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SUMMARY 

Canal water scarcity is widely prevalent in most of the (semi-) arid irrigated agricultural 
areas around the world. Resultantly, farmers have to increase their groundwater extractions, 
and thus groundwater resource emerged as a formidable poverty reduction tool. This is 
particularly true in vast and growing regions, like the Ganga-Meghana-Brahmaputra basin in 
South Asia, the Indus basin of Pakistan, and the areas of Vietnam, Laos and South China –
where the groundwater resource is already under threat. While developing groundwater 
resources promises to help alleviate poverty, the most formidable management challenge is to 
attain sustainable use of groundwater resource. Especially, while extracting groundwater from 
unconfined aquifers having relatively-fresh groundwater lenses overlying the saline 
groundwater layers, a major challenge is how to deal with deteriorating quality of pumped 
groundwater. 

This paper presents results of a study aimed at identifying potential of skimming well 
technology and operational management approaches for extracting relatively-fresh 
groundwater from unconfined aquifers underlain by saline groundwater to help achieving 
sustainable use of groundwater resource. This study was conducted in the north-central part of 
the Chaj Doab –area between Jhelum and Chenab Rivers in the Indus Basin of Pakistan. Four 
skimming wells of different configurations were installed at different locations to monitor 
hydraulic performance and hydro-salinity behaviours of skimming wells under different 
pumping regimes. 

Field and computer modelling studies indicated that daily operational hours affects 
significantly on the quality and quantity of pumped groundwater, and if skimming well is 
operated intermittently for 4-6 h/d under drought conditions, then this intermittent pumping 
would help in making tubewell operation cost-affective, and application of pumped water 
would also be less harmful to soil and crop. Without compromising the quantity and quality of 
pumped groundwater, 4-6 numbers of strainers and 1.5 m horizontal distance of strainers from 
suction point make these skimming wells cost-effective too. 
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INTRODUCTION 

BACKGROUND 

In most of the (semi-) arid irrigated agricultural areas around the world, the increasing 
demand of food and fibre has resulted, not only, in the increased cropping intensities but also 
the cropping patterns have changed. In the plains of Indus Basin of Pakistan, rainfall and 
canal water supplies are generally not sufficient to meet crop water requirement. Groundwater 
contributes significantly to fill this gap between demand and supply of water in the agriculture 
sector. Figure 1 shows the density of tubewells –number of tubewells per 1000 ha, in Punjab, 
Pakistan as affected by the quality of groundwater. Tubewell density is higher in areas that 
have relatively-fresh groundwater, and visa versa. 
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Figure 1. Effect of groundwater quality on the number of tubewells per 1000 ha in Punjab, Pakistan. 
 
This demand-oriented change, regarding the increased use of groundwater, in irrigated 

agriculture sector poses many challenges. While developing groundwater resources promises 
to help alleviate poverty, the most formidable management challenge is to attain sustainable 
use of groundwater resource. Especially, while extracting groundwater from unconfined 
aquifers having relatively-fresh groundwater lenses overlying the saline groundwater layers, a 
major challenge is how to deal with deteriorating quality of pumped groundwater. 

However, if proper groundwater extraction technologies are developed, and adequate 
operational management strategies are defined, then these challenges can be addressed to the 
great extent. But, it requires easy installing, cost-effective, socially acceptable, and technically 
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viable technologies and adequate operational management strategies. This is particularly true 
in vast and growing regions, like the Ganga-Meghana-Brahmaputra basin in South Asia, the 
Indus basin of Pakistan, and areas of Vietnam, Laos and South China –where the groundwater 
resource is already under threat. Therefore, there is a need of identifying promising 
technologies and approaches for extracting relatively-fresh groundwater from unconfined 
aquifers underlain by saline groundwater, and to research, evaluate and promote their 
potential to help achieve sustainable groundwater extraction. 

