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S U M M A R Y

A 3-D finite element model (Feflow) has been used for regional groundwater flow modelling

of Upper Chaj Doab in Indus Basin, Pakistan. The thematic layers of soils, landuse, hydrology,

infrastructure and climate were developed using Geographic Information System (GIS). The

numerical groundwater flow model is developed to configure the groundwater equipotential

surface, hydraulic head gradient and estimation of the groundwater budget of the aquifer.

Integration of GIS with groundwater modelling and satellite remote sensing capabilities has

provided an efficient way of analysing and monitoring groundwater status and its associated

land conditions. The Arcview GIS software is used as additive tool to develop supportive data

for numerical groundwater modelling, integration and presentation of image processing and

modelling results.

The groundwater behaviour of the regional model shows a gradual decline in watertable from

year 1999 onward. The persistent dry condition and high withdrawal rates play an influential

role in lowering down the groundwater levels. Different scenarios were developed to study the

impact of extreme climatic conditions (drought/flood) and variable groundwater abstraction on

the regional groundwater system. The results of the study provide useful information regarding

the behaviour of aquifer in order to organize management schemes on local and regional basis

to monitor future groundwater development in the area.

Key words: Time series analysis; Image processing; Spatial analysis; Geomorphology; Hy-

drology; Permeability and porosity.

I N T RO D U C T I O N

Groundwater modelling is increasingly recognized as a power-

ful quantitative tool available to hydrogeologists and water re-

source managers for evaluating groundwater system. 3-D numer-

ical groundwater flow modelling using Finite element flow model-

Feflow ver. 5.1 (WASY 2004) coupled with decision support tools

of geoinformatics was used for analysing the behaviour of regional

groundwater flow of Upper Chaj Doab area in Indus basin. Ge-

ographical information system (GIS) is used for spatial database

development, integration with a remote sensing (RS) and numer-

ical groundwater flow modelling capabilities to simulate regional

groundwater flow behaviour. GIS facilitates rapid transfer and as-

sembly of various input data sets for groundwater modelling and

is found extremely helpful during the process of model calibra-

tion and forecasting. The RS image capability was used to anal-

ysis surface hydrological conditions and landcover/landuse status

in order to conceptualize the recharge/discharge sources of aquifer.

It provides an economic and efficient tool for landcover mapping

and has its advantages in planning and management of water re-

sources for optimum use. The developed model provides effec-

tive tool for evaluating better management options for ground-

water use for sustainable development of agriculture in the target

area.

In Upper Chaj Doab area (‘Doab’ is a local word used for land

between two rivers) of Pakistan, irrigation supplies are mainly ful-

filled through conjunctive use of surface and groundwater resources.

Groundwater is mainly utilized to supplement canal water supplies

where these are not adequately met especially during summer sea-

son when river discharges are at their lowest. In the last drought

of 1999–2002, the groundwater abstractions have been increased

due to rapid increase in number of private tubewells for irrigation

purpose. Excessive pumpage of groundwater from these wells is

causing a gradual decline in watertable. Moreover, development of

irrigation potential with canals also has a negative environmental

impact. In low relief area of central Doab, seepage from the con-

veyance system and excessive irrigation in the fields often disturb

the pre-existing natural ground water balance, especially at loca-

tions where natural drainage is inadequate due to topographic and

soil reasons. Accumulation of water causes problem of waterlog-

ging and salinity in the Indus basin which threatens the livelihood

of farmers (Bhutta & Wolters 1996). In such circumstances, to study
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the impact of extreme conditions like prevailing drought/flood and

over exploitation of groundwater on the subsurface aquifer system

is vital for better management of groundwater resource for future

development of agriculture in the area.

GIS is an application-oriented spatial information system with a

variety of powerful functions for decision support to problems with

a spatial dimension. Efficient management of groundwater resource

relies on a comprehensive database that represents characteristics of

natural groundwater system (Josef 2004). There is a need to utilize

the techniques of GIS coupled with hydrological modelling to in-

vestigate environmental problems related to excessive groundwater

use and irrigation water supplies in the Indus basin. The GIS tech-

nology provides suitable alternatives for efficient management of

large and complex databases (Saraf & Choudhury 1997). Arora &

Goyal (2003) highlighted the use of GIS in development of concep-

tual groundwater model. The effort to perform analysis of manage-

ment scenarios will be substantially reduced by an easily accessible

database, a convenient interface between database and groundwa-

ter models, visualization and utilities for model inputs and results

(Pillmann & Jaeschke 1990). Integration of GIS with groundwater

modelling and remote sensing capabilities has provided an efficient

way of analysing and monitoring groundwater status and its asso-

ciated environment. At the time, integration of GIS and hydrologic

models follows one of the two approaches: (1) To develop hydro-

logic models that operate within a GIS framework and (2) to develop

GIS techniques that partially define the parameters of existing hy-

drologic models (Jain et al. 1997). The latter approach has been

followed in this study.

