

Transport through Saturated –Unsaturated Media), AQUA3D (3-D 

Groundwater Flow and Contamination Transport Model), BIOF&T 2-D/3D 

(Biodegradation, Flow and Transport in the Saturated/Unsaturated Zones), 

FEFLOW (Finite Element Subsurface Flow System), FLONET/TRANS (2-

D cross-sectional groundwater flow and contaminant transport modelling), 

MODFLOW (Three-dimensional Finite-Difference Groundwater Flow 

Model), MIKE SHE (Integrated Surface Water and Groundwater Flow 

Model), SEAWAT (Three-Dimensional Variable-Density Groundwater 

Flow), SUTRA (2-D Saturated/Unsaturated Transport Model), VISUAL 

HELP (Modelling Environment for the U.S. EPA HELP Model for 

evaluating and Optimizing Landfill Designs), etc.  

 

Konikow (1996) stated that “the selection of a model for a particular field 

problem depends on several factors which include accuracy, efficiency/cost 

and usability”. According to him the first two factors are related primarily to 

the nature of the field problem, availability of data, and scope or intensity of 

the investigation. He further stated that: i) “the usability of a method may 

depend partly on the mathematical background of the modeller as it is 
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preferable for the model user to understand the nature of the numerical 

methods implemented in a code; ii) in selecting a model that is appropriate 

for a particular application, it is most important to choose one that 

incorporates the proper conceptual model; iii) one must avoid force fitting 

an inappropriate model to a field situation solely because of the model’s 

convenience, availability or familiarity to the user; and iv) usability is also 

enhanced by the availability of pre-processing and post-processing 

programs or features and by the availability of comprehensive yet 

understandable documentation”. 

 

Keeping in view of above selection criteria, the modular finite-difference 

groundwater flow model, frequently referred to as MODFLOW [United 

States Geological Survey (USGS) Modular Three-Dimensional 

Groundwater Flow Model] (McDonald and Harbaugh, 1988; Harbaugh and 

McDonald, 1996a,b) was selected to be used under the PMWIN (Chiang 

and Kinzelbach, 1998) environment. MODFLOW is one of the most 

popular groundwater modelling program in existence (Winston, 1999).  

 

Winston (1999) attributes the reasons for this popularity due to: i) the 

program being applicable to most types of groundwater modelling 

programs; ii) the original packages in the program are well structured and 

documented; iii) the source code is in the public domain and thus can be 

checked for errors and modified by anyone with the necessary mathematical 

and programming skills; iv) the program is accepted by regulatory agencies 

and in litigation and v) on-going modifications of the program continue to 

increase its capabilities. Because of its ability to simulate a wide variety of 

systems, its extensive publicly available documentation, and its rigorous 

USGS peer review, MODFLOW has become the worldwide standard 

groundwater flow model. One of the advantages of MODFLOW is that it 

provides different modules to undertake three-dimensional groundwater 

flow simulation in both confined and unconfined aquifers as well as in 

aquifers with variable confinement and hence allows the use of constant and 

variable transmissivity values (Tariq et al., 2008). 

 

MODFLOW is a program for simulating confined or unconfined, saturated 
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flow in one, two or three dimensions allowing both steady-state and 

transient simulations (Winston, 1999). At least with the public domain 

packages, it does not simulate unsaturated flow or solute and heat transport, 

however, MT3D (Zheng, 1990; Zheng, 1996) and MOC3D (Konikow et al., 

1996), both of which rely on MODFLOW, can simulate solute transport 

(Winston, 1999).  

 

A summary of description regarding the MODFLOW model is outlined as 

below: 

 

3.4.1 Description of MODFLOW model 

MODFLOW can simulate hydro-geological layers as confined, unconfined 

or a combination of both. External stresses, such as well or a sink, can also 

be simulated. The boundary conditions which can be specified include 

specified head, specific flux and head-dependent flux. The model simulates 

groundwater flow within the aquifer in three dimensions using a block-

centered finite difference approach. It also allows both steady-state and 

transient simulations.  

 

MODFLOW-88 (McDonald and Harbaugh, 1988) and the later 

MODFLOW-96 (Harbaugh and McDonald, 1996a,b), were originally 

designed to simulate three-dimensional groundwater-flow through a porous 

medium. Since its design concepts did not include solving equations other 

than the groundwater flow equation, various computer codes for solving 

specific problems have been developed by numerous investigators. 

MODFLOW-2000 (Harbaugh et al., 2000) has incorporated the solution of 

multiple related equations into a single code by dividing it into entities 

called processes. Each process deals with a specific equation e.g. the 

Groundwater Flow Process (GWF) deals with the groundwater-flow 

equation and replaces the original MODFLOW. The parameter estimation 

capability of MODFLOW-2000 has been implemented by Hill et al. (2000) 

using three processes in addition to the GWF process. The Observation 

Process (OBS) calculates simulated values that are to be compared to 

measurements, calculates the sum of squared, weighted differences between 

model values and observations and calculates sensitivities related to the 
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observations. The Sensitivity Process (SEN) solves the sensitivity equation 

for hydraulic heads throughout the grid, and the Parameter-Estimation 

(PES) Process solves the modified Gauss-Newton equation to minimize an 

objective function to find optimal parameter values. The ability of 

MODFLOW- 2000 to calculate the Jacobian matrix internally using the 

sensitivity equation method results in a faster, more accurate, calculation of 

derivatives than can be undertaken by most external parameter estimation 

software, such as PEST- ASP (Doherty, 2001) or UCODE (Poeter and Hill, 

1998), on the basis of finite parameter differences (WebTech360, 2003). 

 

Processing Modflow Pro (PMWIN Pro) is an enhanced version of 

Processing Modflow for Windows (PMWIN). PMWIN Pro supports 

MODFLOW-2000, PEST-ASP and many other packages, models and 

programs such as MOC3D, MT3D, MT3DMS, PHT3D, RT3D, PMPATH 

and MGO. The salient features of PMWIN Pro are listed below 

(WebTech360, 2003): 

 

3.4.1.1 Data Input 

 Support models with up to 1,000 stress periods, 200 layers and 

250,000 cells in each model layer. The stress period is defined as the 

time duration for which all the external and internal stresses are 

constant. 

 Graphical grid design tools. 

 Specify model parameters using Cell-by-Cell, Zones, and Polyline 

tools. 

 Interactive model display in both plan view and cross-sectional 

view. 

 Rotate and align the model grid over the site base map. 

 Overlay maps in AutoCAD (.dxf), SURFER BLN, or bitmap image 

(.bmp) formats. 

 Imports existing MODFLOW files. 

 Import/export model parameters from/to SURFER and ASCII files. 

 Interpolation of discrete data to model grid by means of Inverse 

Distance Weighting, Kriging, or Triangulation. 
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 Telescopic Mesh Refinement for creating a local scale refined model 

from a large scale model. Both steady state and transient models can 

be created. 

 Customizable display colours of model features, such as rivers, 

wells, and drains. 

 

3.4.1.2 Simulation Capabilities 

 Support MODFLOW-88/96/2000, MT3D, MT3DMS, MT3D99, 

RT3D, MOC3D, PMPATH, UCODE, and PEST-ASP. 

 Support the Streamflow-Routing Package, Horizontal-Flow Barrier 

Package, Reservoir Package, and Time-Variant Specified Head 

Package in addition to the Density, Drain, Evapotranspiration, 

Interbed Storage, Recharge, River, Well and Wetting Capability 

Packages. 

 Support various equation solvers including the Direct Solution 

Package, Link- Algebraic Multi-grid Package, Strongly Implicit 

Procedure Package, and Preconditioned Conjugate-Gradient Package 

2. 

 Generate heterogeneously-distributed parameter fields for stochastic 

simulation. 

 

3.4.1.3 Model Calibration 

 Parameter estimation (often referred to as automatic calibration) 

using MODFLOW-2000, PEST-ASP or UCODE. 

 Detailed summaries of model calibration results (scatter plots and 

time series plots) and statistics (estimated parameter values and 

sensitivity values). 

 

The modelling tools comprises of a Result Extractor, a Field Interpolator 

(PMDIS), a Field Generator (PMFGN), a Water Budget Calculator, Graph 

Viewer and a 2-D Visualization tool. By using Result Extractor, simulation 

results can be extracted from any period to a spreadsheet and then viewed or 

saved in ASCII or SURFER compatible data files. The simulation results 

include hydraulic heads, draw downs and cell-by-cell flow terms. The data 

can be interpolated to each cell by using the Field Interpolator. The model 
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grid can be spaced regularly or irregularly. The Field Generator not only 

generates fields with heterogeneously distributed hydraulic conductivity or 

transmissivity values but also allows the user to statistically simulate effects 

and influences of unknown small-scale heterogeneities. By using the Water 

Budget Calculator, one can not only calculate the budget of user-specified 

zones but also the exchange of flows between specified zones, making it 

possible to determine the flow through a particular boundary. The use of 

Graph Viewer allows displaying of temporal development curves based on 

simulation results including hydraulic heads, draw downs, subsidence, 

compaction and concentrations. The labelled contour maps can be created 

from input data and simulation results which can then viewed by using 2-D 

Visualization tool. 

 

The built-in PEST and UCODE packages can be used to calibrate the 

developed model. Using the field or laboratory data, the PEST and UCODE 

packages can adjust various model parameters and/or excitation data in 

order that the discrepancies between the pertinent model-generated number 

and the corresponding measurements are reduced to a minimum. Both the 

calibration packages perform this procedure by taking control of the 

Modflow model and iterating it as many times as is necessary for 

determining the optimal set of parameters and/or excitations. 

 

The interface PMWIN Pro allows the MODFLOW to simulate the 

groundwater conditions. The structure of PMWIN Pro comprises of a main 

program and a series of highly independent sub-routines known as 

“modules” which are grouped into “packages”. Each package deal with a 

specific feature of the hydrologic system which is to be simulated like 

seepage from rivers or canals, recharge from irrigated area and precipitation, 

discharge from tubewells and drains, etc. In the present study, River (RIV), 

Recharge (RCH), Well (WELL), and General Head Boundary (GHB) 

modules have been used. A brief description of each of these modules is 

given below: 
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3.4.1.3.1 River Module (RIV) 

The purpose of the River package is to simulate the effect of flow between 

groundwater systems and surface-water features, such as rivers, lakes or 

reservoirs. Using the Data Editor, a river can be defined by using the Cell-

by-Cell or Polygon input methods to assign parameters to model cells or by 

using the Polyline input method and assigning parameters to vertices of the 

polylines along the trace of the river. The input parameters are assumed to 

be constant during a given stress period. For transient flow simulations 

involving several stress periods, the input parameters can be different from 

period to period. The following values are to be assigned to model cells of a 

river: 

 

– Hydraulic Conductance of the riverbed (Criv) [L
2T−1]; 

– Head in the river (Hriv) [L]; 

– Elevation of the Riverbed bottom (Briv) [L]; and 

– Parameter Number [−] 

 

In a model cell containing river parameters, the flow rate Qriv between the 

river and groundwater is calculated by equations 3.8 and 3.9. If the 

groundwater hydraulic head (h) is greater than Briv, the leakage rate Qriv 

from the river to the aquifer is calculated by 

 

Qriv = Criv (hriv – h)   if h > Briv (3.2) 

 

The value of Qriv is negative if the hydraulic head ‘h’ is greater than Hriv. It 

means that water flows from the aquifer into the river and is removed from 

the groundwater system. When ‘h’ falls below the bottom of the riverbed, 

the leakage rate through the riverbed is given by 

 

Qriv = Criv (hriv – Briv)   if h < Briv (3.3) 

The value of the river cell is often given by: 

)4.3(
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where, 

Kriv = Hydraulic conductivity of the riverbed [LT-1] 
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L = Length of the river reach [L] 

Wriv = Width of the river [L] 

Mriv = Thickness of the riverbed [L] 

 

3.4.1.3.2 Recharge Module (RCH) 

The Recharge package is designed to simulate distributed recharge from 

applied irrigation and precipitation to the groundwater system. Recharge is 

defined by assigning the following data to each vertical column of cells in 

the Recharge package: 

 

– Recharge Flux (IR) [LT−1] 

– Layer Indicator (IRCH) [−] 

– Parameter Number [−]  

 

The input parameters are assumed to be constant during a given stress 

period. For transient flow simulations involving several stress periods, the 

input parameters can be different from period to period.  

 

MODFLOW uses IR to calculate the recharge flow rate (QR [L3T−1]) applied 

to the model cell: 

 

QR = IR (DELR x DELC)   (3.5) 

 

where (DELR x DELC) is the map area of a model cell. In MODFLOW, the 

recharge rate QR is applied to a single cell within a vertical column of cells. 

In the simplest situation, the water table is located in the top layer of the 

model, the top layer is designated as unconfined and an array of Recharge 

Flux (IR) is specified for that layer. Problems may arise, when the water 

table cuts across layers. To solve this kind of problems, the Recharge 

package provides three options for specifying the cell in each vertical 

column of cells that receives the recharge.  

 

1) Recharge is only applied to the top grid layer. 



 116

2) Vertical distribution of recharge is specified in the Layer Indicator 

array IRCH, which defines the layer where recharge is applied. 

3) Recharge is applied to the highest active cell in each vertical 

column. The appropriate layer is automatically selected by the 

Recharge package. If the highest active cell is a constant-head cell 

recharge will be intercepted and cannot go deeper.  

3.4.1.3.3 Well Module (WELL) 

An injection or a pumping well is defined by using the Cell-by-Cell or 

Polygon input methods of the Data Editor to assign the recharge rate of the 

well (Qw) [L3T−1] and parameter numbers to model cells. Negative values 

are used to indicate pumping wells, while positive cell values indicate 

injection wells. The injection or pumping rate of a well is independent of 

both the cell area and the hydraulic head in the cell. MODFLOW assumes 

that a well penetrates the full thickness of the cell. To simulate wells that 

penetrate more than one model layer, the injection or pumping rate for each 

layer has to be specified. The total injection or pumping rate for a multilayer 

well is equal to the sum of those from the individual layers. For confined 

layers, the injection or pumping rate for each layer (Qk) can be 

approximately calculated by dividing the total rate (Qtotal) in proportion to 

the layer transmissivities (McDonald and Harbaugh, 1988): 

 

)6.3(
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where Tk is the transmissivity of layer k and ΣT is the sum of the 

transmissivity values of all layers penetrated by the multi-layer well. 

Another possibility to simulate a multi-layer well is to set a very large 

vertical hydraulic conductivity (or vertical leakance), e.g. 1 m/s, to all cells 

of the well. The total pumping rate is then assigned to the lowest cell of the 

well. For display purposes, a very small pumping rate (say, −1 × 10−10 m3/s) 

can be assigned to other cells of the well. In this way, the exact extraction 

rate from each penetrated layer can be obtained by using the Water Budget 

Calculator.  
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3.4.1.3.4 General-Head Boundary Module (GHB) 

The General-Head Boundary (GHB) package is used to simulate head-

dependent flow boundaries (Cauchy boundary conditions), where flow into 

or out of a GHB-cell from an external source is provided in proportion to 

the difference between the head in the cell and the head assigned to the 

external source. 

Using the Data Editor, a general-head boundary is defined by using the Cell-

by-Cell or Polygon input methods to assign the equivalent hydraulic 

conductivity (K) [LT−1] and head on the external source (hb) [L] to model 

cells. The value K depends on the material and characteristics of the 

medium between the external source and the model. Since the GHB package 

requires the input of GHB hydraulic conductance (Cb) and head on the 

external source (hb) to each cell of a general-head boundary, the input values 

K and hb at active vertices are linearly interpolated or extrapolated to each 

cell along the trace of the polyline and the value Cb is obtained by: 

 

Cb = K L   (3.7) 

where L is the length of the general-head boundary within a cell. Flow 

through a GHB-cell Qb [L
3T−1] is calculated by: 

 

Qb = Cd (hb − h)  (3.8) 

 

where h is the hydraulic head in the aquifer. Since the GHB package does 

not limit the value of flow in either direction, a GHB-cell is equivalent to a 

constant head cell if a very large Cb is used. Therefore care must be used in 

utilizing the GHB package to insure that unrealistic flows into or out of the 

groundwater system do not develop during the course of simulation. 

 

The design of the Modflow model for Lahore has been discussed in detail in 

Chapter Four. 

 

3.5 Analysis of Modelling Results 

Before starting the study area modelling, a lumped water balance will be 

determined to provide insights into the relative importance of main 

hydrological process in the study area. After developing a regional surface – 
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groundwater interaction model, it will be calibrated until simulated 

parameters are within the acceptable range of errors. For the present study 

PEST (acronym for Parameter ESTimation) PACKAGE will be used. The 

statistical performance of the developed groundwater model will be checked 

by applying the Australian Groundwater Modelling Guidelines (Murray-

Darling Basin Commission, 2000; Middlemis et al., 2000; Middlemis et al., 

2001; Middlemis et al., 2002) and plotting a scattergram of simulated and 

observed heads. Sensitivity analysis of the various aquifer properties will 

also be carried out. The model results will be also expressed through water 

balance and a comparison with the lumped water balance of the study area 

will be carried out. A number of future scenarios will be studied to simulate 

the future response of the aquifer under the changed weather conditions due 

to climate change. The results from the scenarios will give an insight to 

predict the future behavior of groundwater reservoir under the changed 

weather conditions due to climate change. 

 

3.6 Summary 

The methodology adopted to achieve the present research study objectives 

has been outlined in this chapter which involves literature review, 

development of groundwater flow model and formulation of climate 

responsive groundwater management policy based on the groundwater flow 

model results. Firstly a brief introduction of selected study area and 

groundwater modelling has been presented. Secondly the criteria for 

selection of groundwater modelling software have been discussed. Lastly 

details of selected groundwater model software MODFLOW under the 

PMWIN environment has been presented. Also the various MODFLOW 

modules (packages) used in the present research study have been discussed. 
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Chapter 4 Lumped Water Balance of the Study Area  

 

This chapter describes the methods used to estimate the groundwater 

abstraction and recharge lumped water balance to provide insights into the 

relative importance of main hydrological process in the study area. 

 

4.1 Description of Study Area 

4.1.1 Introduction  

 
Pakistan is situated in the North-West of the South Asian Sub-Continent, lying 

between 24-37 degrees North Latitude and 61-75 degree East longitude. It is 

bounded on the East by India, on the North and North-East by China and 

North-West by Afghanistan, on the West by Iran and in the South by Arabian 

Sea (Figure 4.1).  

 

 

Figure 4.1 Map of Pakistan 

 

The area selected for case study is Lahore city (Fig. 4.1) which is located on 

flat alluvial plain on the left bank of River Ravi. Lahore District lies 

between 31o-15’ and 31o- 42’ north latitude, 74o- 01’ and 74o-39’ east 

Study Area 
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latitude. It is bounded on the north and west by Sheikhupura District, on the 

east by India (international border) and on the south by Kasur district 

(Figure 4.2). The general altitude of the area is 208 to 213 meters above sea 

level. Lahore is the provincial metropolis and the largest urban district of 

Punjab. It is the second largest urban centre of Pakistan and considered to be 

the 24th largest city of the world. Lahore is known as the cultural centre of 

Pakistan and it has vast array of historic buildings and gardens from the pre-

historic, Mughal and British periods. 

 

 

Figure 4.2 Map of the Lahore District with its various administrative 

towns and union councils (www.lahore.gov.pk) 

 

The Lahore District comprises of nine administrative towns and one 

separate military cantonment as shown in Figure 4.2. The nine 

administrative towns are: i) Aziz Bhatti Town ii) Ravi Town iii) Shalimar 

Town iv) Wagah Town v) Data Ganj Baksh Town vi) Gulberg Town vii) 

Allama Iqbal Town viii) Samanabad Town and ix) Nishtar Town. Each 

administrative town comprises of several Union Councils. 

 

4.1.2 Climatology of Lahore 

The climate of Lahore region is characterised by large seasonal variations in 

temperature and rainfall. Mean annual temperature in Lahore is about 

24.30C ranging from 340C in June to 120C in January. The average rainfall 
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is of the order of 575 mm per year but can vary from 300 to 1200 mm. 

Figure 4.3 shows the monthly normal rainfall at Lahore. About 75% of the 

annual total falls between June and September and contributes about 40 mm 

to groundwater recharge in a typical year. The annual potential 

evapotranspiration is about 1750 mm which greatly exceeds the rainfall, 

making irrigation essential to supplement the rainfall (NESPAK, 1993). 
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Figure 4.3 Monthly normal rainfall at Lahore 

 

4.1.2.1 Temperature 

Lahore experiences extremes of climate. The summer season starts in April 

and continues till September. The hottest months are May, June and July. 

The mean maximum and minimum temperatures during these months vary 

between 40.40C and 27.40C. The winter season lasts from November to 

March. The coldest months are December, January and February with a 

minimum temperature reaching up to freezing point. The mean maximum 

and minimum temperatures for this period are 220C and 5.90C respectively. 

 

4.1.2.2 Humidity 

Relative humidity through out the day is higher in winter than in summer 

months. May and June are very hot and dry during which dust storms occur 

occasionally. Towards the end of June or beginning of July, the monsoon 

season starts, which is characterized by heavy down pour and humid sultry 

weather. It practically becomes oppressive in July, August and September. 
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4.1.2.3 Rainfall 

Rainfall varies from year to year also from month to month. Maximum 

rainfall however, occurs in July and August when the monsoon depression 

travels westward. Maximum rainfall is observed during the month of July 

which records 32.1 % of the average rainfall and shares 22.1% of yearly 

number of rainy days. The average annual rainfall in Lahore is about 629 

mm with 34 rainy days i.e 9.3 % of total days in a year.  

 

4.1.3 Topography 

The topography of Lahore is generally flat and slopes towards south and 

south west at an average gradient of 1:3000. River Ravi flows in the west of 

Lahore city forming boundary with Sheikhupura district. The original 

physiographic features like channels remnants, levees have been destroyed 

or changed by the construction of urban infrastructure. Flood plains have 

been confined by the construction of embankments (bunds), spurs etc. The 

following five main natural drainage channels also run through the city and 

finally discharge in to River Ravi: 

 

1. Upper Chotta Ravi 

2. Lower Chotta Ravi 

3. Sukh Nehr Drain 

4. Mian Mir Drain 

5. Sutto Katla - Hudiara Drain 

 

4.1.4 Hydrogeological Set Up 

The Lahore Aquifer is underlain by unconsolidated alluvial deposits of 

Quaternary age. The Lahore Aquifer forms a small component of Bari Doab 

– the inter-fluvial sedimentary basin which is bounded by the River Ravi to 

the north-west and the Sutlej and Beas River to the south-east (Figure 4.4). 

Due to the extension of city across the River Ravi, the Lahore Aquifer now 

constitutes a part of the Rechana Doab (land between the River Ravi and 

River Chenab) as well. The Bari Doab and the Rechana Doab are itself a 

part of vast alluvial plain traversed by the Indus River and its tributaries.  
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Figure 4.4 Doabs of Punjab Province 

(Source:en.wikipedia.org/wiki/Doab) 

 

The mixed alluvial sands with silt constitute the aquifer material. The 

aquifer is composed of unconsolidated alluvial complex formed by the 

contemporaneous filling of a subsiding trough resulting in a huge 

sedimentary complex of more than 400 meters (1300 ft) thickness. 

Sediments have been deposited by the present and ancestral tributaries of 

the Indus River from Pleistocene to recent periods. In accordance with its 

mode of deposition by large streams in constantly shifting channels, the 

alluvial complex is heterogeneous and individual strata have little lateral or 

vertical continuity. However, in spite of their heterogeneity, the alluvial 

sediments constitute a large aquifer, which on regional basis behaves as a 

homogenous and highly transmissive aquifer. Borehole logs shows that the 

lenses of less permeable material are neither thick nor continuous so the 

aquifer may not be treated as a single unconfined layer (Figure 4.5). 
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Figure 4.5 Lahore aquifer layers constructed from bore hole lithologic 

log 

 

4.1.5 Water Resources 

The main source of recharge to Lahore aquifer systems is the River Ravi, 

wounding its way through the city for thousands of years. The flows in the 

River Ravi are highly variable with time during the year ranging from 10 to 

3000 m3/sec. They also vary along the length of the river due to link canals 

discharging into the river and water withdrawals at head works through 

canals. The pollution in River Ravi is the highest of all the rivers in 

Pakistan. Most wastewater discharges in the river reach between Lahore and 

Balloki Headworks, a length of 62 km. The river presently receives 47% of 

the total municipal and industrial pollution load discharged into all the rivers 

of Pakistan (Sami, 2001). The Biological Oxygen Demand (BOD) in the 

river after receiving Lahore municipal discharges is estimated to be 77 mg/l 

on the basis of mean annual flow. Between Lahore and Balloki Headworks, 

under low flow conditions, the river is completely devoid of Dissolved 

Oxygen (DO) and simply acts as a sullage drain (Sami, 2001). At Balloki 

Headworks the river water quality improves through augmentation of flow 

from the Qadirabad-Balloki Link Canal. Here the BOD values are low (2.3 - 

3.9 mg/l), DO ranges from 6.2 to 8.2 mg/l, Total Dissolved Solids (TDS) are 

between 98 and 225 mg/l and sodium absorption ratio (SAR) varies from 
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0.1 to 0.55. At Balloki Headworks the river water meets the quality 

requirements for irrigation water. The high levels of faecal coliform are, 

however, of concern for other water uses. Data collected for the last 20 

years indicate a decreasing trend in DO level and an increasing trend in 

BOD and TDS levels (Sami and Kheiri, 2000). The quality of water in a 

river varies with flow. Due to less seasonal variation in wastewater as 

compared to river flow fluctuations results in higher concentration of 

contaminants during low flow period of the river (Saeed and Bahzad, 2006).  

 

The Hudiara Drain is also a major source of pollution for River Ravi. It 

enters Pakistan loaded with pollution from India, is diluted with agriculture 

runoff and mixed with some industrial pollutants in Pakistan (Sami, 2001). 

The drain carries mainly industrial and agricultural waste from both India 

and Pakistan.  

 

4.1.5.1 Groundwater Levels 

As a result of leakage from irrigation canals and infiltration from irrigation 

applications, the watertable in the Lahore region was rising when a quasi-

equilibrium state was reached until about 1960, controlled, in part, by 

evapotranspiration and drainage (NESPAK, 1993). Since the, both 

abstractions in the city for water supply and in the rural areas for irrigation 

have been increasing, the groundwater levels have therefore been declining, 

especially within the city. In the period 1960-1987, groundwater levels have 

declined in parts of the city by up to 15 m (NESPAK, 1993). 

 

4.1.5.2 Groundwater Salinity 

The groundwater salinity is low near the Ravi River and it gradually rises in 

the south and south-eastern direction (NESPAK, 1993). The salinity of deep 

groundwater on the western side of Ravi River is generally low (NESPAK, 

1993). 

 

As per Pakistan Council of Research in Water Resources (PCRWR) Report, 

out of 16 locations, covering the major part of the city area, no source was 

supplying safe drinking water. 100% samples possessed high concentrations 

of Arsenic (As) and 43% were polluted with Coliform (PCRWR, 2005). 
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4.1.6 Lahore Water Requirements 

Due to improvement in socio-economic conditions of the people the water 

requirements of Lahore are on the increase. The Water and Sanitation 

Agency (WASA), Lahore is responsible for providing water supply, 

sewerage and drainage facilities to 90% population of Lahore. The 

remaining population of Lahore is served by other agencies like Lahore 

Cantonment Board, Railways, Model Town Society etc. which provide the 

services within their jurisdictions. 

 

4.1.7 Population Growth of Lahore 

The last census in the country was carried out in 1998 by the Population 

Census Organization, Statistics Division of Government of Pakistan. The 

Census Report shows the population of Lahore in 1998 as 5.14 million. The 

2007 population is estimated about 6.35 million projected at 3.32% annual 

growth rate. The city being metropolis of Punjab Province grew at a faster 

rate than the overall increase in population of the country. The growth rate 

in the period 1951-1961 was 4.32 which decreased to 3.70 in the period 

1972-1981. The average annual growth rate in the period 1981 – 1998 was 

3.32. The growth rate decreased smoothly mainly due to the improved 

facilities extended in the villages and intensive general population planning 

awareness campaigns. The projected population of the city is shown in 

Figure 4.6. 
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Figure 4.6 Projected Lahore City Population 

 

4.1.8 Historical Groundwater Abstraction 

The major source of Lahore city has always been the groundwater. To keep 

up with the pace of population growth, the number of wells and 

groundwater kept on increasing in the city. Lahore’s population increased 

from 202,964 (as per 1901 census) to 671,659 in 1941 and the groundwater 

abstraction vice-versa increased from 0.11 m3/sec (3.5 MCM/year) to 0.34 

m3/sec (10.6 MCM/year) due to increase in population and the introduction 

of centrifugal pumps in the period 1930-40 (NESPAK, 1991). The 

population, number of water supply wells and the groundwater abstractions 

during the period 1960 to 1990 are given in Table 4.1. The number of 

WASA tubewells increased to 316 in 2004. 
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Table 4.1 Lahore's population and groundwater abstraction (NESPAK, 

1993) 

Groundwater Abstraction Year Population No. of 
Municipal / 

WASA 
Tubewells 

Municipal / 
WASA 
(m3/sec) 

Private and other 
agencies 
(m3/sec) 

Total  
(m3/sec) 

1960 1240013 - 0.50 0.75 1.25 

1961 1296000 82 0.50 0.85 1.35 

1962 1348099  0.58 0.95 1.53 

1963 1402293  0.58 1.05 1.63 

1964 1458665  0.66 1.29 1.95 

1965 1517303  0.68 1.74 2.42 

1966 1578299 96 0.79 2.06 2.85 

1967 1641747  1.12 11.34 12.46 

1968 1707745  1.33 11.56 12.89 

1969 1776396  1.45 12.60 14.05 

1970 1847807  1.87 13.09 14.96 

1971 1922089 93 2.43 13.42 15.85 

1972 2170000 96 2.90 13.28 16.18 

1973 2250290 96 3.29 13.49 16.78 

1974 2333551 97 3.54 13.55 17.09 

1975 2419892 110 4.63 12.38 17.01 

1976 2509428 117 4.27 12.35 16.62 

1977 2602277 127 5.56 12.38 17.94 

1978 2698561 133 5.33 12.97 18.30 

1979 2798408 136 5.62 12.77 18.39 

1980 2901949 142 7.94 12.95 20.89 

1981 2952689 142 7.84 13.53 21.37 

1982 3061938 142 7.84 14.23 22.07 

1983 3175230 149 8.36 15.20 23.56 

1984 3292714 153 8.57 17.35 25.92 

1985 3414544 154 9.19 17.43 26.62 

1986 3540882 181 10.84 17.92 28.76 

1987 3671895 188 12.61 18.35 30.96 

1988 3807755 206 13.11 18.39 31.50 

1989 3948642  14.10 18.45 32.55 

1990 4094742  14.65 18.46 33.11 
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4.1.9 Lahore groundwater use 

Though the various water uses in Lahore include domestic, industrial & 

commercial, horticulture and irrigation but the principal use of water in the 

city is for domestic purposes. Groundwater is the main source of water 

supply in Lahore. WASA has installed 316 tubewells of varying capacity in 

Lahore, which operate for an average duration of 16 - 18 hours a day. The 

depth of these tubewells, vary from 150 m to 180 m. These tubewells inject 

water directly into the main water supply system. With the help of these 

tubewells WASA is supplying 15.26 m3/s (290 mgd) of water to 4,31,336 

connections. In 2004, 30% of the total water supply connections were 

metered and the remaining 70% were un-metered. WASA water supply 

system is designed to provide water at an average rate of 0.363 m3/day or 80 

gallons per capita per day (gpcd). The consumption per capita in different 

density areas of the city is given in Table 4.2. 

