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ABSTRACT 

The southwest coastal region of Bangladesh is in a very complicated situation compared to its other parts 
due to direct interaction of the fresh groundwater with the saline surface water from coastal rivers and sea. 
A three-dimensional finite-difference groundwater flow model was employed to investigate the variety of 
hydrogeological conditions and to simulate the groundwater flow characteristics and dynamic flow 
exchanges between the rivers and underlying aquifers in the regional unconfined aquifer of southwestern 
Bangladesh. The MODFLOW modeling package in the framework of Groundwater Modeling System 
(GMS) was applied for this purpose. Stratigraphic modeling results of sub-surface lithology demonstrate 
that the upper unconfined aquifer of the region is extended up to a depth of 150m below the ground 
surface containing two distinct layers. Natural recharge from precipitation formed the main input to the 
aquifer system and abstraction from wells was the main output. The two-layer model was calibrated in two 
steps using observed groundwater levels: a steady-state calibration against 1992 data and a transient 
calibration and validation for 1992-2005 data. The simulation results show that the fluctuations of hydraulic 
heads are dependent on seasonal variation in recharge from precipitation. Advective transport of salinity 
was assessed by coupling the modeling package MT3DMS with MODFLOW in the framework of GMS. 
The model result reveals that the saline front lies close to the sea boundary and has very little effect on 
groundwater. Also, the dynamic interaction simulation depicts that the dynamic flow exchanges has a 
significant effect on the salinity movement from the salinity contaminated coastal rivers into the underlying 
aquifers. The result also reveals that salinity intrusion from coastal rivers, in the form of recharge water, is 
the predominant factor affecting groundwater system rather than the intrusion directly from the sea side. 

Keywords: Advective transport, conceptual model, dynamic interaction, GMS, groundwater flow. 

1. INTRODUCTION 

Worldwide, groundwater is the main source of freshwater in the coastal region because of limited potable 
freshwater supply, where salinity intrusion is a frequent and widespread problem. Therefore, its 
development and management on a regional scale is essential for a developing country like Bangladesh, 
which often experiences the lack of surface water resources having adequate quality to meet the rising 
freshwater demand. But it is recognized that the most significant aspect of any water resources planning 
and management strategy is to ensure adequate supply of water with acceptable quality (Nobi and Das 
Gupta, 1997). The coastal belt surface water systems in the southwest region of Bangladesh have already 
been affected by salinity due to the direct interactions of freshwater in the tidal rivers and saline water in 
the sea (Khan, 2002) which has direct impacts on the environmental sustainability in the region. Salinity 
concentrations in the tidal rivers of coastal belt vary seasonally depending on the upstream freshwater 
flows from the Ganges. Adel (2001) reported that the surface water availability in Bangladesh is reduced 
by 50% with a corresponding 60% upstream freshwater diversion (Farakka Barrage) in the Ganges, which 
causes a proportionate decrease in groundwater recharge in the downstream. Thus, salinity is one of the 
major causes of water quality degradation for both surface and groundwater resources in the region 
because of its geographical location as well as uncontrolled abstraction from underlying aquifers (Rahman 
et al., 2000; Halcrow, 1993). It is widely accepted that both surface and groundwater systems are 
inherently linked to each other. Thus, uncontrolled development or contamination of one obviously affects 
the other (Sophocleous, 2002). So, the groundwater systems in this region may be affected by salinity 
intrusion from the sea due to over-exploitation from the aquifer. Study suggests that the underlying aquifer 
in this region is dynamically linked with the salinity affected rivers and surface water bodies (Nobi and Das 
Gupta, 1997; Halcrow, 1993) which may further degrades the groundwater quality through dynamic 
interaction mechanisms. In addition, further groundwater development and sea level changes may 
aggravate the situation (IPCC, 2007; Ranjan et al., 2006). Finding solutions to such ubiquitous water 
resources problems need thorough investigations and analysis of the overall system in an integrated 
manner. So, the present study is an attempt to investigate the dynamic flow characteristics of groundwater 
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systems and advective transport of salinity into the aquifer system in the southwest coastal region of 
Bangladesh by applying three-dimensional groundwater modeling technique. 