The hydrologic monitoring studies were started in the Upper Chaj

Doab area in year 1968 in order to control problem of waterlog-

ging and salinity. Under Salinity Control and Reclamation Project

(SCARP), numerous drainage tubewells were installed by Water and

Power Development Authority (WAPDA) to monitor the behaviour

of groundwater levels on pre- and post-monsoon seasonal basis.

Later on, Directorate of Land Reclamation was involved in regu-

larly monitoring the water levels and water quality of number of

piezometers and tubewells and maintaining its spatial databases in

GIS (DLR 2002). The consultants of Punjab Private Sector Ground-

water Development Project (PPSGDP) had carried out groundwater

flow modelling using MODFLOW numerical model for analysis of

groundwater flow in Chaj Doab for period 1987–1997 (PPSGDP

2000). The study was mainly focused on monitoring the behaviour

of waterlogging and salinity in Chaj Doab area in order to reclaim

the land for agricultural development. The present work considers

the impact of extreme climate events like the recent drought that

has occurred during 1999–2002, on the groundwater development

of Upper Chaj Doab area.

A steady-state model was calibrated for 1985 hydrologic condi-

tions when water levels in the aquifer were near equilibrium. Auto-

matic parameter estimation method-PEST (Doherty 1995) was used

for model calibration. The calibration results indicated an average

residual of 0.06 m and variance of 1.46 m of the observed and cal-

ibrated heads. The model was rerun for transient-state calibration

for 6-month period of wet season, that is, April–September 1985,

using steady-state heads as initial condition. An average residual of

−0.002 m and variance 1.84 m were achieved after the model cali-

bration. Using the model, values of recharge, hydraulic conductivity

and specific yield of the aquifer were calibrated. The sensitivity of

the model results were evaluated to variations in hydrologic param-

eters and modelling assumptions. The calibrated model was used to

simulate future changes in piezometric heads during predictive pe-

riod 2006–2020. The groundwater development was studied under

different scenarios of extreme climatic conditions (drought/flood)

and variable groundwater abstraction.

S T U DY A R E A

Upper Chaj Doab area lies within a fertile agriculture belt of Punjab

plains, between longitudes 73◦ to 74◦ 5′E and latitudes 32◦ to 32◦

45′N in the northeastern territory of Pakistan (Fig. 1). The area is

bounded by Jhelum and Chenab Rivers in the northwest and south-

east, and Upper Jhelum canal (UJC) and Lower Jhelum canal (LJC)

in the northeast and southwest. The canal system in the area is mainly

fed by water supplies of the Jhelum River. The major portion of river

flows is contributed by monsoon rainfalls and a minor by snow and

glaciers melt water flowing down from high mountains of Himalaya

in the north. Administratively, the area comprised of Mandi Bahaud-

din and part of Gujrat districts which are subdivided into tehsils. The

elevation in the area ranges between 200 and 238 m above sea level

(m a.s.l.) and the general slope is towards southwest direction. The

main topographic features are submountainous ravines, piedmont

plain in the northeast, and alluvial plain and bar-uplands in the rest

of the area. The drainage pattern is mainly dendritic in nature.

The Chaj Doab forms a part of the vast geo-syncline that lies

between the Himalayan Mountains and the central core of Indian

subcontinent (Soil Survey Report 1967). Quaternary alluvium has

been deposited on semi-consolidated Tertiary rocks. Test drilling has

revealed that the uppermost 183 m of the alluvium consists predom-

inantly of fine to medium sand and silt. Alluvium was encountered

in test holes drilled to a maximum depth of about 457 m (1500 ft),

hence no information is available concerning the total thickness of

alluvium and the depth to basement complex in the Chaj Doab area

(Kidwai 1962).