 
DESCRIPTION OF THE STUDY AREA 

This study was conducted in the north-central part of the Chaj Doab –area between Jhelum 
and Chenab Rivers in the Indus Basin of Pakistan (Figure 2). The Lower Jhelum Canal bound 
the study area on the east, and on the north by the Shahpur Branch Canal, and covers 71772 
hectares, spread over 83 villages. It is 48km long from east to west, and 13km wide from 
north to south. The soils of the area range from coarse to moderately fine, with the 
predominance of moderately coarse texture soil class. 
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Figure 2. Location of the study area in the Chaj Doab of the Indus Basin of Pakistan. 
 
The climate of the area is characterized by large seasonal variations in temperature and 

rainfall. Usually the temperature during winter ranges from 7°C to 20°C. In summer from 
May-July, the weather is extremely hot with 20-40°C and extends to August. Mean annual 
rainfall and reference evapotranspiration are 460 and 1625 mm, respectively. The canal water 
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supply is usually less than farm irrigation water demands (Figure 3). Although, the rainfall in 
Pakistan is markedly variable in magnitude, time of occurrence and its spatial distribution 
(Khan and Muhammad, 2000), but it contributes significantly to meet crop water requirement. 
Already, the recent dry spell in the region has marginalized this benefit of rainfall both in the 
kharif (summer) and rabi (winter) cropping seasons. Over the years, in both the cropping 
season, total rainfall showed decreasing trend, but the net crop water requirement has 
increased (Figure 4). 
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Figure 3. Contribution of rainfall and canal water supplies to meet the crop water requirement in the command 
of Lower Jhelum Canal from Kharif 1997 till Rabi 1999-2000. 
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Figure 4. Behaviour of rainfall and net crop water requirement from Kharif 1997 till Rabi 1999-2000 in the 
command of Lower Jhelum Canal. 

 
In the north-central part of the Chaj Doab –area between Jhelum and Chenab Rivers in the 

Indus Basin, 138 public tubewells, having depth of 60-75 m, were installed during seventies 
to meet the irrigation water demand at farm level. But, most of them had to close at the 
request of farmers due to poor quality pumped groundwater. Then, in the vicinity of those 
abandoned public tubewells, farmers installed their own tubewells at the depth of 30-40 m 
depth. As, the quality of pumped groundwater is directly related to the amount of recharge 
available from deep percolation of the conveyance and distribution system, as well as, 
irrigation and rainfall. Therefore, due to the continuous dry spell of the past three years in the 
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region, the quality of pumped groundwater started deteriorating with time from these 
tubewells too. 

POTENTIAL OF SKIMMING WELLS 

During the last three years of drought, farmers have now started installing skimming wells, 
which are multi-strainers tubewells usually installed at shallow depths and can extract 
relatively-fresh groundwater lens. The skimmed groundwater quality is much batter than the 
previously installed tubewell technologies; still its quality remains relatively saline as 
compared to canal water. To see the scope of skimming wells in the study area, GIS is used to 
identify sites suitable for skimming well installations. The Participatory Rural Appraisal 
(PRA) was conducted in the study area to assess farmers’ practices and perception to opt 
skimming well technologies.  

 
SELECTION OF POTENTIAL SITES FOR SKIMMING WELLS 

The criteria for selection of potential project locations was based on following elements: 
 The deep groundwater quality of tubewells beyond 30m should be either marginal or 

hazarduous.The saline groundwater layer is overlain by relatively-fresh groundwater lens 
having thickness either suitable for dugwell (7.5-15m) or skimming wells (15-30m). 

 Farmers’ willingness to participate in the project interventions based on their genuine 
needs in relation to skimming wells 

 
For spatial analysis, six classes of groundwater quality were defined covering ranges of 

<1.5, 1.5-4.0, and >4.0 dS/m. The first class having quality of less than 1.5 dS/m represent the 
relatively-fresh groundwater zone, whereas the next class having quality ranging between 1.5-
4.0 dS/m represent the marginal groundwater zone. The quality class of more than 4.0 dS/m 
represent the hazardous groundwater zone. The geo-referenced groundwater quality data 
collected by the Mona Reclamation Experimental Project (MREP), Bhalwal, were used for 
spatial analysis. Figure 5 classifies groundwater quality zones in the study area, and Table 1 
presents a list of the selected villages that have potential for installing skimming wells.  