2. HYDROGEOLOGICAL CHARACTERISTICS OF THE STUDY AREA  

The study area is located in the south-west region of Bangladesh lying between 22.200 to 24.120 north 
latitudes and between 88.560 to 89.980 east longitudes. The area covers about a total area of about 
16,985 square kilometers, which is surrounded by the Ganges-Padma River in the north, the Gorai-
Madhumati-Haringhata-Baleswar River system in the east, the international border between Bangladesh 
and India in the west and the Bay of Bengal in the south. The area is enclosed by 20 hydrological sub-
catchments delineated by the Institute of Water Modeling (IWM), Bangladesh during regional model 
development phase (Fig. 1). The digital elevation model (DEM) developed from the public domain Shuttle 
Radar Topographic Mission (SRTM) database reveals that the area is dominated by flat topography. It 
varies from 18m to 2m above mean sea level (MSL) with a gradual drop from northwest to southern 
coastal-belt directions. At extreme south, the coastal part has very low and flat topography varying 
between 0m to 2m above MSL. The annual average rainfall is 2000 mm of which approximately 75% 
occurs during the monsoon season (June to September) and almost 90% occurs in the wet period (April to 
September). The mean annual temperature is 260C. The relative humidity also varies from 70% in March 
to 89% in July. Depending on these parameters, the average pan evaporation is also high and generally 
exceeds the rainfall rates in dry season (October to March).  

The southwest region of Bangladesh is underlain by alluvial sediments of the Bengal Basin, laid down by 
the Ganges-Brahmaputra River system. The sediments become progressively older with depth and 
lithologically range from clay and silt, to fine, medium and coarse sand, which are unconsolidated or lightly 
compacted. Only those sediments down to 300m depth are of interest hydrogeologically. Previous studies 
reported that there are no faults or folds within these hydrogeologically significant sediments (Halcrow, 
1993). In general, the upper clay layer is comparatively thick in the coastal part. In most of the areas, the 
composite and deep aquifer sequences are found in the 150-300 m depth range. The upper surface layer 
of mainly clay and silt characterized by high porosity but low permeability, which has poor aquifer 
properties and thus unsuitable for significant groundwater development. The intermediate layer has 
moderate to good aquifer properties and capable of producing reasonable amount of water. However, the 
main aquifer (lower unit) is the most important source of groundwater for irrigation, which is characterized 
by high porosity and moderate to high permeability and thus, it can provide large quantities of water to 
shallow and deep tube wells. 

 
Figure 1. Location of the study area in the southwest region of Bangladesh 
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3. METHODOLOGY 

3.1. System Conceptualization 

The conceptual model helps to simplify the field problem and to organize the associated field data so that 
the system can be analyzed more readily (Elkrail and Ibrahim, 2008). A total of about 52 borelogs are 
available from the groundwater circle (GWC) of Bangladesh Water Development Board (BWDB) covering 
the whole study area containing individual layer lithology along the depth. This allows taking the full 
advantage of GMS® (Groundwater Modeling System) to build a conceptual model within its framework. 
GMS® is a graphical user interface (GUI) for using MODFLOW and MT3DMS and stratigraphic modeling 
of aquifer systems. It has a powerful GIS® interface for use in different phases of groundwater modeling. 
Interpretations of individual lithology followed by semi-automatic preparation of cross-sections and 
automatic fence-diagram reveals that an unconfined aquifer exists up to 150 meter below the ground 
surface characterized by two distinct aquifer layers (Fig. 2). All sorts of spatially distributed data such as 
location of groundwater level observation well, recharge, aquifer hydraulic parameters, top and bottom 
surface of two aquifer layers, bottom of riverbed etc. is mapped using ArcGIS® by digitizing point data, line 
or polygon features. The topography of the upper layer is spatially variable from north to south direction 
and is assigned into the model by integrating the DEM of the study area by kriging technique. The surface 
topography has influence on the head pattern of the upper aquifer layer and frequently receives rainfall 
recharge. The hydrogeological setting of the study area is characterized by large horizontal and vertical 
heterogeneity. Mainly three external sources of water influence the recharge conditions of the flow system 
such as rainfall recharge, later inflow from west boundary and river bed leakage in some sections. 
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3.2. Development of Numerical Groundwater Flow Model  