The main landuse is irrigated agriculture. Most of the natural

vegetation has been cleared off from the plains for agriculture farm-

ing. There are many Rakhs and Belas on alluvial lands; Rakhs are

the government wasteland that had originally been demarcated as

government property considered to be in excess of the needs of the

villages, Belas are alluvial lands on the banks of Chenab and Jhelum

Rivers that were taken up by the government in the same way as the

Rakhs. Both lands are greatly valued by the people as pastures.

There is a large protected forest at Daffar in southwestern part of

the area. The principal tree species found in the area are Shisham

(Dalbergia sissoo), Kikar (Acacia nilotica), Beri (Zizyphus jujuba),

Poplar, Simal, Willow, Eucalyptus, Tut (Morus alba), Bargad,

Piple (Ficus religiosa) and Dharaik (Melia azedarach). Uncon-

trolled grazing and cutting of wood have much damaged the density

of the vegetation.

The climate is mainly subhumid in the north to semi-arid in the

south. Rainfalls are erratic and are received in two rainy seasons;

about two-third of annual rains are received during monsoon season

(July to mid-September) and remaining one third in winter season

(January–March). The mean annual rainfall is 778 mm. The mean

maximum and minimum temperatures during summer are about

39.5 and 25.4 ◦C. The temperature may rise up to 47 ◦C during

the month of June in summer. The mean maximum and minimum

temperatures in winter are about 21.5 and 5.1 ◦C (Qureshi et al.

2003).

DATA U S E D

The base map of study area was developed using topography map

of scale 1:250 000 acquired from Survey of Pakistan. The remote
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Figure 1. Location of the study area.

sensing data of Landsat TM and Enhanced Thematic Mapper plus

(ETM) of periods 1990 and 2001 was used for landcover/landuse

analysis. The spatial resolution of the image data is 30 m except

addition of an extra panchromatic band of 15 mresolution in Land-

sat ETM data. The rainfall data of Jhelum and Sargodha stations

of period 1970–2004 was acquired from Pakistan Meteorology de-

partment. Hydrological data comprised of river flows, irrigation dis-

charge and tubewell pumpage of period 1985–2001 was acquired

from Water and Power Development Authority (WAPDA), Pakistan.

The thematic data of geomorphology, soils, drainage/canal network

and previous landuse was collected from different sources like Soil

survey of Pakistan and Punjab irrigation department. The observa-

tion wells data of 34 tubewells maintained by SCARP monitoring or-

ganization (SMO) of WAPDA was acquired for period 1985–2004.

Among these wells, 28 wells which had almost complete and reliable

historical record were selected for present groundwater modelling

study.

G I S DATA B A S E D E V E L O P M E N T

The spatial data input in GIS was carried out through scanning,

digitization and keyboard entry. A common coordinate system of

Transverse Mercator was used for development of spatial data lay-

ers like geomorphology, soils, infrastructure, surface hydrology,

cities/towns and administrative boundaries in Arcview 3.1 GIS soft-

ware. Analytical functions of GIS were used to derive thematic

map layers of elevation, slope and buffer zones. Theissen poly-

gons and recharge zones were developed for model calibration

while watertable depth and equipotential maps were generated dur-

ing post-calibration phase of the groundwater flow modelling. Re-

mote sensing analysis was carried out through visual and digital

interpretation of the imageries to study landcover and surface hy-

drological conditions like waterlogging associated with canal net-

work, swamps and surface moisture etc. Such natural indicators were

found helpful in identifying potential recharge sources of ground-

water besides shallow groundwater environment in the area. The

image classification was carried out through supervised method fol-

lowing maximum likelihood rule in ERDAS imagine 8.5 software.

Six landcover classes were demarcated through image classification

(Fig. 2). Major landcovers consist of crop cover (70 per cent), soil

(10.2 per cent), grassland (8.4 per cent) and forest (5.6 per cent)

(Table 1). The wastelands which include swamps and waterlogged

areas cover about 4 per cent of the area mainly in meander flood plain

of Mandi Bahauddin district. The canal irrigated land which can be

distinguished by homogenous crop cover in the northwestern part

forms a potential zone of groundwater recharge as compared with

rainfed agriculture land visible as heterogeneous crop cover in the

northeastern part of the area. A low potential area of groundwater

recharge also exists in the depressions in the central part of the area

where drainage is poor and swamps were developed as permanent

features.

