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Abstract 
 
The Lower Indus basin in the Province of Sindh, Pakistan, suffers from waterlogging 
and salinity and is currently being drained by wells and surface drains. Simulation 
modelling approach was used in order to optimize pumping. A rectangular region (600 
km2) in the centre of the Left Bank Outfall Drain (LBOD) aquifer was selected for 
modelling. Visual MODFLOW, a three dimensional finite-difference groundwater flow 
model, was used to simulate unsteady flow in the LBOD unconfined aquifer. The 
model was used to predict water table during five years of pumping, applying the 
currently applied policy and two other optimised pumping policies. The results allowed 
selection of the most optimum pumping policy.  
 
Introduction 
 
A common approach that is usually adopted is to develop a model to simulate the 
aquifer behaviour and use the available data to investigate the consequences of 
alternative predetermined pumping policies.1 The optimal management plans can be 
determined by coupling a groundwater model with a management model in a total 
system approach, when the aquifer is treated as a simple reservoir, or in other words, as 
a lumped system. 2 Simulations offer the best way for realistic representation of the 
aquifer through a model and different management scenarios can be tested. Therefore, 
the groundwater model and management model can remain relatively independent but 
their interaction can be analysed in a systematic fashion. Linking different data sets or 
model results, graphical comparison, data integration and other spatial operations can 
be performed relatively easy with GIS. 
 
Theoretical Framework 
 
The partial differential equations represent the mathematical framework for analysing 
groundwater flow problems. Finite difference approximations in three dimensions can 
be directly derived using the above approach, i.e., combining the second derivatives for 
the three dimensions of a finite difference molecule (Fig. 1). A finite difference 
expression for the more general groundwater flow equation can be derived and written 
as: 
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Fig 1. Three-D Finite Difference Molecule with LHS Coefficients 

 
Finite difference approximations for both steady state and transient problems lead to 
sets of algebraic equations each per node that have to be solved through approximation 
iterations until solution converges through an error criterion.  
 
Left Bank Outfall Drain (LBOD)  
 
LBOD is located in centre of Sindh province in Pakistan. The LBOD project is 
designed to control groundwater levels and improve the collection and disposal of 
saline drainage water from an area of 1.275 million acres at the left bank of the River 
Indus.3 The principal areas covered by LBOD stage I project include Nawabshah, 
Sanghar and Mirpurkhas districts of Sindh province.  This paper presents the case study 
related to the Nawabshah component of the LBOD Project. This part of the project area 
is described below in detail.  
 
The project activities include the remodelling of existing canals and drains, 
construction of new drainage networks, construction of drainage tube wells, scavenger 
wells, tile drainage and interceptor drains, together with necessary infrastructure. Saline 
effluent from the LBOD stage I area and outflows from the Kotri command area are 
disposed of through the LBOD Spinal Drain and some other Outfall drains to the 
Arabian Sea, via the Tidal link.3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 2. Location of the Nawabshah Component of LBOD Project 3 
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Study Area Description 
 
The Nawabshah component project area is about 2500 square kilometres and is located 
mainly on the meander flood plain of the Indus. It is underlain by predominantly sandy 
deposits to a considerable depth. Sub-surface information on the area was collected 
from 25 drillings including boreholes, test wells and test holes. The top of the alluvial 
sequence tends to be finer grained than the rest. However, the clays are thin and not 
significant from the point of view of the productive capacity of the aquifer. Below the 
surface clayey material, the alluvial succession is predominantly sandy. Most of the 
sands up to 90 meter depth are well sorted medium to fine grained, highly micaceous 
and grey in colour. The sand grain size ranges from 0.2 to 0.6 mm.  
 
The aquifer and well data was collected from seven test wells drilled in the project area. 
The results are summarised in Table 1.   
 

Table 1. Aquifer Properties and Well Characteristics 
 

Parameter Unit Range Average Std. Deviation 
Transmissivity (m2/day) 900 - 2000 1450 369 
Lateral permeability (m/day) 32.65 - 46.35 39.50 5.79 
Vertical permeability (m/day) 0.07 - 2.69 1.38 2.45 
Storage coefficient (%) 3.0 - 40.0 14.60 13.7 
Test discharge rate m3/day 3100-6700 4900 1400 
Specific drawdown m/m3/day 1.3E-3-6.7E-4 8.9E-4 4.1E-3 
Specific capacity m3/day/m 770 - 1490 1130 240 
Unit specific capacity m3/day/m/m 75 - 125 100 19 

 
From these results, it is clear that the study area is underlain by highly transmissive 
aquifers, suitable for installation of high capacity drainage and scavenger (skimming) 
wells. Most  of  the  area  is  underlain  by  groundwater  of  very  high  salinity. 
Electrical conductivity (EC) ranges from 10000 to 40000 micromhos/cm at 25o C, 
which is equivalent to about 6500 to 25500 mg/l of total dissolved solids. The only 
usable groundwater occurs in relatively thin fresh lenses superimposed on the highly 
saline regional groundwater body; existing normally only in areas near to irrigation 
canals from 25 to 40 m thick and the range of EC in them is about 1000 micromhos/cm 
at 25o C.  
 