 
Table 1. Selected villages based on the spatial analysis of deep groundwater quality. 

Sr. No. Name of village Deep groundwater quality 

1 Ratho Kala  Marginal 
2 Thathi Noor Marginal 
3 Jalar Waraichan Marginal 
4 Chak No. 6 ML Marginal 
5 Nabi Shah Bala  Marginal 
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A survey was conducted in the study area to get awareness regarding the farmers’ 
willingness to participate in the project interventions based on their genuine needs in relation 
to skimming wells in the selected villages. The survey involved open discussions with the 
farmers. On the basis of this survey, four villages having the highest number of skimming 
wells were selected for the PRA in the study area. These villages were: Ratho Kala, Thati 
Noor, Chak No. 6 M.L and Nabi Shah Bala in the command of Lower Jehlum Canal, Punjab, 
Pakistan. 

 

 

Figure 5. Classification of groundwater quality zones and locations of selected villages in the study area. 
 

FARMERS’ SKIMMING WELL PRACTICES AND PERCEPTIONS 

A wide range of PRA techniques were used for assessing farmers’ practices and perception 
to opt skimming well technologies. These involve semi-structured interviews, trend lines, pie 
charts, field walks, flow charts, mapping and preference ranking. Group discussion with 
farmers helped get information, which they were reluctant to share during individual 
interviews. The main problems identified during PRA include deterioration in water quality 
and reduction in well discharge. The PRA results also showed that there was a wide variations 
in the design of skimming tubewells: (i) number of strainers varies from 2 to 26 (Figure 6), 
(ii) depth of well ranges from 9 to 27m (Figure 7), and (iii) horizontal distance of strainers 
from suction point (i.e., from Tee Joint as shown in Figure 8) varies from 1.5 to 4.6m. This 
reflects the absence of design code for these wells. Farmers have to choose one of the design 
options provided by the local drillers, which usually have their business interest at priority 
rather than considering suitability of their design with the local geo-hydrological conditions. 
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Farmers and local drillers had comprehension that the well discharge increases with the 
increase in number of strainers, no trend was found between well discharge and number of 
strainers. Furthermore, farmers are mainly concerned with quantity rather than the quality of 
pumped water, and their well design is highly influenced by this factor too. It was also a 
common practice among farming community to install the strainers at varying distances from 
the suction point. In farmers’ perception, if the strainers are installed at the same horizontal 
distances from suction point, they will take the water of each other thereby reducing the 
overall discharge of the tubewell but no evidence was found to support their perception. 
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Figure 6. Variations in depth of farmers’ skimmming wells. 
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Figure 7. Variations in number of strainers in farmers’ skimming wells. 
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Figure 8. Variations in number of strainers in farmers’ skimming wells. 
 
However, through the PRA, the factors contributing to the popularity of skimming wells 

among farming community in the study area, were identified as: 
 Availability of locally manufactured material, 
 Availability of local expertise for drilling, installation and maintenance, 
 Shallower depths to water table that helps use centrifugal pumping units, 
 Technically simple as compared other groundwater extractions technologies, and 
 Economics and affordability. 

FIELD EXPERIMENTS 

The purpose and scale of field experiments were defined and executed based on the GIS 
analysis and PRA results. Four skimming wells and two dugwells having different 
configurations were installed or selected at different locations to monitor hydraulic 
performance and hydro-salinity behaviours of skimming wells under different pumping 
regimes (Table 2). These wells were used to meet the irrigation water requirement under 
different applications methods: surface –traditional, innovative surface –bed-and furrow, and 
furrow-ridge, and pressurized –raingun, and drip. Single-strainer and sixteen-strainers 
skimming wells were monitored and evaluated to deal with water quality and quantity issues 
especially under drought conditions. 