A Q U I F E R C H A R A C T E R I S T I C S

Aquifer data of 10 pump-out tests performed by Water and Soil

Investigation Division (WASID) of WAPDA, Pakistan is available

(WASID 1964). The available data shows that horizontal hydraulic

conductivity values in the area ranges between 39.6 to 118.6 m d−1.
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Figure 2. Landcover Map developed through image classification of RS data.

Table 1. Detail of landcover classes demarcated through image clas-

sification.

S. no. Landcover Area (km2) Percentage

1 Forest 190.3 5.6

2 Crop cover 2391.8 70.0

3 Grassland 286 8.4

4 Soil 348.4 10.2

5 Wasteland 145.9 4.3

6 Water 54.7 1.6

Total 3417.2

The transmissivity (T) values evaluated through pumping tests range

between 1565.2 and 4045.6 m2 d−1. The aquifer is divided into three

layers on the basis of subsurface lithology encountered in the bore-

hole wells and pumpage depth of different tubewells. The first layer

is unconfined with free and movable surface. Sediments occurring

at shallow depths are composed of finer materials, that is, silt and

fine sand, therefore, the first layer has been assumed to extend 8 m

below the average watertable. The second layer is assumed to ex-

tend from 8 to 40 m depth (thickness 32 m) to represent groundwater

withdrawals from comparatively shallow tubewells, that is, private

tubewells. The third layer extends from 40 to 107 m depth (thickness

67 m) to count for abstractions from deep tubewells, that is, SCARP

tubewells. The thickness of these layers is assumed constant during

the process of groundwater flow modelling.

Aquifer recharge mainly occurs from canal seepage, rainfall, re-

turn flow of groundwater pumpage and percolation from drains and

ponds. Discharge sources of the aquifer are; pumpage from deep and

shallow tubewells, evapotranspiration (ET), outflows to the rivers

and drains, and subsurface flows from one zone to another. The loss

of water by ET has been adjusted in the groundwater flow model

while estimating the net recharge of the groundwater. The water

balance for estimating net recharge in the area is shown in Table 2.

The available recharge data was used to define recharge of different

stress periods in model calibration. The recharge of SCARP tube-

wells pumpage was estimated 25 per cent of the withdrawals by

WAPDA (assuming equal to the percentage of canal water supplies

available at watercourse heads). The pumpage of SCARP tubewells

is gradually decreasing due to abandoning of these wells on ac-

count of their high operational cost. The groundwater discharge and

utilization factor of private tubewells are less than that of SCARP

tubewells so 20 per cent recharge has been estimated from pumpage

of these wells. The rainfall recharge estimated 17.9 per cent of the

annual rainfall is based on the area under rainfall percolation (total

area minus built-in area), recharge assumed for similar type of soil

and recharge factor by NESPAK (PPSGDP 2000). The recharge

from large boundary link canals and inflows from adjacent areas

are considered implicitly in the groundwater modelling by assum-

ing constant head boundaries along these canals (Sarwar 1999).

N U M E R I C A L M O D E L L I N G

O F G RO U N DWAT E R F L O W

Numerical modelling employs approximate methods to solve the

partial differential equation (PDE) which describes the flow in

porous medium. The emphasis here is not on obtaining an exact solu-

tion but on obtaining reasonably approximate solution (Thangarajan

2004). Feflow is a fully integrated modelling environment with a

full-featured graphical interface and powerful numeric engines that

allow the user to perform any flow and contaminant transport mod-

elling. The components ensure an efficient process for building the

finite element model, running the simulation and visualizing the

results.

A model grid consisting of superelement mesh of five elements

was drawn over the model area using the base information of
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landuse, landforms and drainage/canal network of the area. The su-

perelement mesh represents the basic structure of the study domain.

The Finite element mesh was generated from the superelement mesh

using triangulation option of 6-noded prism for 3-D model. The 3-D

mesh consists total of 5343 elements and 3928 nodes. The model

layers were developed from point data using Akima’s bivariate in-

terpolation method.

In order to estimate the recharge of the model domain, the model

area was divided into five zones or subareas (Fig. 3). The recharge

zones were based on the hydrological setup of the area, geomor-

phologic characteristics and land capability for agriculture use. The

recharge of the five zones was characterized by variable infiltration

rates of different soil types and varying groundwater pumpage in

the study area.