 

Table 4.2 Consumption per capita in different density areas 

Total Category Gallons 

capita/day 

(gpcd) 

Unaccounted 

(30%) 

(gpcd) 

(gpcd) (lpcd) 

High Density 50 15 65 293 

Medium 

Density 

80 24 104 468 

Low Density 100 30 130 585 

Source: NESPAK (1991) 

 

The annual city growth is shown in Table 4.3. 
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Table 4.3 Annual Lahore city growth 

Year Urban Area 

(km2) 

Suburban Area 

(km2) 

Total (km2) 

1960 63 0 63 

1965 94 0 94 

1970 124 1 125 

1975 146 9 155 

1980 163 23 186 

1982 163 37 200 

1987 165 72 237 

1995 286  286 

2000 317  317 

2005 348  348 

2008 404*  404 

2010 477  477 

2015 572  572 

Source: NESPAK (1991, 1993)  

*http://propertyrealestate.wordpress.com/2008/09/10/lahore-property-

pakistan/ 

 

4.2 Historical Preview of Occurrence and Movement 

of Groundwater under Lahore Aquifer 

The Lahore Aquifer forms a small component of Bari Doab – the inter-

fluvial sedimentary basin which is bounded by the River Ravi to the north-

west and the Sutlej and Beas River to the south-east. Due to the extension of 

city across the River Ravi, the Lahore Aquifer now constitutes a part of the 

Rechana Doab (land between the River Ravi and River Chenab) as well. 

The Bari Doab and the Rechana Doab are itself a part of vast alluvial plain 

traversed by the Indus River and its tributaries. In order to understand the 

occurrence and movement of groundwater, the Lahore aquifer has to be the 

studied in a broader perspective and as a part of a very large contiguous 

aquifer constituted by the Indus River System. Although it is not a 

homogeneous and isotropic aquifer, yet the fine formations encountered at 
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various depths have only localized effect and do not impede the regional 

movement of groundwater (NESPAK, 1991).  

 

4.2.1 Pre-Irrigation Period 

The groundwater regimen in each ‘Doab’ (land between two rivers) of Indus 

Basin was in a state of dynamic equilibrium that existed over moderately 

long period of time prior to the introduction of perennial canal system. The 

recharge to the groundwater reservoir balanced discharge and there was no 

long-term rise or decline of water table. The movement of water was from 

rivers to the aquifer during high flows in the rivers. The balance was 

maintained through evapotranspiration and sub-surface evaporation, under 

flow to the downstream areas, abstraction of water in the closed vicinity of 

rivers through open wells and regeneration of river flows from bank storage 

during low flows. The pre-irrigation period’s flow from the river was 

governed by the relationship as shown by dashed lines in Figure 4.7. The 

mathematical equation governing the flow system under the equilibrium 

conditions during the pre-irrigation period is given as (NESPAK, 1991): 
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where: 

h =  head of water at any distance x from the edge of a river bank; 

2a = distance between the two rivers; 

W = net abstraction per unit area; and 

T = the coefficient of transmissivity of the aquifer 

The general depth of water table was about 20 meters in the centre of the 

Doab. 
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Figure 4.7 Water table contours (Part of Bari Doab) 

 

4.2.2 Post-Irrigation Period 

The Upper Bari Doab Canal (UBDC) (now known as Lahore Branch Canal) 

was commissioned in 1859 and after a few years of its commissioning, an 

abnormal rise of water table was observed at some places in the vicinity of 

the canal. No observation of groundwater was carried out during the initial 

period of rise of water table and the groundwater observation programme in 

UBDC area was initiated during the period 1895-1910. The dashed lines 

shown in Figure 4.7 depict the scenario of pre-irrigation water levels in line 

with the behaviour in other Doab areas, where groundwater observations 

commenced during pre-irrigation period. The solid lines represent the water 

level contours for the period 1895-1910, when the aquifer had partially 

started recharging the river and groundwater system had almost attained the 

second equilibrium. There was little change in water levels in the wells in 

the close vicinity of Lahore during the period 1895-1960. The depth to 

water in the upper part of Bari Doab, upstream of Lahore did not change 

significantly by the introduction of perennial canal system (NESPAK, 

1991). 
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The equilibrium system was disrupted after the introduction of weir 

controlled irrigation system in 1859 as it involved additional diversion and 

redistribution of surface run-off of the rivers. Seepage from irrigation canals 

provided additional recharge to the groundwater reservoir resulting in rise in 

water table in all the Doab areas as shown in Figure 4.8. The curve of water 

table after the introduction of additional recharge was governed by the 

relationship (NESPAK, 1991): 

 

)3.4(
4

exp
2

1

2

32
2

22

33

2








 






  Sa

tTn

a

xn
Cos

nT

Wa
h




 

)4.4(
3

exp
3 2

2








 


Sa

tT

T

Wa
h  

)5.4(
3

2

max T

Wa
h   

)6.4(
3

exp1
3 2

2
















 


Sa

tT

T

Wa
h  

where h  is the average water level, ∆h rate of rise/decline of water level, S 

the long-term specific yield of the aquifer and t is the time in years. Figure 

4.9 shows the water table contour map for the year 1960 for the upper part 

of Bari Doab. Extensive pumping of water started in Lahore area after 1960.  

Figure 4.8 Water table profiles along Chaj, Rechana and Bari Doabs 

after introduction of weir controlled irrigation (NESPAK, 1991) 
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Figure 4.9 Water table contour map of Upper Bari Doab (June, 1960) 

 

The watertable in the area has continuously been lowering since 1960 with the 

increase of groundwater abstraction. Average annual rate of water table decline 

in the area has been shown in Table 4.4. 

 

 

Table 4.4 Average annual rate of water table decline for the period 1960 

- 2000 

Period Rate of Decline (m / year) 

1960 – 1967 0.30 

1967 – 1973 0.55 

1973 – 1980 0.60 

1980 – 2000 0.65 

Source: Mashhadi and Anwar (2000) 
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4.3 Conceptual Model of Lahore City and its 

Surrounding Area 

Figure 4.10 shows a schematic diagram of the conceptual model of the 

Lahore City and its surrounding area. The following hydro-geological 

features are represented in the developed groundwater model: 

 

 Lithology of Lahore Aquifer including top and bottom elevations 

and hydraulic characteristics 

 Vertical interactions between the different aquifer layers 

 Recharge due to irrigation and rainfall 

 Groundwater abstractions (public, industrial, irrigation, others) from 

different aquifer layers 

 Leakage to and from the irrigation supply channels 

 Leakage to and from the storm water nallahs (drains) 

 Leakage from urban water supply 

 Leakage to and from sewage drains  

 Surface-groundwater interactions for the Ravi River 

 Regional groundwater flow interactions for different aquifer layers 

at the boundaries of the model domain 

 

Figure 4.10 Schematic diagram of hydrological processes in the study 

area (after NESPAK 1991, 1993) 

 

For the model development, MODFLOW [United States Geological Survey 

(USGS) Modular Three-Dimensional Groundwater Flow Model] 

(McDonald and Harbaugh, 1988; Harbaugh and McDonald, 1996a,b) 
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package under PMWIN Pro (Chiang and Kinzelbach, 1998; WebTech360, 

2003) environment were used. 

 

4.4 Data Used in the Study Area 

The following data sets were collected and used for the present study: 

 Hydro-geological parameters and bore log data was collected from 

the hydro-geological directorate of Pakistan Water and Power 

Development Authority (WAPDA), Lahore Water and Sanitation 

Agency (WASA) and National Engineering Services Pakistan 

(NESPAK). 

 Surface water flows and hydraulic and static data of river, main 

canals, branch canal, distributary channels, surface drains and 

sewage drains was collected from the Punjab Irrigation and Drainage 

Authority (PIDA), Lahore Water and Sanitation Agency (WASA) 

and National Engineering Services Pakistan (NESPAK). The data 

was processed for the estimation of availability and loss of water in 

the system and assessment of channel parameters for simulating 

surface – groundwater interactions in the model. 

 Hydro-meteorological data was collected from the Pakistan 

Meteorological Department (PMD) and National Engineering 

Services Pakistan (NESPAK). 

 Water level observations data was collected from the Lahore Water 

and Sanitation Agency (WASA), SCARP Monitoring Organization 

(SMO) of WAPDA, Punjab Irrigation and Drainage Authority 

(PIDA) and National Engineering Services Pakistan (NESPAK). 

 

4.5 Groundwater Recharge 

The estimation of recharge is a complicated phenomenon and involves a 

number of unknown factors, which make the estimate difficult (Khan et al., 

2003).  The sources of recharge to groundwater include infiltration from 

rainfall, seepage from rivers, main canals and link channels, distributaries, 

watercourses, stormwater drains and losses from irrigated fields. Leakage 

from the water supply and sewerage network is additional source of 

recharge in the urban areas. 
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The methodology adopted for the estimation of recharge by pervious studies 

is discussed in the following section.  

 

4.5.1 Recharge from Rainfall  

In revised action programme of Pakistan Water and Power Development 

Authority (WAPDA) recharge from rainfall was established by the 

Maaslands’s method for the year 1977-78. The estimated recharge varied 

from 17 % to 22% of the total annual rainfall for Gugera and Marala-Ravi 

Link canals respectively (Ahmad, 1988).  Based on this assumption the 

recharge to the groundwater from rainfall in Rechna Doab was considered 

20% of total rainfall (Khan et al., 2003). 

 

In rural areas the recharge from excess rainfall in the wetter months (usually 

July and August) is supplemented by the leakage from secondary and 

tertiary canals and from the fields during irrigation applications. In 

urbanized areas the situation is more complex as compared to rural areas. 

The rainfall recharge occurs in the wetter months through gardens, parks 

and cracks in paved areas in addition to leakage through innumerable 

unlined urban drains (NESPAK, 1991). Runoff from buildings and 

roadways is often directed towards gardens or green belts which act as 

soakaways. The direct recharge is enhanced by leakage from the water 

supply distribution and sewerage system.  Lerner (1988) indicated that 

effective recharge in urban areas often exceeds that in the surrounding rural 

areas. Taking account of these factors, NESPAK (1991) used the basic 

concept of soil moisture balance to compute recharge under the Lahore city. 

The rural balance took account of seasonal irrigation applications and 

cropping patterns. The suburban balance incorporated a higher storm runoff 

factor but a lower vegetated surface area and represented the less densely 

developed areas. For the more densely developed city areas, a soil moisture 

balance approach was less appropriate, therefore, direct recharge was 

assumed to be 75% of that in the less densely developed areas (NESPAK, 

1991). For each balance infiltration to groundwater was supplemented by 

separate estimates of irrigation application losses and leakage from the 

water supply and sewerage systems. In the present study also the basic 
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concept of soil moisture balance will be used to compute recharge under 

Lahore city. 

 

4.5.2 Recharge from Link, Main and Branch Canals 

Recharge to groundwater from canals depends upon a number of parameters 

including geometry of canal, hydraulic conductivity of the bed and sides of 

the canal and groundwater conditions underneath the bed of the canal. It is 

possible to determine recharge from canals using groundwater flow 

equations if above parameters can be accurately defined, however, 

unfortunately these parameters are not readily available for most of the 

canals (Khan et al., 2008). In the past, a number of field studies were carried 

out by Pakistan Water and Power Development Authority (WAPDA), Japan 

International Cooperation Agency (JICA) and International Sedimentation 

Research Institute (ISRIP).  

 

Perkins et al. (1963) attempted to statistically correlate canal seepage with 

the canal discharge using data of some of these studies. He developed 

relationships using seepage studies on a number of canals in Rechna, Chaj 

and Thal Doabs based on a set of 70 selected observations from 300 canal 

seepage tests. Similar to Perkins’s original relationships, the following 

relationship was derived by the Punjab Private Sector Groundwater 

Development Project (Punjab Private Sector Groundwater Development 

Project Consultants, 1998) to estimate recharge from the canal to 

groundwater: 

)7.4(052.0 658.0QS   

 

Where S is seepage loss or recharge in ft3/sec/mile and Q is canal discharge 

in ft3/sec.  

Using these recharge estimates, the conductance of canal bed was calculated 

using the following equation: 
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where ‘S’ is seepage loss or recharge rate (m3/sec/km), ‘d’ is the design 

depth of canal (m), ‘Lc’ is the length of canal (m) and ‘l’ is the length of 

segment in the groundwater model cell (m). 

 

The conductance of Ravi River bed was calculated using the following 

equation: 

)9.4()/(,tan 2 daym
m

wlk
CceConduc   

 

Where ‘k’ is the hydraulic conductivity; ‘l’ is the length of segment in the 

groundwater model cell; ‘w’ is the width of segment in the groundwater 

model cell; and ‘m’ is the bank to bed height (Figure 4.11). 

 

Figure 4.11 Parameters to calculate conductance of channel bed (Khan 

et al., 2003) 

MODFLOW 
Cell 
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From field observations, the head (HRIV), and bottom (RBOT) of the 

channel were determined for input into MODFLOW.  

 

4.5.3 Recharge from Distributary Channels 

Several studies by different scientists have been carried out in the Punjab 

Province to estimate losses from the distributary channels to evaporation 

and groundwater. As cited by Ahmed and Chaudhry (1988) estimates for the 

distributary losses were given by Kennedy (1890), Benton (1904), Blench 

(1941-42) and Khangar (1946), which are related to the Punjab Province 

and are presented in the Table 4.5.  

 

 

Table 4.5 Estimation of distributary channel losses under different 

studies 

Researcher Canal System Year 

Distributary Losses 

(As percentage of 

Head Diversion) 

Kennedy 
Upper Bari Doab 

Canal (UBDC) 

1890 
6.5 

Benton UBDC 1904 6.5 

Blench  1941-42 7 

Lower Chenab 

Canal (LCC) 
6 

Khangar 

Lower Jhelum 

Canal (LJC) 

1946 

6 

Source: Ahmad and Chaudhry (1988) 

 

For the present study, distributary channel losses are considered 6 percent of 

which 95 percent are assumed as percolation and remaining as evaporation. 
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4.5.4 Recharge from Watercourses  

Beginning with Kennedy in 1890, researchers estimated losses through 

watercourses of the order 10 to 20 percent of the delivery at head.  Maasland 

(1968) estimated watercourse losses and assumed half of these losses as 

seepage to groundwater. For the current study recharge from watercourses 

was calculated by using the Maasland approach. 

 

4.5.5 Recharge from Irrigated Fields 

The estimates for the recharge from irrigated fields from previous studies 

are as follows (Khan et al., 2003): 

 Maasland (1968) assumed 15 percent of water delivered to field as 

recharge.  

 Hunting Technical Services (1966) assumed field losses of 25 

percent all of which was assumed to recharge to groundwater 

 Tipton and Kalmbach (1967) estimated field losses as 22 percent 

with 85 percent were assumed as the groundwater recharge. 

 

NESPAK (1991, 1993) assumed that percolation to groundwater resulting 

from i) secondary and tertiary irrigation canals and ii) irrigation field 

application losses was 5% of the annual field application of 760 mm i.e. 40 

mm / year in the Lahore and surrounding areas. 

 

4.6 Estimation of Groundwater Abstractions and 

Recharge 

Khan et al. (2003) used a top down approach to understand the spatial 

distribution of groundwater pumping to meet crop demand on a 

hydrological unit and administrative area basis in the Rechna Doab. This 

approach subdivides the study area into a system of channel reaches and 

demand nodes linking these channel reaches, and therefore follows the 

topography of the area. This approach recognises the data limitations e.g. 

availability of groundwater pumping rates and therefore builds the desired 

complexity into the analysis only to answer specific questions. The study 

area was divided into three nodal networks reflecting the direction of 
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surface water flow and connectivity of canals between the Chenab and Ravi 

rivers as given below: 

 

o Upper Chenab Canal and Marala Ravi Link Canal (UCC-MR) 

o Lower Chenab Canal and QB Link Canal  (LCC-QB) 

o Haveli and Trimu Sidhnai Link Canal (Haveli-TS)  

 

A lumped seasonal water balance was determined for each of the demand 

nodes using the monthly canal supplies, irrigation system loss estimates and 

net crop water requirement. These results were used to provide initial 

estimates of recharge and groundwater pumping in the developed distributed 

surface-ground water model for the Rechana Doab. 

 

Three zones (Muridke, Shahdhra, Mangtanwala), based on hydrological and 

administrative basis, of the first nodal network model (UCC-MR) are also a 

part of the present study area. It consists of three canals, which have 

different number of segments for calculating water availability and demand 

(Figure 4.12). The hydraulic features of different segments of this nodal 

network model are presented in Table 4.6. 

Figure 4.12 Nodal network model of Upper Chenab Canal and Marala 

Ravi Link Canal (UCC-MR) (Khan et al., 2003) 
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Table 4.6 Hydraulic features of nodal network model of Marala Ravi 

Link and Upper Chenab Canals (UCC - MR) 

Design Data 

Start of Canal End of Canal 

Segment 
No. 

Starting 
RD 
(m) 

End 
RD 
(m) 

Length 
(m) 

Bed 
Width 

(m) 

Full 
Supply 
Level 
(m) 

Discharge, 
Q 

(m3/sec) 

Bed 
Width 

(m) 

Full 
Supply 
Level 
(m) 

Discharge, 
Q 

(m3/sec) 

Upper Chenab Canal - Main Line Lower (UCC – MLL) 
 S-8 67117 86204 19097 65.84 2.13 230.64 65.84 2.56 230.64 

BRBD Canal 
S-9 0 53950 53950 53.64 2.08 145.55 47.24 1.65 121.25 

S-10 62484 86185 23701 53.04 2.74 149.43 10.36 4.88 - 

Source: Khan et al. (2003) 

 

The salient features of the three zones are given below: 

 

i) Sadhoka and Muridke Zone 

This zone comprises of two subdivisions: Sadhoka and Muridke with a 

gross area of 189,418 ha.  Only 13,698 ha of Sadhoke subdivision receives 

surface water supplies from the MR Link Canal with 157 outlets and 

allocated flow rate is 10.32 m3/sec. The BRBD Canal supplies water to the 

major part of Sadhoke sub-division (56,205 ha) with a design allocated flow 

rate of 16.55 m3/sec. The total number of channels and irrigation outlets is 

24 and 648 respectively. Muridke subdivision has a Culturable Command 

Area (CCA) of 73,813 ha is also irrigated by the BRBD canal through 10 

channels and 314 outlets with a design discharge of 22.62 m3/sec (Khan et 

al., 2003). 

 

ii) Shahdra Zone 

This zone comprises of 83,528 ha of Gross Command Area (GCA). The 

CCA is 15,346 ha which is irrigated by MR Link Canal with 7 channels and 

196 irrigation outlets operated for only three months in a year. The allocated 

design discharge is 9.10 m3/sec.  A 23,701 m long segment of the BRBD 

canal irrigates major part of Shahdra subdivision. The CCA of this segment 

is 24,561 ha irrigated with 14 channels and 200 outlets. The design 

discharge of all distributary channels off taking from the main canal for this 

area is 11 m3/sec (Khan et al., 2003).  
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iii) Mangtanwala Zone 

This zone is irrigated by the last segment of the Upper Chenab Canal (UCC) 

before falling into the Ravi River. The length of the segment is 19.097 km, 

which irrigates CCA of 60,466 ha out of a 68167 ha GCA of the 

Mangtanwala sub-division. The irrigation system comprises of 10 channels 

and 314 outlets with design allocated discharge 15.18 m3/sec (Khan et al., 

2003).  

 

Utilization the information given in Table 4.7, the recharge and groundwater 

abstraction rates calculated for the above three zones for the period 1997 to 

2000 are given in Table 4.7. 

 

Table 4.7 Seasonal recharge* and groundwater abstraction rates in 

three zones of study area for the period 1997 to 2000 

Zone Season Recharge* 

(mm/day) 

GW abstraction 

(mm/day) 

Muridke Kharif 1997 0.55 1.15 

 Rabi 1997-98 0.24 0.86 

 Kharif 1998 0.71 1.63 

 Rabi 1998-99 0.36 1.28 

 Kharif 1999 0.73 1.66 

 Rabi 1999-2000 0.42 1.55 

Shahdra Kharif 1997 0.26 0.61 

 Rabi 1997-98 0.13 0.47 

 Kharif 1998 0.37 0.59 

 Rabi 1998-99 0.19 0.64 

 Kharif 1999 0.38 0.52 

 Rabi 1999-2000 0.22 0.81 

Mangtanwala Kharif 1997 0.47 0.51 

 Rabi 1997-98 0.27 0.56 

 Kharif 1998 0.58 0.74 

 Rabi 1998-99 0.35 0.50 

 Kharif 1999 0.62 0.84 

 Rabi 1999-2000 0.39 0.81 
*From secondary & tertiary irrigation channels and field application 
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Using Equations 4.7 and 4.8, the conductance calculated for various 

segments of BRBD and Upper Chenab Canal (UCC) for the period 1997 to 

2000 is given in Table 4.8. 

  

Table 4.8 Conductance of various reaches of main canals 

Segment No. Season Conductance (m2/day) 

S-8 Kharif 1997 14926 

 Rabi 1997-98 13276 

 Kharif 1998 14477 

 Rabi 1998-99 8904 

 Kharif 1999 14493 

 Rabi 1999-2000 10447 

S-9 Kharif 1997 19367 

 Rabi 1997-98 12847 

 Kharif 1998 21148 

 Rabi 1998-99 4454 

 Kharif 1999 15461 

 Rabi 1999-2000 12910 

S-10 Kharif 1997 15333 

 Rabi 1997-98 9264 

 Kharif 1998 16925 

 Rabi 1998-99 8189 

 Kharif 1999 16526 

 Rabi 1999-2000 11849 

 

Seventy three Salinity Control and Reclamation Project (SCARP) tubewells 

became operational from 1967 in the study area to the west of the Ravi 

River. Data on SCARP abstractions were available from NESPAK (1993) 

up to 1990. These indicate that the efficiency of the SCARP tubewells has 

decreased with time, therefore, data for the rest of the calibration period 

were estimated assuming a uniform decrease in well efficiency. Abstraction 

rate from the aquifer for 1960 was assumed to be 1.25 m3/sec, the same as 

also used in the study carried out by NESPAK in 1993). Data regarding 

abstraction from: i) WASA water supply tubewells; ii) private wells for 

industrial and local water supply; and iii) irrigation wells was collected from 
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National Engineering Services Pakistan (NESPAK), Lahore Water and 

Sanitation Agency (WASA) and Punjab Irrigation and Drainage Authority 

(PIDA). Using a combination of two independent estimates: i) CDM (1975) 

& ii) Ashraf and Ahmad (1974) and keeping in view the growth of the 

number of individual tubewells in the area, the data was adjusted. 

Abstractions from WASA, private and SCARP tubewells were assumed to 

be constant throughout the year. 

 

The evapotranspiration package used in the MODFLOW represents 

vegetation dependent on receiving moisture through capillary upflow from a 

the shallow groundwater table. As the groundwater table falls, then 

evapotranspiration is reduced reflecting wilting of the surface vegetation. 

This concept is not representative of the situation around Lahore where the 

deep silty soils retain moisture to support vegetation. The moisture 

availability is largely independent of the depth of the groundwater table. 

The soil moisture is replenished by rainfall and is supplemented by 

irrigation from both surface and groundwater sources. Hence, like the 

previous studies by NESPAK (1991, 1993), the evapotranspiration package 

was not considered appropriate in the present study as well. To derive input 

data for the recharge package, two separate monthly soil moisture balances 

for the rural and suburban areas were computed covering the calibration 

period from 1960 to 2004. Figure 4.13 shows the overall procedure for 

deriving soil moisture balance. 
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Figure 4.13 Schematic diagram of the monthly soil moisture balance 

(NESPAK 1991, 1993) 

 

The definitions of terms used in the above Figure 4.13 are (NESPAK 1991, 

1993): 

 Rainfall – monthly rainfall taken as the mean of rainfall 

recorded at Lahore Pilot Balloon Observatory (PBO) and 

Lahore Cantonment weather stations. 

 Storm Runoff – 5% and 30 % of rainfall in rural and urban  soil 

moisture balanceareas respectively.  

 Irrigation Application – represents net supply from main canals 

and groundwater. It excludes seepage from the main canals and 

aerially distributed losses from minor canals and field 

applications. 
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 Available Water – equals the previous months available soil 

moisture plus rainfall plus irrigation less storm runoff. 

 Evapotranspiration – based on pan data times a pan factor times 

an averaged crop factor (latter derived empirically). It is reduced 

to 50% if available water less than readily available moisture 

(taken as 150 mm); reduced to 10% if available water less than 

half the readily available moisture. 

 Soil Moisture – soil moisture balance up to field capacity of 250 

mm. 

 Water Surplus – water in excess of field capacity available for 

infiltration. 

 Infiltration – represents infiltration to groundwater and is taken 

as 80% of water surplus. The remainder is delayed runoff.  

 Delayed Runoff – represents runoff which occurs some time 

after direct rainfall by seepage through soil horizons into drains. 

 

The parameters are based on previous studies in Pakistan and on catchment 

water balances in other monsoonal climates where runoff has been gauged 

over a number of years. 

 

The monthly rainfall data were obtained for two weather stations Lahore 

(PBO) and Lahore (Cantonment). Table 4.9 shows the mean annual rainfall 

recorded over the calibration period 1960 – 2004 at the two weather 

stations. 
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Table 4.9 Mean annual rainfall at Lahore (1960 - 2004) 

Year Mean Annual Rainfall (mm) 
1960 295 
1961 645 
1962 560 
1963 356 
1964 828 
1965 437 
1966 523 
1967 441 
1968 432 
1969 486 
1970 395 
1971 333 
1972 350 
1973 867 
1974 441 
1975 677 
1976 1009 
1977 558 
1978 775 
1979 519 
1980 1105 
1981 868 
1982 669 
1983 921 
1984 826 
1985 841 
1986 613 
1987 458 
1988 815 
1989 610 
1990 947 
1991 520 
1992 629 
1993 375 
1994 542 
1995 826 
1996 1189 
1997 1233 
1998 493 
1999 473 
2000 557 
2001 536 
2002 334 
2003 627 
2004 495 
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Table 4.10 and 4.11 illustrates the determination of rural and urban balances 

for the year 1990 (as a sample) which was a wet year (947 mm rainfall). 

Table 4.12 shows the recharge balances for each year of the calibration 

period. The results are reasonably consistent with earlier studies (Ahmad, 

1974; Greenman et al., 1963) in the Lahore region. The present study 

indicates a slightly higher annual rainfall threshold of about 400 mm for 

infiltration to take place but separate allowances are made for secondary 

irrigation losses and urban leakage. The leakage from primary irrigation 

canals has been discussed in section 4.5.2. Based on the previous studies, 

the leakage from secondary and tertiary canals was assumed to be 5% of the 

annual field application of 760 mm (i.e. 40 mm / year) spread uniformly 

over the rural areas. For the urban areas, leakage from the water supply and 

sewerage systems was assumed to be 10% of the distributed flow, the 

percentage being derived from the previous studies. Both forms of leakage 

were converted into model nodal values in m/day and added to the direct 

recharge derived from the soil moisture balances. 

 

A lumped water balance of the study area (Table 4.13) was determined to 

gain an insight of the flow dynamicsinto the relative magnitude of 

hydrological balances in the study area. 