Six- and four-strainers skimming wells were designed, installed and tested to address the 
issues related to the number of strainers under the given hydro-geological conditions and the 
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horizontal distance of strainers from suction point. While making a decision regarding the 
design and the operational management strategies of skimming wells, various factors such as 
water salinity in the aquifer, the tolerable limits of salinity of pumped water, and economics 
of the operation were taken into account.  

 
Table 2. Description of skimmiging wells installed or selected for the study. 

Well configurations (Discharge) Power modes Irrigation methods 

Sixteen-strainers –Farmer (24.7-28.5 l/s) Tractor Surface 
Six-stainers –Installed (26.13-26.8 l/s) 18 HP diesel engine Surface and innovative surface 
Four-strainers –Installed (15-16 l/s) 18 HP diesel engine Innovative surface 
Single-strainer –Farmer (14-14.15 l/s) Tractor Surface and innovative surface 
Dugwell –Constructed (8-8.15 l/s) 18 HP diesel engine Single raingun pressurized 
Dugwell –Renovated (2.15-2.5 l/s) 8 HP diesel engine Drip/trikle 

 
INTERMITTENT PUMPING 

Figure 9 shows frequency distribution of daily operational hours observed from June 2000 
till December 2001, of 16-strainers skimming well installed at Akram Farm, Nabi Shah Bala. 
The farmer operated his skimming well mostly for 2-8 h/d. 
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Figure 9. Frequency distribution of daily operational hours observed from June 2000 till December 2001 at 
Akram Farm, Nabi Shah Bala. 

 
Figure 10 shows depth to water table behaviour, distribution and amount of rainfall, and 

changes in pumped water quality from a farmers’ skimming well. From October 2000 till July 
2001, depth to water table behaviour shows declining trend –less recharge available, and the 
pumped water quality shows deteriorating trend. But, the pumped water quality started 
improving after July 2001 due to excessive recharge resulting from the monsoon rainfalls.  
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Figure 10.Depth to water table behavior, distribution and amount of rainfall, and changes in pumped water 
quality from a skimming well, observed at Akram Farm, during 2000-2001. 

The effect of daily operational hours on the pumped water quality and discharge is 
depicted in Figure 11. The discharge rate of this skimming well during the first one hour was 
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around 28 l/s. With the increase in daily operational hours from 2 to 12 h/d, the pumped water 
quality deteriorated three fold, and the percent reduction in discharge increases from 5% to 
30%. 
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Figure 11.Effect of daily operational hours on the pumped water quality and discharge 
 
The “Intermittent Pumping” is a farm level measure in which the daily operational hours 

for skimming wells are defined when there is less recharge available –from October 2000 till 
July 2001 as shown in Figure 10. Therefore, for this particular farm, and for farms having 
similar agro-climatic and hydro-geological conditions, if farmer operates skimming well for 
4-6 h/d, its pumped water quality will remain less than 1.0-1.2 dS/m with only 15-20% 
discharge reduction, thereby making tubewell operation cost-affective, and application of 
pumped water will be less harmful to soil and crop. It was also observed that, recharge from 
deep percolation from irrigation application, canal seepage, and rainfall was an important 
parameter that effects the operational management strategies of skimming wells installed in 
the shallow relatively-fresh groundwater aquifers underlain by saline groundwater. 
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STRAINERS IN SKIMMING WELLS 

To make skimming well technology cost-effective, it is necessary to decide number of 
strainers that are necessary to pump the desired quantity of groundwater. Field experience of 
MREP, who installed 138 public tubewells in the study area to meet the irrigation water 
demand at farm level, shows that 25m of screen length is necessary to extract 28 l/s. Hafeez et 
al., (1986) also suggested that a multi-strainer skimming well with a minimum of strainers 
provided good quality pumped groundwater and was easy in operation. Sufi (1999) showed 
through computer simulations that multi-strainer skimming helped in controlling saline 
groundwater upcoming, thereby helped in extracting good quality groundwater as compared 
to single-strainer skimming wells. 