M O D E L C A L I B R AT I O N

In the first phase, steady-state calibration was performed which was

fully implicit. The groundwater levels of June 1985 (pre-monsoon

period) of 28 observation wells were used as initial condition for

executing steady-state simulation. Automatic parameter estimation

(PEST) method was applied for calibration of the steady-state model

(Doherty 1995). The previous values of hydraulic conductivities

were used to develop conductivity zones using Theissen polygons

for model calibration. The hydraulic conductivity and the recharge

values estimated previously were used as initial conditions in the

steady-state calibration. The values were adjusted during the cali-

bration runs until the calculated head values became close to the

observed heads. Similarly, the specific yield zones were developed

using its field data for use in transient state-calibration. The model

was rerun for 6-month period, that is, April–September 1985, for

transient-state calibration. The scattergram plots of the steady-state

and transient-state calibration output are shown in Figs 4a and b. The

mean residuals of observed and calculated heads in steady-state and

transient-state calibrations are 0.06 and 0.002 m with variances of

1.46 and 1.86 m, respectively. The calibration results indicated a

reasonable agreement between the calculated and observed heads.

The sensitivity of the model results had been evaluated to varia-

tions in hydrologic parameters and modelling assumptions. The sen-

sitivity of the model was tested by uniformly multiplying recharge

and hydraulic conductivity values by factors of 0.2, 0.4, 0.8, 1.2, 1.5,

2.0, 2.5 and 3.0 throughout the model’s interior nodes and the model

was rerun. For each simulation, one parameter was changed keeping

the others unchanged. Sensitivity curves were developed for both

steady-state and transient-state models. The sensitivity analysis of

steady-state model indicated sensitivity of the model to any change

in hydraulic conductivity. High imbalance in water budget was ob-

served against lower and higher conductivity values. Similarly the

model was found sensitive to recharge also. The sensitivity analysis

of transient-state model indicated model sensitivity to both higher

and lower values of the specific yield.

G RO U N DWAT E R B E H AV I O U R 1 9 8 5 – 2 0 2 0

Strategy of management for pre-stress period and post stress period

was developed on the basis of availability of observed data until 2005

and projected hypothetical data for period 2006–2020. Time series

records of previously observed data of precipitation, annual recharge

and withdrawals from tubewells were examined which formed the

basis to generate projected data for simulation of future groundwa-

ter behaviour. The predictive period of 15 yr, that is, 2006–2020,
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Figure 3. Recharge zones along with locations of observation wells in the study area.

Figure 4. (a) Steady-state calibration. (b) Transient-state calibration.

was chosen to perceive the long-term impact of droughts/floods on

the regional groundwater system. Based on the annual incremen-

tal increase/decrease in recharge and/or groundwater pumpage, the

recharges for various stress periods were adjusted for calibration of

the groundwater flow model. The recharge rate varies in each stress

period in accordance with supplied delivery of water to canals, an-

nual rate of precipitation, groundwater withdrawals, and stages of

the rivers.

The steady-state calibrated model was run for pre-stress period

of variable time steps until 2005. The average watertable values (the

spatial average over the whole region) was used to foresee the overall

effect of the watertable in the model domain. During the calibrated

period of 1985–2005, the watertable had shown an average decline

of 0.96 m at the rate of 0.05 m yr−1. The watertable indicated a rising

trend from 1988 to 1999 followed by a gradual decline onward. The

initial rise may be attributed to record rainfalls that had occurred in

Muzaffarabad and Jhelum during period 1997–1998 (Siddiqi 1999).

Those rainfalls exaggerated the problem of waterlogging especially

in the Phalia tehsil of Mandi Bahauddin district. A major break-

through of groundwater depletion was observed in the year 1999

when last drought prevailed for over 3–4 yr in Upper Chaj Doab

area. The declining trend of groundwater levels continued in the

remaining calibration period. During the drought period, there be-

came shortages in canal water supplies that resulted in low recharge

from canals seepage and over exploitation of the groundwater. The

situation had affected the extent of waterlogging which was reduced

significantly in some parts of the area. Quantitative analysis of the

groundwater aquifer was performed using geo-processing tools of

Arcview 3.1. Results had shown maximum head drop of about 21

m in Phalia tehsil, while minimum of 14 m in Gujrat tehsil during

2005. Maximum velocity range of 0.006–0.09 m d−1 was observed

in Mandi Bahauddin while minimum range of 0.003–0.035 m d−1 in

Kharian tehsil. Overall, minor variations in groundwater levels were

observed in Gujrat as compared with Mandi Bahauddin district.