The target of lowering the groundwater table is set at a minimum depth of 2.25 meters, 
while the allowable maximum is set at 3.25 meters, because most crops grown in the 
region give best results at these water table depths. The lowering of the groundwater 
table beyond the maximum depth may also not be feasible from energy-saving and 
economic reasons as well. The main objectives of the project are to eliminate the 
ongoing problems of salinity and water logging and to control them in the future. A 
network of 625 kilometres of open unlined channels has been excavated to intercept 
and carry away the effluent of saline water from the wells and water from over-
irrigation of the lands. The network of drains have its final outfall into a spinal (main) 
drain which carries water direct to sea via tidal link. The subsurface drains in the total 
length of 154 kilometres include interceptor drains and tile drains.  
 
The tube wells are considered main element of the project. A total of 275 standard 
drainage tube wells are installed to abstract the saline water from the area. The standard 
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wells are designed for high salinity water, using glass-reinforced plastic slotted well 
screen for the medium to fine sands.  The wells are designed for a discharge of 4900 
m3/day. Average depth of drilling is 85 to 90 m below the surface. The average 
pumping time of these wells is 8 hours/day throughout the year. The average screen 
length is 60 m for standard wells and 80 m for the scavenger wells. Total 189 scavenger 
wells are installed along the main irrigation canals in the areas where highly saline 
regional groundwater body is overlain by relatively thin fresh water layer. These wells 
are designed to pump both fresh and saline groundwater, but through separate outlets.   
 
Study Objectives and Software Used 
 
The purpose of this study is to demonstrate the usefulness of numerical groundwater 
modelling linked with GIS and to determine how the pumping policy of the LBOD 
Project might be optimised. The following strategy was thus formulated: 
 

• Design of a numerical model for a partial problem of LBOD aquifer 
• Visual MODFLOW simulations using observed water table data for calibration 

and predicting the water table in the aquifer during five years of pumping 
• Sensitivity analyses for different model parameters 
• Processing and presenting the simulated values of drawdown, water table depth 

and hydraulic head using a GIS software IDRISI 
• Estimate using IDRISI the trends of water table fall or rise in the well vicinity.  
• New visual MODFLOW simulation assuming the optimised pumping policies 
• Processing and presenting the results of new simulation in IDRISI 
• Comparison of results for different pumping policies and drawing conclusions 

 
This study involved use of different software commercially available for groundwater 
modelling and GIS. These included: SURFER version 6.0, VISUAL MODFLOW 
version 2.6 and IDRISI version 1.0. SURFER is a grid-based contouring and three 
dimensional surface plotting graphics program. IDRISI is a GIS and image processing 
software system.4 Visual MODFLOW is an integrated modelling environment for 
practical applications in three-dimensional groundwater flow and contaminant transport 
simulations, developed by Waterloo Hydrogeology Software.5 
 
Modelling Approach and Assumptions 
 
Only a partial rectangular 600 km2 region of the actual area of the 2500 km2 Nawabshah 
component was selected for the study. The selected part of the aquifer is shown in Fig. 
3. It can be regarded as representative for the whole aquifer. The modelling approach 
included some simplifications as follows:  
 

1. Impermeable boundaries: The sides and the bottom of the modelled flow region 
are taken as impermeable, creating a no-flow boundary condition. 

2. Well lumping: To reduce the number of wells in the model, each pumping well 
in the model represents a group of five actual pumping wells. 

3. Rectangular network of canals and drains: The actual network of canals and 
surface drains is replaced in the model by a simplified rectangular network. 

4. Aquifer properties: The aquifer is taken in the model as unconfined, 
homogeneous, isotropic, and composed of a single layer. 
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5. Recharge: The atmospheric recharge of the aquifer is uniformly distributed over 
the modelled area only during the month of July.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig 3. Location of the model flow region within the Study Area  