Therefore, two multi-strainers skimming wells (having 4- and 6-strainers) were installed 
and tested at the farmers’ fields for direct disseminations of the experimental findings to the 
farming community. Each strainer had 6.7m of screen length, and well penetration ratio was 
taken equal to 60% of the relatively-fresh groundwater lens. Spatial arrangements of these 
wells are shown in Figure 12. In order to minimize suction loses and to distribute suction 
pressure evenly for getting equal amount of water from all the strainers, strainers were 
installed at the periphery of a circle having 1.5 m horizontal distance from suction point. 

 

  

Figure 12.Spatial arrangements of the skimming wells installed in the study area. 
 
Both the wells were monitored from October 2000 till July 2001 to check the variations in 

quality and quantity of pumped groundwater. These wells were operated intermittently for 4-6 
h/d. The pumped groundwater quantity remained between 26.13 and 26.8 l/s for six-strainers 
and between 15-16 l/s for four-strainers skimming wells. The quality of pumped groundwater 
ranges 1.9-2.0 dS/m for six-strainers, and 1.2-1.25 for four-strainers skimming wells. 
Therefore, 4-6 numbers of strainers and 1.5 m horizontal distance of strainers from suction 
point make these skimming wells cost-effective without compromising the quantity and 
quality of pumped groundwater. 

COMPUTER SIMULATIONS 

Better use of groundwater resources can be ensured if the behavior of relatively-fresh and 
saline groundwater systems is properly understood. Mathematical modeling is commonly 
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used for simulating groundwater systems with complex behaviors as it permits the predictions 
of the response of the aquifer to applied stresses and presents alternative suggestions for its 
use. 

 
PHYSICS OF GROUNDWATER FLOW AND TRANSPORT MECHANISMS 

The partial differential equation describing three-dimensional movement of groundwater 
through porous material can be written as: 
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where Kx,  Ky,  Kz are values of hydraulic conductivity along x, y, and z coordinate axes. W 
is the volumetric flux per unit volume and represents sources and/or sinks of water. Ss is the 
specific storage of the porous material, h is the piezometric head, and t is the time. 

The partial differential equation describing three-dimensional transport of dissolved solutes 
in the groundwater can be written as follows: 
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where xi and Di are the distance and hydrodynamic dispersion coefficient along the 
respective Cartesian coordinate axis, respectively, C is the concentration of dissolved solute in 
the groundwater, vi is the seepage or linear pore water velocity, qs is the volumetric flux of 
water per unit volume of the aquifer representing source (positive) and sinks (negative), Cs is 
the concentration of the source or sink, θ is the porosity of the porous medium, and t is the 
time. 

These differential equations can be solved analytically as well as numerically. Major 
advances in understanding relatively-fresh and saline groundwater systems have occurred 
through numerical modeling by using both sharp interface (Holm and Langtangen, 1999) and 
dispersion zone (Voss, 1984; Zheng, 1990; Chandio and Chandio, 1992) approaches. 

The factors affecting successful operation of skimming wells in the Indus basin include the 
well penetration ratio, the thickness of the relatively-fresh groundwater lens, thickness and 
salinity of the water withdrawal zone, and the location of the transient water table boundary, 
etc. Moreover, hydrodynamic-dispersion phenomenon significantly affects the flow towards 
such wells (Kemper et al., 1976; Mirbahar et al., 1997; Sufi et al., 1998). Any model that is 
based on the sharp interface approach cannot correctly include all these factors. Thus, only a 
dispersion zone approach model can evaluate successfully the effects of various 
hydrogeological parameters and operating strategies on skimming well performance. 
Therefore, PMWIN (Chiang and Kinzelbach, 1996), which is a complete simulation system 
for modeling groundwater flow (with MODFLOW of McDonald and Harbough, 1988) and 
solute transport processes (with MT3D of Zheng, 1990), was used to develop guidelines for 
installation, operation and management of skimming wells in the Indus Basin. 
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PROCESSING MODFLOW FOR WINDOWS-PMWIN 

This is a complete simulation system for modeling groundwater flow and transport 
processes. This software is easy to use and maintain. Any system features that are not relevant 
for the aquifer under study can be ignored. The PMWIN uses some of the most popular 
groundwater flow (MODFLOW) and solute transport models (MT3D) available. 