.
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Table 4.10 Lahore rural monthly soil moisture balance for the year 1990 

Year: 1990 

Component Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 

Rainfall at Lahore (PBO) 4 117 96 19 4 12 182 292 185 2 9 34 956 
Rainfall at Lahore (Cantt.) 4 121 62 15 4 23 177 288 194 2 14 34 938 

Mean Rainfall (mm) 4 119 79 17 4 18 180 290 190 2 12 34 947 
Storm Runoff (mm) 0 6 4 1 0 1 9 15 9 0 1 2 47 

Irrigation (mm) 43 39 43 63 86 83 86 86 83 65 42 43 762 

Available Water (mm) 228 336 368 329 255 150 301 510 513 317 252 261  
Potential Evaporation 

(mm) 
55 61 121 234 342 352 254 193 170 157 83 70 2092 

Crop Factor 0.8 0.8 0.75 0.7 0.6 0.6 0.6 0.7 0.7 0.75 0.8 0.8  
Actual Evaporation (mm) 44 49 91 164 205 106 152 135 119 118 66 56 1305 

Soil Moisture (mm) 184 250 250 165 50 44 148 250 250 199 186 205  
Water Surplus (mm) 0 37 27 0 0 0 0 125 144 0 0 0 333 

Delayed Runoff (mm) 0 7 5 0 0 0 0 25 29 0 0 0 67 
Infiltration to Groundwater 

(mm) 
0 30 22 0 0 0 0 100 115 0 0 0 266 

Infiltration (mm/day) 0.00 1.04 0.68 0.00 0.00 0.00 0.00 3.19 3.83 0.00 0.00 0.00  

Parameters: 
  Storm runoff factor    : 0.05 
  Soil moisture capacity    : 250 mm 
  Readily available soil moisture capacity : 150 mm 
  Infiltration factor    : 0.80 
  Initial soil moisture    : 181 



 152

Table 4.11 Lahore urban monthly soil moisture balance for the year 1990 

Year: 1990 

Component Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 

Rainfall at Lahore (PBO) 4 118 96 19 4 12 182 292 185 2 9 34 957 
Rainfall at Lahore (Cantt.) 4 121 62 15 4 23 177 288 194 2 14 18 921 

Mean Rainfall (mm) 4 119 79 17 4 18 179 290 190 2 12 26 939 
Storm Runoff (mm) 1 36 24 5 1 5 54 87 57 1 3 8 282 

Irrigation (mm) 15 15 15 20 30 30 30 30 20 15 15 15 250 

Available Water (mm) 196 272 318 282 235 175 225 382 403 266 227 226  
Potential Evaporation 

(mm) 
55 61 121 234 342 352 254 193 170 157 84 70 2093 

Crop Factor 0.4 0.4 0.4 0.34 0.3 0.3 0.3 0.3 0.34 0.4 0.4 0.4  
Actual Evaporation (mm) 22 25 48 80 103 106 76 58 58 63 34 28 699 

Soil Moisture (mm) 174 248 250 202 133 69 149 250 250 204 193 198  
Water Surplus (mm) 0 0 20 0 0 0 0 74 95 0 0 0 188 

Delayed Runoff (mm) 0 0 4 0 0 0 0 15 19 0 0 0 38 
Infiltration to Groundwater 

(mm) 
0 0 16 0 0 0 0 59 76 0 0 0 151 

Infiltration (mm/day) 0.00 0.00 0.48 0.00 0.00 0.00 0.00 1.90 2.50 0.00 0.00 0.00  

Parameters: 
  Storm runoff factor    : 0.30 
  Soil moisture capacity    : 250 mm 
  Readily available soil moisture capacity : 150 mm 
  Infiltration factor    : 0.80 
  Initial soil moisture    : 178 
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Table 4.12 Annual summary of the rural and suburban balances for the calibration period 1960 - 2004 

Rural Balance Suburban Balance 

Soil Moisture Soil Moisture 

Year  Rainfall 
(mm) 

Potential 
Evap. (mm) 

Actual Evap. 
(mm) 

Initial (mm) Final (mm) 

Groundwater 
Rech. (mm) 

Actual Evap. 
(mm) 

Initial (mm) Final (mm) 

Groundwater 
Rech. (mm) 

1960 295 1753 1147 205 99 0 506 180 130 0 

1961 645 1753 1128 99 218 102 558 130 206 54 

1962 560 1958 1335 218 166 9 659 206 187 1 

1963 356 1663 1135 166 131 0 547 187 139 0 

1964 828 1718 1097 131 223 288 511 139 206 201 

1965 437 1695 1166 223 201 27 577 206 180 4 

1966 523 1747 1196 201 207 45 592 180 199 4 

1967 441 1810 1205 207 182 0 598 199 160 0 

1968 432 1779 1138 182 194 17 525 160 178 7 

1969 486 1943 1302 194 115 0 645 178 123 0 

1970 395 1889 1120 115 132 0 487 123 163 0 

1971 333 1734 1064 132 146 0 517 163 189 0 

1972 350 1814 1081 146 160 0 489 189 135 0 

1973 867 1827 1112 160 232 320 512 135 209 216 

1974 441 1753 1199 232 183 24 594 209 169 4 
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1975 677 1932 1328 183 158 81 658 169 170 51 

1976 1009 1821 1160 158 178 433 575 170 183 295 

1977 558 1857 1281 178 189 0 633 183 190 0 

1978 775 1758 1196 189 210 224 592 190 198 154 

1979 519 1677 1147 210 224 75 566 198 209 28 

1980 1105 1729 1182 224 250 483 585 209 235 330 

1981 868 1774 1209 250 183 356 597 235 171 260 

1982 669 1647 1119 183 208 202 555 171 186 118 

1983 921 1555 1064 208 231 439 528 186 210 273 

1984 826 1663 1145 231 218 332 567 210 205 213 

1985 841 1695 1162 218 250 293 546 205 250 198 

1986 613 1670 1139 250 232 179 563 250 211 124 

1987 458 1715 1174 232 178 62 579 211 175 22 

1988 815 2153 1450 178 199 320 718 175 196 126 

1989 610 2296 1542 199 181 110 763 196 178 34 

1990 947 2092 1411 181 205 366 699 178 198 151 

1991 520 1760 1250 205 100 98 634 198 202 29 

1992 629 1747 1240 100 125 114 629 202 213 54 

1993 375 1855 1317 125 140 0 668 213 182 0 

1994 542 1738 1234 140 170 95 626 182 198 37 
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1995 826 1689 1199 170 152 78 608 198 201 21 

1996 1189 1753 1245 152 198 301 631 201 215 167 

1997 1233 1810 1285 198 250 458 652 215 223 198 

1998 493 1647 1169 250 170 30 593 223 235 201 

1999 473 1760 1250 170 182 56 634 235 165 23 

2000 557 1699 1206 182 195 65 612 165 167 28 

2001 536 1823 1294 195 201 76 656 167 172 33 

2002 334 1659 1178 201 144 0 597 172 156 0 

2003 627 1701 1208 144 174 87 612 156 195 45 

2004 495 1647 1169 174 182 39 593 195 170 11 
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Table 4.13 Lumped water balance of the study area for the period 1960 - 2004 

Inflow* (MCM/year) Outflow** (MCM/year) Year Rainfall (mm) 

Urban Rural 

Change in 

Storage 

(MCM/year) 

Urban Rural 

Groundwater Contribution to or from 

adjoining area and leakage from 

irrigation channels / river 

(MCM/year) 

A B C D E F G H = (C + D) – (F + G) ± E 

1960 295 26.40 151.12 - 46.64 55.57 361.08 

1961 645 65.44 536.48 131.22 46.64 62.98 -186.22 

1962 560 29.40 185.12 276.25 54.10 70.39 228.63 

1963 356 29.84 151.12 -179.56 54.10 77.80 915.60 

1964 828 171.96 1239.18 338.40 61.56 95.58 193.30 

1965 437 35.10 253.13 -96.69 63.43 128.18 324.58 

1966 523 36.40 321.13 -193.37 73.69 152.63 -351.16 

1967 441 34.95 151.12 -407.46 104.47 840.22 -371.76 

1968 432 41.27 215.35 -352.21 124.06 856.53 -183.13 

1969 486 37.81 151.12 -697.52 135.25 934.32 -249.43 

1970 395 39.34 151.12 -704.43 174.43 969.89 -379.79 

1971 333 40.91 151.12 -649.18 226.66 994.34 -566.82 

1972 350 46.19 151.12 -490.34 270.50 983.97 100.31 

1973 867 199.31 1360.08 151.94 306.88 1000.27 -640.10 



 157

1974 441 52.47 241.79 -400.56 330.20 1004.71 -262.39 

1975 677 90.95 457.14 -538.68 431.87 917.28 640.23 

1976 1009 264.02 1786.99 96.69 398.29 915.80 -714.38 

1977 558 59.35 151.12 -511.06 518.62 917.28 -430.15 

1978 775 169.49 997.39 138.12 497.17 961.74 -848.89 

1979 519 83.44 434.47 -103.59 524.22 946.18 317.75 

1980 1105 297.52 1975.89 255.53 740.62 959.52 -156.99 

1981 868 254.10 1496.09 172.65 731.29 1003.23 -299.05 

1982 669 157.21 914.28 -414.37 731.29 1053.62 75.56 

1983 921 268.62 1809.66 96.69 779.80 1126.23 -270.51 

1984 826 229.43 1405.42 -179.56 799.39 1285.53 -322.70 

1985 841 221.85 1258.07 -345.31 857.22 1290.72 -406.10 

1986 613 173.07 827.38 -932.33 1011.13 1327.76 -1106.50 

1987 458 104.76 385.36 -939.24 1176.23 1359.62 -87.32 

1988 815 180.97 1360.08 -956.34 1222.87 1361.85 -1003.21 

1989 610 119.91 566.70 -992.43 1315.21 1367.03 16.74 

1990 947 205.48 1533.87 -1011.69 1366.51 1367.77 -1208.24 

1991 520 123.34 521.36 -1088.23 1490.57 1450.60 -1210.86 

1992 629 144.36 581.81 -1137.63 1609.03 1465.63 -1695.06 

1993 375 129.06 151.12 -1160.06 1659.40 1475.90 -1384.51 
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1994 542 139.82 510.03 -1194.78 1725.63 1503.52 -1541.70 

1995 826 132.47 445.80 -1245.07 1834.77 1530.28 -676.19 

1996 1189 238.34 1288.30 -1293.72 1948.56 1547.99 -150.53 

1997 1233 262.97 1881.44 -1347.82 2085.68 1557.09 -1946.25 

1998 493 266.02 264.46 -1454.59 2327.27 1604.05 -2085.62 

1999 473 144.38 362.69 -1522.69 2495.17 1620.21 -2221.88 

2000 557 151.10 396.69 -1626.63 2770.34 1625.97 -2262.18 

2001 536 157.89 438.25 -1678.70 2879.47 1657.54 -2635.30 

2002 334 146.52 151.12 -1722.53 2985.81 1669.66 -2400.08 

2003 627 155.59 479.81 -1782.74 3140.65 1677.57 -2663.68 

2004 495 152.81 298.46 -1829.41 3263.78 1680.58 361.08 

 
*Recharge computed from soil moisture balance 
**Groundwater abstraction from WASA, private, irrigation and industrial tubewells 
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The hydrologic equation (Equation 4.10) expresses the basic principle that 

during a given time interval the total inflow to an area must equal the total 

outflow plus the net change in storage. 

 

)10.4(,, sOOutflowIInflow   

 

where ‘∆s’ is change in storage (MCM/year). 

 

In Table 4.13, the inflow component (I) of the hydrologic equation is 

recharge in urban area (from soil moisture balance and leakage from water 

supply and sewerage system) and rural area (from soil moisture balance and 

irrigation field application) (given in columns C and D of Table 4.13 

respectively). The outflow (O) is mainly in the form of groundwater 

abstraction from WASA, private, irrigation and industrial tubewells which is 

stated in columns F and G respectively. The average change in storage 

(column E) can be calculated from the following equation: 

 

)11.4()/(**, yearMCMhSAvgAsStorageinChangeAverage avgy
 

where ‘A’ is the study area, ‘Sy’ is the specific yield and ‘havg’ is the average 

change in groundwater level of observation wells. 

 

As per equation 4.10, the inflow minus outflow ± change in storage should 

be equal to zero (column H in Table 4.13). In the present study, column H 

has either positive or negative value which means that there is some 

groundwater contribution to or from adjoining area and leakage from 

irrigation channels / river. 

 

4.7 Summary 

 
In this chapter, sources of recharge and the methods employed to calculate 

the recharge from these sources has been discussed. A soil moisture balance 

method was utilized to calculate the recharge. Two separate monthly soil 

moisture balances for the rural and suburban areas were computed covering 

the calibration period from 1960 to 2004. A lumped water balance was also 
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determined for the period 1960 to 2004 to provide insights into the relative 

importance of main hydrological process in the study area. 
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Chapter 5 Model Development 

 
This chapter describes the development of a groundwater model of the 

aquifer underlying the Lahore City in Pakistan.  

 

5.1 Description of the Regional (or Distributed) 

Groundwater Model  

The model represents an area of aquifer measuring 71 by 71 km (5041 km2). 

The model area (71 km x 71 km = 5041 km2) includes the Lahore City on 

both sides of Ravi River and the surrounding areas. A comparison of areas 

simulated by NESPAK (1988) and the present study is shown in Figure 5.1. 

The geographic boundaries of the model domain are given in the Universal 

Transverse Mercator (UTM) co-ordinates in Table 5.1. The spatial domain 

represented in the model consists of four vertical layers (0 – 30 m, 30 – 100 

m, 100 – 200 m and 200 – 400 m). The city area is represented by dense 

grid spacing of 0.25 km. The grid spacing is 0.25, 0.5, 1 and 2 km. There are 

a total of 78 by 78 (or 6084) nodal areas as shown in Figure 5.2.  

 

Table 5.1 Geographic boundaries for the model in MODFLOW 

X1 (bottom left x 

coordinate, m) 

405000 X2 (top right x 

coordinate, m) 

476000  

Y1 (bottom left y 

coordinate, m) 

3451000 Y2 (top right y 

coordinate, m) 

3522000  
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Figure 5.1 Comparison of areas simulated by NESPAK (1991) and the 

present study 

 

Figure 5.2 Model grid layout 
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Figures 5.3 and 5.4 show the details of the model. 

 
Figure 5.3 Lahore groundwater model information on number of rows, 

columns, stress periods and simulation details 

 

 
Figure 5.4 Hydrological representation of layers in model 

 

River, canals and drains in the study area were digitised using ArcView GIS 

9 (ESRI, 2006) software as shown in Figure 5.5 and Figure 5.6. 
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Figure 5.5 Ravi River and irrigation and drainage network in the study 

area 

 

 
Figure 5.6 Simulation of Ravi River, irrigation and drainage network 
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5.1.1 Calibration period, time step and units 

The choice of calibration period was dependent to some extent by data 

availability and historic groundwater conditions in the study area. The study 

carried out by Greenman et al. (1963) show that the groundwater levels in 

the Bari Doab were rising until about 1960 because of seepage from the 

irrigation distribution systems and infiltration from irrigation applications. 

The study by Ashraf and Ahmad (1974) suggested that near Lahore, 

groundwater levels were more or less stable from 1882 to 1962 but they 

began to decline after 1962 due to increasing groundwater abstraction in the 

city. 

 

The indications are that in 1960, when a regional piezometric map was 

prepared, groundwater levels were in a state of quasi-equilibrium 

(NESPAK, 1991). By 1976, when the standard of monitoring groundwater 

abstractions and levels was improved, the piezometric levels in the city 

areas were in a steady continuous decline (NESPAK, 1991). Based on this 

information, 1960 represents the best start year for model calibration even 

though data like abstractions was not ideal over the period 1960 – 76. The 

selected calibration period covers the 45 year period i.e. from January 1960 

to December 2004.  

 

The various types of aquifer inflows and outflows which were modelled are 

shown in schematic diagram of the conceptual model (Figure 4.9). The flow 

components were simulated using the various MODFLOW modules or 

packages as given in Table 5.2. 
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Table 5.2 Simulated flow components using various MODFLOW 

packages 

MODFLOW Package Flow component modelled 

General Head Boundary (GHB) Boundary flows 

River (RIV) Flow to or from river and canal beds 

Recharge (RCH) Recharge from rainfall and irrigation. 

Leakage from the urban water supply / 

sewerage systems and secondary / 

tertiary irrigation canals / storm water 

drains  (nallahs) 

Wells (WEL) Abstraction from wells 

 

All of the above cited components have varying degrees of seasonality 

which must be incorporated into the model. Within the MODFLOW, a 

stress period is defined as a period over which all the inflow and outflow 

components remain constant. Selecting a short stress period such as a day or 

month would mean seasonality could be handled very accurately but model 

data requirements would be enormous and the available data may not be 

suitable. As the main aim of the present study was to formulate a climate 

responsive policy based on the results of the developed regional 

groundwater model, therefore, a stress period of 5 years was selected. It was 

verified that for a regional model of the present scale and which is to be 

used for formulating future long-term policy does not make a difference if a 

shorter stress period of 1 year or a longer stress period of 5 years is selected. 

The model has the facility for sub-dividing each stress period into several 

time steps to provide a marginal increase in computational accuracy. For a 

regional groundwater model with a calibration period of 45 years and using 

5-year stress period, it was considered appropriate to use the present study, 

10 time steps per stress period were selected 

 

MODFLOW has the facility to work with any consistent set of units. For the 

present research study, the following units (in metric system) were adopted:  

 

Parameter: Length  Time  Discharge Permeability 

Units:  m  day  m3/day  m / day 
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As mentioned above, four MODFLOW modules or packages (GHB, RIV, 

RECH, WEL) were used in the present study. The Evapotranspiration 

(EVT) package was not found to be representative of the model area around 

Lahore. Evapotranspiration is not dependent on the level of the groundwater 

table as assumed in EVT but on the available soil moisture which is 

replenished by rainfall and irrigation applications (NESPAK, 1991). Even in 

the south and east of the model area in 1960, the water table was 2 to 4 m 

below ground level (NESPAK, 1991) which exceeds the rooting depth of 

most crops. In the present study, evapotranspiration was calculated similarly 

as had been carried out by NESPAK (1993) i.e. using a separate soil 

moisture balance on a spreadsheet and then including it as input to the 

recharge package.  

 

The MODFLOW Drain package is used to simulate effects of features such 

as agricultural drains, which remove groundwater from aquifer at a rate 

proportional to the head difference between the aquifer and the drain 

(WebTech360, 2003). Discharge to the drain is zero when the hydraulic 

head is lower than or equal to the median drain elevation while recharge 

from the drain is always zero, regardless of the hydraulic head in the aquifer 

(WebTech360, 2003). The Drain package was found not suitable for 

modelling the drains in the study area as the water table is deep in the study 

area.  

 

5.1.2 Model Area Boundaries Representation 

All the four boundaries of the model have been treated as no-flow 

boundaries but with flow from / to the adjacent aquifer determined through 

the General Head Boundary (GHB) package while considering a fixed head 

several kilometres from the model boundary. The values of the fixed heads 

were taken from the 1960 piezometeric map (NESPAK, 1991). The 

conductances of the aquifer blocks between the fixed heads and the model 

boundary were calculated from the block width, length, thickness and 

permeability. 
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5.1.3 Aquifer Parameters 

As each nodal area represents a block of aquifer, therefore, the average 

permeability, storage coefficient (specific yield in the case of an unconfined 

aquifer) and bottom of aquifer is needed to be defined. The anisotropy factor 

which is the ratio of the permeability along a column to the permeability 

along a row has been taken as 1.0 i.e. the aquifer is assumed to be isotropic 

(NESPAK, 1991).  

 

A list of permeability defined for Lahore area by various 

agencies/researchers is given in Table 5.3. 

 

Table 5.3 Permeability values for Lahore area given by various 

agencies/researchers 

Agency/Researcher Permeability (m/day) 

Greenman et al. (1963) 26.3 

Bhatti (1969) 22 

CDM (1975) 71 

Revised CDM 42 

NESPAK (1991) 19 - 33 

 

Based on the results of pumping tests carried out by NESPAK (1991), 

permeability over the model area was divided into zones. The statistical 

summary of data and hydraulic properties for the aquifer is provided in the 

Table 5.4. 
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Table 5.4 Statistical summary of aquifer hydraulic properties 

Horizontal hydraulic conductivity, Kh (m/day) 

Statistic Value 

Mean 34.04 

Standard Deviation 5.67 

Skewness 0.65 

Range 32.17 

Minimum 24.06 

Maximum 56.23 

Vertical hydraulic conductivity, Kv (m/day) 

Mean 3.40 

Standard Deviation 0.57 

Skewness 0.65 

Range 3.22 

Minimum 2.41 

Maximum 5.62 

Specific yield, Sy  

Mean 0.137 

Standard Deviation 0.004 

Skewness 0.299 

Range 0.020 

Minimum 0.130 

Maximum 0.150 

Storage Coefficent, Ss 

Mean 5.223E-06 

Standard Deviation 2.00E-08 

Skewness 0.364 

Range 8.958E-06 

Minimum 1.007E-06 

Maximum 9.966E-06 

 

The aquifer thickness was assumed to be 400 m throughout as the sensitivity 

test showed that an assumption of 300 m made a negligible difference to the 

model results (NESPAK, 1991). 
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5.1.4 MODFLOW Packages 

5.1.4.1 Well (WEL) Package 

In the developed model, four categories of abstraction, namely i) Lahore 

Water and Sanitation Agency (WASA) tubewells for water supply; ii) 

private abstractions for industrial and local water supply; iii) irrigation 

wells; and iv) Salinity Control and Reclamation Project (SCARP) wells  

have been simulated. Table 5.5 show the abstraction from the WASA 

tubewells for the calibration period 1960 - 2004. Figure 5.7 shows the 

population versus the total abstraction. 
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Table 5.5 Total WASA tubewells abstraction 

WASA Tubewells Abstraction 
Year m3/sec MCM/year 
1960 0.50 15.77 
1961 0.50 15.77 
1962 0.58 18.29 
1963 0.58 18.29 
1964 0.66 20.81 
1965 0.68 21.44 
1966 0.79 24.91 
1967 1.12 35.32 
1968 1.33 41.94 
1969 1.45 45.73 
1970 1.87 58.97 
1971 2.43 76.63 
1972 2.90 91.45 
1973 3.29 103.75 
1974 3.54 111.64 
1975 4.63 146.01 
1976 4.27 134.66 
1977 5.56 175.34 
1978 5.33 168.09 
1979 5.62 177.23 
1980 7.94 250.39 
1981 7.84 247.24 
1982 7.84 247.22 
1983 8.36 263.64 
1984 8.57 270.26 
1985 9.19 289.82 
1986 10.84 341.85 
1987 12.61 397.67 
1988 13.11 413.44 
1989 14.10 444.66 
1990 14.65 462.00 
1991 14.72 464.21 
1992 15.34 483.76 
1993 15.92 502.05 
1994 16.25 512.46 
1995 16.98 535.48 
1996 17.35 547.15 
1997 17.99 567.33 
1998 18.58 585.94 
1999 19.01 599.50 
2000 20.25 638.60 
2001 20.78 655.32 
2002 21.59 680.86 
2003 22.05 695.37 
2004 22.79 718.70 
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Figure 5.7 Population versus total groundwater abstraction 

 

The abstractions from WASA, private, irrigation and SCARP tubewells 

were assumed to be constant throughout the year. 

 

5.1.4.2 Recharge (RECH) Package 

The groundwater recharge sources in the study area are rainfall, leakage 

from the water supply distribution system, sewerage system, and irrigation. 

All these recharge sources have been treated as spatially distributed 

recharge in the developed model having units of m/day. As discussed 

earlier, the MODFLOW evapotranspiration package was not considered 

appropriate for the Lahore aquifer, instead a separate spreadsheet was used 

to compute monthly soil moisture balances which were then included as 

input data for the MODFLOW recharge package  (refer Table 4.13). The 

following were taken into account for calculating the soil moisture balance: 

 leakage from the secondary/tertiary irrigation canals and infiltration 

from the irrigated fields 

 typical cropping patterns in the rural areas 

 irrigation of gardens and parks in the sub-urban areas 

 leakage from the water supply distribution system, sewerage system 

and soakaways in the urban and sub-urban areas 
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For urban and rural areas, separate soil moisture balances were derived by 

using the available data for the calibration period 1960 – 2004 as outlined in 

Table 4.13.  

 

5.1.4.3 River (RIV) Package 

The following river, canals, drains and storm water nallahs (channels) were 

included in the model: 

a) River 

– Ravi River 

b) Canals 

– Upper Chenab Canal (UCC) 

– Bambanwala-Ravi-Bedian-Depalpur (BRBD) Link 

Canal 

– Lahore Branch Canal of BRBD Link 

– Khaira Distributary of BRBD Link 

– Bucharkhana Distributary of BRBD Link 

– Bucharkhana Distributary Reverse 

– Muridke Distributary 

– Kala Shah Kaku Distributary 

– Shahdara Distributary 

– Niazbeg Distributary of Lahore Branch Canal 

– Mangtanwala Feeder 

– Dargahi Minor 

– Kuthiala Minor 

– Sikhanwala Distributary 

– Pakhiala Minor 

– Essan Minor 

– Kotha Minor 

– Marh Minor 

c) Drains 

– Hudaira Drain 

– Satto Katla Drain 

The other drains in the modelled area (Mian Mir Drain, Main Outfall Drain, 

Chota Ravi Drain, etc.) service older areas of the Lahore city, generally 

carrying storm runoff for a few hours following rainfall and a small 
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perennial flow of domestic and industrial effluent in lined low flow sections 

of the bed. Therefore, they have not been included in the model.  

 

d) Stormwater Nallahs (Channels) 

– Bhed Nallah 

– Lela Nallah 

– Deg I Nallah 

– Deg II Nallah 

 

The groundwater recharge through the beds of rivers, canals and storm 

water drains are handled in a similar way through the MODFLOW River 

package. Depending on the differential head, rivers, canals and drains can 

either leak into the aquifer or discharge from the aquifer. 

 

For the initial simulations, river bed conductance for each nodal reach was 

based on an assumed bed thickness of 5 m (representing the soil and sub-

soil layers) and hydraulic conductivity of 2.4 m/day (based on the previous 

studies) representing the deep silty soils of the Ravi River floodplain. 

 

For determining the recharge from canal and drain beds, details of cross-

sections and longitudinal profiles were obtained from several departments.  

The canal and drain bed conductances were derived in a similar manner to 

those for the Ravi River.  

 

5.1.4.4 General Head Boundary (GHB) Package 

All the four model boundaries permit flow into or out of the model area 

from the adjacent aquifer. These boundaries are treated as general head 

boundaries. The flow into or out of the model area is proportional to the 

difference between a fixed head at some distance from the model 

boundary and the head at the model boundary cell. Since the GHB 

package requires the input of GHB hydraulic conductance (Cb) and head 

on the external source (hb) to each cell of a general-head boundary, the 

input values K and hb at active vertices are linearly interpolated or 

extrapolated to each cell along the trace of the polyline and the value Cb 

is obtained by: 
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Cb = K L   (5.1) 

where L is the length of the general-head boundary within a cell. Flow 

through a GHB-cell Qb [L
3T−1] is calculated by: 

 

Qb = Cb (hb − h)  (5.2) 

 

where h is the hydraulic head in the aquifer. The values of head boundaries 

were computed from the 1960 piezometeric map. The fixed heads were 

sufficiently distanced from the city limits so that significant drawdown does 

not occur during the predictive horizon of the model. 

 

5.2 Model Calibration 

The first step in model calibration was the identification of the calibration 

targets. Due to absence of piezometric data, the static water levels of WASA 

pumped tubewells were used for calibration purpose. Although these 

measured static levels are unrepresentative of the true regional groundwater 

table, however, the hydrographs are still useful in terms of indicating trends. 

The second step consisted of determining the acceptable range of errors 

between simulated and measured calibration targets. As the third step, trial-

and-error and inverse simulations were performed until simulated 

parameters were within the acceptable range of errors. For this study PEST 

(acronym for Parameter ESTimation) method PACKAGE was used. The 

purpose of PEST is to assist in data interpretation, model calibration and 

predictive analysis. PEST adjusts model parameters until the fit between 

model outputs and field observations is optimised in the weighted least 

squares sense (Doherty, 2002). 

 

In the developed model, there were 6,084 active cells per model layer. There 

were 4 layers and the model inputs that could be altered included leakage 

between layers, storage, hydraulic conductivity and conductance of 

channels.  This equated to a possible 24,336 input variables that can be 

altered to achieve the calibration target. During the calibration it is desirable 

to base the comparison between the calculated and observed head on 

original water level data rather than interpolated water level data because of 

the uncertainty involved in the interpolation process, however interpolated 
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water level data has the advantage of being available in every model cell 

making it easier to judge the success or failure of every model cell to 

replicate observation. A set of 10 hydrographs, based on static water levels 

of WASA pumped tubewells, was used for dynamic history matching. 

 

5.2.1 Calibrated Aquifer Parameters 

The results of the calibrated model indicate that the hydraulic conductivity 

(K) of layers ranges between 24.06 to 56.23 m/day. The average 

conductivity of the whole formation is 40.14 m/day. The specific yield (Sy) 

for the layers of the model ranges between 0.13 and 0.15. The average 

specific yield of the formation is 0.14. The specific storage (Ss) for the 

modelled layers ranges from 1.00E-06 and 9.966E-06. The average specific 

storage of the whole formation is 5.223E-06.  

 

5.2.2 Hydrographs 

To measure the performance of the model, calibrated water levels were 

compared with the observed water levels for 10 WASA tubewells.  The 

historic data for these tubewells available from 1960 to 2004 period was 

used for the calibration purposes. The hydraulic conductivity, specific yield, 

specific storage, vertical leakance and recharge and discharge values were 

adjusted until reasonable matches were obtained between the observed and 

simulated water levels for all observed hydrographs.  