The total area of 600 km2 was primarily divided into 30 columns and 20 rows, i.e., the 
primary grid mesh is ∆X = ∆Y = 1000 m. The minimum coordinates are X = 0, Y = 0, Z = 
0, the maximum coordinates are X = 30000 m, Y = 20000 m, Z = 90 m. Some additional 
narrow rows and columns (100 m wide) were inserted between the rows and columns of the 
primary grid for better representation of canals and drains. See Fig. 4.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4. Simplified Model Region on the Finite Difference Grid 
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In reality, there are 70 pumping wells in the selected rectangular region. For the purpose of 
modelling, each five actual wells were lumped into one model well. The actual locations of 
all wells and the way in which they were replaced by the representative model wells are 
shown in Fig. 5. The locations of model wells in the finite difference grid was estimated 
using the average X and Y coordinates of the corresponding five actual wells. The discharge 
from each model well was taken as a sum of discharges from all five actual wells. No 
distinction was made during the modelling between the standard drainage wells and the 
scavenger wells. All actual pumps in the modelled area run in reality 8 hours a day and are 
idle for the rest of the day. The pumping regimes were modelled, representing extremes at 
both sides of reality, namely, the continuous pumping and the intermittent pumping in a 
monthly cycle.  
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Fig 5. Finite Difference Grid and Lumping of Wells 

The pumping is modelled as continuous or uninterrupted during the whole simulation 
period. In terms of MODFLOW, the whole simulation is taken as a single stress period. The 
pumping rate from a model well is computed as: Pumping rate (m3/day) = Actual pumping 
rate (m3/day) × 0.33 × 5 given that the model well represents five actual wells and the actual 
pumping only takes place, on average, for 33/100 of the simulation period (8 hours out of 
each 24 hours). The term ‘actual pumping rate’ denotes the rate measurable at the outlet of 
an actual well at an instant when the pump is operating. In this study, this value is taken as 
constant, equal to 4900 m3/day. 
 
The whole simulation period is divided into periodically repeated intervals of pumping 
and non-pumping under an intermittent pumping regime. A policy resembling the 
actual field time schedule was modelled, except that the period of intermittence was 
taken as one month rather than one day. In reality, all wells are only operating 8 
hours/day and idle for the rest of the day. Thus all model well pumps were kept on for 
one third of a month and idle for the remaining two thirds of the month. In this way, the 
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total number of MODFLOW stress periods was 24/year of simulation as opposed to 
730 periods per year required for the day cycle. The model pumping rate for the periods 
when the pumps are on is taken as a five-fold of the actual pumping rate. For the rest of 
the time, the model pumping rate is taken as zero. The exact lengths of pumping period 
and inactivity period, always rounded up to entire days, varied slightly from month to 
month. Details are given in Table 2. 
 

Table 2. Intermittent Pumping Regime Duration Periods 
 

Month Pumping (days) Inactivity (days) 
1 10 21 
2 9 19 
3 11 20 
4 10 20 
5 10 21 
6 10 20 
7 11 20 
8 10 21 
9 10 20 
10 10 21 
11 10 20 
12 11 20 

Total 122 243 

The network of irrigation canals and drains was simplified for modelling. The real canals 
were approximated by five model canals and defined as broken straight lines running either 
in the X-direction or in the Y-direction. The same procedure was applied to drains. The 
model canals are denoted as ‘CA’, the model drains as ‘DR’. The approximation preserves 
the average density of canals and drains in the area that is 125 m/km2 for canals and 140 
m/km2 for drains. The hydraulic conductivity of the bed material of irrigation canals and 
drains was taken as constant over the model flow region. After some trial-and-error, the 
hydraulic conductivity of the bed material was taken as 0.01 m.day-1 for the irrigation canals 
and 0.02 m.day-1 for the drains. The equivalent thickness of the bed material was taken as 
0.5 m for the irrigation canals and 0.2 m for the drains. The hydraulic conductance which 
defines the degree of interaction between the canal/drain and the aquifer within a given cell 
of the grid was calculated using the following formula: 6  
 

M
k.L.WC =  

 
Where, 
 C =  hydraulic conductance     (m2/day) 
 k = hydraulic conductivity of the bed material   (m/day) 
 L =  length in a particular cell of the grid   (m) 
 W = width of the canal/drain     (m) 
 M =  thickness of the bed material in the canal/drain  (m) 
 
One can also define the specific hydraulic conductance Cs = k/M, which in our case is 
0.02 day-1 for the irrigation canals and 0.1 day-1 for the drains.  

Several observation wells (piezometers) were actually installed in the study area for 
monitoring depths of groundwater table. Nine of them are within our rectangular model 



Proceedings of The 2006 IJME - INTERTECH Conference  

flow region. The data observed in these wells were taken into account as either initial 
conditions or calibration data for the model. The observation wells are denoted by a symbol 
‘OP’ in the Figures. 