The MODFLOW, a modular three-dimensional finite-difference groundwater flow model, 
can simulate and predict the hydraulic behavior of groundwater systems. This model uses 
different iterative solutions to solve the finite-difference equation for groundwater flow, i.e. 
Equation 1. Hydrogeologic layers can be simulated as confined, unconfined, or a combination 
of confined and unconfined. External stresses such as wells, can also be simulated. Boundary 
conditions include specified head, specific flux, and head-dependent flux. 

The MT3D, a modular three-dimensional finite-difference groundwater solute transport 
model based on dispersion approach, can simulate and predict solute transport behavior of 
groundwater systems. This model uses a mixed Eulerian-Lagrangian approach to the solution 
of the three-dimensional advection-dispersion transport equation, i.e. Equation 2. MT3D is 
based on the assumption that changes in the concentration field will not affect the flow field 
significantly. This allows the user to construct, calibrate and validate a flow model 
independently. After a flow simulation is complete, MT3D receives the calculated hydraulic 
heads and various flow terms saved by MODFLOW to set the basis for simulating and 
predicting the solute transport behavior of groundwater systems. The MT3D transport model 
can be used to simulate changes in concentration of miscible solutes in groundwater 
considering advection, and dispersion. 

Doherty et al. (1994) developed PEST, which is the aquifer hydraulic and salinity 
parameters estimation and optimization model. The PEST is used to assist in data 
interpretation and in model calibration. If there are field and/or laboratory measurements, 
PEST can adjust model parameters in order that the discrepancies between the pertinent 
model-generated numbers and the corresponding measurements are reduced to a minimum. It 
does this by taking control of the models (MODFLOW and MT3D) and running them as 
many times as it is necessary to determine the optimal set of parameters. PMWIN and MT3D 
help the user to inform PEST of assigning the adjustable parameters. 

 
SIMULATION SET UP 

To closely evaluate and properly understand the behaviour of a groundwater system during 
its exploitation, the groundwater system should be represented as accurately as possible in 
terms of aquifer parameters, and initial and boundary conditions. The simulation domain of 
89x89 m in spatial perspective was divided into 23x23 rows and columns, while a simulation 
domain of 100 m in the vertical perspective was divided into nine layers (Figure 13). The 
skimming well is located in the centre of the simulation network. The top layer was 
considered unconfined while other layers were considered convertible between unconfined 
and confined depending upon the aquifer hydraulic conditions. 



2nd International Conference 
New Trends in Water and Environmental Engineering for Safety and Life: Eco-compatible Solutions for Aquatic Environments 

Capri (Italy), June 24-28, 2002 
internet: www.capri2002.com 

M.N. Asghar, M.M. Saeed, M. Ashraf, A.S. Qureshi 
Potential of Fractional skimming wells for Extracting Relatively-fresh Groundwater from Unconfined Aquifers Underlain by 
Saline Groundwater Page 15 

Asghar et al., (2002) have already calibrated and validated the models –MODFLOW and 
MT3D for the hydro-geological and hydro-salinity conditions of the study area. In this paper, 
these calibrated and validated models were used to determine the sensitivity of the well 
penetration ratio with respect to relatively-fresh groundwater thickness, daily operational 
hours, and discharge rates on the salinity of pumped groundwater. 

 

 

Figure 13.Schematic configuration of simulation set up. 
 