The calibrated model was rerun to predict the future changes

in piezometric heads for period 2006–2020. The predictive model
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Figure 5. Variations in watertable depth (1990–2020).

showed an average decline of 0.81 m in watertable. The coverage of

watertable depth range less than 1.5 m indicated a notable reduction

from 226.9 km2 in 2005 to 73.8 km2 in year 2020. Similarly, the

coverage of depth range 1.5–3.0 m indicated a decrease from 1299.4

km2 in 2005 to 1104.8 km2 in year 2020. The variations in watertable

depth were mapped on decadal basis to observe trend of watertable

during pre stress and post stress periods (Fig. 5). The watertable

depth of ranges less than 1.5 and 1.5–3.0 m showed an initial increase

in coverages during 1990–2000. The changes were significant in

Malakwal and Phalia tehsils. The watertable depth less than 3.0 m

indicates a declining trend in coverage during period 2000–2020

which may help reducing the extent of waterlogging in Chaj Doab

area. On the other hand, watertable depth greater than 4.5 m is

indicating a gradual increase in coverage during the same period.

Development of future scenarios

The calibrated model was used to predict future scenarios based

on the variability of influential factors and parameters related to

groundwater development in the model area. The impact of climatic

variability generated persistent drought/flood conditions during pre-

stress period was used to develop hypothesis for post-stress period.

The basic idea is to consider rainfall extremes of the drought/flood

events occurred in the area for the development of future climate sce-

narios. In the first scenario, severe drought condition was assumed

to prevail over 4-yr period, that is, 2006–2010. The rainfall data of

severe drought occurred during 1999–2002 was used as reference

in developing the scenario. The hypothetical simulation indicated a

mean decline of 0.7 m in watertable depth from that of base year

2005 (Table 3). In the second scenario, extreme wet condition was

assumed to prevail over period of 4 yr, that is, from 2011 to 2015.

The scenario was based on the reference rainfall data of wet period

Table 3. Watertable behaviour in different scenarios (WT depth in 2005 =

2.95 m).

Scenario Description Mean watertable

depth (m)

1 At the end of consecutive 4 yr of drought

condition (period 2006–2010)

3.65

2 At the end of consecutive 4 yr of wet

condition (period 2011–2015)

3.37

3 After 3 yr of pumpage from deep tubewells

(period 2005–2008)

4.58

4 60 per cent increase in pumpage from deep

tubewells (period 2005–2008)

5.18

1997–1998, when intense rainfalls occurred in the Jhelum area. It

indicated a mean decline of 0.42 m in watertable from that of year

2005. In order to examine the effect of groundwater withdrawals

on the aquifer, scenarios of varying pumpage rates were developed.

In the third scenario, the pumpage from 33 deep tubewells was as-

sumed to continue at a constant rate of 5000 m3 d−1 for consecutive

3-yr period, that is, 2005–2008. The scenario had shown a mean

decline of 1.63 m in watertable at the end of the discharge pe-

riod. In the fourth scenario, an increase of 60 per cent in discharge

(8000 m3 d−1) of the tubewells was assumed to continue for consec-

utive 3-yr period (2005–2008). It indicated a mean decline of 2.23

m in watertable at the end of discharge period. The high pumpage of

the groundwater can be utilized to minimize waterlogging problem

in the area.

C O N C L U S I O N

The numerical groundwater flow modelling coupled with decision

support tools of geoinformatics provides efficient way of analysing
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and monitoring the behaviour of regional groundwater system. GIS

facilitates rapid transfer and assembly of various input data sets

for groundwater modelling and is found extremely helpful during

the process of model calibration and forecasting. The capability of

remote sensing technology can be utilized to identify natural indi-

cators, both direct and indirect, that can be interpreted in relation to

potential sources of groundwater recharge. The results of the com-

posite study show that factors including climatic conditions and

over-exploitation of groundwater have long-term impact on the re-

gional groundwater system. The high pumpage of groundwater on

long-term basis may result in unsafe decline of watertable though

it would be useful for areas facing the problem of waterlogging.

The developed model provides effective tool for evaluating better

management options for sustainable use of groundwater. The results

can provide baseline information to the water resource managers,

researchers and planners to organize management schemes on local

and regional basis to monitor groundwater development for eco-

nomic uplift of the area.
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