 

The model successfully simulated the observed water levels in all the study 

area. The ten hydrographs for Lahore urban and rural study area are shown 

in Figures 5.8 to 5.17. It can be observed from these figures that there is a 

close agreement between the observed and simulated heads and the overall 

trend of the observed ground water hydrograph is also followed well by the 

modelled data.  
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Simulated Heads vs. Observed Heads (Chah Miran TW)
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Figure 5.8 Calculated and observed heads for WASA tubewell located 

at Chah Miran 

Simulated Heads vs. Observed Heads (Chenab Block TW)
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Figure 5.9 Calculated and observed heads for WASA tubewell located 

at Chenab Block (Allama Iqbal Town) 
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Simulated Heads vs. Observed Heads (Chungi Amar Sadhu TW)
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Figure 5.10 Calculated and observed heads for WASA tubewell located 

at Chungi Amar Sadhu 

Simulated Heads vs. Observed Heads (Comm. Zone TW)
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Figure 5.11 Calculated and observed heads for WASA tubewell located 

at Commercial Zone, Gulberg 
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Simulated Heads vs. Observed Heads (FCC Block TW)
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Figure 5.12 Calculated and observed heads for WASA tubewell located 

at FCC Block 

Simulated Heads vs. Observed Heads (Iqbal Park TW)
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Figure 5.13 Calculated and observed heads for WASA tubewell located 

at Iqbal Park 
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Simulated Heads vs. Observed Heads (North Ghazni Line TW)
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Figure 5.14 Calculated and observed heads for WASA tubewell located 

at North Ghazni Line 

Simulated Heads vs. Observed Heads (Old Ravi Bridge TW)
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Figure 5.15 Calculated and observed heads for WASA tubewell located 

at Old Ravi Bridge 
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Simulated Heads vs. Observed Heads (Patiala Ground TW)
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Figure 5.16 Calculated and observed heads for WASA tubewell located 

at Patiala Block 

Simulated Heads vs. Observed Heads (Sodiwal TW)
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Figure 5.17 Calculated and observed heads for WASA tubewell located 

at Sodiwal 
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5.3 Statistical Performance Indicators for the 

Regional Groundwater Model 

Quantitative calibration performance measures generally relate to the 

calculation of piezometric head residuals (the difference between measured 

and modelled heads) and associated statistics at known monitoring locations 

(Khan et al., 2003). It is not possible to draw absolute quantitative 

comparisons in regard to groundwater level contours, because contours are 

the result of interpolations between data points, and are thus subjective, at 

least in part (subjective choices are made even when selecting parameters or 

methods of generating contours through software packages) (Khan et al., 

2003). Using Australian Groundwater Modelling Guidelines (Murray-

Darling Basin Commission, 2000; Middlemis and et al., 2000; Middlemis 

and et al., 2001; Middlemis and et al., 2002), quantitative measures of the 

average error of a model are detailed and reported in Table 5.6. More details 

on using Australian Groundwater Modelling Guidelines can be found at the 

website:  

http://harmoniqua.wau.nl/public/Reports/SOA%20chapters/SOA-13-

Case_AUS-Final.pdf
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Table 5.6 Statistical calibration performance measures (Murray-

Darling Basin Commission, 2000) 

Description Equation Comments 
Model 
Results 

Sum of Residuals (SR) 





n

i

HihiWi
1

||  [m] 

Wi= weighting (range 0 to 1) 

Weighting can be 
(subjectively) 

applied at selected 
points to help 
account for 

confidence in the 
data quality. SR is 
not intuitive, as it 

varies with 
sample size 

86.33 

Mean sum of Residuals 

n

SR
MSR   




n

i

HihiWi
n 1

||
1

 [m] 

Independent of 
sample size, but 
depends on the 

range in the 
measured values 

0.35 

Scaled Mean Sum of Residuals 
(SMSR) 

Hn

SR

H

MRS




 .

.100.100
 [%] 

∆H= range of measured heads across 
model domain 

SMSR is an 
intuitive relative 
measure which is 
independent of 
sample size and 
independent of 

the measurement 
range 

2.72 

Sum of Squares (SSQ) 

  
2

1




n

i

HihiWi  [m2] 

The unit [m2] 
indicate that this 
is not an intuitive 

measure of 
performance. 

Depends on the 
sample size 

49.01 

Mean Sum of Squares 

n

SSQ
MSSQ     

2

1

1



n

i

HihiWi
n

 [m2] 

Not an intuitive 
measure of 

performance but 
it is independent 

of the sample size

0.20 

Root Mean Square 

n

SSQ
MSSQRMS 

 

  
2

1

1



n

i

HihiWi
n

 [m] 

An absolute 
measure that is 

problem-
dependent (i.e. its 
value is affected 
by the range in 
the measured 
values). It is 

usually thought to 
be the best error 
measure if errors 

are normally 
distributed 

0.59 

Root Mean Fraction Square 
(RMFS) 

2

1

1
.100 
















 n

i Hi

Hihi
Wi

n
[%] 

Weight apply to the friction not to the 
residual 

This measure is 
affected by 

magnitude of Hi, 
which is 

determined by the 
datum. Model 

boundary 
conditions may 
constrain hi. An 

improved 
performance can 
be contrived by 

changing the 
datum to increase 

Hi. 

0.22 
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Scaled RMFS (SRMFS) 

H

H
RMFSSRMFS


     [%] 

H = mean of 
measured head 
values, which 

have a range of 
∆H 

3.49 

Scaled RMS (SRMS) 

H

RMS
SRMS




.100
 [%] 

SRMS and 
SRMFS should 

both be low (say 
less than 5% or 

some other 
agreed value), 

indicating that the 
ratio of error to 

total head 
differential is 

small. And hence 
errors are only a 
small part of the 

overall model 
response. 

4.63 

Coefficient of Determination 
(CD)   

  











n

i

n

i

HhiWi

HHiWi

1

2

1

2

  [-] 
CD tends to one 

for perfect 
calibration. 

1.03 
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However, these performance indicators provide lumped measures of 

calibration that do not indicate the spatial or temporal distribution of the 

error (Khan et al., 2003). In addition to these measures, it is important to 

show that there is no systematic error involved in the spatial distribution of 

differences between modelled and measured heads (Khan et al., 2003). The 

simplest way to do this is to present a scatter diagram. So Scattergram plot 

was produced with measured heads on the horizontal axis, and modelled 

heads on the vertical axis, with one point plotted for each pair of data at 

selected monitoring sites (Figure 5.18).  
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Figure 5.18 Scattergram of measured versus modelled heads of set of 

ten static water level observations of WASA tubewells 

 

All the points occurred with a small degree of scatter about the line of 

perfect fit (a 45° line through the origin representing an unattainable perfect 

calibration). It is also important that the plotted points in any area of the 

scattergram are not grouped consistently above or below the 45° line in any 

segment of the plot, as this indicates a consistent over- or under-prediction, 

and a likely fundamental flaw in the calibration. It can be clearly seen from 

the figure that there is no area of the scattergram where the points are 

grouped consistently above or below the 45° line in any segment of the plot.  

The coefficient of determination (R2) was also calculated as 0.98, which 
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indicated a high degree of correspondence between the modelled and 

interpolated observations. 

 

The statistics in Table 5.6 are all based on head residuals. A systematic error 

in elevations will bias all of the statistics. There are cases, however, when a 

simulated hydrograph might agree very well with a measured hydrograph in 

pattern and amplitude, but differ in absolute magnitude, so that the two 

curves run parallel to each other (Khan et al., 2003). Head-based statistics 

will suggest a poor calibration, when in fact the calibration might be very 

good (Khan et al., 2003). Legitimate elevation residuals can result from 

model discretization and interpolation of the locations of measured and 

simulated sites, so that the real sites and model nodes are not at exactly the 

same place (Khan et al., 2003). To account for this effect, another technique 

is the standard correlation function (r) between two time series (Zheng and 

Bennett, 1995) which is mathematically expressed as: 
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where h and H are the means of the modelled and measured heads 

respectively. 

 

The standard correlation function (r) between two time series is calculated 

as 0.99, which is approaching to unity, and is an indication for a good 

calibration. 

 

5.4 Sensitivity Analysis 

Sensitivity analysis was carried for aquifer properties Kh, Kv and Ss. Results 

of the sensitivity analysis are given in Table 5.7.  
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Table 5.7 Results of sensitivity analysis 

Spatial Groundwater Level (m) Parameter 
Min 25% tile Median 75% tile Max 

Kh 

1.75 Kh 195.40 198.90 200.90 205.90 210.20 
1.50 Kh 195.30 198.90 200.90 205.90 210.30 
1.25 Kh 195.10 198.80 200.90 205.90 210.30 
Kh 195.00 198.80 200.90 205.90 210.30 
0.75 Kh 195.80 198.70 200.90 205.80 210.40 
0.50 Kh 195.70 198.70 200.90 205.90 210.40 
0.25 Kh 195.60 198.60 200.80 205.90 210.50 

Kv 
1.75 Kv 195.00 198.80 200.90 205.90 210.50 
1.50 Kv 195.00 198.80 200.90 205.90 210.50 
1.25 Kv 195.00 198.80 200.90 205.90 210.40 
Kv 195.00 198.80 200.90 205.90 210.30 
0.75 Kv 195.00 198.70 200.90 205.90 210.30 
0.50 Kv 195.00 198.70 200.90 205.90 210.20 
0.25 Kv 195.90 198.60 200.80 205.90 209.70 

Ss 
1.75 Ss 195.00 198.80 200.90 205.90 210.30 
1.50 Ss 195.00 198.80 200.90 205.90 210.30 
1.25 Ss 195.00 198.80 200.90 205.90 210.30 
Ss 195.00 198.80 200.90 205.90 210.30 
0.75 Ss 195.00 198.80 200.90 205.90 210.30 
0.50 Ss 195.00 198.80 200.90 205.90 210.30 
0.25 Ss 195.00 198.80 200.90 205.90 210.30 

Sy 
1.75 Sy 195.10 198.80 200.90 205.90 210.30 
1.50 Sy 195.30 198.90 200.90 205.90 210.20 
1.25 Sy 195.40 198.90 200.90 205.90 210.10 
Sy 195.00 198.80 200.90 205.90 210.30 
0.75 Sy 195.50 198.60 200.80 205.80 210.30 
0.50 Sy 195.76 198.70 200.90 205.90 210.75 
0.25 Sy 195.85 198.80 200.90 205.90 210.97 

 

The sensitivity analysis show slight increase (less than 0.30 m) in 

groundwater levels if the horizontal hydraulic conductivity is decreased 

while the decrease in vertical conductivity results in decrease in hydraulic 

heads by more than 0.50 m. The model is least sensitive to specific storage 

Ss. The sensitivity analysis indicates that slight increase in specific yield 

(Sy) results in decrease (less than 0.30 m) in groundwater levels and vice 

versa.  
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5.5 Water Balance 

External stresses such as wells, areal recharge, drains and streams were 

simulated to calculate the water budget of each region: i) urban area (701 

km2); ii) rural/semi-urban area on left (1334 km2) and iii) right hand side 

(2444 km2) of Lahore city (Figure 5.19) and the average values in mm/day 

were determined for the whole calibration period (1960 – 2004).  

 

 

Figure 5.19 Division of study area into three regions for determining 

water budget 

Region 1: urban area (in red colour, area = 701 km2)  

Region 2: rural/semi-urban area on left side of Lahore city (in dark blue colour, area = 

1334 km2) 

Region 3: rural/semi-urban area on right side of Lahore city (in pink colour, area = 2444 

km2)  

 

As an example the water balances for the first stress period (1960 – 64) for 

each three regions of the study area are shown in Figures 5.20 to 5.22. The 

water balances for the stress periods 1965 to 2004 are shown in Annexure – 

I. In the water balance diagrams storage changes are referred as ΔS with 
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plus or minus sign. Minus sign refers to the water released from storage and 

plus refers to the water added up in the storage.   

 

The horizontal inflow/outflow rates calculated by the model refer to the 

flow rate of water horizontally into and out of the region. These rates are 

generally as order of magnitude less than the vertical exchange rates. From 

this it can be said that vertical flow is the most important mechanism in the 

regions. Vertical flow is generally downwards with the rate of vertical flow  

 

 
Figure 5.20 Water budget (mm/day) for Region 1 (Lahore city urban 

area) for the period 1960 - 64 
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Figure 5.21 Water budget (mm/day) for Region 2 (Lahore rural/semi-

urban area) for the period 1960 - 64 

 
 

 
 

 
Figure 5.22 Water budget (mm/day) for Region 3 (Lahore rural/semi-

urban area) for the period 1960 - 64 
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in this direction decreasing with the depth. All water balance results also 

indicate that the rate of vertical flow is decreasing with the depth so is the 

change in storage. In some cases, the horizontal outflow is more than the 

inflow but in other cases outflow is less than the inflow. The region with 

high pumping, low recharge and less inflow than the outflow tend to the 

higher leakage from the rivers. 

 

5.5.1 Discussion on water balance results 

Before discussing the model results for region-wise water balances, the 

modelled water balance for the whole study area has been compared with 

the lumped water balance (Table 5.8) derived in Chapter 4 (Table 4.13). 
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Table 5.8 Comparison of lumped water balance with modeled water balance 

Lumped Water Balance Modelled Water Balance 

Leakage from River & Canals 
/contribution to or from 

surrounding areas 

Period 
Recharge 

(A) 

Avg. 
Pumping 

(B) 

Change in 
Storage 

(C) 

Leakage from 
River & Canals / 
contribution to or 
from surrounding 

areas  
D = A – B ± C 

Recharge 
(E) 

River 
/Canal 

Leakage  
(F) 

Head 
Dep. 

Bounds 
(G) 

Total 
(H) 

Pumping 
(I) 

Change in 
Storage 

J = E +H - I 
1960 - 64 517.21 125.07 113.26 278.88 291.94 3.57 30.20 33.77 90.25 235.47 

1965 - 69 255.47 682.56 -349.45 -77.63 303.20 125.91 376.01 501.92 1261.68 -456.56 

1970 - 74 486.69 1252.37 -418.51 -347.17 245.49 686.25 669.68 1355.93 2139.97 -538.49 

1975 - 79 898.87 1405.69 -183.70 -323.12 1240.41 490.13 547.70 1037.83 2166.54 112.03 

1980 - 84 1761.64 1842.10 -13.81 -66.65 2253.37 242.01 388.81 630.82 2636.79 247.34 

1985 - 89 1039.63 2457.93 -833.13 -585.17 1046.03 1430.58 420.58 1851.16 3126.03 -228.81 

1990 - 94 808.05 3022.92 -1118.48 -1096.39 812.47 1820.97 603.32 2424.29 3423.69 -186.92 

1995 - 99 1057.38 3710.21 -1372.78 -1280.06 1067.85 1887.07 674.45 2561.52 3708.87 -79.47 

2000 - 04 505.65 4670.27 -1728.00 -2436.63 514.40 2343.76 876.47 3220.23 3995.05 -260.47 
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It became evident during the calibration of model that in the period 1965 – 

80, WASA and private tubewell abstractions were grossly underestimated. 

The data was accordingly adjusted by using a combination of two 

independent estimates – CDM (1975) and Ashraf and Ahmad (1974) – and 

the growth of the number of individual tubewells in the period. Also the 

large increase in abstraction rate in the period 1965 – 69 is due to the fact 

that: i) the tubewells under the Salinity Control and Reclamation Project 

(SCARP) became operational; ii) less rainfall in this period therefore more 

abstraction for irrigation; and iii) increase in growth of private tubewells. 

 

From Table 5.8, it is evident that Lahore aquifer has become unsustainable 

due to over exploitation of groundwater abstraction. The water from the 

groundwater storage is being used. Beside the river and canals leakage, 

water from surrounding areas is also contributing to Lahore aquifer. 

 

The model results for region-wise water balances are discussed in the 

subsequent sections. 

 

Region 1: Region 1, measuring 701 km2, mainly consists of Lahore 

urban/semi-urban area on the left side of Ravi River with some belts of rural 

area. In 1960, there were a few small capacity tubewells operated by the ex-

Lahore Municipal Corporation [now operated by Water and Sanitation 

Agency (WASA) – a wing of Lahore Development Authority (LDA)], and 

most groundwater abstraction were from small private wells. During the 

period 1967-1973, a further 21 municipal tubewells were constructed and 

equipped with 110 litres/sec (4 cusecs) capacity pumps (NESPAK, 1993). In 

2004, the number of high capacity tubewells has increased to over 300. 

Water and Sanitation Agency (WASA) is responsible for providing water 

supply, sewerage and drainage facilities to 90% population of Lahore. The 

remaining population of Lahore is served by other agencies like Lahore 

Cantonment Board, Model Town Society etc and private bores. Beside 

water supply for domestic use, groundwater is also used for irrigation in the 

rural belts of Lahore. The main recharge sources in Region 1 are River Ravi, 

a part of Bambanwala-Ravi-Bedian-Depalpur (BRBD) Link Canal, Lahore 

Branch Canal of BRBD Link and Khaira Distributary of BRBD Link. Two 
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major drains carrying domestic, agricultural and industrial wastewater 

(Hudaira Drain and Satto Katla Drain) passes in this region. 

 

In all the results of water balance for region 1, it has been observed that 

groundwater abstraction is gradually increasing to meet the domestic and 

industrial demand whereas recharge keeps on fluctuating due to fluctuation 

in rainfall ranging from 295 mm (in 1960) to 1233 mm (in 1997). There is 

increase in leakage from water supply and sewerage network due to ageing 

of infrastructure. The groundwater resource is stressed due to fast pace of 

urbanization and industrial growth thus making the groundwater 

unsustainable. The Lahore aquifer is not only mining its groundwater 

storage but also mining water from the adjoining areas thus depleting the 

surrounding areas’ aquifers. 

 

Region 2: Region 2, measuring 1334 km2, mainly consists of rural area and 

some semi-urban area of Lahore city across the right bank of Ravi River. 

This area is predominantly irrigated farmland being irrigated by a network 

of canals (Upper Chenab Canal, Muridke Distributary, Kala Shah Kaku 

Distributary, Shahdara Distributary, Niazbeg Distributary of Lahore Branch 

Canal, Mangtanwala Feeder, Dargahi Minor, Kuthiala Minor, Sikhanwala 

Distributary, Pakhiala Minor, Essan Minor, Kotha Minor and Marh Minor). 

Also three large natural stormwater drains (Deg Nallah, Bhed Nallah and 

Lela Nallah) passes in this region. 

 

In this region, the groundwater abstraction is being carried out by: i) 

irrigation wells; ii) private wells for industrial and local water supply; and 

iii) Salinity Control and Reclamation Project (SCARP) wells. The cropping 

intensity in this area has increased from 50% to 150% per year due to 

conjunctive use of surface and groundwater. Canals closure in the winter 

season gives rise to groundwater abstraction from irrigation wells. The 

recharge in the area keeps on fluctuating due to fluctuation in rainfall 

ranging from 295 mm (in 1960) to 1233 mm (in 1997). It is better off as 

compared to region 1 and 3 due to presence of number of recharge sources 

in this area. 
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Region 3: Region 3, measuring 2444 km2, mainly consists of rural area and 

some semi-urban area on right hand side of Lahore city towards Pakistan-

India Wagah border. The main sources of recharge in this region were 

affected by the Indus Water Treaty in 1960 according to which Pakistan has 

exclusive rights for the three western rivers, namely Indus, Jhelum and 

Chenab whereas India retained the rights to the three eastern rivers, namely 

Ravi, Beas and Sutlej. The new river water distribution seriously affected 

the urban centres’ aquifers which were previously being recharged by these 

eastern rivers and their associated irrigation canal systems. The bifurcation 

of River Ravi between Lahore (Pakistan) and Amritsar (India) caused 

separation of branches of the famed Upper Bari Doab Canal that fed parts of 

West Punjab from their source of water (Hill, 2008). The present recharge 

sources in this region are Bambanwala-Ravi-Bedian-Depalpur (BRBD) Link 

Canal, Bucharkhana Distributary of BRBD Link and Bucharkhana 

Distributary Reverse. The Hudiara Drain, carrying agricultural and 

industrial effluents from India, also passes in this area. As compared to 

other two regions, the rate of groundwater abstraction is low in this region 

due to less population and farmlands. Like region 2, the recharge in the area 

keeps on fluctuating due to fluctuation in rainfall ranging from 295 mm (in 

1960) to 1233 mm (in 1997). 

 

In 1960, there were a few small capacity municipal tubewells and most 

abstractions were from small private wells. Hence there was not much affect 

on water levels in the study area (Figure 5.23).  
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Figure 5.23 Water level contours in the study area for the period 1960 – 

1964 

 

Due to increase in pumping rate between 1965 and 1974, the water levels in 

the study area started lowering (Figure 5.24 and Figure 5.25) as further 21 

municipal high capacity tubewells were installed. Due to absence of 

recharge by eastern rivers and their associated irrigation canal systems, 

water stress pockets developed in the region 3 (towards Pakistan – India 

Wagah Border). 
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Figure 5.24 Water level contours in the study area for the period 1965 - 

1969 

 

410000 420000 430000 440000 450000 460000 470000

3460000

3470000

3480000

3490000

3500000

3510000

3520000

 

Figure 5.25 Water level contours in the study are for the period 1970 - 

1974 
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Since 1973, the number of high capacity tubewells increased to over 200 

which resulted in formation of a cone of depression in the Lahore urban area 

(Figure 5.26 – 5.27). 
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Figure 5.26 Water level contours in the study area for the period 1975 - 

1979 

 

Wet spell from 1980 to 1984 (1105 mm, 868 mm, 669 mm, 921 mm, 826 

mm rainfall) resulted in aquifer recovery in region 3 (Figure 5.27). 
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Figure 5.27 Water level contours in the study area for the period 1980 - 

1984 
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Figure 5.28 Water level contours in the study area for the period 1985 – 

1989 

 

The cone of depression started widening with the rate of increase in 

pumping (Figure 5.28 – 5.31) as the number of high capacity tubewells 

increased to over 300 in 2004.  
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Figure 5.29 Water level contours in the study area for the period 1990 - 

1994 

410000 420000 430000 440000 450000 460000 470000

3460000

3470000

3480000

3490000

3500000

3510000

3520000

 

Figure 5.30 Water level contours in the study area for the period 1995 - 

1999 
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Figure 5.31 Water level contours in the study area for the period 2000 - 

2004 

 

The groundwater flow from region 3 towards region 1 (Lahore urban area) 

is decreasing at a very fast rate due to development of water stressed 

pockets in the area itself (Figure 5.43). The Lahore urban aquifer has 

already become unsustainable and groundwater flow from region 2 is only 

contributing towards aquifer replenishment of Lahore urban area (Region 

1). 

  

Calibration limitations: 

Two important points need to be stressed regarding calibration limitations: 

i) In the present study, the 1960 piezometric map was used which 

covered a large part of the Punjab Province. The contours (10 ft. 

intervals) were drawn to match regional and not local influences. 

They may be in error by ± 2 m in places for observed values. 

ii) Well hydrographs were taken from WASA pumped wells which 

creates a problem in determining a true “static” water level – a 

representative of the regional groundwater table. Individual 
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measurements in wells are not very reliable but the general 

trends are more representative of the regional table.  

 

5.6 Summary 

This chapter first gives the description of regional groundwater model of 

Lahore and its surrounding area. After description of the model, the 

calibration process has been discussed in detail. There was a close 

agreement between the observed and simulated heads and the overall trend 

of the observed ground water hydrograph was also followed well by the 

modelled data. Statistical performance indicators for the regional 

groundwater model were checked by using Australian Groundwater 

Modelling Guidelines. As these performance indicators provide lumped 

measures of calibration that do not indicate the spatial or temporal 

distribution of the error, therefore, a Scatter Diagram was also produced. 

The model results were also expressed through water balance of the study 

area. Plotting of contours for the calibration period revealed that the cone of 

depression developed in the metropolitan area has started widening with the 

rate of increase in pumping as the number of high capacity tubewells 

increased to over 300 in 2004. The Lahore aquifer is not only mining its 

groundwater storage but also mining water from the adjoining areas thus 

depleting the surrounding areas’ aquifers. 
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Chapter 6 Water Development and Management 

Considering the groundwater conditions in the period 2000 to 2004 as 

starting conditions, a number of future scenarios were studied to simulate 

the future response of the aquifer under the changed weather conditions due 

to climate change. The regional groundwater model was used to simulate 

the hydrodynamics of groundwater flow up to the year 2049 under ten 

scenarios split under two broad conditions: (i) having future population 

growth rate ranging from 2.5 to 2.2%; and (ii) having population restricted 

at the level of last calibration period (2000 – 2004). The Decile Method was 

used to quantify the rainfall variability and future forecasted weather 

conditions under IPCC SRES A2 Scenario were obtained using PRECIS 

(Providing Regional Climate for Impact Studies) RCM. 

  

6.1 Method Used for Quantifying Rainfall 

Variability 

In Australia, several statistical methods for assessing rainfall variability 

have traditionally been used by meteorologists and hydrologists e.g. 

manipulation of data to determine percent of normal (Willeke et al., 1994), 

deciles and quartiles. In the present study, rainfall deciles (or percentiles) 

method has been used to quantify rainfall variability. The method of rainfall 

deciles or percentile analysis was developed by Gibbs and Maher (1967) as 

a drought indicator that could be applied to Australian climatic records. It is 

a non parametric method to describe the distribution of rainfall totals. This 

method consists of ranking the annual rainfall data in an ascending or 

descending order and dividing it into 10 ranges. The degree of wetness or 

dryness associated with each decile range is prescribed as in Table 6.1 

(Gibbs and Maher, 1967; Khan and Short, 2001). Due to its simplicity the 

decile technique is the most commonly used method of assessing rainfall 

variability in Australia by organizations such as the Australian Bureau of 

Meteorology (BOM) and Australian Drought Watch System (Khan and 

Short, 2001). 
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Table 6.1 Definitions of decile bands that results from a decile analysis 

Definition of Decile Bands 

Decile Range 1 Very much below “average” 

Decile Range 2 Much below “average” 

Decile Range 3 Below “average” 

Decile Range 4 Slightly below “average” 

Decile Range 5 & 6 “Average” 

Decile Range 7 Slightly above “average” 

Decile Range 8 Above “average” 

Decile Range 9 Much above “average” 

Decile Range 10 Very much above “average” 

Source: Gibbs and Maher (1967); Khan and Short (2001) 

 

Table 6.2 gives the annual decile values for Lahore whereas Figure 6.1 

shows annual from 1960 to 2000 rainfall totals compared with annual 

deciles. 

 

Table 6.2 Annual decile values for Lahore 

Lahore Decile Values (mm) 

0 (Minimum) 295 

1st 338 

2nd 417 

3rd 456 

4th 519 

5th 558 

6th 626 

7th 779 

8th 833 

9th 939 

10th (Maximum) 1233 
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Figure 6.1 Annual decile values for Lahore 

 

The periods with total annual rainfall below the 2nd decile have been 

considered to be dry years (much below average). Rainfall totals greater 

than the 8th decile are much above normal rainfall years, therefore, they 

have been considered as wet years. The fifth and sixth decile values have 

been considered as average years. 

 

6.2 Forecasted weather conditions under IPCC 

SRES A2 Scenario 

To investigate the impact of climate change on future water resources a 

hydrological model can be driven with the output from a general circulation 

model (GCM) (Watson et al., 1996). However, the spatial resolution of 

GCMs (generally about 250 km) might be too coarse for hydrological 

modeling at the basin scale. Bridging this scale gap either requires statistical 

downscaling or dynamical downscaling. In many hydrological studies 

statistical downscaling and dynamical downscaling of different GCMs have 

been used to translate the assumed climate change into hydrological 

response. However, regional climate models (RCMs) could also be used for 

generating time series of precipitation that are consistent across the region 

of the RCM (Akhtar et al., 2009). Some of the recent studies (Fowler and 

Kilsby, 2007; Leander and Buishand, 2007; Bell et al., 2007; Graham et al., 
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2007) have used outputs from RCMs in hydrological models by firstly 

applying a bias correction to RCM simulated precipitation and temperature 

series.  

 

The RCM used to obtain data in this study is PRECIS (Providing Regional 

Climate for Impact Studies) developed by the Hadley Centre of the UK 

Meteorological Office. The PRECIS RCM is based on the atmospheric 

component of the HadCM3 climate model (Gordon et al., 2000) and is 

extensively described in Jones et al. (2004). The atmospheric dynamics 

module of PRECIS is a hydrostatic version of the full primitive equations 

and uses a regular longitude-latitude grid in the horizontal and a hybrid 

vertical coordinate (Akhtar et al., 2009).  

 

The Special Report on Emission Scenarios (SRES) estimated the emission 

for radiatively important gases in 40 of its scenarios. These gases are carbon 

dioxide (CO2), methane (CH4 ), nitrous oxide (N2O), nitrogen oxides (NOx), 

carbon monoxide (CO), non-methane volatile organic compounds 

(NMVOCs), sulfur dioxide (SO2 ), chlorofluoro-carbons (CFCs) and 

hydrochlorofluorocarbons (HCFCs)1, hydrofluorocarbons (HFCs), 

perfluorocarbons (PFCs), and sulfur hexafluoride (SF6 ) (Table 6.3). 

Emission estimates presented here span the interval from 1990 to 2100 at 

the global level and at the level of four SRES macro-regions (OECD90, 

REF, ASIA, and ALM).  
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Table 6.3 Overview of greenhouse gases (GHGs), ozone precursors, and 

sulfur emissions for the SRES scenario groups 

Scenario 
CO2 

(GtC) 
CH4

(MtCH4 )
N2O

( MtN)

HFC, PFC, 
SF6

(MtC 
equiv.)