Model Input Data  
 
The input data used for the Visual MODFLOW simulations are as follows: 
 

1. Simulation time :   365 days for one-year simulations 
      1826 days for 5-years simulation 

2. Physical properties of the aquifer: 
• Lateral hydraulic conductivity  Kx = Ky = 39.5 m/day 
• Vertical hydraulic conductivity Kz = 1.382 m/day 
• Specific storage   Ss = 0.0015 /m  
• Specific yield   Sy = 0.14 
• Storage coefficient  Sc =  0.14   
• Total porosity   P = 0.25 
• Effective porosity  P = 0.25 

3. Recharge calculation: 
• Rainfall (in July only)    = 0.00806  m/day 
• Evapotranspiration    = 0 (neglected) 
• Net recharge (in July only)   = 0.000806 m/day 
 i.e., 10% of the rainfall 

4. Data on irrigation canals:  see Table 3 
5. Data on drains:   see Table 4 
6. Data on observation wells:  see Tables 5 and 7 
7. Data on pumping wells:  see Table 6 
8. Ground surface elevation:  see Table 7 
9.  Aquifer base elevation:  see Table 7 

 
The initial groundwater heads were taken from the observation wells, the ground 
surface elevations were derived from the general layout maps of the project area and 
the elevations of the aquifer base were calculated from the well construction data. The 
hydraulic conductance only pertained to the cells 1000 m long in the direction of the 
canal. An overview of simulation runs is given in Table 7. After completing the input 
operations, the model was run under Run module with the transient type of flow 
selected. The initial heads were taken from a SURFER file. The equation solver used 
for most of runs was SOR. The number of layers was one, the aquifer was taken as 
unconfined. The MODFLOW and the Zone Budget models were run. The main 
outputs, in terms of heads, drawdowns and Darcian velocities were checked. The 
graphs of observed heads vs. simulated heads in the observation wells were displayed 
and printed. The graphs of heads and drawdowns vs. time for observation wells were 
printed after some runs. 
  
Simulation Methodology 
 
One-year Simulations (Runs 1 and 2): The run no. 1 simulated continuous pumping and 
was composed of four stress periods (Table 8). The other three accounted for the no- 
recharge period January-June, the recharge period (July) and another no-recharge 
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period August-December. The run no. 2 simulated the intermittent pumping and was 
composed of 24 stress periods as given in Table 9, to account for the intermittent 

 
Table 3. Irrigation Canals Data 

 
Canal 
No: 

W T - 
elevation 

max. - min. 
(m) 

Bed elevation 
max. - min. 

(m) 

k 
for bed 
material 
(m/day) 

Width 
(m) 

Bed 
material 
thickness 

(m) 

Length 
of cells 

(m) 

Hyd. 
conductanc
e (m2/day)* 

CA-1 93.4-91.4 90.0-88.0 0.01 25 0.5 1000 500 
CA-2 92.4-90.7 89.7-88.0 0.01 18 0.5 1000 360 
CA-3 89.9-89.2 88.2-86.5 0.01 20 0.5 1000 400 
CA-4 90.4-89.6 88.0-87.2 0.01 15 0.5 1000 300 
CA-5 92.7-92.2 90.3-89.8 0.01 12 0.5 1000 240 

 
Table 4. Drains Data 

 
Drain 
No: 

Water table 
elevation 

max. - min. 
(m) 

Bed elevation 
max. - min. 

(m) 

k 
for bed 
material 
(m/day) 

Width 
(m) 

Bed 
material 
thickness 

(m) 

Length 
of cells 

(m) 

Hyd. con-
ductance 
(m2/day) 

DR-1 86.9-84.0 84.1-81.0 0.02 25 0.2 1000 2500 
DR-2 86.8-85.5 85.5-84.2 0.02 16 0.2 1000 1600 
DR-3 88.0-87.0 87.0-86.0 0.02 16 0.2 1000 1600 
DR-4 86.0-85.0 85.0-84.0 0.02 18 0.2 1000 1800 

 
Table 5. Observation Wells Data 

 
Well 
No: 

Coordinates (m) 
 

X                Y 

Ground 
surface 

elevation 
(m) 

Initial W T 
elevation (m) 

Water table elevation 
after 1 year of pumping 

(m) 

OP-1 1500 18500 90.54 88.54 87.62 
OP-2 9500 19500 91.88 90.36 89.12 
OP-3 23500 16500 90.38 89.78 88.16 
OP-4 2500 9500 89.47 88.44 87.95 
OP-5 13500 7500 88.71 87.79 87.10 
OP-6 25550 7500 86.77 86.75 86.25 
OP-7 1500 3500 88.54 87.74 86.84 
OP-8 11500 1500 88.03 86.80 86.25 
OP-9 22500 2550 86.77 85.90 85.52 

 
Table 6. Model Pumping Wells Data 

 
Well No. Coordinates (m) in the final grid 

X                                       Y 
DW-1 3500 16500 
SW-2 8500 14500 
DW-3 15500 16500 
SW-4 20500 15500 
DW-5 26500 16500 
DW-6 14500 11500 
SW-7 6500 10550 
SW-8 20500 10550 
SW-9 28500 10550 