The objectives of the numerical model were to check and assess the validity of various interpretations 
regarding the flow system. These include (i) the location and type of flow-system boundaries, (ii) the 
location of recharge areas and (iii) variations in interpretation of hydrogeological framework. The three-
dimensional groundwater flow model MODFLOW-2000 and three-dimensional solute transport model 
MT3DMS were used for simulating groundwater flow and salinity transport. Both models are applied in a 
two-step flow and transport simulation in the framework of GMS®. MODFLOW computes the hydraulic 
heads and cell-by-cell fluxes during the flow simulation, which is subsequently used by MT3DMS as the 
flow field for executing transport simulation. In order to prepare the finite-difference model grid, the aquifer 
system domain was divided into 232 rows and 162 columns and each cell having 1 km x 1 km grid size in 
the horizontal plane. The model consists of 2 layers (up to 150m depth) simulating the principal 
hydrostratigraphic units presents the upper regional unconfined aquifers. The top layer (layer no. 1) is 
characterized by composite mixtures of clay, silt, very fine sand and fine to medium sand and lumped into 
one unit (0-60m). The bottom layer (layer no. 2) is represented by relatively coarser materials like fine, 
medium and coarse sand lumped into it (60-150m) (Fig. 2). Thus, both layers are hydraulically well-
connected to each other (Nobi and Das Gupta, 1997). Surface and bottom elevations of both layers are 
interpolated from DEM and boreholes data.  

The model boundaries were represented by the available hydrological features adjacent to and within the 
model domain (Fig. 1). A time dependent specified head boundary is applied along the Ganges River in 
the north side and Gorai-Madhumati-Haringhata-Baleswar River systems in the eastern side of the study 
area using water level data of different gauging stations. In the south side, the model boundary is extended 
up to Hiron point to establish the sea boundary and a time dependent specified head boundary is provided 
using the Hiron Point water level measurement. The west boundary of the model domain is located along 
the international border between Bangladesh and India and a general head boundary is assigned along 
this side. For this purpose, the known hydraulic heads from the observed groundwater level of several 
monitoring wells located along the border is used. The river package of MODFLOW simulates the effects 
of flow between aquifer and rivers. Water levels in the rivers were used from the different gauging stations 
within it. The recharge rates as in (Halcrow, 1993) were assigned on the top layer only using the 
MODFLOW recharge package. There was a lack of enough pumping test data in the area to be used as 
aquifer hydraulic property. So, the hydraulic conductivity is initially distributed on the basis of available 
pumping test data and lithological knowledge.  

4. RESULTS AND DISCUSSIONS 

4.1. Simulation and Calibration of Groundwater Flow Model in Steady-State Condition  

Initially, the developed groundwater flow model is simulated and calibrated under steady-state condition for 
the average base condition in 1992. The observation data used in the calibration process was the water 
table elevations from observation wells. Although, steady-state condition does not occur in the practical 
field situation, but it gives a very initial estimates of model parameters. It also helps to check the mass 
balance and to check the assigned boundary conditions in the model. Steady-state simulation was run to 
estimate the initial head distributions to be used in the transient simulation. Model calibration in 
groundwater modeling is often required because of the unavailability of reliable field measured data to 
estimate the aquifer flow characteristics. During calibration, traditional trial and error technique is followed. 
GMS® has powerful graphical user interface (GUI) with strong GIS linkages for assigning model 
parameters either into cell-by-cell or zonal based approach. Parameters are assigned into the model by 
dividing the whole model domain into a number of zones for both layers assuming similar hydrogeological 
properties as the cell-by-cell input is a complicated task especially in a large groundwater model. In 
steady-state calibration, the initial values were adjusted within a reasonable limit to obtain a good 
agreement of the computed and observed water table in 1992 and quantified by statistical means. The 
calibrated hydraulic conductivities (20 zones) vary from 9 to 14 m/day for top layer and 18 to 40 m/day for 
bottom layer. To evaluate the calibration performance, scatter diagrams are prepared for each layer and a 
450 line drawn to represent the perfect correspondence between observed and simulated values. For this 
model, the estimated RMSE for top and bottom layer was 1.1m and 0.9m respectively (Fig. 3), which is 
very small. Once these criteria were satisfied, the model was considered calibrated. It can be mentioned 
here that these criteria of calibration were met with the residual mean being close to zero. 

