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ABSTRACT 

Salinity intrusion in southwest coastal aquifers in Bangladesh is understood to be influenced by 

several physical processes, which operate over different spatial and temporal scales, with relative 

roles different from each other.  These include lateral intrusion of seawater interface owing to sea 

level rise or pumping abstraction, saline river water interaction with shallow aquifer, storm surge 

flooding and tidal influences. This study was aimed at evaluating relative roles of these different 

processes on the dynamics of salinity intrusion and assessing how they may vary over different 

spatial and temporal scales considering future climate and sea level rise scenarios. The 

methodology included conceptualizing the hydrogeological system in the coastal aquifer in the 

greater southwest zone based on available hydrological and hydrogeological data, and setting up 

both regional and local (small) scale models for density-dependent flow and contaminant transport 

to simulate groundwater flow and salinity intrusion. 

In summary, the salt water interface reaches greater distances in the southwest zone and shorter 

distances in the southcentral zone. It encompasses most parts of Satkhira and Khulna districts, 

about halfway in Bagerhat district, most parts of Pirojpur and Barguna districts and some parts of 

Patuakhali and Bhola districts. Shallow groundwater salinities in most places are the result of 

interaction of saline river water with groundwater. Lateral movement of the seawater interface is 

an extremely slow process and impacts of sea level rise is limited to areas close to the shore. The 

changes in salinity are very small, in the range of 0.15 to 0.35 ppt, from the baseline to the end of 

the century.  Sea level rise will have greater influence on groundwater salinity via increased river 

salinity which will allow increased salinization of shallow groundwater.  In the northern parts of 

Satkhira and Khulna districts, rivers are of shallower depths and groundwater salinities at shallow 

depths may increase by approximately 70 to 30% of the change in river salinity.  In areas further 

south, greater river depths allow increased salinization of groundwater at deeper depths via river-

aquifer interaction.  In the southcentral zone, even with moderate to high increases in river salinity, 

there are little changes in groundwater salinity as residence time of high river salinity levels are 

small and freshwater flushing largely restricts accumulation of salts in groundwater. Irrigation 

abstraction from groundwater may not substantially influence the ingress of the saltwater interface. 

But it can change the hydraulic gradient locally, causing salinity intrusion upstream, which is a 

probability in Satkhira and Khulna districts if large pumping takes place in Jessore district.  

Storm surge flooding might be a major salinization mechanism in the shallow aquifer by vertical 

infiltration of salt water from the saline inundated areas.  Duration of surge inundation appears to 

be the most important factor. For a storm surge inundation event with seven days of saline flooding, 

salinization effect in groundwater may stay several months (e.g. 3 to 10 months found in numerical 

experiments), while several years for longer duration of flooding (e.g. 1 to 4 years for flooding 

duration of 1 month and 4 to 10 years for flooding duration of 6 months, for different inundation 

and top soil layer conductivity scenarios).  For an Aila like event where inundation took place for 

more than 3 years in some areas, flushing of salts from the affected aquifers is thus expected to 

take considerable number of years.  Aquifers thus may become more vulnerable to increased storm 

surge inundation events, often predicted in climate change scenarios. Tidal oscillation has an 

influence on the mixing of salt in the salt water transition zone and its movement, with propagation 

and retreat of the transition zone dependent on mainly tidal amplitude, with beach morphology and 

hydrogeologic parameters having roles to some degree.  However, responses are limited to very 

short spatial dimension, extending a short distance from the shoreline through the neap and spring 

tide cycle.  
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CHAPTER ONE 

 INTRODUCTION 

 

1.1 Background of the Study 

Groundwater—the world’s largest freshwater resource—is critically important for irrigated 

agriculture and hence for global food security (Aeschbach-Hertig and Gleeson, 2012). In the 

future, the exploitation of fresh groundwater resources will increase due to population and 

economic growth, intensified agricultural development, and the loss of surface water resources due 

to contamination (Arnell, 1999). Projected climate change is expected to have substantial impacts 

on global water resources throughout the twenty-first century (Milly et al., 2005; Vörösmarty et 

al., 2000). Coastal aquifers make a nexus of the world’s oceanic and hydrologic ecosystems that 

provide fresh water sources for the more than one billion people living in the coastal region (Post, 

2005; Small and Nicholls, 2003). Due to the hydraulic continuity with the sea, coastal aquifers are 

vulnerable to saltwater intrusion caused by a number of factors, the major ones being the excessive 

groundwater extraction and climate change induced sea level rise (Ferguson and Gleeson, 2012, 

2013; Gonneea et al., 2013; Masterson and Garabedian, 2007; Webb and Howard, 2011; Werner 

and Simmons, 2009).  