DW-10 3500 3500 
DW-11 10550 3500 
DW-12 18500 3500 
DW-13 25550 5500 
SW-14 28500 2550 
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Table 7. Overview of Simulation Runs Using Visual MODFLOW 

 
Run 
No: 

Simulation details Main purpose 

1 One-year simulation with continuous pumping Model  calibration 
2 One-year simulation with intermittent 

pumping 
Model  calibration 

3 Five-years simulation with continuous 
pumping as in No. 1 

Prediction - standard pumping policy 

4 One-year simulation for sensitivity analysis 
with selected parameters changed in turn 

Sensitivity analysis 

5 Simulation with optimised pumping policy no. 
1 for 3rd year 

Prediction - optimised pumping 
policy no. 1 

6 Simulation with optimised pumping policy no. 
1 for 4th year 

Prediction - optimised pumping 
policy no. 1 

7 Simulation with optimised pumping policy no. 
1 for 5th year 

Prediction - optimised pumping 
policy no. 1 

8 Simulation with optimised pumping policy no. 
2 for 3rd year 

Prediction - optimised pumping 
policy no. 2 

9 Simulation with optimised pumping policy no. 
2 for 4th year 

Prediction - optimised pumping 
policy no. 2 

10 Simulation with optimised pumping policy no. 
2 for 5th year 

Prediction - optimised pumping 
policy no. 2 

 
pumping regime and for recharge during the month of July. 

 
Five year simulation of continuous pumping – standard policy (Run no. 3): The stress 
periods in each year were the same as in the run no. 1, except that the initial stress 
period no. 1 was omitted. The recharge was only considered in July of each year, at the 
same rate in each year. There were thus altogether 15 stress periods, three in each year. 
The parameters were as in period no. 2, 3, and 4 in Table 9. The fourth year of 
simulation was taken as a leap year. 

 
Table 8. Stress Periods during One-Year Continuous Pumping 

 
Stress period No. Start 

(days) 
End 

(days) 
Pumping rate from each 

model well (m3/day) 
Recharge rate 

(mm/day) 
1 0 10 -6 -8200 0 
2 10 -6 181 -8200 0 
3 181 212 -8200 0.8064 
4 212 365 -8200 0 

 
Simulation for sensitivity analysis (run no. 4): to observe the effect of change of 
different parameters on the model outputs, using the same inputs, options and stress 
periods as in run no. 1. Four aquifer parameters were varied as indicated in the 
following: 
 

• Lateral and vertical hydraulic conductivity (-75%, -50%, adopted value, +50%, 
+100%, +150%, +200%, +300%) 

• Specific yield (-75%, -50%, adopted value, +50%, +100%, +150%, +200%, 
+300%) 

• Atmospheric recharge (-75%, -50%, adopted value, +50%, +100%, +150%, 
+200%, +300%) 

• Hydraulic conductance of drains (-50%, Model results, +150%, +400%) 
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Table 9. Stress Periods during One-Year Intermittent Pumping 

 
Stress period 

No. 
Start 

(days) 
End 

(days) 
Pumping rate from each model 

well (m3/day) 
Recharge rate 

(mm/day) 
1 0 10 -8200 0 
2 11 31 0 0 
3 32 41 -8200 0 
4 42 59 0 0 
5 60 71 -8200 0 
6 72 90 0 0 
7 91 100 -8200 0 
8 101 120 0 0 
9 121 130 -8200 0 
10 131 151 0 0 
11 152 160 -8200 0 
12 161 180 0 0 
13 181 191 -8200 0.8064 
14 192 211 0 0.8064 
15 212 221 -8200 0 
16 222 242 0 0 
17 243 252 -8200 0 
18 253 272 0 0 
19 273 282 -8200 0 
20 283 303 0 0 
21 304 313 -8200 0 
22 314 333 0 0 
23 334 344 -8200 0 
24 345 365 0 0 

 
While one of these parameters was varied, the other three were kept constant, equal to 
the initially adopted values. In this way the simulation run no. 4 was repeated 28 times. 
The following outputs were evaluated from the runs: 
 

• Root mean square error (RMSE) of comparing observation well simulated with 
the observed heads after one year of pumping 

• Mean drop in observation well simulated heads in a year of pumping 
• Course in time of a selected observation well (PO-5) simulated head. 

 
Simulating optimised pumping policies (run no. 5 to 10): The pumping regime during 
first two years of pumping each well was allowed to operate 8 hours daily. The 
alternative or optimised policies were designed and tested as described below. 
 

