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Abstract 

With the growing attention devoted to the protection of the natural environment, the 
computer simulation of water flow and contaminant transport in groundwater has been used as a 
tool for the prediction of the future and the quantification of existing water availability and the 
groundwater pollution. For the simulation and prediction purposes, groundwater models are being 
used. In the groundwater modeling, since the hydraulic and solute parameters such as hydraulic 
conductivity and dispersivity are not generally estimated, they must be estimated by solving an 
inverse identification problem through the inverse models. Solving of inverse problem is based on 
the observed field data. Genetic algorithm which is one of the search techniques used for the 
optimum estimation of hydraulic and transport parameters in the inverse modeling. With the 
estimated optimum values of the parameter, one can improve the accuracy of the model results. 

 
1. Introduction 

Groundwater depletion and groundwater pollution are the two major problems of the 
aquifer system. Through the groundwater modeling, one can predict the groundwater flow and 
transport process over the years. In order for the accurate prediction of flow and transport 
process, the parameters like groundwater recharge, aquifer storage, hydraulic conductivity, 
dispersivity should be estimated optimally.  This study aimed to estimate the optimum value of 
the parameters such as hydraulic conductivity and dispersivity. Since those are the two important 
parameters which influences more the model output and therefore by the optimum estimation of 
the hydraulic conductivity and dispersivity through the inverse modeling, one can improve the 
accuracy of the groundwater models in predicting the groundwater flow and transport process in 
the aquifer system. 

 
2. Objectives of Study  

The main objectives of the study are as follows: 
 To estimate the optimum hydraulic conductivity through Inverse Modeling using 

PEST.  
 To estimate the longitudinal and transversal dispersivities using MT3D, in the Visual 

MODFLOW. 
    .                          

3.   Study Area Description  
       The Sengulam tank is situated at the end of Sengulam village which is at the distance of 
15Km from Virudhunagar District. The latitude and longitude of the tank are 9°38’33”N and 
77°49’47” E, respectively with an altitude of 125.578 above mean sea level. The original capacity 
of the tank is 0.295Mm3.There is totally three sluices in the tank. Full tank level of the tank is 
121.110m.The catchment area of the tank is 0.460Km2.  
 
4. Modeling with Visual Modflow  
4.1 Model Conceptualization  
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Model conceptualization is the process in which data describing the field conditions are 
assembled in a systematic way to describe the groundwater flow and contaminant transport 
process at a site. The model conceptualization aids in determining the modeling approach and 
which model software to use. The model domain is shown in the Fig. 1. 

 

Fig.1. Model Domain 

4.2 Primary and Secondary data collection 
    In order to estimate the parameters, water head and concentration values have to be 

collected from the field. Then the hydraulic conductivity and dispersivity values have been taken 
as the secondary data which is collected from the literatures. 

        
Fig.2. Schematic Diagram for Recharge Boundary     Fig.3. Schematic Diagram of Hydraulic Conductivity 
 
4.3 Model Calibration  
 The purpose of model calibration is to establish that the model can reproduce field 
measured heads and flows. Calibration was carried out by trial and error adjustments. Model 
calibration was carried out under both steady state and transient state conditions. 
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4.4 Transient State Calibration 
  Like Steady State Condition, model was calibrated to transient state from June 2007 to 
June 2009.Since data of water levels were available for a period of 2007 to 2009,simulation was 
performed for that period  taking the 2007 water levels as initial condition and then simulation 
was carried out under transient state conditions. Monthly time step were considered from June 
2007 – 2009. The initial hydraulic conductivity values of the steady state model that is the range 
between (0.00009 – 0.0001m/sec) were also used as the values of the hydraulic conductivity for 
the transient state model. During the calibration process several zones were marked and each was 
assigned with different hydraulic conductivity within the range.  Model run was executed and 
results were analyzed. The calibration graph for the transient state condition is shown in the Fig. 
4. 
 

        Fig.4.Calibration Graph for Transient Condition 
 

5. Results and Discussions   
 Then in order to provide reasonable match between the observed and calculated head values, 
several changes have been made in the input parameters within the range. The parameter changes and 
response of calibration graph is described in the table below. 
 