4.2. Simulation and Calibration of Groundwater Flow Model in Transient -State Condition  

The transient simulation was run to replicate the flow characteristics in the aquifer by introducing the 
pumping well. The discharging through the pumping well was simulated as specified flow boundary using 
specified pumping rate. The pumping well is considered a sink and is represented in the model by a node. 
Initially, model calibration is performed using the available observed water table data for a period of 1992 
to 2002. The remaining data from 2003 to 2005 is used for validation purpose. The whole simulation period  
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is divided into 28 stress periods containing two periods (dry and wet) in a year. Recharge is assumed to 
occur only in wet period (May to October) and no recharge is considered in dry period (November to April) 
based on rainfall data analysis. Each stress periods are further divided into 6 time steps with a total of 168 
time steps. Thus, each time step consists of 30 days with a total simulation time of 5113 days. In transient 
analysis, the head distributions or aquifer response at different simulation periods under existing stresses 
are found out. Also, the input required by the salinity transport model (MT3DMS) is generated by 
simulating the flow model in transient condition. Transient calibration is carried out using the same model 
parameter structures and initial head distributions computed in steady state calibration. During transient 
calibration, storage parameters are assigned in the same zone for both layers. The observed and 
simulated heads are then carefully compared and parameters are adjusted by trial and error method to 
obtain a good agreement between them. Initially, storage parameters are adjusted to obtain good match. 
Also, vertical conductivity is adjusted very little. The horizontal hydraulic conductivity was not changed. 
However, only one parameter is adjusted at a time because it facilitates to understand the effect produced 
by the change of each parameter. After modifying of parameters every time, the model is re-run. Several 
simulations have been carried until a good match between observed and simulated heads are obtained. 
From transient analysis, it is observed that without modifying the horizontal hydraulic conductivity values 
good match between observed and computed heads is obtained, which depicts that reasonable calibration 
was achieved in the transient-state. It is found that most of the observation wells show better agreement 
with the computed heads and the calibrated hydrograph follows the average trend of the observed 
hydrograph. The calibrated values of storage coefficient vary from 0.002 to 0.004 for both layers. However, 
there are some monitoring wells where poor agreement between observed and simulated heads is noticed. 
The study area constitutes a large number of small rivers and water bodies which have influence on 
groundwater level. But practically, it is quite impossible to incorporate all these in the model domain. It may 
also be due to aquifer anisotropy and heterogeneity. Sensitivity analysis shows that response of the 
modeled system is more sensitive to recharge variations than hydraulic conductivity and storage 
parameters. 

4.3. Simulation of Salinity Transport 

In the present study, chloride concentration is considered as a proxy of salinity. The boundary conditions of 
the saltwater intrusion model depend on the boundary conditions used in the flow model. In salinity 
intrusion model, the specified head boundary in flow model is changed to specified concentration boundary 
based on the observed salinity measurements. As the salinity varies during dry and wet season, 
boundaries are also assigned accordingly in both periods. Along the general head boundary of flow model 
along the international border, a zero concentration boundary is assigned. Any inflow coming from the sea 
has a specified chloride concentration of 24000 mg/L which is established by the observed salinity data at 
Hiron Point station. For Mongla, Chalna and Khulna points in Passur River, time dependent specified 
concentration boundary is established by the observed salinity in those stations. The initial salinity 
concentration is assigned based on the groundwater salinity data from the very few observed stations. The 
specified concentration of recharge water is taken as 300 mg/L in the coastal part of the area where 
surface water bodies are already affected by salinity intrusion. As MT3DMS is designed to be used in 
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conjunction with any block-centered finite difference flow model, it facilitates to couple it with MODFLOW to 
develop solute transport model. Thus, the spatial discretization used by salinity transport model is same as 
that of flow model. As the transport model uses the transient flow model, the stress periods of transport 
model is kept same but each time step (one month) of flow model is further divided into 60 transport steps 
during transport model construction. The smaller transport steps are taken to ensure the stability criteria of 
salinity intrusion model. Only advective transport is considered to simulate salinity transport into the 
groundwater system, in which salinity is assumed to be transported as the same speed as the average 
linear velocity of groundwater. The simulation is carried out for the same period of flow model spanning 
over 1992 to 2005 (5113 days). The model results show that the salinity front lies close to the sea 
boundary (Hiron Point) and the salinity is intruding by recharge water from affected surface water bodies  
(shrimp culture farming) through dynamic interaction. 

 
Figure 4. Distance of salinity front from the sea boundary (Hiron Point) 

5. CONCLUSIONS 

A three-dimensional integrated river-aquifer model was developed to investigate the groundwater flow 
characteristics and salinity encroachment phenomena into the unconfined aquifer of southwest 
Bangladesh. For this a flow and transport model developed by MODFLOW and MT3DMS is coupled to 
develop a saltwater intrusion model. Only the advection process is considered for simulating saltwater 
intrusion. The results indicate that salinity intrusion from saline surface water bodies is found to be the 
predominant factor in affecting the groundwater system through recharge water rather than the seawater 
intrusion directly from the sea side. The study conclusively proves that in the integrated river-aquifer 
systems in the coastal region, the interactions between the rivers and the underlying aquifer systems have 
significant influence on the flow and salinity intrusion into the overall system. 
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