• Optimised policy no. 1 (runs no. 5, 6 and 7): An area of influence of each 
pumping well within the flow region was determined using the Thiessen 
polygons.7, 8 The minimum water table depth in each polygon, dmin, was 
estimated as the mean water table depth minus two standard deviations (a zero 
minimum depth was taken if this estimate tended to be negative). Then, an 
amount of water to be withdrawn from the area of influence of each well was 
calculated in m3 = max [(2.25 m - dmin), 0] × Y × A; Where, 

 
   2.25 m = the minimum permissible water table depth,  

Y = the specific yield of the aquifer (dimensionless), 
A = area of influence (the area of the polygon) (m2). 

 



Proceedings of The 2006 IJME - INTERTECH Conference  

The resulting hours of daily pumping were then redistributed over four years so 
that in each year the hours of daily pumping summarised over all pumping wells 
did not exceed 14 × 8 = 112 hours/day. For simulation purposes, the intermittent 
pumping was replaced by an equivalent continuous pumping at a rate equal to 
N/24 times the true pumping discharge, where N were the daily hours of 
pumping allocated to a particular well in a particular year. Initial heads for the 
first of these runs were taken as predicted by the run no. 3 (continuous pumping 
with standard policy) after 2 years. Each following run then used the final heads 
from the previous run as its initial conditions. The structure of stress period was 
the same as in Table 8 except for the period no. 1 that was omitted. The fourth 
year of simulation was taken as a leap year.  

• Optimised policy no 2 (runs no, 8, 9 and 10):  A policy was formulated and 
tested which differed from the policy no. 1 in that the average area of a polygon 
(a constant value) was substituted for A into the above formula for each well 
and no upper threshold was set for the daily pumping hours.  

 
Results and Discussion 

The outputs of Visual MODFLOW were processed by IDRISI for presentation and 
further analysis.  
 
Model calibration: The groundwater flow model was calibrated against 
measured observation well heads at the start and after one year of pumping. 
The simulation runs no. 1, and 2 were accomplished in order to find out how 
different the results of simulation are. It was established that the continuous 
regime of pumping imitated reality well to be used in all subsequent runs. No 
other data were available and, therefore, no independent verification of the 
model could be done. 
 

Intermittent vs. continuous pumping: The results of simulation runs no. 1 and 2 are 
displayed and compared on Figs. 4 to 6 and in Table 10. The maximum difference 
between the heads predicted for the observation wells by the two runs after one year of 
pumping was only 5 cm (for well no. OP-5, see Table 10). Larger drawdowns near the 
pumping wells and smaller drawdowns far from them during the continuous pumping 
regime are clearly visible on pictures displaying the contours of heads (Figs. 6 and 7). 
 

Table 10. Heads Predicted after One Year of Pumping. 
 

Observation 
well no. 

 

Observed 
heads 
(m) 

Calculated heads 
(m) 

Continuous pump. 

Calculated heads 
(m) 

Intermittent pump. 
OP - 1 87.62 87.95 87.94 
OP - 2 89.12 88.56 88.54 
OP - 3 88.16 88.34 88.32 
OP - 4 87.95 87.54 87.58 
OP - 5 87.10 87.73 87.68 
OP - 6 86.25 86.27 86.26 
OP - 7 86.84 87.00 86.99 
OP - 8 86.25 85.86 85.84 
OP - 9 85.52 85.19 85.18 

Average 87.20 87.16 87.14 
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Fig. 8 shows scatter diagrams of simulated vs. measured heads in observation wells at 
the start and after one year of pumping. A difference in the root mean square error 
(RMSE) values indicated that the intermittent regime was slightly better in reproducing 
the measured heads. Therefore, the continuous pumping regime as simulated by the run 
no. 1 is an adequate representation of the “true” intermittent pumping regime.  
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Fig. 6 Contours of Head after One Year Pumping 
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Fig7. Drawdowns and Water Table Elevations at the End of First Year 
 
Sensitivity analysis: In this study, the hydraulic conductivity and the specific yield of 
the aquifer, the recharge rate and the specific hydraulic conductance of the drains were 
systematically varied, one at a time, within a plausible range. Each new value of 
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hydraulic conductance of a drain within a grid cell was obtained by adding (or 
subtracting) a pre-determined percentage of the original value to (or from) this value. 
The corresponding scales on the graphs (Figs. 9 and 10) are plotted in terms of this  
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Fig 8. Calculated and Observed Heads at the End of First Year 

 
percentage and the same scheme extends to all graphs on Fig. 11. The hydraulic 
conductance of irrigation canals were not subjected to the sensitivity analysis. The 
analysis was made by performing repeatedly the simulation run no. 4.  
 