 Table1. Comparison of Results between all Calibration Changes 

Changes Done Root Mean 
Squared 

Standard Error 
of Estimate 

Normalized Root 
Mean Squared 

Correlation 
Coefficient 

Increased the hydraulic 
conductivity values to 10% 

3.386 0.198 176.336 0.125 

Increased the recharge values 
to 50% 

6.469 1.925 336.948 0.253 

Changed the recharge 
boundary to variable head 
boundary 

0.991 0.223 23.28 0.421 

Decreased the pumping rates 
of about 50% for all the 
pumping wells 

0.898 0.22 28.231 0.638 
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 From the above table it could be inferred that the pumping rates and hydraulic 
conductivity are more sensitive to the model output than any other parameters. By changing the 
hydraulic conductivity values and by changing the recharge values the model output results was 
not that much improved. Then by changing the pumping rates, correlation coefficient of up to 
0.638 was obtained. So further to improve the RMS and the correlation coefficient parameter 
estimation was performed to estimate the hydraulic conductivity using PEST.  

5.1 Approaches to Recalibration Using Visual Pest 

 The main approach of this study is to estimate the optimum hydraulic conductivity of the 
aquifer system which can be achieved by the recalibration of the MODFLOW using PEST. In this 
parameter estimation process, the objective function is set to minimize the difference between the 
observed and calculated water level values. All the control factors such as Marquart Lambda, 
Parameter change constraints, Termination criteria were given in the appropriate range. Visual 
PEST has taken control wells water level as input parameters and it estimated the hydraulic 
conductivity for all the zones. Several model runs were made and results were analyzed. One of 
the problems with MODFLOW is its limited capability to accurately simulate the drying and 
resaturation of grid cells. Due to the presence of the dry cells, PEST run terminated automatically. 
So the dry cells has been removed by the further calibration process and results were obtained 

 

    
 
Fig.5. Schematic Representation of Layer  Dry Cells    Fig.6. Schematic Representation of Layer with with    
                                                             Minimum Dry Cells 
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Table2. Estimated Hydraulic Conductivity from Four Trials 

Parameter Zone Trial-4 Trial-5 Trial-6 Trial-7 
 
 
 
 
 
 
 
  Hydraulic 
Conductivity  

1 1.58E-5 2.38E-5 2.16E-7 6.94E-7 
2 9.72E-5 4.44E-6 8.08E-5 8.07E-5 
3 1.7E-5 2.75E-6 4.25E-5 4.21E-5 
4 1.36E-5 1.25E-6 5.28E-11 5.28E-8 
5 2.06E-4 3.97E-3 5.87E-5 2.83E-5 
6 7.16E-5 1.31E-4 6.38E-5 6.63E-5 
7 1.4E-5 5.38E-8 1.21E-5 1.25E-5 
8 6E-5 8.88E-4 6.66E-5 6.68E-5 
9 6.27E-4 6.32E-4 3.502E-4 0.00034 

10 1.26E-5 1.09E-5 6.35E-5 7.15E-5 
11 2.38E-5 1.62E-3 4.78E-4 0.0005 
12 1.24E-5 2.87E-4 2.67E-5 1.88E-6 
13 3.69E-5 5.93E-7 1.37E-4 0.00012 
14 2.17E-5 3.67E-4 3.04E-5 2.78E-5 
15 3.5E-5 5.92E-5 4.92E-5 5.13E-5 
16 1.92E-5 5.9E-4 2.69E-5 2.56E-5 
17 1.21E-5 6.65E-8 3.75E-5 3.35E-5 
18 4.95E-2 1.77E-3 1.06E-4 9.57E-5 
19 2.74E-4 5.03E-4 7.38E-4 0.0004 

 
5.2 Comparison of Results between the Different Trials 
 After many trials were made by decreasing the pumping rates in all the wells, results 
obtained from the calibration Figure was compared in order to find out the optimum hydraulic 
conductivity. From trial 1 and trial 3, the results obtained were not much satisfactory. Results 
from the trial 3 were satisfactory but it did not provide reasonable match between the observed 
and calculated water level values. From the trial 4, the results obtained were very good and it 
provided reasonable match between the observed and calculated water level values and it exactly 
represented the field conditions. The table representing the comparison of results between the 
trials is given in table    

Table3. Comparison of Results between the Different Trials 

Parameter Trial-4 Trial -5 Trial -6 Trial -7 
Root mean squared 1.225 1.122 0.576 0.458 
Standard error of 

estimate 
0.383 0.214 0.129 0.113 

 
Normalized root mean 

squared (%) 
38.53 32.16 18.3 14.403 

Correlation coefficient 0.4 0.68 0.75 0.918 
Cumulative pumping 

rates at 360 days 
 

0.45 Mm3 
 

0.32Mm3 
 

0.23Mm3 
 

0.19Mm3 
 
 5.3 Optimum Hydraulic Conductivity 
 Through the PEST run, optimum hydraulic conductivity for all the zones was estimated 
after several trials. The estimated parameters are described in the table below. Once it was 
updated, MODFLOW run was made. The resulted calibration graph for the time period, time 
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series graph for wells for the estimated optimum hydraulic conductivity are given in following 
figures 