CO
(Mt CO)

NMVOCs 
(Mt) 

NOx

(MtN)
SOx

(MtS)

A1B 
13.5 

(13.5- 
17.9) 

289 (289-
640) 

7.0 
(5.8-
17.2) 

824 
combined 

1663 
(1080-
2532) 

193 (133- 
552) 

40.2 
(40.2-
77.0) 

27.6 (27.6-
71.2) 

A1C 
(25.9- 
36.7) 

(392-
693) 

(6.1-
16.2) 

same as in 
A1 

(2298-
3766) 

(167- 373) 
(63.3 -
151.4) 

(26.9- 83.3) 

A1G 
(28.2- 
30.8) 

(289-
735) 

(5.9-
16.6) 

same as in 
A1 

(3260-
3666) 

(192- 484) 
(39.9 -
132.7) 

(27.4- 40.5) 

A1T 
(4.3- 
9.1) 

(274-
291) 

(4.8-
5.4) 

same as in 
A1 

(1520-
2077) 

(114 -128) 
(28.1-
39.9) 

(20.2- 27.4) 

A2 
29.1 

(19.6- 
34.5) 

889 (549-
1069) 

16.5 
(8.1-
19.3) 

1096 
combined 

2325 
(776-
2646) 

342 (169- 
342) 

109.2 
(70.9-
110.0) 

60.3 (60.3-
92.9) 

B1 
4.2 (2.7- 

10.4) 
236 (236-

579) 

5.7 
(5.3-
20.2) 

386 
combined 

363 (363-
1871) 

87 (58- 
349) 

18.7 
(16.0-
35.0) 

24.9 (11.4-
24.9) 

B2 
13.3 

(10.8- 
21.8) 

597 (465-
613) 

6.9 
(6.9-
18.1) 

839 
combined 

2002 
(661-
2002) 

170 (130- 
304) 

61.2 
(34.5-
76.5) 

� 7.9 (33.3-
47.9) 

Note: Numbers are for the four markers and (in brackets) for the range 
across all scenarios from the same scenario group 
 
Source: http://www.ipcc.ch/ipccreports/sres/emission/index.htm 
 
The summary characteristics of the four SRES storylines (based on 

Nakićenović and Swart, 2000) is given in Figure 6.2. The A2 scenario 

selected for the present study is described by IPCC (2000) as: 

“The A2 storyline and scenario family describes a very 

heterogeneous world. The underlying theme is self-reliance and 

preservation of local identities. Fertility patterns across regions con-

verge very slowly, which results in continuously increasing 

population. Economic development is primarily regionally oriented 

and per capita economic growth and technological change more 

fragmented and slower than other storylines.” 
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Figure 6.2 Summary characteristics of the four SRES storylines (based 

on Nakićenović and Swart, 2000) 

 

For the present study, data (Table 6.4) was obtained from the Global 

Change Impact Study Centre (GCISC), Islamabad, Pakistan who used the 

PRECIS model domain for Pakistan with a horizontal resolution of 0.50 x 

0.50 (or 50×50 km). The original resolution of GCMs ECHAMP4 and 

ECHAMP5 was 2.80 x 2.80 (GCISC, 2009a, b). 
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Table 6.4 Climate change projections for temperature (∆T in oC) and 

precipitation (∆P in %) corresponding to IPCC SRES A2 scenario 

  PRECIS-ECHAM4 RegCM3-ECHAM5  

  
Year

∆T(°C) ∆P(%) ∆T(°C) ∆P(%) 
  2010 0.47 64.08     
  2011 -0.60 242.82     
  2012 0.27 39.51     
  2013 1.41 33.74     
  2014 3.39 -31.95     
  2015 1.57 0.87     
  2016 -1.40 99.15     
  2017 1.84 17.26     
  2018 0.71 87.17     
  2019 1.53 -7.09     
  2020 0.09 101.79     
  2021 2.10 -34.40     
  2022 1.48 34.51     
  2023 2.38 -20.35     
  2024 2.35 -8.16     
  2025 2.47 -24.92     
  2026 0.74 38.38     
  2027 0.59 53.70     
  2028 0.12 61.62     
  2029 0.62 41.61     
  2030 0.81 54.48     
  2031 0.43 187.71     
  2032 2.21 -15.13     
  2033 1.71 -0.39     
  2034 1.30 95.07     
  2035 1.01 149.55     
  2036 0.85 63.74     
  2037 -0.72 329.99     
  2038 0.81 117.96     
  2039 3.53 -30.91     

Average for 2020s   1.14 58.05     

(2010 - 2039)           
  2040 -0.64 176.34 0.94 -8.33 
  2041 2.25 77.77 0.62 -5.07 
  2042 1.25 60.08 3.68 -40.26 
  2043 1.35 83.88 3.60 -27.99 
  2044 4.41 -12.11 2.94 -20.98 
  2045 3.14 0.14 1.64 -30.30 
  2046 0.63 105.72 0.88 49.00 
  2047 0.41 87.85 0.39 61.47 
  2048 1.79 91.43 2.14 -13.27 
  2049 1.91 91.95 3.46 -39.90 
  2050 -0.38 140.98 0.82 82.86 
  2051 4.34 -42.52 1.93 12.22 
  2052 0.65 179.28 2.66 -3.01 
  2053 1.79 15.89 1.18 51.11 
  2054 2.90 56.07 -0.59 109.53 
  2055 4.36 -27.61 2.12 -15.11 
  2056 2.62 24.07 3.97 -13.83 
  2057 1.74 100.71 1.78 13.81 
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  2058 3.57 -7.08 1.28 -14.82 
  2059 1.52 87.73 1.79 18.26 
  2060 3.66 41.40 3.50 -8.68 
  2061 2.96 217.87 1.58 58.86 
  2062 2.60 65.92 3.00 -45.91 
  2063 3.16 34.37 2.19 -6.43 
  2064 3.53 137.54 3.53 -24.43 
  2065 2.32 209.54 2.99 -24.05 
  2066 3.13 29.27 3.92 3.36 
  2067 1.85 326.52 3.25 22.70 
  2068 1.57 262.44 2.57 6.38 
  2069 6.75 -6.61 4.68 -24.28 

Average for 2050s   

(2040-2069)   
2.37 86.96 2.28 4.10 

Average for 2020s   

(2010-2039)   
1.14 58.05 

______ ______ 

Average for 2050s   

(2040-2069)   
2.37 86.96 2.28 4.10 

 
Source: GCISC (2009a, b) 
 

6.3 Population Projections 

The population of Lahore has increased at the rate of about 4.76 % from 

1901 to 1941 (NESPAK, 1991) due to migration of people from other areas 

as higher job opportunities existed in Lahore. However, the growth rate 

reduced to 3.7 % between the period 1972 to 1981 (NESPAK, 1991). It 

further decreased to 3.32 % between the period 1995 to 2000 and at present 

remaining steadily at 2.5 %. The future growth rate is expected to be 2.3 % 

or even less due to awareness among public and population control planning 

strategies adopted by the Government of Pakistan. For the estimation of 

future water requirement, the growth rate ranging from 2.5 to 2.2 has been 

considered for the present study. Table 6.5 shows the per cent increase since 

1901 to 2004 and for the time horizon 2050. 
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Table 6.5 Lahore population increase since 1901 and projections for the 

time horizon 2050 

Period Population Growth Rate (%) 

1901 – 1941 4.76 

1941 - 1951 2.41 

1951 - 1961 4.32 

1961 - 1972 4.02 

1972 - 1981 3.70 

1981 - 1991 3.70 

1991 - 1995 3.40 

1995 – 2000 3.32 

2000 - 2010 2.50 

2010 - 2020 2.30 

2020 - 2030 2.20 

2030 - 2040 2.20 

2040 - 2050 2.20 

 

6.4 Possible Future Climate Change Impacts 

Scenarios 

The impact of climate change was investigated by considering the future 

scenarios split under two broad conditions: (i) having future population 

growth rate ranging from 2.5 to 2.2%; and (ii) having total population 

restricted at the level of last calibration period (2000 – 2004). The following 

future scenarios, under the two aforementioned broad conditions, were 

studied up to the time horizon of year 2049: 

 

1) Simulation of “Do Nothing” or “Business as Usual” conditions 

 The rate of groundwater abstraction and spatial recharge due to 

rainfall and field level irrigation remains constant in future. 

Groundwater is mainly pumped from layers 2 (30 - 100 m) and 3 

(100 - 200 m). The population restricted to level that existed in the 

period 2000 – 2004. 
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2) Simulations  of  dry weather conditions (based on decile method) 

Groundwater pumpage is increased at the current of private (Figure 

6.3), irrigation and WASA tubewell growth and the rural recharge of 

dry period (2nd Decile) is maintained for the simulation period of 

2005 to 2049 but correspondingly increase in leakage from water 

supply and sewerage network due to increase in pumping in urban 

area is added to the urban recharge. The population increases at the 

growth rate ranging between 2.5 and 2.2 %. 

 

 

Figure 6.3 Growth of private tubewells in Punjab  

 

3) Simulation of wet weather conditions (based on decile method) 

Groundwater pumpage is increased at the current of private, 

irrigation and WASA tubewell growth and the rural recharge of wet 

period (8th decile) is maintained for the simulation period of 2005 to 

2049 but correspondingly increase in leakage from water supply and 

sewerage network due to increase in pumping in urban area is added 

to the urban recharge. The population increases at the growth rate 

ranging between 2.5 and 2.2 %. 
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4) Simulation of average weather conditions (based on decile method) 

Groundwater pumpage is increased at the current of private, 

irrigation and WASA tubewell growth and the rural recharge from 

average weather years (5th & 6th decile) is maintained for the 

simulation period of 2005 to 2049 but correspondingly increase in 

leakage from water supply and sewerage network due to increase in 

pumping in urban area is added to the urban recharge. The 

population increases at the growth rate ranging between 2.5 to 2.2 

%. 

 

5) Simulation of alternate dry and wet weather conditions 

Groundwater pumpage is increased at the current of private, 

irrigation and WASA tubewell growth and the rural recharge from 

alternate dry and wet periods is maintained for the simulation period 

of 2005 to 2049 but correspondingly increase in leakage from water 

supply and sewerage network due to increase in pumping in urban 

area is added to the urban recharge. The population increases at the 

growth rate ranging between 2.5 and 2.2 %. 

 

6) Simulation of forecasted weather conditions under IPCC SRES A2 

Scenario 

Groundwater pumpage is increased at the current of private, 

irrigation and WASA tubewell growth and using recharge from the 

forecasted weather conditions obtained from PRECIS (Providing 

Regional Climate for Impact Studies) RCM for the simulation period 

of 2005 to 2049 under IPCC SRES A2 Scenario but correspondingly 

increase in leakage from water supply and sewerage network due to 

increase in pumping in urban area is added to the urban recharge. 

The population increases at the growth rate ranging from 2.5 to 2.2 

%. 

 

7) Simulation of pumpage to maintain groundwater level at starting 

conditions under dry weather conditions 

Groundwater pumpage is maintained at the starting conditions 

(period 2000 – 2004) of groundwater level. The urban and rural 
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recharge of dry period ( 2nd Decile) is maintained for the simulation 

period of 2005 to 2049. The population restricted to level that 

existed in the period 2000 – 2004. 

 

8) Simulation of pumpage to maintain groundwater level at starting 

conditions under wet weather conditions 

Groundwater pumpage is maintained at the starting conditions 

(period 2000 – 2004) of groundwater level. The urban and rural 

recharge of wet period (8th Decile) is maintained for the simulation 

period of 2005 to 2049. The population restricted to level that 

existed in the period 2000 – 2004. 

 

9) Simulation of pumpage to maintain groundwater level at starting 

conditions under alternate dry and wet weather conditions 

Groundwater pumpage is maintained at the starting conditions 

(period 2000 – 2004) of groundwater level. The urban and rural 

recharge from alternate dry and wet weather conditions (2nd & 8th 

Decile) is maintained for the simulation period of 2005 to 2049. The 

population restricted to level that existed in the period 2000 – 2004. 

 

10) Simulation of pumpage to maintain groundwater level at starting 

conditions under forecasted weather conditions as per IPCC SRES A2 

Scenario 

Groundwater pumpage is maintained at the starting conditions (period 

2000 – 2004) of groundwater level and using recharge from the 

forecasted weather conditions obtained from PRECIS (Providing 

Regional Climate for Impact Studies) RCM for the simulation period 

of 2005 to 2049 under IPCC SRES A2 Scenario. The population 

restricted to level that existed in the period 2000 – 2004. 

 

 
6.5 Controlling Parameters 

Following parameters have been used while studying the future scenarios: 

1) All the parameters/assumptions used on hydrogeological 

characteristics of the aquifer remain the same.  
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2) Groundwater conditions computed by the calibrated flow model 

for period 2000 - 2004 have been used as "starting conditions". It 

is assumed that recharge from the irrigation system will remain 

unchanged during the next 45 years as no significant 

increase/decrease in the canal water supplies is envisaged in near 

future.  

3) No dramatic change in the flows of Ravi River is being 

envisaged in future.  

4) Model was run for 9 stress periods for the next 45 years i.e. up to 

time horizon of year 2049. 

 

6.6 Results of Future Scenarios 

Flow model was used to predict the behavior of groundwater reservoir for 

the next 45 years i.e. up to the time horizon of year 2049. As mentioned 

before, the future scenarios were run under two conditions: (i) with annual 

future population growth at the rate ranging from 2.5 to 2.2%; and (ii) total 

population restricted to level that existed in the last calibration period 2000 

– 2004. A brief account of the results for the ten scenarios is given in the 

succeeding paragraphs. 

 

6.6.1 Scenario 1 

In the results of “Do Nothing” or “Business As Usual Scenario” (Scenario 

1), it was revealed that the extraction from storage will continue to increase 

(Table 6.5 and Figure 6.4) with the passage of time though the abstraction 

rate is maintained at the same rate prevailing at the starting conditions (2000 

– 2004) (population remaining same as that at starting conditions). 
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Table 6.6 Water budget (MCM/year) for the whole study area under 

Scenario 1 

Scenario 1: Business As Usual (BAU) (Whole Study Area) 

Stress 

Period Year Recharge  

River 

Leakage 

Head Dep. 

Bounds Pumping 

Change in 

Storage 

1 1960 - 64 291.34 3.57 30.20 90.25 235.47 

2 1965 - 69 303.20 125.91 376.01 1261.68 -456.56 

3 1970 - 74 245.49 686.25 669.68 2139.97 -538.55 

4 1975 - 79 1240.41 490.13 547.70 2166.54 111.71 

5 1980 - 84 2253.37 242.01 388.81 2636.79 247.40 

6 1985 - 89 1046.03 1430.58 420.58 3126.03 -228.84 

7 1990 - 94 812.47 1820.97 603.32 3423.69 -186.93 

8 1995 - 99 1067.85 1887.07 674.45 3708.87 -79.49 

9 2000 - 04 514.40 2343.76 876.47 3995.05 -260.42 

10 2005 - 09 524.40 2353.63 878.76 3995.05 -238.23 

11 2010 - 14 537.40 2380.76 886.43 3995.05 -190.45 

12 2015 - 19 534.52 2362.56 895.29 3995.05 -202.67 

13 2020 - 24 527.36 2356.69 889.37 3995.05 -221.62 

14 2025 - 29 522.50 2351.86 885.56 3995.05 -235.12 

15 2030 - 34 514.24 2343.46 876.45 3995.05 -260.89 

16 2035 - 39 507.04 2336.75 870.47 3995.05 -280.78 

17 2040 - 44 499.40 2328.76 861.54 3995.05 -305.34 

18 2045 - 49 502.33 2319.58 852.48 3995.05 -320.65 
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Figure 6.4 Changes in storage versus time (1960 - 2049) 
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The extraction from the storage under this scenario is much less than as 

compared to other scenarios due to constant abstraction rate. The maximum 

groundwater extraction under this scenario will be 320 MCM/year during 

the period 2045 – 2049. The region-wise breakdown of water budgets are 

shown in Table 6.7 to 6.9. 

 

Table 6.7 Water budget (MCM/year) for Region 1 under Scenario 1 

Scenario 1: Business As Usual (BAU)  (Region 1) 

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep. 

Bounds / 

Exchange Pumping 

Change in 

Storage 

1 1960 - 64 64.77 30.15 -39.08 17.21 38.62 

2 1965 - 69 193.20 -10.96 -65.50 190.04 -73.20 

3 1970 - 74 39.00 15.44 184.40 342.70 -103.80 

4 1975 - 79 83.30 17.03 348.43 446.57 2.43 

5 1980 - 84 174.86 14.52 445.18 590.78 43.72 

6 1985 - 89 163.78 74.97 376.18 634.20 -19.24 

7 1990 - 94 150.78 89.46 453.78 714.18 -20.14 

8 1995 - 99 213.18 92.51 468.97 782.32 -7.67 

9 2000 - 04 155.98 94.77 581.04 871.40 -39.60 

10 2005 - 09 159.00 95.09 582.53 871.40 -37.98 

11 2010 - 14 162.94 96.18 587.62 871.40 -31.76 

12 2015 - 19 162.07 95.45 593.49 871.40 -30.86 

13 2020 - 24 159.89 95.21 589.57 871.40 -35.12 

14 2025 - 29 158.42 95.02 587.04 871.40 -38.44 

15 2030 - 34 155.92 94.68 581.00 871.40 -40.87 

16 2035 - 39 153.73 94.40 577.04 871.40 -47.29 

17 2040 - 44 151.42 94.08 571.12 871.40 -49.42 

18 2045 - 49 152.31 93.71 565.11 871.40 -52.49 
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Table 6.8 Water budget (MCM/year) for Region 2 under Scenario 1 

Scenario 1: Business As Usual (BAU)  (Region 2) 

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep. 

Bounds / 

Exchange Pumping 

Change in 

Storage 

1 1960 - 64 80.27 -180.30 138.20 26.20 12.00 

2 1965 - 69 38.87 137.06 148.50 379.58 -55.23 

3 1970 - 74 72.96 554.01 -44.33 643.55 -60.92 

4 1975 - 79 408.86 360.49 -117.31 617.17 34.99 

5 1980 - 84 734.41 147.59 -117.15 737.37 27.54 

6 1985 - 89 311.74 688.27 -116.09 890.37 -6.49 

7 1990 - 94 233.80 949.04 -216.40 970.16 -3.74 

8 1995 - 99 302.00 991.60 -245.41 1048.89 -0.69 

9 2000 - 04 126.64 1355.91 -371.46 1121.64 -10.61 

10 2005 - 09 129.11 1361.58 -372.42 1121.64 -12.80 

11 2010 - 14 132.31 1377.27 -375.67 1121.64 -10.43 

12 2015 - 19 131.60 1366.74 -379.43 1121.64 -10.29 

13 2020 - 24 129.84 1363.35 -376.92 1121.64 -12.62 

14 2025 - 29 128.64 1360.55 -375.30 1121.64 -13.58 

15 2030 - 34 126.60 1355.69 -371.44 1121.64 -15.39 

16 2035 - 39 124.83 1351.81 -368.91 1121.64 -14.79 

17 2040 - 44 122.95 1347.19 -365.12 1121.64 -20.53 

18 2045 - 49 123.67 1341.88 -361.28 1121.64 -21.66 
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Table 6.9 Water budget (MCM/year) for Region 3 under Scenario 1 

Scenario 1: Business As Usual (BAU) (Region 3) 

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep. 

Bounds / 

Exchange Pumping 

Change in 

Storage 

1 1960 - 64 146.90 153.71 -96.01 46.84 157.76 

2 1965 - 69 71.13 -0.20 334.66 692.06 -286.47 

3 1970 - 74 133.53 116.79 571.81 1153.72 -331.58 

4 1975 - 79 748.25 112.62 301.74 1102.83 59.78 

5 1980 - 84 1344.05 79.90 39.62 1308.64 154.92 

6 1985 - 89 570.51 667.35 185.20 1601.45 -178.37 

7 1990 - 94 427.88 782.47 383.51 1739.34 -145.46 

8 1995 - 99 552.68 802.96 458.29 1877.65 -63.72 

9 2000 - 04 231.77 893.07 687.63 2002.01 -189.51 

10 2005 - 09 236.29 896.73 689.39 2002.01 -175.46 

11 2010 - 14 242.15 907.07 695.41 2002.01 -140.27 

12 2015 - 19 240.85 900.14 702.36 2002.01 -151.23 

13 2020 - 24 237.63 897.90 697.71 2002.01 -161.77 

14 2025 - 29 235.44 896.06 694.72 2002.01 -172.10 

15 2030 - 34 231.71 892.86 687.58 2002.01 -192.62 

16 2035 - 39 228.47 890.30 682.89 2002.01 -210.69 

17 2040 - 44 225.03 887.26 675.88 2002.01 -229.78 

18 2045 - 49 226.35 883.76 668.77 2002.01 -238.89 

 

The regional water budgets indicate that aquifer storage underneath Region 

1 (Urban) and Region 3 (Rural/semi-urban) will decrease with passage of 

time and both will not only extract groundwater from their respective 

storages but due to creation of a sink, groundwater from the surrounding 

areas will flow towards these regions. Groundwater from Region 2 

(Rural/Semi-urban) will flow towards Region 1 (Urban) while aquifer near 

Indian border will contribute groundwater to Region 3 (Rural/Semi-urban). 

 

6.6.2 Scenario 2 

The results of Scenario 2 indicate that under the dry weather conditions the 

largest extraction from groundwater storage will occur due to less recharge 

and increase in groundwater abstraction caused by population growth. The 

maximum groundwater extraction under this scenario will be 1934 

MCM/year during the period 2045 – 2049 as shown in Figure 6.4 and Table 
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6.10. The region-wise breakdown of water budgets are shown in Table 6.11 

to 6.13.  

 

Table 6.10 Water budget (MCM/year) for the whole study area under 

Scenario 2 

Scenario 2: Dry Weather Conditions (Whole Study Area) 

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep. 

Bounds Pumping 

Change in 

Storage 

1 1960 - 64 291.34 3.57 30.20 90.25 235.47 

2 1965 - 69 303.20 125.91 376.01 1261.68 -456.56 

3 1970 - 74 245.49 686.25 669.68 2139.97 -538.49 

4 1975 - 79 1240.41 490.13 547.70 2166.54 112.04 

5 1980 - 84 2253.37 242.01 388.81 2636.79 247.34 

6 1985 - 89 1046.03 1430.58 420.58 3126.03 -228.81 

7 1990 - 94 812.47 1820.97 603.32 3423.69 -186.93 

8 1995 - 99 1067.85 1887.07 674.45 3708.87 -79.47 

9 2000 - 04 514.40 2343.76 876.47 3995.05 -260.47 

10 2005 - 09 638.67 2330.96 889.45 4074.55 -215.47 

11 2010 - 14 658.19 2338.91 945.34 4572.02 -629.58 

12 2015 - 19 689.36 2349.22 989.78 4797.38 -769.01 

13 2020 - 24 714.01 2359.79 1023.67 5047.67 -950.20 

14 2025 - 29 754.46 2389.16 1084.76 5322.65 -1094.27 

15 2030 - 34 781.46 2427.64 1119.87 5620.23 -1291.25 

16 2035 - 39 811.13 2478.75 1155.34 5940.56 -1495.34 

17 2040 - 44 843.73 2544.35 1217.23 6283.36 -1678.05 

18 2045 - 49 879.54 2583.39 1252.57 6649.89 -1934.39 
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Table 6.11 Water budget (MCM/year) for Region 1 under Scenario 2 

Scenario 2: Dry Weather Conditions  (Region 1)  

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep. 

Bounds / 

Exchange Pumping 

Change in 

Storage 

1 1960 - 64 64.77 30.15 -36.08 17.21 38.62 

2 1965 - 69 193.20 -10.96 -72.15 190.04 -73.20 

3 1970 - 74 39.00 15.44 173.20 342.70 -103.80 

4 1975 - 79 83.30 17.03 352.83 446.57 2.43 

5 1980 - 84 174.86 14.52 455.28 590.78 43.72 

6 1985 - 89 163.78 74.97 366.18 634.20 -19.24 

7 1990 - 94 150.78 89.46 443.68 714.18 -20.14 

8 1995 - 99 213.18 92.51 465.97 782.32 -7.67 

9 2000 - 04 155.98 94.77 571.04 871.40 -39.60 

10 2005 - 09 193.65 94.17 580.62 1010.90 -140.42 

11 2010 - 14 199.56 94.49 620.03 1134.32 -218.23 

12 2015 - 19 209.02 94.91 646.06 1190.23 -238.25 

13 2020 - 24 216.49 95.34 668.62 1252.33 -269.88 

14 2025 - 29 228.75 96.52 710.06 1320.55 -281.22 

15 2030 - 34 236.94 98.08 732.27 1394.38 -325.27 

16 2035 - 39 245.93 100.14 755.07 1473.85 -368.71 

17 2040 - 44 255.82 102.79 798.68 1558.90 -400.58 

18 2045 - 49 266.68 104.37 820.03 1649.84 -455.76 
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Table 6.12 Water budget (MCM/year) for Region 2 under Scenario 2 

Scenario 2: Dry Weather Conditions  (Region 2)  

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep. 

Bounds / 

Exchange Pumping 

Change in 

Storage 

1 1960 - 64 80.27 -180.30 153.29 26.20 12.00 

2 1965 - 69 38.87 137.06 136.50 379.58 -55.23 

3 1970 - 74 72.96 554.01 -59.33 643.55 -60.92 

4 1975 - 79 408.86 360.49 -108.07 617.17 34.99 

5 1980 - 84 734.41 147.59 -111.15 737.37 27.54 

6 1985 - 89 311.74 688.27 -120.80 890.37 -6.49 

7 1990 - 94 233.80 949.04 -217.77 970.16 -3.74 

8 1995 - 99 302.00 991.60 -246.81 1048.89 -0.69 

9 2000 - 04 126.64 1355.91 -376.60 1121.64 -10.61 

10 2005 - 09 157.24 1348.46 -384.86 1144.13 -20.23 

11 2010 - 14 162.05 1353.06 -406.36 1283.82 -171.05 

12 2015 - 19 169.72 1359.02 -422.95 1347.10 -235.41 

13 2020 - 24 175.79 1365.14 -440.84 1417.39 -302.12 

14 2025 - 29 185.75 1382.13 -465.86 1494.60 -389.52 

15 2030 - 34 192.40 1404.39 -480.72 1578.16 -458.03 

16 2035 - 39 199.70 1433.95 -499.89 1668.11 -530.34 

17 2040 - 44 207.73 1471.91 -525.95 1764.37 -608.62 

18 2045 - 49 216.54 1494.49 -539.23 1867.29 -692.49 
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Table 6.13 Water budget (MCM/year) for Region 3 under Scenario 2 

Scenario 2: Dry Weather Conditions (Region 3)  

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep. 

Bounds / 

Exchange Pumping 

Change in 

Storage 

1 1960 - 64 146.90 153.71 -87.01 46.84 157.76 

2 1965 - 69 71.13 -0.20 311.66 692.06 -286.47 

3 1970 - 74 133.53 116.79 555.81 1153.72 -331.58 

4 1975 - 79 748.25 112.62 302.94 1102.83 59.78 

5 1980 - 84 1344.05 79.90 44.68 1308.64 154.92 

6 1985 - 89 570.51 667.35 175.20 1601.45 -178.37 

7 1990 - 94 427.88 782.47 377.41 1739.34 -145.46 

8 1995 - 99 552.68 802.96 455.29 1877.65 -63.72 

9 2000 - 04 231.77 893.07 682.03 2002.01 -189.51 

10 2005 - 09 287.79 888.33 693.69 1919.52 -41.72 

11 2010 - 14 296.58 891.36 731.67 2153.88 -230.27 

12 2015 - 19 310.63 895.29 766.67 2260.05 -280.46 

13 2020 - 24 321.73 899.32 795.89 2377.96 -355.02 

14 2025 - 29 339.96 910.51 840.56 2507.50 -410.23 

15 2030 - 34 352.13 925.17 868.32 2647.69 -499.77 

16 2035 - 39 365.50 944.65 900.16 2798.60 -580.62 

17 2040 - 44 380.18 969.65 944.50 2960.09 -661.76 

18 2045 - 49 396.32 984.53 971.77 3132.76 -775.14 

 

The regional water budgets under Scenario 2 also indicate the same trend as 

observed under Scenario 1 i.e. decrease in aquifer storage underneath 

Region 1 (Urban) and Region 3 (Rural/semi-urban) with passage of time 

and both extracting groundwater, but at much faster pace as compared to 

Scenario 1, from their respective storages. Also there will be flow of 

groundwater from the surrounding areas towards these regions due to 

creation of sink. Groundwater from Region 2 (Rural/Semi-urban) will flow 

towards Region 1 (Urban) while aquifer near Indian border will contribute 

groundwater to Region 3 (Rural/Semi-urban). 
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Figure 6.5 Groundwater level contours under dry weather conditions 

(Scenario 2) for the period 2045 -2049 

 

Figure 6.5 shows the groundwater level contours under dry weather 

conditions for the period 2045 – 49. Due to heavy abstraction rates and dry 

weather conditions, the cone of depression previously developed in urban 

area (Region 1) will widen and extend to the rural/semi-urban area on the 

right side of Lahore city (Region 3) as well. In spite of a number of recharge 

sources, a cone of depression will also develop in rural/semi-urban area on 

the left side of Lahore city (Region 2). Results of scenario 2 clearly show 

that increased groundwater pumping rates under drier conditions will not be 

sustainable due to heavy decline in groundwater table level of the order of 

around 75 m which will make groundwater pumping even more expensive. 

 

6.6.3 Scenario 3 

Scenario 3 considers wet weather conditions and increase in groundwater 

abstraction caused by population growth at a rate ranging from 2.5 to 2.2%. 

The maximum extraction from groundwater storage under this scenario will 
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be 1652 MCM/year during the period 2045 – 2049 (Figure 6.4 and Table 

6.14). The wetter weather conditions causes less groundwater storage 

extraction as compared to previous scenario (Scenario 2). The region-wise 

breakdown of water budgets are shown in Table 6.15 to 6.17.  

 

Table 6.14 Water budget (MCM/year) for the whole study area under 

Scenario 3 

Scenario 3: Wet Weather Conditions (Whole Study Area) 

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep. 

Bounds Pumping 

Change in 

Storage 

1 1960 - 64 291.34 3.57 30.20 90.25 235.47 

2 1965 - 69 303.1999 125.91 376.01 1261.68 -456.56 

3 1970 - 74 245.4875 686.25 669.68 2139.97 -538.49 

4 1975 - 79 1240.415 490.13 547.70 2166.54 112.04 

5 1980 - 84 2253.371 242.01 388.81 2636.79 247.34 

6 1985 - 89 1046.031 1430.58 420.58 3126.03 -228.81 

7 1990 - 94 812.4699 1820.97 603.32 3423.69 -186.93 

8 1995 - 99 1067.855 1887.07 674.45 3708.87 -79.47 

9 2000 - 04 514.3963 2343.76 876.47 3995.05 -260.47 

10 2005 - 09 967.5852 2320.89 710.32 4074.55 -75.75 

11 2010 - 14 987.1032 2319.91 996.56 4572.02 -268.45 

12 2015 - 19 1018.275 2332.22 1025.69 4797.38 -421.19 

13 2020 - 24 1042.92 2345.79 1143.67 5047.67 -515.29 

14 2025 - 29 1083.371 2368.16 1174.76 5322.65 -696.36 

15 2030 - 34 1110.374 2398.64 1199.87 5620.23 -911.34 

16 2035 - 39 1140.041 2420.85 1235.34 5940.56 -1144.33 

17 2040 - 44 1172.636 2450.35 1277.23 6283.36 -1383.14 

18 2045 - 49 1208.447 2490.02 1298.57 6649.89 -1652.85 
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Table 6.15 Water budget (MCM/year) for Region 1 under Scenario 3 

Scenario 3: Wet Weather Conditions  (Region 1)  

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep 

Bounds / 

Exchange Pumping 

Change in 

Storage 

1 1960 - 64 64.77 30.15 -36.08 17.21 38.62 

2 1965 - 69 193.20 -10.96 -72.15 190.04 -73.20 

3 1970 - 74 39.00 15.44 173.20 342.70 -103.80 

4 1975 - 79 83.30 17.03 352.83 446.57 2.43 

5 1980 - 84 174.86 14.52 455.28 590.78 43.72 

6 1985 - 89 163.78 74.97 366.18 634.20 -19.24 

7 1990 - 94 150.78 89.46 443.68 714.18 -20.14 

8 1995 - 99 213.18 92.51 465.97 782.32 -7.67 

9 2000 - 04 155.98 94.77 571.04 871.40 -39.60 

10 2005 - 09 293.37 93.76 470.87 1010.90 -152.89 

11 2010 - 14 299.29 93.72 660.62 1134.32 -80.68 

12 2015 - 19 308.74 94.22 679.93 1190.23 -107.34 

13 2020 - 24 316.21 94.77 758.14 1252.33 -83.20 

14 2025 - 29 328.48 95.67 778.75 1320.55 -117.65 

15 2030 - 34 336.67 96.91 795.39 1394.38 -165.41 

16 2035 - 39 345.66 97.80 818.91 1473.85 -211.48 

17 2040 - 44 355.54 98.99 846.68 1558.90 -257.69 

18 2045 - 49 366.40 100.60 860.82 1649.84 -322.02 
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Table 6.16 Water budget (MCM/year) for Region 2 under Scenario 3 

Scenario 3: Wet Weather Conditions  (Region 2)  

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep. 