The results of the sensitivity analysis are presented in Figs. 9 to 11. As expected, the 
dependence of RMSE on any of the varied parameters (see Fig. 9) is a convex curve 
exhibiting a minimum near to the initially adopted value (denoted by an arrow in the 
graphs). The corresponding graphs in Fig. 9 suggest that the optimum hydraulic 
conductivity is higher than the initially adopted, namely, about 80 m/day, while the 
optimum recharge rate can be less than adopted, say, about 0.4 mm/day. The 
dependence of simulated average drop in head on the varied parameters (see Fig. 10) is 
monotonous. An increase in aquifer’s hydraulic conductivity or in the drain hydraulic 
conductance causes the drop in head to increase, while an increase in the specific yield 
of the aquifer of in the recharge rate produces a decrease of the drop in head. The effect 
of the former two parameters can be counterbalanced by the influence of the latter two.  

 
Model predictions: After calibration and sensitivity analysis, the model was used to 
predict the response of the groundwater flow system to future events during a period of 
five years. It may be noted that the model, although calibrated, need not provide 
realistic predictions of the system behaviour because it was not verified or validated. 
The uncertainty about future hydrologic stresses like recharge or evapotranspiration and 
about the canal conductance and conditions at the aquifer boundaries, make the 
predictive results less confident, even though they are encouraging.  

Standard pumping policy: The first purely predictive run (no. 3) simulated a plain 
continuation of the ongoing pumping practice. The results are shown in Figs. 12 to 14. 
Draining of the modelled territory takes place rapidly during the initial two years while its 
progress slows down afterwards. The draining also proceeds very non-uniformly.  
 

Particularly instructive is Fig. 14 on which the territory is divided into patches of three 



Proceedings of The 2006 IJME - INTERTECH Conference  

 

0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60

0.0 50.0 100.0 150.0 200.0

Hydraulic conductivity [m/day]
R

M
S 

E
rr

or
 (m

)

Adopted value

0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6

Specific yield 

R
M

S 
E

rr
or

 (m
)

Adopted value

 
 

0.30

0.35

0.40

0.45

0.50

0.55

0.60

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Recharge [mm/day]

R
M

S 
E

rr
or

 (m
)

Adopted value

0.30

0.35

0.40

0.45

0.50

0.55

0.60

-50% 50% 150% 250% 350% 450%

R
M

S 
E

rr
or

 (m
)

Adopted value

Hydraulic conductance of drains [+ added % of adopt. value]  
 
 

Fig 9. Sensitivity of the Root Mean Square Error of Predicted Heads 
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Fig 10. Sensitivity Analysis of the Average Drop of Head 
 

different colours, denoting, respectively, the spots which are not yet drained enough 
(red), and the spots which are over-drained (blue). The areas belonging to each of these 
groups in individual years were evaluated (using IDRISI) and are given in Fig.17 under 
the heading “standard (pumping) policy”. After 5 years of pumping, 200.760 km2 are 
still under-drained and 156.796 km2 are over-drained out of the total area of 600 km2.  

This is mainly because the transmissivity of the aquifer is not large enough to transport 
water quickly from the most remote places to the wells. Due to the artificial no-flow 
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Fig 11. Sensitivity Analysis of the Course in Time of the Head in OP-5 
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Fig 12. Observation Well Simulated Heads per Standard Pumping Policy 
 
boundaries at the circumference of our flow region water in our isolated flow region 
tends to be drained spontaneously from the northern parts and accumulates at its 
southern edge, until the regional slope of water table, induced via the initial conditions, 
fades out. Fortunately, this process is slow and its overall effect during the five years of 
pumping was assumed to be small. It follows from the results of the simulation run no. 
3 that if the standard pumping policy is applied, some wells are abstracting less water 
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than they should, while uneconomically large amounts of water are pumped out of 
other wells. A possible solution would be to increase the average pumping rate in the 
former wells and reduce it in the latter, keeping the total annual pumped volume and 
the allocated energy consumption unchanged.  

Optimised pumping policies: Two slightly different algorithms were tested, referred to as the 
“optimised policy no. 1” and the “optimised policy no. 2”. The flow region was divided into 
14 compartments surrounding individual pumping wells; using the Thiessen polygons (see 
Fig. 15). The optimised policy no. 1 was based on the estimated amount of water to be 
withdrawn from each Thiessen polygon in order to lower the water table in the whole 
polygon below the minimum target value 2.25 m, while the policy no. 2 redistributed these 
amounts so that they were proportional to the required average reduction of head in each 
polygon, irrespective of the size of the polygon. In this way, smaller polygons received 
relatively higher quotas.  
 