Table4. Comparison between PEST Estimated Optimum Hydraulic Conductivity and Simulated 
Hydraulic Conductivity 

Zones PEST estimated Hydraulic 
Conductivity  

Simulated Hydraulic 
Conductivity 

1 6.94E-7 5E-6 
2 8.07E-5 0.0001 
3 4.21E-5 1E-5 
4 5.28E-8 9E-6 
5 2.83E-5 9E-6 
6 6.63E-5 8E-5 
7 1.25E-5 1E-5 
8 6.68E-5 6E-5 
9 0.00034 0.0008 
10 7.15E-5 1.5E-5 
11 0.0005 1.2E-5 
12 1.88E-6 2E-6 
13 0.00012 1.14E-5 
14 2.78E-5 1.3E-5 
15 5.13E-5 1.05E-5 
16 2.56E-5 1.15E-5 
17 3.35E-5 1.16E-5 
18 9.57E-5 0.001 
19 0.0004 0.001 

 

 

Fig.7. Time Series Graph for Optimum Hydraulic Conductivity for Well – 8 
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Fig.8. Time Series Graph for Optimum Hydraulic Conductivity for Well -20 
 
5.4 Validation Process 

Once the calibration process and recalibration of model using PEST was completed, 
validation process was performed with the second year of water level data, pumping details and 
recharge values. Validation run was made to verify whether that the model reproduces the field 
conditions and provide the reasonable match between the observed and calculated water head 
values for the next year.  Model runs were made and results were obtained. The figure 
representing the calibration graph for time period and time series graph of well are given in 
following figures  

 

Fig.9. Calibration Graph for Optimum Hydraulic Conductivity at 720 days 
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Fig.10. Time Series Graph for Optimum Hydraulic Conductivity for Well -20 
 

  Initially in the all calibration graphs most of the points were away from the best fit line 
and the resulted RMS was  in the range of     (0.9 – 9m) and the correlation coefficient of about 
(0.2 – 0.6). At first in the time series graph match was not good between the observed and 
calculated heads for all the wells. After the calibration process through PEST, there was a good 
match between the observed and calculated heads. Hence using the MODFLOW – PEST , 
optimum hydraulic conductivity was estimated which had the RMS range of (0.4m – 0.6m) and 
correlation coefficient in the range of (0.8 – 0.9) was thus obtained in the Calibration graph. From 
the mass balance, after the PEST calibration 50 % increment of recharge sand 50% decrement of 
pumping rates were observed. 
 
5.5 Solute Transport Model 
 Solute transport model was performed coupled with the flow model in order to estimate 
the dispersivity of the aquifer system. For this purpose, all the input parameters such as 
concentration of all the wells were assigned. Boundary condition such as constant concentration 
boundary was given for the upstream of a command area. With the observed concentration from 
the wells, recharge concentration was assigned in the ayacut portion of the model domain. Then 
the property, longitudinal dispersivity was taken initially within the range of 1 - 3 m for the model 
domain which was estimated in the field using the tracer study at seven locations from the earlier 
studies. MT3D run was made and simulation results were analyzed.  
 
 5.6 Model Calibration 

Model calibration was performed to verify whether model results represent the exact field 
conditions and all data points are located within the 95% confidence interval. One year 
concentration data was used initially for the calibration process. Sensitivity analysis was carried 
out whereby model parameters such as dispersivity and pumping details and boundary conditions 
were altered slightly and the effect on calibration statistics is observed. This sensitivity analyses 
were performed to find out which parameter is more sensitive to the model output.  
 
5.7 Change in dispersivity values 
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 In this step, longitudinal dispersivity initially assumed was slightly changed and root 
mean squared thus observed in the calibration Figure was observed. Dispersivity thus given was 
changed to 1m, 2m, 3m, 10m and model run was carried out. The root mean squared thus 
observed was in the range of increasing trend. Therefore again trials were made by decreasing the 
dispersivity values to 0.3m, 0.2m, 0.1m and their effect on root mean squared was observed. It 
was in the range of increasing trend and almost flat (i.e. RMS was stabilized). The figure showing 
the increasing trend of root mean squared for increase in dispersivity is given figure 

 

Fig.11. Showing the Variation of RMS (360 days) due to increase in Longitudinal Dispersivity 
 