Bounds / 

Exchange Pumping 

Change 

in 

Storage 

1 1960 - 64 80.27 -180.30 153.29 26.20 12.00 

2 1965 - 69 38.87 137.06 136.50 379.58 -55.23 

3 1970 - 74 72.96 554.01 -59.33 643.55 -60.92 

4 1975 - 79 408.86 360.49 -108.07 617.17 34.99 

5 1980 - 84 734.41 147.59 -111.15 737.37 27.54 

6 1985 - 89 311.74 688.27 -120.80 890.37 -6.49 

7 1990 - 94 233.80 949.04 -217.77 970.16 -3.74 

8 1995 - 99 302.00 991.60 -246.81 1048.89 -0.69 

9 2000 - 04 126.64 1355.91 -376.60 1121.64 -10.61 

10 2005 - 09 238.22 1342.63 -301.03 1144.13 135.69 

11 2010 - 14 243.02 1342.07 -422.34 1283.82 -121.07 

12 2015 - 19 250.70 1349.19 -434.69 1347.10 -181.90 

13 2020 - 24 256.77 1357.04 -484.69 1417.39 -288.27 

14 2025 - 29 266.73 1369.98 -497.86 1494.60 -355.76 

15 2030 - 34 273.37 1387.61 -508.50 1578.16 -425.68 

16 2035 - 39 280.68 1400.46 -523.54 1668.11 -510.51 

17 2040 - 44 288.70 1417.53 -541.29 1764.37 -599.43 

18 2045 - 49 297.52 1440.48 -550.33 1867.29 -679.63 
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Table 6.17 Water budget (MCM/year) for Region 3 under Scenario 3 

Scenario 3: Wet Weather Conditions (Region 3)  

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep 

Bounds / 

Exchange Pumping 

Change 

in 

Storage 

1 1960 - 64 146.90 153.71 -87.01 46.84 157.76 

2 1965 - 69 71.13 -0.20 311.66 692.06 -286.47 

3 1970 - 74 133.53 116.79 555.81 1153.72 -331.58 

4 1975 - 79 748.25 112.62 302.94 1102.83 59.78 

5 1980 - 84 1344.05 79.90 44.68 1308.64 154.92 

6 1985 - 89 570.51 667.35 175.20 1601.45 -178.37 

7 1990 - 94 427.88 782.47 377.41 1739.34 -145.46 

8 1995 - 99 552.68 802.96 455.29 1877.65 -63.72 

9 2000 - 04 231.77 893.07 682.03 2002.01 -189.51 

10 2005 - 09 435.99 884.49 557.25 1919.52 -41.79 

11 2010 - 14 444.79 884.12 781.80 2153.88 -43.17 

12 2015 - 19 458.83 888.81 804.65 2260.05 -107.75 

13 2020 - 24 469.94 893.98 897.21 2377.96 -116.83 

14 2025 - 29 488.17 902.50 921.60 2507.50 -195.23 

15 2030 - 34 500.33 914.12 941.30 2647.69 -291.94 

16 2035 - 39 513.70 922.59 969.12 2798.60 -393.19 

17 2040 - 44 528.39 933.83 1001.99 2960.09 -495.88 

18 2045 - 49 544.53 948.95 1018.73 3132.76 -620.56 

 

Same trend as that of previous scenarios was observed from the regional 

water budgets under Scenario 3 i.e. decrease in aquifer storage underneath 

Region 1 (Urban) and Region 3 (Rural/semi-urban) with passage of time 

and both extracting groundwater, but at a less rate as compared to Scenario 

2, from their respective storages. Also there will be flow of groundwater 

from the surrounding areas towards these regions due to creation of sink. 

Groundwater from Region 2 (Rural/Semi-urban) will flow towards Region 1 

(Urban) while aquifer near Indian border will contribute groundwater to 

Region 3 (Rural/Semi-urban). 
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Figure 6.6 Groundwater level contours under wet weather conditions 

(Scenario 3) for the period 2045 - 2049 

 

The groundwater level contours under wet weather conditions for the period 

2045 – 49 are shown in Figure 6.6. Despite wetter weather conditions, the 

developed cones of depression will still widen in the urban and rural/semi-

urban area due to heavy abstraction rates. The results of scenario 3 also 

indicates that increased groundwater pumping rates even under wetter 

conditions will not be sustainable due to heavy decline in groundwater table 

level of the order of around 50 m and will make groundwater pumping even 

more expensive.  

 

6.6.4 Scenario 4 

Under this scenario average weather conditions and increase in groundwater 

abstraction caused by population growth at a rate ranging from 2.5 to 2.2% 

was considered The maximum extraction from groundwater storage under 

this scenario will be 1776 MCM/year during the period 2045 – 2049 (Figure 
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6.4 and Table 6.18). The average weather conditions cause groundwater 

storage extraction somewhat in between to that observed in Scenario 2 and 

3. The region-wise breakdown of water budgets are shown in Table 6.19 to 

6.21. No change in regional trend was observed as that compared to 

previous scenarios. 

 

Table 6.18 Water budget (MCM/year) for the whole study area under 

Scenario 4 

Scenario 4:  Average Weather Conditions (Whole Study Area) 

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep. 

Bounds Pumping 

Change in 

Storage 

1 1960 - 64 291.34 3.57 30.2 90.25 235.47 

2 1965 - 69 303.20 125.91 376.01 1261.68 -456.56 

3 1970 - 74 245.49 686.25 669.68 2139.97 -538.49 

4 1975 - 79 1240.41 490.13 547.70 2166.54 112.04 

5 1980 - 84 2253.37 242.01 388.81 2636.79 247.34 

6 1985 - 89 1046.03 1430.58 420.58 3126.03 -228.81 

7 1990 - 94 812.47 1820.97 603.32 3423.69 -186.93 

8 1995 - 99 1067.85 1887.07 674.45 3708.87 -79.47 

9 2000 - 04 514.40 2343.76 876.47 3995.05 -260.47 

10 2005 - 09 777.04 2330.96 809.45 4074.55 -157.10 

11 2010 - 14 796.56 2319.91 989.23 4572.02 -466.32 

12 2015 - 19 827.73 2349.22 989.63 4797.38 -630.80 

13 2020 - 24 852.37 2345.79 1123.67 5047.67 -725.84 

14 2025 - 29 892.82 2389.16 1154.76 5322.65 -885.91 

15 2030 - 34 919.83 2398.64 1149.87 5620.23 -1151.89 

16 2035 - 39 949.49 2478.75 1205.34 5940.56 -1306.98 

17 2040 - 44 982.09 2450.35 1247.23 6283.36 -1603.69 

18 2045 - 49 1017.90 2583.39 1272.57 6649.89 -1776.03 
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Table 6.19 Water budget (MCM/year) for Region 1 under Scenario 4 

Scenario 4: Average Weather Conditions  (Region 1)  

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep. 

Bounds / 

Exchange Pumping 

Change in 

Storage 

1 1960 - 64 64.77 30.15 -36.08 17.21 38.62 

2 1965 - 69 193.20 -10.96 -72.15 190.04 -73.20 

3 1970 - 74 39.00 15.44 173.20 342.70 -103.80 

4 1975 - 79 83.30 17.03 352.83 446.57 2.43 

5 1980 - 84 174.86 14.52 455.28 590.78 43.72 

6 1985 - 89 163.78 74.97 366.18 634.20 -19.24 

7 1990 - 94 150.78 89.46 443.68 714.18 -20.14 

8 1995 - 99 213.18 92.51 465.97 782.32 -7.67 

9 2000 - 04 155.98 94.77 571.04 871.40 -39.60 

10 2005 - 09 235.60 94.17 536.58 1010.90 -144.54 

11 2010 - 14 241.52 93.72 655.76 1134.32 -143.32 

12 2015 - 19 250.97 94.91 656.03 1190.23 -188.33 

13 2020 - 24 258.44 94.77 744.88 1252.33 -154.24 

14 2025 - 29 270.70 96.52 765.49 1320.55 -187.83 

15 2030 - 34 278.89 96.91 762.25 1394.38 -256.33 

16 2035 - 39 287.89 100.14 799.02 1473.85 -286.81 

17 2040 - 44 297.77 98.99 826.79 1558.90 -335.35 

18 2045 - 49 308.63 104.37 843.59 1649.84 -393.25 
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Table 6.20 Water budget (MCM/year) for Region 2 under Scenario 4 

Scenario 4: Average Weather Conditions  (Region 2)  

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep. 

Bounds / 

Exchange Pumping 

Change in 

Storage 

1 1960 - 64 80.27 -180.30 153.29 26.20 12.00 

2 1965 - 69 38.87 137.06 136.50 379.58 -55.23 

3 1970 - 74 72.96 554.01 -59.33 643.55 -60.92 

4 1975 - 79 408.86 360.49 -108.07 617.17 34.99 

5 1980 - 84 734.41 147.59 -111.15 737.37 27.54 

6 1985 - 89 311.74 688.27 -120.80 890.37 -6.49 

7 1990 - 94 233.80 949.04 -217.77 970.16 -3.74 

8 1995 - 99 302.00 991.60 -246.81 1048.89 -0.69 

9 2000 - 04 126.64 1355.91 -376.60 1121.64 -10.61 

10 2005 - 09 191.31 1348.46 -343.04 1144.13 52.59 

11 2010 - 14 196.11 1342.07 -419.24 1283.82 -164.88 

12 2015 - 19 203.79 1359.02 -419.41 1347.10 -203.70 

13 2020 - 24 209.85 1357.04 -476.21 1417.39 -326.70 

14 2025 - 29 219.81 1382.13 -489.39 1494.60 -382.05 

15 2030 - 34 226.46 1387.61 -487.31 1578.16 -451.40 

16 2035 - 39 233.77 1433.95 -510.82 1668.11 -511.21 

17 2040 - 44 241.79 1417.53 -528.58 1764.37 -633.63 

18 2045 - 49 250.61 1494.49 -539.32 1867.29 -661.51 
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Table 6.21 Water budget (MCM/year) for Region 3 under Scenario 4 

Scenario 4: Average Weather Conditions (Region 3)  

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep. 

Bounds / 

Exchange Pumping 

Change in 

Storage 

1 1960 - 64 146.90 153.71 -87.01 46.84 157.76 

2 1965 - 69 71.13 -0.20 311.66 692.06 -286.47 

3 1970 - 74 133.53 116.79 555.81 1153.72 -331.58 

4 1975 - 79 748.25 112.62 302.94 1102.83 59.78 

5 1980 - 84 1344.05 79.90 44.68 1308.64 154.92 

6 1985 - 89 570.51 667.35 175.20 1601.45 -178.37 

7 1990 - 94 427.88 782.47 377.41 1739.34 -145.46 

8 1995 - 99 552.68 802.96 455.29 1877.65 -63.72 

9 2000 - 04 231.77 893.07 682.03 2002.01 -189.51 

10 2005 - 09 350.13 888.33 635.01 1919.52 -46.05 

11 2010 - 14 358.93 884.12 776.05 2153.88 -134.78 

12 2015 - 19 372.97 895.29 776.36 2260.05 -215.42 

13 2020 - 24 384.08 893.98 881.52 2377.96 -218.38 

14 2025 - 29 402.31 910.51 905.91 2507.50 -288.78 

15 2030 - 34 414.47 914.12 902.07 2647.69 -417.02 

16 2035 - 39 427.84 944.65 945.59 2798.60 -480.52 

17 2040 - 44 442.53 933.83 978.45 2960.09 -605.28 

18 2045 - 49 458.67 984.53 998.33 3132.76 -691.24 

 

The groundwater level contours under average weather conditions (Scenario 

4) for the period 2045 – 49 are shown in Appendix – II. 

 

6.6.5 Scenario 5 

This scenario considered the alternate dry and wet weather conditions and 

increase in groundwater abstraction caused by population growth at a rate 

ranging from 2.5 to 2.2%. The maximum extraction from groundwater 

storage under this scenario will be 1904 MCM/year during the period 2045 

– 2049 (Figure 6.4 and Table 6.22). Due to alternate dry and wet weather 

conditions, the groundwater storage extraction fluctuates between values 

observed in Scenario 2 (Dry Weather Conditions) and Scenario 3 (Wet 

Weather Conditions). The region-wise breakdown of water budgets are 

shown in Table 6.23 to 6.25. No change in regional trend was observed as 

that compared to previous scenarios. 
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Table 6.22 Water budget (MCM/year) for the whole study area under 

Scenario 5 

Scenario 5:  Alternate Dry and Wet Weather Conditions (Whole Study Area) 

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep. 

Bounds Pumping 

Change in 

Storage 

1 1960 - 64 291.34 3.57 30.2 90.25 235.47 

2 1965 - 69 303.20 125.91 376.01 1261.68 -456.56 

3 1970 - 74 245.49 686.25 669.68 2139.97 -538.49 

4 1975 - 79 1240.41 490.13 547.70 2166.54 112.04 

5 1980 - 84 2253.37 242.01 388.81 2636.79 247.34 

6 1985 - 89 1046.03 1430.58 420.58 3126.03 -228.81 

7 1990 - 94 812.47 1820.97 603.32 3423.69 -186.93 

8 1995 - 99 1067.85 1887.07 674.45 3708.87 -79.47 

9 2000 - 04 514.40 2343.76 876.47 3995.05 -260.47 

10 2005 - 09 648.67 2325.96 899.45 4074.55 -200.47 

11 2010 - 14 987.10 2310.91 989.56 4572.02 -284.45 

12 2015 - 19 682.36 2339.22 1029.78 4797.38 -746.01 

13 2020 - 24 1045.92 2325.79 1113.67 5047.67 -562.29 

14 2025 - 29 754.46 2379.16 1154.76 5322.65 -1034.27 

15 2030 - 34 1110.37 2388.64 1179.87 5620.23 -941.35 

16 2035 - 39 811.13 2458.75 1205.34 5940.56 -1465.34 

17 2040 - 44 1172.64 2430.35 1257.23 6283.36 -1423.14 

18 2045 - 49 879.54 2553.39 1312.57 6649.89 -1904.39 
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Table 6.23 Water budget (MCM/year) for Region 1 under Scenario 5 

Scenario 5: Alternate Dry and Wet Weather Conditions  (Region 1)  

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep. 

Bounds / 

Exchange Pumping 

Change 

in 

Storage 

1 1960 - 64 64.77 30.15 -36.08 17.21 38.62 

2 1965 - 69 193.20 -10.96 -72.15 190.04 -73.20 

3 1970 - 74 39.00 15.44 173.20 342.70 -103.80 

4 1975 - 79 83.30 17.03 352.83 446.57 2.43 

5 1980 - 84 174.86 14.52 455.28 590.78 43.72 

6 1985 - 89 163.78 74.97 366.18 634.20 -19.24 

7 1990 - 94 150.78 89.46 443.68 714.18 -20.14 

8 1995 - 99 213.18 92.51 465.97 782.32 -7.67 

9 2000 - 04 155.98 94.77 571.04 871.40 -39.60 

10 2005 - 09 196.68 93.97 596.25 1010.90 -124.00 

11 2010 - 14 299.29 93.36 655.98 1134.32 -85.69 

12 2015 - 19 206.89 94.50 682.64 1190.23 -206.19 

13 2020 - 24 317.12 93.96 738.25 1252.33 -102.99 

14 2025 - 29 228.75 96.12 765.49 1320.55 -230.19 

15 2030 - 34 336.67 96.50 782.14 1394.38 -179.08 

16 2035 - 39 245.93 99.33 799.02 1473.85 -329.56 

17 2040 - 44 355.54 98.19 833.42 1558.90 -271.75 

18 2045 - 49 266.68 103.16 870.10 1649.84 -409.90 
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Table 6.24 Water budget (MCM/year) for Region 2 under Scenario 5 

Scenario 5: Alternate Dry and Wet Weather Conditions  (Region 2)  

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep. 

Bounds / 

Exchange Pumping 

Change in 

Storage 

1 1960 - 64 80.27 -180.30 153.29 26.20 12.00 

2 1965 - 69 38.87 137.06 136.50 379.58 -55.23 

3 1970 - 74 72.96 554.01 -59.33 643.55 -60.92 

4 1975 - 79 408.86 360.49 -108.07 617.17 34.99 

5 1980 - 84 734.41 147.59 -111.15 737.37 27.54 

6 1985 - 89 311.74 688.27 -120.80 890.37 -6.49 

7 1990 - 94 233.80 949.04 -217.77 970.16 -3.74 

8 1995 - 99 302.00 991.60 -246.81 1048.89 -0.69 

9 2000 - 04 126.64 1355.91 -376.60 1121.64 -10.61 

10 2005 - 09 159.70 1345.57 -381.19 1144.13 -20.05 

11 2010 - 14 243.02 1336.86 -419.38 1283.82 -123.31 

12 2015 - 19 168.00 1353.24 -436.42 1347.10 -262.29 

13 2020 - 24 257.51 1345.47 -471.97 1417.39 -286.38 

14 2025 - 29 185.75 1376.34 -489.39 1494.60 -421.90 

15 2030 - 34 273.37 1381.83 -500.03 1578.16 -422.99 

16 2035 - 39 199.70 1422.38 -510.82 1668.11 -556.85 

17 2040 - 44 288.70 1405.96 -532.81 1764.37 -602.52 

18 2045 - 49 216.54 1477.14 -556.27 1867.29 -729.88 
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Table 6.25 Water budget (MCM/year) for Region 3 under Scenario 5 

Scenario 5: Alternate Dry and Wet Weather Conditions (Region 3)  

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep. 

Bounds / 

Exchange Pumping 

Change in 

Storage 

1 1960 - 64 146.90 153.71 -87.01 46.84 157.76 

2 1965 - 69 71.13 -0.20 311.66 692.06 -286.47 

3 1970 - 74 133.53 116.79 555.81 1153.72 -331.58 

4 1975 - 79 748.25 112.62 302.94 1102.83 59.78 

5 1980 - 84 1344.05 79.90 44.68 1308.64 154.92 

6 1985 - 89 570.51 667.35 175.20 1601.45 -178.37 

7 1990 - 94 427.88 782.47 377.41 1739.34 -145.46 

8 1995 - 99 552.68 802.96 455.29 1877.65 -63.72 

9 2000 - 04 231.77 893.07 682.03 2002.01 -189.51 

10 2005 - 09 292.29 886.42 705.62 1919.52 -35.19 

11 2010 - 14 444.79 880.69 776.31 2153.88 -52.09 

12 2015 - 19 307.47 891.48 807.86 2260.05 -253.23 

13 2020 - 24 471.29 886.36 873.67 2377.96 -146.63 

14 2025 - 29 339.96 906.70 905.91 2507.50 -354.93 

15 2030 - 34 500.33 910.31 925.61 2647.69 -311.44 

16 2035 - 39 365.50 937.03 945.59 2798.60 -550.48 

17 2040 - 44 528.39 926.21 986.30 2960.09 -519.20 

18 2045 - 49 396.32 973.10 1029.71 3132.76 -733.64 

 

The groundwater level contours under alternate dry and wet conditions 

(Scenario 5) for the period 2045 – 49 are shown in Appendix – II. 

 

6.6.6 Scenario 6 

The predicted weather conditions under IPCC SRES A2 scenario (Scenario 

6) shows that due to wetter weather conditions the maximum groundwater 

extraction will be 1408 MCM/year (Figure 6.4 and Table 6.26) which is 

quite less as compared to groundwater storage extraction under wet weather 

conditions. This is due to the fact that increase in rainfall forecasted for the 

period 2010 – 2050 results in increased recharge which decreases the 

groundwater storage extraction. The region-wise breakdown of water 

budgets are shown in Table 6.23 to 6.25. No change in regional trend was 

observed as that compared to previous scenarios. 
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Table 6.26 Water budget (MCM/year) for the whole study area under 

Scenario 6 

Scenario 6:  Predicted Weather Conditions under IPCC SRES A2 Scenario (Whole Study 

Area) 

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep. 

Bounds Pumping 

Change in 

Storage 

1 1960 - 64 291.34 3.57 30.20 90.25 235.47 

2 1965 - 69 303.20 125.91 376.01 1261.68 -456.56 

3 1970 - 74 245.49 686.25 669.68 2139.97 -538.49 

4 1975 - 79 1240.41 490.13 547.70 2166.54 112.04 

5 1980 - 84 2253.37 242.01 388.81 2636.79 247.34 

6 1985 - 89 1046.03 1430.58 420.58 3126.03 -228.81 

7 1990 - 94 812.47 1820.97 603.32 3423.69 -186.93 

8 1995 - 99 1067.85 1887.07 674.45 3708.87 -79.47 

9 2000 - 04 514.40 2343.76 876.47 3995.05 -260.47 

10 2005 - 09 834.76 2330.89 750.32 4074.55 -158.58 

11 2010 - 14 1191.59 2349.91 998.56 4572.02 -31.96 

12 2015 - 19 1069.27 2352.22 1055.69 4797.38 -320.20 

13 2020 - 24 967.76 2375.79 1173.67 5047.67 -530.45 

14 2025 - 29 1106.93 2398.16 1194.76 5322.65 -622.80 

15 2030 - 34 1287.94 2398.64 1219.87 5620.23 -713.78 

16 2035 - 39 1631.61 2440.85 1245.34 5940.56 -622.76 

17 2040 - 44 1415.55 2470.35 1287.23 6283.36 -1110.23 

18 2045 - 49 1442.34 2499.02 1299.87 6649.89 -1408.66 
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Table 6.27 Water budget (MCM/year) for Region 1 under Scenario 6 

Scenario 6: Predicted Weather Conditions under IPPC SRES A2 Scenario (Region 1)  

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep. 

Bounds / 

Exchange Pumping 

Change in 

Storage 

1 1960 - 64 64.77 30.15 -36.08 17.21 38.62 

2 1965 - 69 193.20 -10.96 -72.15 190.04 -73.20 

3 1970 - 74 39.00 15.44 173.20 342.70 -103.80 

4 1975 - 79 83.30 17.03 352.83 446.57 2.43 

5 1980 - 84 174.86 14.52 455.28 590.78 43.72 

6 1985 - 89 163.78 74.97 366.18 634.20 -19.24 

7 1990 - 94 150.78 89.46 443.68 714.18 -20.14 

8 1995 - 99 213.18 92.51 465.97 782.32 -7.67 

9 2000 - 04 155.98 94.77 571.04 871.40 -39.60 

10 2005 - 09 253.10 94.17 497.39 1010.90 -166.24 

11 2010 - 14 361.29 94.94 661.95 1134.32 -16.15 

12 2015 - 19 324.20 95.03 699.82 1190.23 -71.18 

13 2020 - 24 293.42 95.98 778.03 1252.33 -84.90 

14 2025 - 29 335.62 96.89 792.01 1320.55 -96.04 

15 2030 - 34 390.50 96.91 808.65 1394.38 -98.32 

16 2035 - 39 494.70 98.61 825.54 1473.85 -55.00 

17 2040 - 44 429.19 99.80 853.30 1558.90 -176.60 

18 2045 - 49 437.32 100.96 861.68 1649.84 -249.88 
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Table 6.28 Water budget (MCM/year) for Region 2 under Scenario 6 

Scenario 6: Predicted Weather Conditions under IPPC SRES A2 Scenario  

(Region 2)  

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep. 

Bounds / 

Exchange Pumping 

Change in 

Storage 

1 1960 - 64 80.27 -180.30 153.29 26.20 12.00 

2 1965 - 69 38.87 137.06 136.50 379.58 -55.23 

3 1970 - 74 72.96 554.01 -59.33 643.55 -60.92 

4 1975 - 79 408.86 360.49 -108.07 617.17 34.99 

5 1980 - 84 734.41 147.59 -111.15 737.37 27.54 

6 1985 - 89 311.74 688.27 -120.80 890.37 -6.49 

7 1990 - 94 233.80 949.04 -217.77 970.16 -3.74 

8 1995 - 99 302.00 991.60 -246.81 1048.89 -0.69 

9 2000 - 04 126.64 1355.91 -376.60 1121.64 -10.61 

10 2005 - 09 205.52 1348.42 -317.99 1144.13 91.82 

11 2010 - 14 293.37 1359.42 -423.19 1283.82 -54.22 

12 2015 - 19 263.25 1360.76 -447.40 1347.10 -170.49 

13 2020 - 24 238.26 1374.40 -497.40 1417.39 -302.13 

14 2025 - 29 272.53 1387.33 -506.34 1494.60 -341.08 

15 2030 - 34 317.09 1387.61 -516.98 1578.16 -390.44 

16 2035 - 39 401.70 1412.03 -527.78 1668.11 -382.15 

17 2040 - 44 348.51 1429.10 -545.53 1764.37 -532.29 

18 2045 - 49 355.10 1445.68 -550.88 1867.29 -617.39 
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Table 6.29 Water budget (MCM/year) for Region 3 under Scenario 6 

Scenario 6: Predicted Weather Conditions under IPPC SRES A2 Scenario  

(Region 3)  

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep. 

Bounds / 

Exchange Pumping 

Change in 

Storage 

1 1960 - 64 146.90 153.71 -87.01 46.84 157.76 

2 1965 - 69 71.13 -0.20 311.66 692.06 -286.47 

3 1970 - 74 133.53 116.79 555.81 1153.72 -331.58 

4 1975 - 79 748.25 112.62 302.94 1102.83 59.78 

5 1980 - 84 1344.05 79.90 44.68 1308.64 154.92 

6 1985 - 89 570.51 667.35 175.20 1601.45 -178.37 

7 1990 - 94 427.88 782.47 377.41 1739.34 -145.46 

8 1995 - 99 552.68 802.96 455.29 1877.65 -63.72 

9 2000 - 04 231.77 893.07 682.03 2002.01 -189.51 

10 2005 - 09 376.14 888.30 588.63 1919.52 -66.45 

11 2010 - 14 536.93 895.55 783.37 2153.88 61.97 

12 2015 - 19 481.81 896.43 828.19 2260.05 -53.61 

13 2020 - 24 436.07 905.41 920.74 2377.96 -115.73 

14 2025 - 29 498.78 913.94 937.29 2507.50 -157.49 

15 2030 - 34 580.35 914.12 956.99 2647.69 -196.23 

16 2035 - 39 735.20 930.21 976.97 2798.60 -156.22 

17 2040 - 44 637.85 941.45 1009.83 2960.09 -370.96 

18 2045 - 49 649.92 952.38 1019.75 3132.76 -510.72 

 

The groundwater level contours under this scenario 4 for the period 2045 – 

49 are shown in Appendix – II. 

 

6.6.7 Scenario 7 

As previously mentioned, the developed regional groundwater model was 

run for further scenarios by restricting the abstraction rate (thus indicating 

same population) to the one prevailing in the period 2000 – 2004 and 

changing the recharge rate under dry, wet, alternate dry & wet and predicted 

weather under IPCC SRES A2 scenario. The resultant change in 

groundwater storage under constant abstraction rate in rest of the scenarios 

is shown in Figure 6.7. 
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Figure 6.7 Change in storage versus time under constant abstraction 

rate 

The results of Scenario 7 indicate that under dry weather conditions and 

restricted pumping rates (prevailing in the period 2000 – 2004), the 

maximum groundwater extraction for the whole study area will reduce from 

1934 MCM/year to 352 MCM/year (Figure 6.7 and Table 6.30) previously 

experienced in Scenario 2 with same weather conditions but with increased 

groundwater abstraction. The region-wise breakdown of water budgets are 

shown in Table 6.31 to 6.33. Even restricting the pumping rates did not 

affect the trend observed in previous scenarios where pumping rates 

escalated with passage of time. 
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Table 6.30 Water budget (MCM/year) for the whole study area under 

Scenario 7 

Scenario 6: Dry Weather Conditions and Constant Pumping Rate  

(Whole Study Area) 

Stress 

Period Year Recharge 

River 

Leakage 

Head 

Dep. 

Bounds Pumping 

Change in 

Storage 

1 1960 - 64 291.34 3.57 30.20 90.25 235.47 

2 1965 - 69 303.20 125.91 376.01 1261.68 -456.56 

3 1970 - 74 245.49 686.25 669.68 2139.97 -538.49 

4 1975 - 79 1240.41 490.13 547.70 2166.54 112.04 

5 1980 - 84 2253.37 242.01 388.81 2636.79 247.34 

6 1985 - 89 1046.03 1430.58 420.58 3126.03 -228.81 

7 1990 - 94 812.47 1820.97 603.32 3423.69 -186.93 

8 1995 - 99 1067.85 1887.07 674.45 3708.87 -79.47 

9 2000 - 04 514.40 2343.76 876.47 3995.05 -260.47 

10 2005 - 09 555.38 2399.39 789.45 3995.05 -250.83 

11 2010 - 14 617.75 2399.35 780.34 3995.05 -197.60 

12 2015 - 19 616.32 2378.75 789.78 3995.05 -210.20 

13 2020 - 24 615.65 2367.64 781.67 3995.05 -230.08 

14 2025 - 29 615.51 2359.16 780.76 3995.05 -239.62 

15 2030 - 34 614.49 2352.19 760.87 3995.05 -267.49 

16 2035 - 39 613.36 2345.22 740.34 3995.05 -296.12 

17 2040 - 44 612.13 2342.91 710.23 3995.05 -329.78 

18 2045 - 49 610.77 2340.96 690.57 3995.05 -352.75 
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Table 6.31 Water budget (MCM/year) for Region 1 under Scenario 7 

Scenario 7: Dry Weather Conditions and Constant Pumping Rate (Region 1)  

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep. 