Statistical measures of the goodness-of-fit were used to assess the MODFLOW simulation 

performance objectively. The objective functions to measure the goodness-of-fit based on the 
analysis of residual error are: 

The maximum error, ( )n
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Where iO  and iS  represents the observed and simulated values, n represents the number 
of observed and simulated values used in the comparison, and O  is observed average. The 
ME is a dimensional quantity and takes the unit of the variable examined, whereas EF is a 
non-dimensional quantity. The lower limit for the ME is zero, whereas the EF can take 
negative values. The negative EF is characterized by high variability between simulated and 
observed values. The zero value of EF shows poor simulation. If the model simulated values 
exactly match the observed values, then ME = 0, and EF = 1. 

Table 3 gives the stochastic comparison of the observed and simulated values. The 
maximum error induced in hydraulic simulation results varies from 2 to 7 cm while the 
modelling efficiency remains between 0.97 and 0.99. The reasons of close fit between 
observed and simulated results are: (i) the experimental site underlain by the sandy aquifer, 
(ii) the well pumped water continuously for 15 days, and (iii) even the discharge rate was 
fixed (i.e. 14 l/s). Figure 14 compares the observed and simulated depth to water table results 
after 15 days of pumping. These stochastic indices and graphical presentation show that 
MODFLOW is validated properly for hydraulic simulations of the groundwater system for the 
given hydro-geologic conditions. 

 
Table 3. Stochastic analysis of MODFLOW validation. 

Description Maximum Error, ME (m) Modeling Efficiency, EF 

After 4 days of pumping 0.04 0.99 
After 5 days of pumping 0.04 0.98 
After 10 days of pumping 0.02 0.99 
After 11 days of pumping 0.02 0.99 
After 15 days of pumping 0.07 0.95 
After 1 day of pump closure 0.04 0.99 

 
Table 4 gives the stochastic comparison of the observed and simulated values. The 

maximum error induced in the solute transport simulation results varies from 301 to 535 ppm 
while the modelling efficiency remains between 0.98 and 0.99. The reasons mentioned above 
for the close fit between observed and simulated results for hydraulic simulations are also true 
for salinity simulations. Figure 15 compares the observed and simulated salinity of 
groundwater results after 15 days of pumping. The groundwater salinity behaviour with depth 
is almost a linear function of time pumping at 14 l/s. These stochastic indices and graphical 
presentation show that MT3D is validated properly for solute transport simulations of the 
groundwater system for the given hydro-geologic conditions. 
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Figure 14.MODFLOW validation results. 
 

Table 4. Stochastic analysis of MT3D validation. 

T1-1 T1-3 T1-4 Duration of pumping (d) 

ME (ppm) EF ME (ppm) EF ME (ppm) EF 

5 461 0.98 367 0.99 176 0.99 
9 373 0.99 452 0.98 310 0.99 
15 301 0.99 374 0.98 535 0.98 

 
DESCRIPTION OF PMWIN APPLICATION RUNS 

Calibrated and validated MODFLOW and MT3D were, then, used to prepare guidelines 
for designing skimming wells along with its operation and management strategies to get the 
desired amount of pumped water without compromising its salinity while ensuring its 
sustainability for future use. Essentially, operational parameters include daily operating hours 
and discharge rate, while penetration depth defines the well design. In unconfined aquifers 
that have a shallow water table, this penetration depth is related to the depth of water table, 
and the thickness of relatively-fresh groundwater lens. Therefore, to reduce the number 
parameters for sensitivity analysis, depth to water table and thickness of relatively-fresh 
groundwater lens were taken equal to 1.5 and 18m, respectively, while keeping in mind the 
aquifer characteristics and conditions of the area under study. The sensitivity of the following 
variables was studied during computer simulation study: 
 Discharge rates. 
 Well penetration ratio with respect to relatively-fresh groundwater thickness. 
 Daily operating hours. 
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Figure 15.MT3D validation results. 
 
Table 5 gives a summary of runs. A total number of 7 runs were executed for simulating 

different scenarios. Run 1 was executed as the base run. The remaining simulation runs were 
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executed by changing only one parameter in the base run. Runs 1, 2, and 3 show the effect of 
discharge rate on the quality and quantity of pumped groundwater. 