 

 

 

 

 

 

                                 

                                   Initial                                                                End Five Years 

Fig 13. Continuous Pumping Head Contours per Standard Pumping Policy 
 
The results obtained with the optimized policy no. 1 and 2 are presented in Fig. 16 as 
maps of water table depths. All three pumping policies are compared in water table 
depth area distribution in Fig. 17. The policy no. 2 is the best of all three alternatives. 
With the policy no. 2, only 62.973 km2 remain under- drained after 5 years of pumping 
and 120.866 km2 are over-drained. In terms of the annual water balance, there is no 
significant difference between the standard pumping policy and the policy no. 2.  
 
Conclusions and Recommendations 
 
Simulation: The model design was much simplified with the following considerations: 

• A relatively large scatter of simulated heads around the measured ones was 
present in the model due to estimation of the initial conditions and did not 
preserve the head in the points where they were measured.  

• The model wells represented five actual wells due to model limitations. One to 
one well representation would be distributed more homogeneously over the 
modelled area and the resulting water table depth more uniform.  
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• The artificial no-flow boundaries of the modelled region allowed water in the 
flow region to accumulate at its southern edge, until the regional slope of water 
table, induced via the initial conditions, would fade out. 

• Continuous pumping is good representation of the intermittent under this study. 
It is much easier to define MODFLOW inputs and outputs for a continuous than 
for the intermittent one, especially for short periods. 
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Fig 14. Continuous Pumping Water Table Depths (Standard Pumping Policy) 
 

 

 
 
 
 
 
 
 
 
 
 
 
 

Fig 15. Areas 0f Influence 0f Pumping Wells 
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Fig 16. Continuous Pumping Water Table Depths 
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Fig 17. Pumping Policies in Water Table Depth Areal Distribution 
 
 

Based on the simulation experience, it can be recommended that the following 
measures should be taken in order to make the results more realistic: 

• The flow region should comprise a whole aquifer. 
• The no-flow boundaries should be replaced by more authentic settings or the 

no-flow boundary shifted safely beyond the perimeter of the area of interest. 
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• The paths of canals and drains in the model should be realistically curved, rather 
then rectangular. 

• All actual pumping wells in the area should be individually considered, without 
lumping them into fewer representative model wells 

• An intermittent pumping regime probably need not be modelled as such but in 
each individual case one should test if this is a safe thing to do. 

• As the irrigation canals and surface drains contribute much to the water balance 
of the aquifer, their conductance should be known more reliably. 

• Evapotranspiration, which was neglected in this study, may affect the aquifer 
water balance and should be estimated and included in the model. 

• Shallow lakes, occurring in the region, should be taken into account as surface 
boundary and as inflow component of aquifer’s water balance. 

 
Sensitivity analysis: The results of sensitivity simulations allowed adoption of certain 
modelling decisions. For example, 
 

• The continuous pumping was computationally much more advantageous than 
the intermittent regime and could be used in modelling instead of the latter.  

• An increase in aquifer’s hydraulic conductivity or in the drain caused an 
increase of the drop in head due to pumping, while an increase in the specific 
yield of the aquifer or in the atmospheric recharge rate produced a decrease of 
the drop in head due to pumping. The effect of the former two parameters can 
be counterbalanced by the variation of the latter two.  

• All four parameters, as well as the conductance of irrigation canals which was 
not analysed, have a major influence upon the model results due to their 
variation causes a substantial head variation, in the order of 0.4 to 1.3 m. 

• None of the adopted input parameters was changed to comply with the 
sensitivity analysis result. In future, the values of hydraulic conductivity and 
recharge rate may be verified by independent means and corrected if necessary. 

 
Pumping policies: The model used was oversimplified. Although calibrated, it 
was not either verified or validated. The results of modelling are encouraging 
and some conclusions are practical and relevant as mentioned in the following: 

 
• During the first two years, the drains were abstracting more groundwater than 

the wells. With lowering of the water table the situation reversed.  
• The draining also proceeded very non-uniformly as the aquifer transmissivity 

was not large enough to transport water quickly to the wells.  
• The ground surface elevation was highest in the upper part of the flow region. 

Groundwater drained and accumulated at its southern edge (no flow boundary).  
• If the standard pumping policy is applied, some wells abstract less water than 

and uneconomically large amounts of water pumped from other wells. 
• The optimum policy no.1 was better than the standard policy in achieving a 

homogenous drainage of the area and was the best of all three alternatives. 
• There was no significant difference between the standard and optimised 

pumping policies in terms of the annual water balance.  
• For achieving a faster and more complete drainage at a minimum cost is 

important. The optimised pumping policy no. 2 should be tested in practice in 
conjunction with a simulation modelling similar to that presented above. 
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• Surface drains appear to be more powerful means of dewatering a waterlogged 
territory than the wells and should be considered in practice if economical.  

• More observation well should be installed in the territory and the hydraulic 
conductance of canals and drains should be accurately measured or estimated. 
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