Bounds / 

Exchange Pumping 

Change in 

Storage 

1 1960 - 64 64.77 30.15 -36.08 17.21 38.62 

2 1965 - 69 193.20 -10.96 -72.15 190.04 -73.20 

3 1970 - 74 39.00 15.44 173.20 342.70 -103.80 

4 1975 - 79 83.30 17.03 352.83 446.57 2.43 

5 1980 - 84 174.86 14.52 455.28 590.78 43.72 

6 1985 - 89 163.78 74.97 366.18 634.20 -19.24 

7 1990 - 94 150.78 89.46 443.68 714.18 -20.14 

8 1995 - 99 213.18 92.51 465.97 782.32 -7.67 

9 2000 - 04 155.98 94.77 571.04 871.40 -39.60 

10 2005 - 09 168.39 96.94 523.33 871.40 -82.75 

11 2010 - 14 187.30 96.93 517.29 871.40 -69.88 

12 2015 - 19 186.87 96.10 523.55 871.40 -64.88 

13 2020 - 24 186.66 95.65 518.17 871.40 -70.91 

14 2025 - 29 186.62 95.31 517.57 871.40 -71.90 

15 2030 - 34 186.31 95.03 504.38 871.40 -85.68 

16 2035 - 39 185.97 94.75 490.77 871.40 -99.91 

17 2040 - 44 185.60 94.65 470.81 871.40 -120.34 

18 2045 - 49 185.18 94.57 457.78 871.40 -133.86 
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Table 6.32 Water budget (MCM/year) for Region 2 under Scenario 7 

Scenario 7: Dry Weather Conditions and Constant Pumping Rate (Region 2)  

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep. 

Bounds / 

Exchange Pumping 

Change 

in 

Storage 

1 1960 - 64 80.27 -180.30 153.29 26.20 12.00 

2 1965 - 69 38.87 137.06 136.50 379.58 -55.23 

3 1970 - 74 72.96 554.01 -59.33 643.55 -60.92 

4 1975 - 79 408.86 360.49 -108.07 617.17 34.99 

5 1980 - 84 734.41 147.59 -111.15 737.37 27.54 

6 1985 - 89 311.74 688.27 -120.80 890.37 -6.49 

7 1990 - 94 233.80 949.04 -217.77 970.16 -3.74 

8 1995 - 99 302.00 991.60 -246.81 1048.89 -0.69 

9 2000 - 04 126.64 1355.91 -376.60 1121.64 -10.61 

10 2005 - 09 136.73 1388.05 -334.57 1121.64 68.57 

11 2010 - 14 152.09 1388.03 -330.71 1121.64 87.77 

12 2015 - 19 151.74 1376.10 -334.71 1121.64 71.49 

13 2020 - 24 151.57 1369.68 -331.27 1121.64 68.34 

14 2025 - 29 151.54 1364.77 -330.89 1121.64 63.78 

15 2030 - 34 151.29 1360.74 -322.46 1121.64 67.93 

16 2035 - 39 151.01 1356.71 -313.76 1121.64 72.32 

17 2040 - 44 150.71 1355.37 -301.00 1121.64 83.44 

18 2045 - 49 150.37 1354.24 -292.66 1121.64 90.31 
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Table 6.33 Water budget (MCM/year) for Region 3 under Scenario 7 

Scenario 7: Dry Weather Conditions and Constant Pumping Rate (Region 3)  

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep. 

Bounds / 

Exchange Pumping 

Change 

in 

Storage 

1 1960 - 64 146.90 153.71 -87.01 46.84 157.76 

2 1965 - 69 71.13 -0.20 311.66 692.06 -286.47 

3 1970 - 74 133.53 116.79 555.81 1153.72 -331.58 

4 1975 - 79 748.25 112.62 302.94 1102.83 59.78 

5 1980 - 84 1344.05 79.90 44.68 1308.64 154.92 

6 1985 - 89 570.51 667.35 175.20 1601.45 -178.37 

7 1990 - 94 427.88 782.47 377.41 1739.34 -145.46 

8 1995 - 99 552.68 802.96 455.29 1877.65 -63.72 

9 2000 - 04 231.77 893.07 682.03 2002.01 -189.51 

10 2005 - 09 250.25 914.41 619.32 2002.01 -218.02 

11 2010 - 14 278.36 914.39 612.18 2002.01 -197.08 

12 2015 - 19 277.72 906.54 619.58 2002.01 -198.17 

13 2020 - 24 277.41 902.31 613.22 2002.01 -209.07 

14 2025 - 29 277.35 899.07 612.51 2002.01 -213.08 

15 2030 - 34 276.89 896.42 596.90 2002.01 -231.80 

16 2035 - 39 276.38 893.76 580.80 2002.01 -251.07 

17 2040 - 44 275.82 892.88 557.18 2002.01 -276.13 

18 2045 - 49 275.21 892.14 541.75 2002.01 -292.91 

 

6.6.8 Scenario 8 

Like in Scenario 3, wet weather conditions were also considered in Scenario 

8 but the pumping rate was kept constant to imply no change in population. 

Under this scenario, the maximum groundwater extraction for the whole 

study area was predicted as 270 MCM/year (Figure 6.7 and Table 6.34) 

which is again quite below the value observed in Scenario 3 which 

considered the same weather conditions but with increased groundwater 

abstraction. The region-wise breakdown of water budgets are shown in 

Table 6.35 to 6.37. Same regional trend was observed as that in Scenario 3. 
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Table 6.34 Water budget (MCM/year) for the whole study area under 

Scenario 8 

Scenario 8: Wet Weather Conditions and Constant Pumping Rate  

(Whole Study Area) 

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep. 

Bounds Pumping 

Change in 

Storage 

1 1960 - 64 291.34 3.57 30.20 90.25 235.47 

2 1965 - 69 303.20 125.91 376.01 1261.68 -456.56 

3 1970 - 74 245.49 686.25 669.68 2139.97 -538.49 

4 1975 - 79 1240.41 490.13 547.70 2166.54 112.04 

5 1980 - 84 2253.37 242.01 388.81 2636.79 247.34 

6 1985 - 89 1046.03 1430.58 420.58 3126.03 -228.81 

7 1990 - 94 812.47 1820.97 603.32 3423.69 -186.93 

8 1995 - 99 1067.85 1887.07 674.45 3708.87 -79.47 

9 2000 - 04 514.40 2343.76 876.47 3995.05 -260.47 

10 2005 - 09 947.25 2345.89 559.45 3995.05 -142.46 

11 2010 - 14 946.66 2339.91 550.34 3995.05 -158.13 

12 2015 - 19 945.23 2340.22 549.78 3995.05 -159.81 

13 2020 - 24 944.56 2345.79 540.67 3995.05 -164.02 

14 2025 - 29 944.42 2342.16 515.76 3995.05 -192.71 

15 2030 - 34 943.40 2340.64 500.87 3995.05 -210.13 

16 2035 - 39 942.27 2341.85 490.34 3995.05 -220.59 

17 2040 - 44 941.04 2340.35 480.23 3995.05 -233.43 

18 2045 - 49 939.68 2335.02 450.12 3995.05 -270.23 
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Table 6.35 Water budget (MCM/year) for Region 1 under Scenario 8 

Scenario 8: Wet Weather Conditions and Constant Pumping Rate (Region 1)  

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep. 

Bounds / 

Exchange Pumping 

Change in 

Storage 

1 1960 - 64 64.77 30.15 -36.08 17.21 38.62 

2 1965 - 69 193.20 -10.96 -72.15 190.04 -73.20 

3 1970 - 74 39.00 15.44 173.20 342.70 -103.80 

4 1975 - 79 83.30 17.03 352.83 446.57 2.43 

5 1980 - 84 174.86 14.52 455.28 590.78 43.72 

6 1985 - 89 163.78 74.97 366.18 634.20 -19.24 

7 1990 - 94 150.78 89.46 443.68 714.18 -20.14 

8 1995 - 99 213.18 92.51 465.97 782.32 -7.67 

9 2000 - 04 155.98 94.77 571.04 871.40 -39.60 

10 2005 - 09 287.20 94.77 370.86 871.40 -118.56 

11 2010 - 14 287.03 94.53 364.82 871.40 -125.02 

12 2015 - 19 286.60 94.54 364.45 871.40 -125.81 

13 2020 - 24 286.39 94.77 358.41 871.40 -131.83 

14 2025 - 29 286.35 94.62 341.90 871.40 -148.53 

15 2030 - 34 286.04 94.56 332.03 871.40 -158.77 

16 2035 - 39 285.70 94.61 325.05 871.40 -166.05 

17 2040 - 44 285.32 94.55 318.34 871.40 -173.18 

18 2045 - 49 284.91 94.33 298.38 871.40 -193.77 
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Table 6.36 Water budget (MCM/year) for Region 2 under Scenario 8 

Scenario 8: Wet Weather Conditions and Constant Pumping Rate (Region 2)  

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep. 

Bounds / 

Exchange Pumping 

Change in 

Storage 

1 1960 - 64 80.27 -180.30 153.29 26.20 12.00 

2 1965 - 69 38.87 137.06 136.50 379.58 -55.23 

3 1970 - 74 72.96 554.01 -59.33 643.55 -60.92 

4 1975 - 79 408.86 360.49 -108.07 617.17 34.99 

5 1980 - 84 734.41 147.59 -111.15 737.37 27.54 

6 1985 - 89 311.74 688.27 -120.80 890.37 -6.49 

7 1990 - 94 233.80 949.04 -217.77 970.16 -3.74 

8 1995 - 99 302.00 991.60 -246.81 1048.89 -0.69 

9 2000 - 04 126.64 1355.91 -376.60 1121.64 -10.61 

10 2005 - 09 233.21 1357.10 -237.09 1121.64 231.57 

11 2010 - 14 233.07 1353.64 -233.23 1121.64 231.83 

12 2015 - 19 232.72 1353.82 -233.00 1121.64 231.90 

13 2020 - 24 232.55 1357.04 -229.14 1121.64 238.82 

14 2025 - 29 232.52 1354.94 -218.58 1121.64 247.23 

15 2030 - 34 232.27 1354.06 -212.27 1121.64 252.42 

16 2035 - 39 231.99 1354.76 -207.81 1121.64 257.30 

17 2040 - 44 231.68 1353.89 -203.52 1121.64 260.42 

18 2045 - 49 231.35 1350.81 -190.76 1121.64 269.76 
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Table 6.37 Water budget (MCM/year) for Region 3 under Scenario 8 

Scenario 8: Wet Weather Conditions and Constant Pumping Rate (Region 3)  

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep. 

Bounds / 

Exchange Pumping 

Change in 

Storage 

1 1960 - 64 146.90 153.71 -87.01 46.84 157.76 

2 1965 - 69 71.13 -0.20 311.66 692.06 -286.47 

3 1970 - 74 133.53 116.79 555.81 1153.72 -331.58 

4 1975 - 79 748.25 112.62 302.94 1102.83 59.78 

5 1980 - 84 1344.05 79.90 44.68 1308.64 154.92 

6 1985 - 89 570.51 667.35 175.20 1601.45 -178.37 

7 1990 - 94 427.88 782.47 377.41 1739.34 -145.46 

8 1995 - 99 552.68 802.96 455.29 1877.65 -63.72 

9 2000 - 04 231.77 893.07 682.03 2002.01 -189.51 

10 2005 - 09 426.83 894.02 438.89 2002.01 -242.27 

11 2010 - 14 426.57 891.74 431.74 2002.01 -251.96 

12 2015 - 19 425.92 891.86 431.30 2002.01 -252.93 

13 2020 - 24 425.62 893.98 424.16 2002.01 -258.25 

14 2025 - 29 425.56 892.60 404.61 2002.01 -279.24 

15 2030 - 34 425.10 892.02 392.93 2002.01 -291.96 

16 2035 - 39 424.59 892.48 384.67 2002.01 -300.27 

17 2040 - 44 424.03 891.91 376.74 2002.01 -309.33 

18 2045 - 49 423.42 889.88 353.12 2002.01 -335.60 

 

6.6.9 Scenario 9 

Alternate dry and wet weather conditions were considered in Scenario 9 and 

the pumping rate was kept constant to imply no change in population. This 

scenario predicted the maximum groundwater extraction for the whole study 

area as 340 MCM/year (Figure 6.7 and Table 6.38) which is again quite 

below the value observed (1904 MCM/year) in Scenario 5 which considered 

the same weather conditions but with increased groundwater abstraction. 

The region-wise breakdown of water budgets are shown in Table 6.39 to 

6.41. Same regional trend was observed as that in Scenario 5. 
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Table 6.38 Water budget (MCM/year) for the whole study area under 

Scenario 9 

Scenario 9: Alternate Dry & Wet Weather Conditions and Constant Pumping Rate (Whole Study 

Area) 

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep. 

Bounds Pumping 

Change in 

Storage 

1 1960 - 64 291.34 3.57 30.20 90.25 235.47 

2 1965 - 69 303.20 125.91 376.01 1261.68 -456.56 

3 1970 - 74 245.49 686.25 669.68 2139.97 -538.49 

4 1975 - 79 1240.41 490.13 547.70 2166.54 112.04 

5 1980 - 84 2253.37 242.01 388.81 2636.79 247.34 

6 1985 - 89 1046.03 1430.58 420.58 3126.03 -228.81 

7 1990 - 94 812.47 1820.97 603.32 3423.69 -186.93 

8 1995 - 99 1067.85 1887.07 674.45 3708.87 -79.47 

9 2000 - 04 514.40 2343.76 876.47 3995.05 -260.47 

10 2005 - 09 628.33 2399.39 789.45 3995.05 -177.87 

11 2010 - 14 946.66 2339.91 540.34 3995.05 -168.13 

12 2015 - 19 609.32 2385.75 799.78 3995.05 -200.20 

13 2020 - 24 947.56 2335.79 540.67 3995.05 -171.03 

14 2025 - 29 615.51 2369.16 780.76 3995.05 -229.62 

15 2030 - 34 943.40 2340.64 490.87 3995.05 -220.13 

16 2035 - 39 613.36 2345.22 750.34 3995.05 -286.13 

17 2040 - 44 941.04 2340.35 470.23 3995.05 -243.43 

18 2045 - 49 610.77 2342.96 700.57 3995.05 -340.75 
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Table 6.39 Water budget (MCM/year) for Region 1 under Scenario 9 

Scenario 9: Alternate Dry & Wet Weather Conditions and Constant Pumping Rate (Region 1)  

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep. 

Bounds / 

Exchange Pumping 

Change in 

Storage 

1 1960 - 64 64.77 30.15 -36.08 17.21 38.62 

2 1965 - 69 193.20 -10.96 -72.15 190.04 -73.20 

3 1970 - 74 39.00 15.44 173.20 342.70 -103.80 

4 1975 - 79 83.30 17.03 352.83 446.57 2.43 

5 1980 - 84 174.86 14.52 455.28 590.78 43.72 

6 1985 - 89 163.78 74.97 366.18 634.20 -19.24 

7 1990 - 94 150.78 89.46 443.68 714.18 -20.14 

8 1995 - 99 213.18 92.51 465.97 782.32 -7.67 

9 2000 - 04 155.98 94.77 571.04 871.40 -39.60 

10 2005 - 09 190.51 96.94 523.33 871.40 -60.63 

11 2010 - 14 287.03 94.53 358.19 871.40 -131.65 

12 2015 - 19 184.75 96.38 530.17 871.40 -60.09 

13 2020 - 24 287.30 94.37 358.41 871.40 -131.32 

14 2025 - 29 186.62 95.71 517.57 871.40 -71.50 

15 2030 - 34 286.04 94.56 325.40 871.40 -165.40 

16 2035 - 39 185.97 94.75 497.40 871.40 -93.28 

17 2040 - 44 285.32 94.55 311.72 871.40 -179.81 

18 2045 - 49 185.18 94.66 464.41 871.40 -127.15 
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Table 6.40 Water budget (MCM/year) for Region 2 under Scenario 9 

Scenario 9: Alternate Dry & Wet Weather Conditions and Constant Pumping Rate (Region 2)  

Stress 

Period Year Recharge River Leakage 

Head Dep. 

Bounds / 

Exchange Pumping 

Change in 

Storage 

1 1960 - 64 80.27 -180.30 153.29 26.20 12.00 

2 1965 - 69 38.87 137.06 136.50 379.58 -55.23 

3 1970 - 74 72.96 554.01 -59.33 643.55 -60.92 

4 1975 - 79 408.86 360.49 -108.07 617.17 34.99 

5 1980 - 84 734.41 147.59 -111.15 737.37 27.54 

6 1985 - 89 311.74 688.27 -120.80 890.37 -6.49 

7 1990 - 94 233.80 949.04 -217.77 970.16 -3.74 

8 1995 - 99 302.00 991.60 -246.81 1048.89 -0.69 

9 2000 - 04 126.64 1355.91 -376.60 1121.64 -10.61 

10 2005 - 09 154.70 1388.05 -334.57 1121.64 86.54 

11 2010 - 14 233.07 1353.64 -229.00 1121.64 236.07 

12 2015 - 19 150.02 1380.15 -338.95 1121.64 69.58 

13 2020 - 24 233.29 1351.25 -229.14 1121.64 233.77 

14 2025 - 29 151.54 1370.56 -330.89 1121.64 69.57 

15 2030 - 34 232.27 1354.06 -208.03 1121.64 256.66 

16 2035 - 39 151.01 1356.71 -317.99 1121.64 68.09 

17 2040 - 44 231.68 1353.89 -199.28 1121.64 264.65 

18 2045 - 49 150.37 1355.40 -296.90 1121.64 87.23 
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Table 6.41 Water budget (MCM/year) for Region 3 under Scenario 9 

Scenario 9: Alternate Dry & Wet Weather Conditions and Constant Pumping Rate (Region 3)  

Stress 

Period Year Recharge River Leakage 

Head Dep. 

Bounds / 

Exchange Pumping 

Change in 

Storage 

1 1960 - 64 146.90 153.71 -87.01 46.84 157.76 

2 1965 - 69 71.13 -0.20 311.66 692.06 -286.47 

3 1970 - 74 133.53 116.79 555.81 1153.72 -331.58 

4 1975 - 79 748.25 112.62 302.94 1102.83 59.78 

5 1980 - 84 1344.05 79.90 44.68 1308.64 154.92 

6 1985 - 89 570.51 667.35 175.20 1601.45 -178.37 

7 1990 - 94 427.88 782.47 377.41 1739.34 -145.46 

8 1995 - 99 552.68 802.96 455.29 1877.65 -63.72 

9 2000 - 04 231.77 893.07 682.03 2002.01 -189.51 

10 2005 - 09 283.13 914.41 619.32 2002.01 -185.15 

11 2010 - 14 426.57 891.74 423.90 2002.01 -259.81 

12 2015 - 19 274.56 909.21 627.43 2002.01 -190.81 

13 2020 - 24 426.97 890.17 424.16 2002.01 -260.71 

14 2025 - 29 277.35 902.89 612.51 2002.01 -209.27 

15 2030 - 34 425.10 892.02 385.09 2002.01 -299.81 

16 2035 - 39 276.38 893.76 588.64 2002.01 -243.22 

17 2040 - 44 424.03 891.91 368.90 2002.01 -317.18 

18 2045 - 49 275.21 892.90 549.60 2002.01 -284.30 

 

6.6.10 Scenario 10 

The results of Scenario 10 predicts the maximum groundwater extraction for 

the whole study area as 241 MCM/year for the period 2045 – 2049 (Figure 

6.7 and Table 6.42) which is again quite below the value observed (1408 

MCM/year) in Scenario 6 which considered the same weather conditions 

but with increased groundwater abstraction. The region-wise breakdown of 

water budgets are shown in Table 6.43 to 6.45. Same regional trend was 

observed as that in Scenario 6. 
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Table 6.42 Water budget (MCM/year) for the whole study area under 

Scenario 10 

Scenario 10: Predicted Weather under IPPC SRES A2 Scenario and Constant Pumping Rate (Whole 

Study Area) 

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep. 

Bounds Pumping 

Change in 

Storage 

1 1960 - 64 291.34 3.57 30.20 90.25 235.47 

2 1965 - 69 303.20 125.91 376.01 1261.68 -456.56 

3 1970 - 74 245.49 686.25 669.68 2139.97 -538.49 

4 1975 - 79 1240.41 490.13 547.70 2166.54 112.04 

5 1980 - 84 2253.37 242.01 388.81 2636.79 247.34 

6 1985 - 89 1046.03 1430.58 420.58 3126.03 -228.81 

7 1990 - 94 812.47 1820.97 603.32 3423.69 -186.93 

8 1995 - 99 1067.85 1887.07 674.45 3708.87 -79.47 

9 2000 - 04 514.40 2343.76 876.47 3995.05 -260.47 

10 2005 - 09 814.42 2335.24 639.45 3995.05 -205.94 

11 2010 - 14 1151.15 2328.05 410.22 3995.05 -105.63 

12 2015 - 19 996.23 2323.77 549.78 3995.05 -125.27 

13 2020 - 24 869.40 2335.53 640.67 3995.05 -149.45 

14 2025 - 29 967.98 2344.27 515.76 3995.05 -167.03 

15 2030 - 34 1120.97 2338.01 350.87 3995.05 -185.19 

16 2035 - 39 1433.84 2270.90 90.34 3995.05 -199.97 

17 2040 - 44 1183.95 2297.15 300.23 3995.05 -213.71 

18 2045 - 49 1173.57 2300.14 280.12 3995.05 -241.22 
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Table 6.43 Water budget (MCM/year) for Region 1 under Scenario 10 

Scenario 10: Predicted Weather under IPPC SRES A2 Scenario and Constant Pumping Rate (Region 1)  

Stress 

Period Year Recharge River Leakage 

Head Dep. 

Bounds / 

Exchange Pumping 

Change in 

Storage 

1 1960 - 64 64.77 30.15 -36.08 17.21 38.62 

2 1965 - 69 193.20 -10.96 -72.15 190.04 -73.20 

3 1970 - 74 39.00 15.44 173.20 342.70 -103.80 

4 1975 - 79 83.30 17.03 352.83 446.57 2.43 

5 1980 - 84 174.86 14.52 455.28 590.78 43.72 

6 1985 - 89 163.78 74.97 366.18 634.20 -19.24 

7 1990 - 94 150.78 89.46 443.68 714.18 -20.14 

8 1995 - 99 213.18 92.51 465.97 782.32 -7.67 

9 2000 - 04 155.98 94.77 571.04 871.40 -39.60 

10 2005 - 09 246.93 94.34 423.89 871.40 -106.23 

11 2010 - 14 349.03 94.05 271.93 871.40 -156.38 

12 2015 - 19 302.06 93.88 364.45 871.40 -111.01 

13 2020 - 24 263.60 94.36 424.70 871.40 -88.74 

14 2025 - 29 293.49 94.71 341.90 871.40 -141.30 

15 2030 - 34 339.88 94.46 232.59 871.40 -204.47 

16 2035 - 39 434.74 91.74 59.89 871.40 -285.03 

17 2040 - 44 358.97 92.81 199.02 871.40 -220.60 

18 2045 - 49 355.83 92.93 185.69 871.40 -236.96 
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Table 6.44 Water budget (MCM/year) for Region 2 under Scenario 10 

Scenario 10: Predicted Weather under IPPC SRES A2 Scenario and Constant Pumping Rate (Region 2)  

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep. 

Bounds / 

Exchange Pumping 

Change in 

Storage 

1 1960 - 64 80.27 -180.30 153.29 26.20 12.00 

2 1965 - 69 38.87 137.06 136.50 379.58 -55.23 

3 1970 - 74 72.96 554.01 -59.33 643.55 -60.92 

4 1975 - 79 408.86 360.49 -108.07 617.17 34.99 

5 1980 - 84 734.41 147.59 -111.15 737.37 27.54 

6 1985 - 89 311.74 688.27 -120.80 890.37 -6.49 

7 1990 - 94 233.80 949.04 -217.77 970.16 -3.74 

8 1995 - 99 302.00 991.60 -246.81 1048.89 -0.69 

9 2000 - 04 126.64 1355.91 -376.60 1121.64 -10.61 

10 2005 - 09 200.51 1350.94 -271.00 1121.64 158.81 

11 2010 - 14 283.41 1346.78 -173.85 1121.64 334.70 

12 2015 - 19 245.27 1344.30 -233.00 1121.64 234.93 

13 2020 - 24 214.05 1351.10 -271.52 1121.64 171.99 

14 2025 - 29 238.32 1356.16 -218.58 1121.64 254.26 

15 2030 - 34 275.98 1352.54 -148.70 1121.64 358.18 

16 2035 - 39 353.01 1313.72 -38.29 1121.64 506.80 

17 2040 - 44 291.49 1328.90 -127.24 1121.64 371.51 

18 2045 - 49 288.93 1330.63 -118.71 1121.64 379.21 
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Table 6.45 Water Budget (MCM/year) for Region 3 under Scenario 10 

Scenario 10: Predicted Weather under IPPC SRES A2 Scenario and Constant Pumping Rate (Region 3)  

Stress 

Period Year Recharge 

River 

Leakage 

Head Dep. 

Bounds / 

Exchange Pumping 

Change in 

Storage 

1 1960 - 64 146.90 153.71 -87.01 46.84 157.76 

2 1965 - 69 71.13 -0.20 311.66 692.06 -286.47 

3 1970 - 74 133.53 116.79 555.81 1153.72 -331.58 

4 1975 - 79 748.25 112.62 302.94 1102.83 59.78 

5 1980 - 84 1344.05 79.90 44.68 1308.64 154.92 

6 1985 - 89 570.51 667.35 175.20 1601.45 -178.37 

7 1990 - 94 427.88 782.47 377.41 1739.34 -145.46 

8 1995 - 99 552.68 802.96 455.29 1877.65 -63.72 

9 2000 - 04 231.77 893.07 682.03 2002.01 -189.51 

10 2005 - 09 366.98 889.96 501.65 2002.01 -243.43 

11 2010 - 14 518.71 887.22 321.82 2002.01 -274.27 

12 2015 - 19 448.90 885.59 431.30 2002.01 -236.22 

13 2020 - 24 391.75 890.07 502.61 2002.01 -217.58 

14 2025 - 29 436.17 893.40 404.61 2002.01 -267.82 

15 2030 - 34 505.11 891.02 275.26 2002.01 -330.63 

16 2035 - 39 646.09 865.44 70.87 2002.01 -419.61 

17 2040 - 44 533.49 875.45 235.53 2002.01 -357.55 

18 2045 - 49 528.81 876.58 219.75 2002.01 -376.86 

 

6.7 Quantifying Uncertainties 

Singh et al. (2009) observed that “even with a well-conceptualized and well-

calibrated model, there exists natural variability in field conditions that can 

lead to uncertainty in predictions. To make robust decisions, the variability 

needs to be incorporated in the decision-making process. This is typically 

done by considering stochastic realizations for the various model inputs”. 

Therefore, in view of this, stochastic modeling was carried out to quantify 

the cumulative impact of uncertainty of hydrological and climatological 

parameters on the model results. As in the present study, the recharge was 

the only parameter which was derived from the hydrological and 

climatological parameters, therefore, the stochastic modeling was carried 

out in the developed MODFLOW groundwater model to assess the 

influence of recharge on pressure head. The Field Generator, developed by 

Frenzel (1995), can perform stochastic modeling by considering parameter 
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distribution within the PMWIN Pro. In the model, the parameters were 

assumed to be random variables and the recharge was assumed to be 

lognormally distributed. The WASA tubewell located at Chah Miran 

(Figure 6.8) was selected for the stochastic modeling as this tubewell is 

located in the most densely populated area of Lahore city (Region 1). The 

recharge of last calibrated stress period (2004) for Scenario 1 was selected 

to assess its influence on the pressure head. The recharge realizations were 

generated through the correlation matrix of the rows and columns 

considering the log-transformed recharge measured mean value of -3.5 

(0.000315 m/day) and standard deviation of 0.18.  

 

 

Figure 6.8 Location of Chah Miran WASA tubewell 

The developed MODFLOW model was run for 100 realizations determined 

by using the Field Generator. These 100 realizations were then analysed 

together to determine the probability of exceedance of groundwater depths 

for various time periods (Figure 6.9).  
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Figure 6.9 Probability of exceedance of groundwater depth versus time 

 

The groundwater depth was 25.5 m (shown in red in Figure 6.9), below the 

natural surface level (NSL), in 2004 (last calibrated stress period). From 

Figure 6.9 it can be observed that there is 90% probability that the 

groundwater depth will be greater than 26.07 m below NSL after 5 years 

and greater than 29.7 m after 45 years (in 2049). Similarly there is 50% 

probability that the groundwater depth will be greater than 30.32 m after 45 

years. From the probability analysis it can be inferred that there is 90% 

probability that the change in groundwater depth after 45 years will be 

greater than 4.2 m.  

  

6.8 Discussion 

The developed groundwater model was used to predict the behavior of 

groundwater reservoir for the next 45 years i.e. up to the time horizon of 

year 2049. The future scenarios were run under mainly two broad 

conditions: (i) with annual future population growth at the rate ranging from 

2.5 to 2.2%; and (ii) total population restricted to level that existed in the 

last calibration period 2000 – 2004.  
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The results of all the future scenarios indicate that the aquifer storage 

underneath Lahore and surrounding areas will continue to decrease with 

passage of time under different weather conditions. Due to heavy 

abstraction rates, the developed cones of depression will widen with passage 

of time. Formation of sink conditions will result in flow of groundwater 

from semi-urban/rural areas of Lahore towards the urban area. Increase in 

groundwater abstraction in semi-urban/rural areas due to future urbanization 

will result in decrease of groundwater contribution to aquifer storage under 

Lahore urban area.  Restricting the pumping rates at the last calibration 

period (2000 – 2004) may help in minimizing the groundwater storage 

extraction for sustaining the population level existing in period 2000 – 2004.  