Runs 1, 4, and 5 show the effect of well penetration ratio on the quality and quantity of 
pumped groundwater. Normally, well penetration ratio is taken equal to the depth of well 
divided by the depth of aquifer from the soil surface. However, for the skimming well, the 
estimation of this ratio is considered appropriate when it is defined with respect to the depth 
of interface rather than the depth of aquifer. If this ratio is calculated with reference to the 
depth of the aquifer, then 60, 66.6 and 73.3% (Table 5) correspond to 11.7, 13.0, and 14.3%, 
respectively. 

Runs 1, 6, and 7 show the effect of daily operational hours on the quality and quantity of 
pumped groundwater. The reasons of limiting the duration of application runs to 15 days are: 
(i) the target area has canal water supplies which operates on a 7-day interval warabandi 
system (fixed-turn system of water distribution), and (ii) the skimmed water is only required 
to supplement irrigation requirements. Therefore, the duration of 15 days is considered 
suitable for executing PMWIN application runs, as it covers two irrigation cycles.  

 
Table 5. Summary of computer simulation runs. 

Run No. Discharge rate (l/s) Well penetration ratio (%) Daily operating hours (h/d) 

1 14 60 24 
2 
3 

10 
18 

60 
60 

24 
24 

4 
5 

14 
14 

66.6 
73.3 

24 
24 

6 
7 

14 
14 

60 
60 

8 
12 

 
SIMULATION RESULTS AND DISCUSSION 

Figure 16 shows the effect of different design, operation and management (within the 
ranges specified during simulation runs) on the changes in salinity of pumped water with 
quantity. The quantity of groundwater discharges in 15 days of operation with 10, 14 and 18 
l/s are 12960, 18144 and 23328 m3, respectively. These runs show that despite the variations 
in salinity of pumped water with discharge rates, the salinity of pumped water is below 4 
dS/m for discharge rates as high as 18 l/s. For a well penetration ratio ranging from 60 to 
73.3%, the salinity of pumped water (18144 m3 in 15 days of operation) remains under 4 
dS/m. During 15 days of pumping operation, the salinity becomes 1.94, 2.99, and 4.48 dS/m 
for 6048, 9072, and 18144 m3 of pumped water quantity, respectively. Thus, an adequate 
amount of water (18144 m3) having salinity less than 4 dS/m can be pumped while keeping 
the design, operation, management and aquifer parameters within the ranges specified during 
simulation runs. 
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Figure 16.Changes in salinity of pumped water with quantity. 

CONCLUSIONS AND RECOMMENDATIONS 

Daily operational hours affects significantly on the quality and quantity of pumped 
groundwater, and if skimming well of 24-28 l/s discharge rate with 60% well penetration ratio 
is operated intermittently for 4-6 h/d under drought conditions, then this intermittent pumping 
would help in making tubewell operation cost-affective, and application of pumped water 
would also be less harmful to soil and crop. Without compromising the quantity and quality of 
pumped groundwater, 4-6 numbers of strainers and 1.5 m horizontal distance of strainers from 
suction point make these skimming wells cost-effective too. 

For the hydro-geologic and agro-climatic conditions studied, a skimming well can be 
installed and operated successfully with a 60-70% well penetration ratio for discharge rates of 
10-18 l/s operating at 8-24 h/day from an unconfined aquifer with 15-18 m thick relatively-
fresh groundwater lens. Figure 16 may be used to determine the design and operational 
criteria for pumping a required quantity of water of acceptable salinity. 

While making a decision regarding the design and the operational management strategies 
of skimming wells, various factors such as water salinity in the aquifer, the tolerable limits of 
salinity of pumped water, and economics of the operation must be taken into account. 
Furthermore, the rate of recharge (due to deep percolation from irrigation application, canal 
seepage, and rainfall) is also an important parameter that effects the operational management 
strategies of skimming wells installed in the shallow relatively-fresh groundwater aquifers 
underlain by saline groundwater. 
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