From the Figure, it could be inferred that minimum root mean squared error was obtained 

with the minimum longitudinal dispersivity in the range of between (0.1 – 0.3m). Furthermore all 
the calibration Figure of 0.1m, 0.2m, 0.3m were then compared. It was then found that the best 
calibration results were obtained for the longitudinal dispersivity of about 0.3m. So the 
dispersivity of the aquifer system was then found as 0.3m which is well matched with the field 
estimated longitudinal dispersivity of about 0.31m. The calibration graph for the time period is 
given in the Figure  

 

Fig.12. Calibration Graph for the Time Period 360 days 
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 5.8 Model Validation  
 Model validation was then performed to find out whether the calibrated results provide 
the exact field conditions for the next time period. For the validation process, the longitudinal 
dispersivity was assigned as 0.3m.Through the model run it was then observed that the validated 
results provided the reasonable match between the observed and calculated concentration values. 
The calibration Figure for the different time periods are given in the Figures. From the Figure it 
could be known that most of the well points are within the 95% confidence interval.  
  

  
Fig.13. Calibration Graph for the Time Period 720 days 

 
Initially in the all calibration graphs most of the points were away from the best fit line 

and the resulted RMS was  in the range of (110 – 130mg/l) and the correlation coefficient of 
about (0.2 – 0.6). Then after the calibration process through MT3D, RMS in the range of (70 – 
75mg/l) and the correlation coefficient of about (0.8 – 0.9) was obtained. Hence using the MT3D, 
optimum longitudinal dispersivity was estimated .Normally transversal dispersivity is taken as 
1/10th of the longitudinal dispersivity. 
 
6. Summary  
 The main objective of the thesis is framed to estimate the Optimum hydraulic 
conductivity and dispersivity for the Sengulam tank using Visual MODFLOW. In the initial 
calibration stages the results obtained were not much satisfactory. Moreover the study area is 
located in the hard rock terrain intense calibration was carried out to bring out the proper 
calibration results. In the MODFLOW several trials were performed by changing the input 
parameters such as hydraulic conductivity, recharge values and also the pumping details. But 
those changes did not provide the reasonable match between the observed and calculated water 
head values and thus obtained the correlation coefficient of about in the range of (0.4 – 0.6) and 
the root mean squared in the range of (3 – 10). So the accurate parameter estimation process was 
performed using PEST model. PEST model has the inability to provide stable results if there is 
the presence of dry dells in the layers. So trials were carried out to remove the dry cells. It was 
found that the dry cells in the layers can be removed by increasing the recharge values. Then 
again during the PEST model run, dry cell error has occurred.  Those dry cells errors were then 
rectified by decreasing the initially given pumping values of all the wells. Pumping rates were 
decreased by percentage base and estimated hydraulic conductivity was then analyzed. 
Calibration results were then compared for all the cases. 
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 In the solute transport model, the aim is to estimate the longitudinal and transversal 
dispersivity of the study area. Constant concentration and recharge concentration boundary 
conditions were given in the model domain to represent the concentration flow from the tank 
portion and return flow of water from the irrigated areas. Then a sensitive analysis was then 
carried out to find the sensitive parameter to the model output. It was observed from the analyses 
that the root means squared increases with respect to the increase the longitudinal dispersivity. 
With those trials longitudinal dispersivity was estimated for the aquifer system. Normally it was 
assumed that the transversal dispersivity is taken as 1/10th of the longitudinal dispersivity. 

7. Conclusions  
The following conclusions can be drawn from this study: 
 
Visual MODFLOW is the effective groundwater flow and transport model which will 
exactly represent the field condition, if proper and refined input parameters are given. 
 
From this work, optimum hydraulic conductivity for all the zones is estimated using the 
parameter estimation process. 
 
Through the parameter estimation, not only the hydraulic conductivity but also the 
optimum pumping rates are estimated. 
 
Estimated hydraulic conductivity from PEST provided reasonable changes between the 
observed and calculated water levels with the calibration statistics of about 0.918 and 
0.918 are the RMS error and correlation coefficient respectively. 
 
PEST has inability to provide stable results due to the presence of dry cells in the layers 
of the aquifer. Proper corrections should be made in the MODFLOW itself and then only 
PEST will estimate the accurate parameters of our interest. 
 
PEST run terminate automatically, if intense pumping is given in the pumping wells. So 
that appropriate pumping rates should be given in order to prevent PEST from 
intermediate termination. 
 
Longitudinal dispersivity of the aquifer in the range of 0.1 – 0.3m is estimated using the 
MT3D through proper sensitivity analysis. 
 
Transversal dispersivity is taken as 1/10th of the longitudinal dispersivity and it is the 
range of 0.01 – 0.03m. 
 
From the proper sensitivity analysis it is observed that the model is more sensitive to the 
dispersivity other than recharge and pumping details. 
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