 

6.9 Future Hotspots 

In the period 2000 – 2004, the ‘hotspots’ (areas where highest decline in 

water table exists as a result of pumping) were limited to the central city 

area (Assembly Hall, Mozang, Nisbet Road, etc.) of Lahore. But by the 

period 2045 – 49, many new hotspots would appear not only in the Lahore 

urban area but also in the surrounding areas due to heavy abstraction rates 

resulting from urbanization and climate change. Examples of new hotspots, 

under extreme weather conditions (dry and wet), in the urban and 

surrounding areas of Lahore city like Gulberg Commercial Zone, FCC 

Block, Chungi Amar Sadhu and Lahore Cantonment, etc. are shown in 

Figures 6.7 to 6.16. 
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Simulated Heads For Extreme Weather Conditions (Comm. Zone TW)
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Figure 6.10 Simulated heads for WASA tubewell located at Commercial 

Zone, Gulberg 

 

Simulated Heads For Extreme Weather Conditions (FCC Block TW)
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Figure 6.11 Simulated heads for WASA tubewell located at FCC Block 
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Simulated Heads For Extreme Weather Conditions (Chungi Amar Sadhu TW)
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Figure 6.12 Simulated heads for WASA tubewell located at Chungi 

Amar Sadhu 

Simulated Heads For Extreme Weather Conditions (North Ghazni Line TW)
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Figure 6.13 Simulated heads for WASA tubewell located at North 

Ghazni Line, Lahore Cantonment 

 

 



 264

Simulated Heads For Extreme Weather Conditions (Chah Miran TW)

135

140

145

150

155

160

165

170

175

180

185

190

195

200

205

210

215

0 5000 10000 15000 20000 25000 30000 35000

Time (days)

S
im

u
la

te
d

 H
ea

d
s 

(m
)

135

140

145

150

155

160

165

170

175

180

185

190

195

200

205

210

215

O
b

se
rv

ed
 H

ea
d

s 
(m

)

Simulated Heads (Under Dry Weather
Conditions)
Simulated Heads (Under Wet Weather
Conditions)
Observed Heads

 

Figure 6.14 Simulated heads for WASA tubewell located at Chah Miran 

 

Simulated Heads  For Extreme Weather Conditions (Chenab Block TW)

130

135

140

145

150

155

160

165

170

175

180

185

190

195

200

205

210

215

0 5000 10000 15000 20000 25000 30000 35000

Time (days)

S
im

u
la

te
d

 H
ea

d
s 

(m
)

130

135

140

145

150

155

160

165

170

175

180

185

190

195

200

205

210

215

O
b

se
rv

ed
 H

ea
d

s 
(m

)

Simulated Heads (Under Dry Weather
Conditions)
Simulated Heads (Under Wet Weather
Conditions)
Observed Heads

 

Figure 6.15 Simulated heads for WASA tubewell located at Chenab 

Block, Allama Iqbal Town 
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Simulated Heads For Extreme Weather Conditions (Iqbal Park TW)
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Figure 6.16 Simulated heads for WASA tubewell located at Iqbal Park 

Simulated Heads For Extreme Weather Conditions (Old Ravi Bridge TW)
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Figure 6.17 Simulated heads for WASA tubewell located at Old Ravi 

Bridge 
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Simulated Heads For Extreme Weather Conditions (Patiala Ground TW)
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Figure 6.18 Simulated heads for WASA tubewell located at Patiala 

Ground 

Simulated Heads For Extreme Weather Conditions (Sodiwal TW)
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Figure 6.19 Simulated heads for WASA tubewell located at Sodiwal 
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6.10 Water Quality 

The sources of aquifer recharge in urban areas have implications on 

groundwater quality such as listed in Table 6.46.  

 

Table 6.46 Aquifer recharge sources and their implications for 

groundwater quality (Foster et al., 1998) 

Recharge source Importance Water quality Pollution indicators 

Leaking water 

mains 

Major Good Generally no obvious 

indicators 

On-site sanitation 

systems 

Major Poor N, B, Cl, Fecal 

Coliforms 

Leaking sewers Minor Poor N, B, Cl, Fecal 

Coliforms, SO4 

(industrial chemicals) 

Surface soakaway 

drainage 

Minor to 

major 

Good to poor N, Cl, Fecal Coliforms, 

Hydrocarbon fuels, 

Dissolved Oxygen 

Carbon (organic load) 

(industrial chemicals) 

Seepage from 

canals and rivers 

Minor to 

major 

Moderate to poor N, B, Cl, SO4, FC, 

DOC (industrial 

chemicals) 

 

As mentioned in Chapter 1, one of the main sources of Lahore’s underlying 

aquifer recharge is the River Ravi which is one of the most polluted rivers 

of Pakistan receiving untreated domestic, industrial and agricultural waste 

water not only from Lahore but also from bordering country India. India has 

the right to use the River Ravi water under the Indus Basin Treaty. The flow 

(base and flood flow) of River Ravi has reduced drastically due to 

storage/diversion of River at Thein Dam and Madhopur Barrage. In the 

driest months of 1985 which was an exceptional year for the whole of 

Pakistan, the minimum monthly average daily flow remained only 254 

cusecs for seven consecutive days, which is the lowest flow for last 50 years 

at Shahadara gauging station as shown in Figure 6.18 (Khan, 2006). Most of 

tributaries (Ujh, Bein, Bastantar, Deg, Hudiara) of River Ravi carries 
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untreated domestic, industrial and agricultural waste water.  The Lahore city 

generates a total liquid waste of 85 million gallons per day (34 million 

gallons/day domestic and 51 million gallons/day industrial) which is 

disposed off untreated in River Ravi (Mashhadi and Anwar, 2000), thus 

after seeping down is polluting the upper horizon of the Lahore aquifer. The 

quality of water in a river varies with flow. The flows in the River Ravi are 

highly variable with time during the year. They also vary along the length of 

the river due to link canals discharging into the river and water withdrawals 

at head works through canals. The clear picture of the water quality of the 

river can therefore be obtained only from a regular monitoring programme. 

Unfortunately, the River Ravi is not being regularly monitored for its 

quality in a highly polluted stretch near Lahore. 

Figure 6.20 Flows in River Ravi near Lahore (Khan, 2006) 

 

In year 2000, a total BOD load of 884 T/d was disposed off to River Ravi 

out of which 501 T/d was municipal flow and the rest 383 T/d industrial 

flow (GoP, 2002). Predicting 24.95% increase in load, the total BOD load 

will be 1105 T/d in the year 2010 and 1463 T/d in year 2025 assuming an 

increase of 23.15%.  

 

The main chemical entities which groundwater carries in the dissolved form 

are Calcium (Ca), Magnesium (Mg), Sodium (Na), Potassium (P), HCO3, 

CO3, SO4, Chlorine (Cl) and NO3 (Niaz et al., 2003). The groundwater of 

Lahore aquifer carries Calcium Bicarbonate, Magnesium Bicarbonate and 
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Sodium Bicarbonate in dissolved form, out of which Sodium Bicarbonate is 

the most dominant type (Niaz, 2005). As the water of Ravi River carries 

Calcium Bicarbonate in dissolved form, therefore, it prevails near the river’s 

border confirming the contribution of the river in that area (Niaz, 2005). In a 

recent study carried out by Niaz (2005), it was found out that chloride is 

dominant underneath the Lahore central city area in both shallow (motor 

pumps/hand pumps) and deep (WASA tubewells) aquifer. This area consists 

of ‘hotspots’ (areas where highest decline in water table exists as a result of 

pumping).  The study indicates that waters of shallow and deep aquifer have 

great chances to mix together in this area dominated by chloride. The study 

warns that if the leachates from industrial waste enter the shallow aquifer, 

then a strong possibility exists that the deeper fresh aquifer will also get 

polluted. Keeping in view of this hazard, great caution should be exercised 

while pumping groundwater from this hotspots area.  

 

In the south of Lahore, marginal quality of groundwater occurs due to 

presence of Hudiara Drain in the area. Also saline water exists under the 

nearby locality of Raiwind. The expanding cone of depression, in search of 

water, will meet the poisonous recharge from industrial and domestic 

sewage being carried out by Hudiara and Satto Katla Drain in the area. The 

marginal quality groundwater will eventually drain towards the WASA well 

fields, thus seriously affecting the quality of Lahore urban water supply. 

 

6.11     Implications for a Climate Responsive Urban 

Water Policy 

 

In the present study, the following future scenarios were studied to simulate 

the future response of the Lahore aquifer under the changed weather 

conditions due to climate change: 

 

 Simulation of “Do Nothing” or “Business as Usual” conditions 

 Simulations  of  dry weather conditions (based on decile method) 

 Simulations of wet weather conditions (based on decile method) 

 Simulation of average weather conditions (based on decile method) 
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 Simulation of alternate dry and wet weather conditions 

 Simulation of forecasted weather conditions under IPCC SRES A2 

Scenario 

 Simulation of pumpage to maintain groundwater level at starting 

conditions under dry  weather conditions 

 Simulation of pumpage to maintain groundwater level at starting 

conditions under wet  weather conditions 

 Simulation of pumpage to maintain groundwater level at starting 

conditions under average weather conditions 

 Simulation of pumpage to maintain groundwater level at starting 

conditions under forecasted weather conditions as per IPCC SRES 

A2 Scenario 

 

The results of all the future scenarios have indicated that the future climate 

change and urban development trends will render urban groundwater 

systems unsustainable. Drastic measures are urgently required to maintain 

urban groundwater supplies and to safeguard groundwater quality.  In order 

to make groundwater sustainable, groundwater levels have to be contained 

and the subsurface contaminant load be minimised.  Scenario 1 to 6 were 

run with gradual increase in groundwater abstraction rate and it was found 

out that the extraction from groundwater storage increases and cone of 

depression expands, thus further deteriorating the groundwater quality. In 

Scenario 7 to 10, groundwater abstraction rate was restricted to the level 

existing at the last calibration period 2000 – 2004. The results from these 

scenarios confirmed that restricting groundwater abstraction minimises the 

groundwater storage abstraction. Based on these findings, some urban water 

reforms for Lahore city are proposed in the following paragraphs. 

 

The study has also identified the hotspots areas caused by heavy abstraction 

rates resulting from urbanization and climate change. As Lahore’s aquifer 

has been overexploited, therefore, to sustain it a gradual shift from 

uncontrolled groundwater development to science based groundwater 

regulation is required. This should involve: (i) prohibition on construction of 

new wells; (ii) reduction in abstraction from existing wells; and (iii) WASA 

tubewells to be redistributed over the aquifer system to reduce local 
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overexploitation in hotspots areas. Also restrictions on water use, like 

currently in place in many regions and cities of Australia, may be imposed 

in Lahore urban area in various stages or levels.  These water restrictions 

can include restrictions on watering lawns, using lawn sprinkler systems, 

washing vehicles, hosing in paved areas and refilling swimming pools. 

Smith rightly remarks in Sydney Morning Herald dated 3 March 2008 that 

“These water restrictions represent simple, common sense and sustainable 

actions everyone should employ to save water”. To implement these water 

restrictions, “water inspectors” may be appointed by the Lahore Water and 

Sanitation Agency (WASA). These “water inspectors” should be 

empowered by legislation to issue penalties to those who waste water. In 

hotspots areas, there should be restriction on density of residential 

development. For minimizing groundwater quality deterioration, the 

disposal of industrial effluents in tributaries of River Ravi and city outskirts 

drains should be restricted by introducing effluent discharge permits with 

appropriate incentives to promote recycling and waste reduction. 

 

To replenish the Lahore aquifer, increase in recharge is required. At present, 

most of the storm water drains constructed in Lahore are being used as 

sewerage drains. Also due to the flat terrain of the Lahore city a large 

quantity of storm water also finds way to the sewerage system, therefore a 

combined sewerage system exists in Lahore. To make use of stormwater for 

recharging groundwater, separate drain system for storm water and 

sewerage is required. Rainwater can be harvested to replenish the Lahore 

aquifer by utilizing numerous city green belts and medians. A large area of 

Lahore city is occupied by residential, commercial and industrial buildings. 

The roofs of these buildings constitute about 50% of the Lahore city 

catchment area. The rain run off from these roofs can be temporarily stored 

in feeding tanks and then directly be used to recharge the aquifer as the 

chances of polluting groundwater is minimum due to rain water being free 

of contamination. The bed of the River Ravi may be widened, levelled and 

scarified to increase the infiltration rate and likewise the bed of the Lahore 

Branch Canal be modified to enhance percolation to groundwater aquifer. 
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Currently linear urban water system is being followed in Lahore. Water is 

being supplied for domestic and industrial use from groundwater. The 

domestic and industrial used water is being disposed off untreated in the 

River Ravi which is recharging the underneath lying aquifer with polluted 

water. A substantial part of storm water runoff generated in the city is 

flowing back to River Ravi. Keeping in view of results from the future 

scenarios, there is dire need to treat domestic and industrial waste water and 

to close the urban water system loop by reusing the wastewater and also 

utilizing storm water for recharging underground aquifer and as 

environmental flows.  

 

The results of the present study indicate that there is an urgent need of 

implementing water saving structural and non-structural measures for the 

Lahore city. As earlier mentioned in Chapter 4, in 2004 30% of the total 

water supply connections in Lahore were metered and the remaining 70% 

were un-metered. Thus more than 70 percent of the consumers in Lahore are 

charged fixed charges and they tend to waste water. If all the water supply 

connections are metered, the consumers will tend to be less wasteful of 

water. Also the present water and sewerage charges do not reflect the 

environmental damage caused by the industrial users and possible 

abatement costs. It is therefore suggested to establish a tariff that beside 

controlling wastage of water also balances four objectives: (i) revenue 

sufficiency; (ii) economic efficiency; (iii) equity; and (iv) poverty 

alleviation. 

  

A significant quantity of urban water is wasted through the current 

conventional water supply and sanitation fittings and appliances for example 

on average, a single flush toilet generally uses around 12 litres of water per 

flush but if a water efficient dual flush toilet is used it will consume less 

than half of this amount. Similarly if water efficient showerheads are used, 

they will consume less water as compared to conventional showerheads. 

The water-efficient showerheads have a flow rate of no more than 9 litres 

per minute, as opposed to conventional ones which have rate of 20 litres a 

minute. Fitting aerators can be another cheap and easy way to dramatically 

reduce water flow through taps as water-efficient taps (fitted with aerators) 
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generally uses only 9 litres per minute, opposed to 20 litres per minute in 

conventional taps without aerators. Aerators into taps can be installed in the 

kitchen sink and bathroom hand basin where the water is mostly used in 

homes.  

 

As mentioned earlier, WASA tubewells in identified hotspots be 

immediately redistributed over the aquifer system to reduce local 

overexploitation in hotspots areas. Also WASA should plan a scheme for 

reducing water consumption by setting targets. The targets set by WASA to 

reduce water consumptions can be met by imposing stage wise temporary 

water restrictions on water use like watering lawns, using lawn sprinkler 

systems, washing vehicles, hosing in paved areas and refilling swimming 

pools. WASA while deciding the targets for reduction in water consumption 

to be achieved and thus which stage of temporary restrictions should be in 

force, the factors such as: i) groundwater levels; ii) the time of the year and 

likely future consumption of water; iii) daily consumption levels in the 

immediately preceding period; iv) daily consumption levels in 

corresponding periods in previous years; v) currently available weather 

forecasts and other meteorological advice; and vi) the desirability of 

reducing water usage on an ongoing basis should be considered. 

 

Based on this study, there is a need to develop a groundwater early warning 

system for Lahore which can forecast groundwater quantity and quality 

trends at critical situation. Future research also needs to consider 

microbiological aspects of water quality and related human health impacts. 

 

 

6.12 Summary 

Ten future scenarios were studied to simulate the future response of the 

aquifer under the changed weather conditions due to climate change. The 

groundwater conditions prevailing in the period 2000 to 2004 were 

considered as "starting conditions". The weather conditions considered in 

the ten scenarios ranged from dry to projected weather conditions under 

IPCC SRES A2 scenario. For quantifying the rainfall variability, the Decile 

Method was used. The results from the ten scenarios gave an insight to 
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predict the behavior of groundwater reservoir for the next 45 years i.e. up to 

the time horizon of year 2049 under the changed weather conditions due to 

climate change. From the results of future scenarios, it became evident that 

the aquifer storage underneath Lahore and surrounding areas will continue 

to decrease with passage of time under different weather conditions. The 

groundwater storage extraction can be minimized by restricting the pumping 

rates to the level of last calibration period. There is a need to develop a 

groundwater early warning system for Lahore which can forecast 

groundwater quantity and quality trends at critical situation. Future research 

also needs to consider microbiological aspects of water quality and related 

human health impacts. 
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Chapter 7 Summary and Conclusions 

 

7.1 Overview of key issues 

During the 20th century the use of renewable water resources outpaced the 

global population. As per future projections, the global population will 

increase by another 40 to 50% within the next fifty years.  The escalating 

population growth coupled with industrialization, urbanization, climate 

change and associated enhanced climate variability will result not only in 

global water scarcity but will also have serious consequences on the 

environment. Already many countries in the world are experiencing very 

high water stress (Figure 7.1) due to an imbalance between water use and 

water resources. 

 

 

Figure 7.1 World map showing water stress countries (WaterGAP 2.0) 

 

As can be seen from Figure 7.1, Pakistan – a country of over 141 million 

people is also experiencing very high water stress due to increasing 

population coupled with industrialization and urbanization. Water shortages 

are further compounded by urban water pollution due to discharge of 

untreated sewage to rivers and leakage to underlying aquifers leading to 

poor water quality in towns and cities. An example of such an urban centre 

is the Lahore metropolis – capital of Punjab Province which is mainly a 

groundwater dependent city. Due to rapidly population growth, urbanization 
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and industrial growth in Lahore, the watertable in the area has continuously 

been lowering since 1960 with the increase of groundwater abstraction making it 

unsustainable.  

 
7.2 Summary of the research objectives and 

methodology 

 

The main aim of this dissertation was to study sustainable groundwater 

development policy options for adaptation to climate change as part of 

integrated urban water management, using following objectives: 

 

 Synthesise existing groundwater studies to identify knowledge gaps 

for effective management of groundwater resource in groundwater 

dependent cities. 

 Develop tools to characterize water response under present and 

future population and climate stresses. 

 Scenario analysis to analyse future climate shocks on groundwater 

system response. 

 Devise alternative sustainable groundwater development policy 

options for adaptation to climate change.  

 

The key knowledge gaps identified from the literature review are : i) 

Integrated management of surface and ground water and quality is lacking; 

ii) Public participation and true environmental costs are not considered; and 

iii) Climate risks are not being integrated in future water plans. 

 

The study area forms a small component of Bari Doab (land between the 

River Beas and River Ravi) and Rechna Doab (land between the River Ravi 

and River Chenab) as well. The Bari Doab and the Rechana Doab are itself 

a part of vast alluvial plain traversed by the Indus River and its tributaries. 

In order to understand the occurrence and movement of groundwater, the 

Lahore aquifer was studied in a broader perspective and as a part of a very 

large contiguous aquifer constituted by the Indus River System (IBS).  
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First a lumped water balance of the study area was determined to gain an 

insight into the relative magnitude of hydrological balances in the study 

area. The results of lumped water balance of the study area reveals that the 

Lahore aquifer has depleted substantially; forming a cone of depression, and 

groundwater contribution from adjoining areas towards Lahore is 

increasing. 

 

A solid and workable surface-groundwater interaction groundwater flow 

model, using MODFLOW Package, was developed for understanding the 

hydro-geological dynamics under different aquifer management 

interventions. The developed model was calibrated using PEST (acronym 

for Parameter ESTimation) Package. There was a close agreement between 

the observed and simulated heads and the overall trend of the observed 

groundwater hydrograph was also followed well by the modelled data. 

 

Statistical performance indicators for the regional groundwater model were 

checked by using Australian Groundwater Modelling Guidelines. As these 

performance indicators provide lumped measures of calibration that do not 

indicate the spatial or temporal distribution of the error, therefore, a 

scattergram plot was also produced. The model results were also expressed 

through water balance of the study area. The horizontal inflow/outflow rates 

calculated by the model refer to the flow rate of water horizontally into and 

out of the region. These rates are generally as order of magnitude less than 

the vertical exchange rates. From this it can be said that vertical flow is the 

most important mechanism in the regions. Vertical flow is generally 

downwards with the rate of vertical flow in this direction decreasing with 

the depth. All water balance results also indicate that the rate of vertical 

flow is decreasing with the depth so is the change in storage. In some cases, 

the horizontal outflow is more than the inflow but in other cases outflow is 

less than the inflow. The region with high pumping, low recharge and less 

inflow than the outflow tend to the higher leakage from the rivers. 

 

Plotting of contours for the calibration period revealed that the cone of 

depression developed in the metropolitan area has started widening with the 

rate of increase in pumping as the number of high capacity tubewells 
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increased substantially in 2004. The groundwater flow from rural/semi-

urban area on right side of Lahore city (region 3) towards region 1 (Lahore 

urban area) is decreasing at a very fast rate due to development of water 

stressed pockets in the area itself. The Lahore urban aquifer has already 

become unsustainable and groundwater flow from region 2 (rural/semi-

urban area on left side of Lahore city) is only contributing towards aquifer 

replenishment of Lahore urban area (region 1). 

 

The following future scenarios were studied to simulate the future response 

of the aquifer under the changed weather conditions due to climate change: 

 

 Simulation of “Do Nothing” or “Business as Usual” conditions 

 Simulations  of  dry weather conditions (based on decile method) 

 Simulations of wet weather conditions (based on decile method) 

 Simulation of average weather conditions (based on decile method) 

 Simulation of alternate dry and wet weather conditions 

 Simulation of forecasted weather conditions under IPCC SRES A2 

Scenario 

 Simulation of pumpage to maintain groundwater level at starting 

conditions under dry  weather conditions 

 Simulation of pumpage to maintain groundwater level at starting 

conditions under wet  weather conditions 

 Simulation of pumpage to maintain groundwater level at starting 

conditions under average weather conditions 

 Simulation of pumpage to maintain groundwater level at starting 

conditions under forecasted weather conditions as per IPCC SRES 

A2 Scenario 

 

The future scenarios were run under mainly two broad conditions: (i) with 

annual future population growth at the rate ranging from 2.5 to 2.2%; and 

(ii) total population restricted to level that existed in the last calibration 

period 2000 – 2004.  

 

For quantifying the rainfall variability, the Decile Method was used and 

future forecasted weather conditions under IPCC SRES A2 Scenario were 
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obtained using PRECIS (Providing Regional Climate for Impact Studies) 

RCM. The results from the ten scenarios gave an insight to predict the 

behavior of groundwater reservoir for the next 45 years i.e. up to the year 

2049 under the changed weather conditions due to climate change. 

 

The largest extraction from groundwater storage occurs under the dry 

weather conditions (Scenario 2) which come out to be 1934 MCM/year for 

the period 2045 – 2049 whereas under the wet weather conditions (Scenario 

3), the groundwater storage extraction reduces to 1652 MCM/year, for the 

same period, due to increased recharge. The groundwater storage extraction 

under average (Scenario 4) and alternate dry and wet weather conditions 

(Scenario 5) are 1776 MCM/year and 1904 MCM/year respectively for the 

period 2045 - 2049. The predicted weather conditions under IPCC SRES A2 

scenario (Scenario 6) shows that due to wetter weather conditions the 

groundwater extraction will be 1408 MCM/year for the period 2045 – 2049 

which is quite below as compared to groundwater storage extraction under 

wet weather conditions. This is due to the fact that increase in rainfall is 

forecasted for the period 2010 – 2050. 

 

Due to heavy abstraction rates and dry weather conditions, the cone of 

depression previously formed in urban area (Region 1) extends to the 

rural/semi-urban area on the right side of Lahore city (Region 3) as well. In 

spite of a number of recharge sources, a cone of depression also develops in 

rural/semi-urban area on the left side of Lahore city (Region 2). Results of 

scenario 2 clearly show that increased groundwater pumping rates under 

drier conditions are not sustainable due to heavy decline in groundwater 

table level of the order of around 75 m which will make groundwater 

pumping very expensive. 

 

Despite wetter weather conditions, the cones of depression still develop in 

the urban and rural/semi-urban area due to heavy abstraction rates. The 

results of scenario 3 also indicates that increased groundwater pumping 

rates even under wetter conditions are not sustainable due to heavy decline 

in groundwater table level of the order of around 50 m making groundwater 

pumping very expensive. 
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In the period 2000 – 2004, the ‘hotspots’ (areas where highest decline in 

water table exists as a result of pumping) were limited to the central city 

area (Assembly Hall, Mozang, Nisbet Road, etc.) of Lahore. But by the 

period 2045 – 49, many new hotspots (Gulberg Commercial Zone, FCC 

Block, Chungi Amar Sadhu, Lahore Cantonment, etc.) would appear not 

only in the Lahore urban area but also the surrounding areas due to heavy 

abstraction rates and climate change. The urban area expanding cone of 

depression, in search of water, will meet the poisonous recharge from 

industrial and domestic sewage being carried out by Hudiara and Satto Katla 

Drain flowing in the area. The marginal quality groundwater will eventually 

drain towards the WASA well fields, thus seriously affecting the quality of 

Lahore urban water supply. 

 

In scenarios where abstraction rate was restricted at the last calibration 

period (2000 – 2004), the extraction in groundwater storage decreases 

substantially. This implies that if the abstraction rates are restricted as per 

abstraction rates prevailing in the period 2000 – 2004, the Lahore aquifer 

can sustain a population of 5.9 million people (population of Lahore in 

2004) under changed weather conditions due to climate change. This 

requires measures to shift/restrict the population.  Population above 5.9 

million is proposed to be shifted to new satellite towns to be built around 

Lahore. 

 

The study identified the hotspots areas caused by heavy abstraction rates 

resulting from urbanization and climate change. As Lahore’s aquifer has 

been overexploited, therefore, to sustain it over a longer perdiod there is a 

need to shift from uncontrolled groundwater development to science based 

groundwater regulation. This should involve: (i) prohibition on construction 

of new wells; (ii) reduction in abstraction from existing wells; and (iii) 

WASA tubewells to be redistributed within the aquifer system to reduce 

local overexploitation in hotspots areas. Also restrictions on water use, like 

currently in place in many regions and cities of Australia, may be imposed 

in Lahore urban area in various stages or levels.  Urban water reforms were 

proposed to optimise the use of water supplies and water industry 
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infrastructure in the context of urban population growth, industrialization 

and climate change.  

 

The study proves the hypothesis that future climate change and urban 

development trends will render urban groundwater systems non-useful for 

human and urban industrial use but incorporation of population growth and 

global climate change impacts into urban water management can help move 

towards more resilient groundwater systems. 

 

7.3 A possible way forward 

Pakistan is facing major environmental and water scarcity crises due to 

rapid population growth, industralization, urbanization and climate change 

and associated enhanced climate variability. The present water policy and 

the associated environmental policies have failed to secure long term water 

quality and quantity for the citizens of Lahore.  

 

The developed groundwater model of Lahore and its surrounding areas 

indicates that the Lahore Aquifer has become unsustainable. Institutional 

reforms linked with the objectives of sustainable development are urgently 

required. These institutional reforms should lead to a sustainable water 

policy, based on the developed framework, through active public 

participation. A key aspect of this policy should be water auditing, water 

accounting, water management and ensuring an inter-generational and intra-

generational equity.  The central theme of the new policy should be 

sustainable management of natural resources to meet reasonably foreseeable 

needs of future generations, safe-guarding life-supporting capacity of air, 

water, soil, and ecosystem, and avoiding adverse impacts of human 

activities on natural resources. Adoption of climate responsive policy will 

result in sustainable integrated water resources management of Lahore 

urban groundwater system. 

 

Based on this study, there is a need to develop a groundwater early warning 

system for Lahore which can forecast groundwater quantity and quality 

trends at critical situation. Future research also needs to consider 

microbiological aspects of water quality and related human health impacts. 
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APPENDIX – I 

 

Water Budget Diagrams 



 325

 

Figure AI-1 Water Budget (mm/day) for Region 1 (Lahore city urban 
area) for the period 1965 – 1969 

 

 

Figure AI-2 Water Budget (mm/day) for Region 2 (Lahore rural/semi-
urban area) for the period 1965-1969 
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Figure AI-3 Water Budget (mm/day) for Region 3 (Lahore rural/semi-
urban area) for the period 1965-1969 

 

 

Figure AI-4 Water Budget (mm/day) for Region 1 (Lahore urban area) 
for the period 1970 -1974 
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Figure AI-5 Water Budget (mm/day) for Region 2 (Lahore rural/semi-
urban area) for the period 1970-1974 

 

Figure AI-6 Water Budget (mm/day) for Region 3 (Lahore rural/semi-
urban area) for the period 1970-1974 
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Figure AI-7 Water Budget (mm/day) for Region 1 (Lahore urban area) 
for the period 1975 -1979 

 

 

Figure AI-8 Water Budget (mm/day) for Region 2 (Lahore rural/semi-
urban area) for the period 1975-1979 
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Figure AI-9 Water Budget (mm/day) for Region 3 (Lahore rural/semi-
urban area) for the period 1975 – 1979 

 

 

Figure AI-10 Water Budget (mm/day) for Region 1 (Lahore urban 
area) for the period 1980 -1984 
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Figure AI-11 Water Budget (mm/day) for Region 2 (Lahore rural/semi-
urban area) for the period 1980 – 1984 

 

 

Figure AI-12 Water Budget (mm/day) for Region 3 (Lahore rural/semi-
urban area) for the period 1980 - 1984 
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APPENDIX – II 

 
Groundwater Level Contours for Future Scenarios 
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Figure AII-1 Groundwater contours under average weather conditions 

for the period 2045 - 49 
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Figure AII-2 Groundwater contours under alternate weather 

conditions in the period 2045 - 49 
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Figure AII-3 Groundwater contours under the predicted weather 

(IPCC SRES Scenario A2) conditions for the period 2045 - 49 

 
 

 
 
 