 

The Ganges-Brahmaputra-Meghna (GBM) river delta, the largest and most densely populated 

delta system in the world (Umitsu and Masatomo, 1993) in Bangladesh and West Bengal, India, 

is a particularly vulnerable area with an estimated 20 million coastal inhabitants directly affected 

by saline drinking water. This densely populated low-lying deltaic area is generating increased 

stresses on freshwater availability and thus intensifying saline water intrusion (Worland et al., 

2015). The expected population growth will significantly increase the demand for drinking and 

agriculture water which may change the hydrological system accordingly. Sea-level rise may also 

alter the salinity in groundwater and surface water, with corresponding impacts on soil salinity, 

which may also adversely impact on crop yields (Yu et al., 2010). It is expected that sea level rise 

may also increase the extent of flooding hazard potential of tide and storm surge toward the low-

lying deltaic area. The presence of high levels of salt in drinking water sources in rural coastal 

Bangladesh is a cause of public health concern and a challenge for the government of Bangladesh 

because increasing salt intake during the dry season might contribute to the seasonal pattern of 
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hypertension in pregnancy in coastal Bangladesh (Khan et al., 2011), and the problem may be 

exacerbated by future sea-level rise and environmental change. In many places, the shallow 

groundwater is contaminated with arsenic (McArthur et al., 2001) and deep groundwater is an As 

free resource. But widespread deep irrigation pumping might effectively eliminate deep 

groundwater as an As-free resource for domestic supply, possibly in less than 100 years (Burgess 

et al., 2010). Although arsenic in groundwater is a serious issue in many areas of the GBM delta, 

high salinity also affects the adequacy of the water supply and further complicates water issues on 

the lower delta plain (Worland et al., 2015).  

 

Coastal groundwater systems are characterized by a nonlinear density-dependent balance between 

freshwater and saltwater that is not fully understood (Michael, 2005). Groundwater flow and solute 

transport in the coastal aquifers are influenced by multiple forcing mechanisms that operate over 

a wide range of temporal and spatial scales, leading to a complex and dynamic intertidal subsurface 

environment (Heiss and Michael, 2014). The salinity intrusion of coastal aquifers in Bangladesh 

is intensifying the existing growing concern, especially given the prospect of climate change and 

sea level rise. However, the roles of the different processes are expected to be different in terms of 

how fast the intrusion would take place and what would be the extent of the intrusion.  

 

Irrigation pumping is one important phenomenon, which changes hydraulic gradient and hence 

may affect lateral seawater intrusion and induce vertical infiltration of saline water from the river 

as well. It may be noted that excessive groundwater extraction has led to seawater intrusion and 

water quality degradation in many coastal aquifers. Some studies suggest that the coastal aquifers 

are more vulnerable to groundwater extraction than to predicted sea-level rise under a wide range 

of hydrogeologic conditions and population densities. Although groundwater based irrigation in 

the southwest coastal region of Bangladesh has been limited due to a high level of salinity, 

increased irrigation pumping from the relatively fresh aquifers in the northern districts of the 

coastal zone could impact the unaffected area. This is why Khulna region was recommended to be 

maintained as a buffer zone by limiting pumping in the northern districts (Mott MacDonald et al., 

1993).  
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Theoretically, sea-level rise will have an impact of similar nature on lateral sea water intrusion by 

decreasing the groundwater gradient and hence pushing the saltwater interface inland.  The recent 

study by Yu et al. (2010) suggest that lateral ingress of seawater is a slow process and that the 

current position of the sea water interface has been the result of a process occurring over very large 

time scales (e.g. thousands of years) and the interface might not have reached its dynamic 

equilibrium yet.  While the influence of seal level rise is expected to be understandably pronounced 

in proximity to the sea (Ferguson and Gleeson, 2013; Gonneea et al., 2013; Masterson and 

Garabedian, 2007; Webb and Howard, 2011; Werner and Simmons, 2009), the slow movement of 

interface means that there is uncertainty around the extent of its impact inland over shorter time 

scales (Nicholls et al., 2016). 

  

Some recent studies have suggested that for a coastal region like Bangladesh where there are 

innumerable tidal channels connected to the sea, salinity intrusion in those rivers is a regular 

phenomenon during the dry season because of less fresh water flow from upstream, and hence it 

may contribute to the salinity in the shallow aquifer in inland coastal aquifer areas through saline 

tidal inundation and/or seepage from the rivers (Yu et al., 2010).  The impact of sea-level rise on 

groundwater salinity in shallow aquifer could potentially be more via the increase in river salinity 

as almost all rivers are hydraulically connected to shallow aquifers in the southwest coastal region 

of Bangladesh. Recent studies indeed attempt to consider the effects of river salinity in coastal 

river network (Faneca Sànchez et al., 2015; Hasan et al., 2017; Yu et al., 2010).          

 

Cyclone-induced storm surge flooding is one of the most devastating natural hazards in the coast 

of Bangladesh. The coastal region of Bangladesh is particularly vulnerable to cyclonic storm surge 

because of its geographic location in the path of tropical cyclones, wide and shallow continental 

shelf and the funneling shape of the coast (Das, 1972). Due to the shallow continental shelf, the 

surge amplifies to a considerable extent as it approaches land and causes disastrous floods along 

the coast (Murty et al., 1986). The country is likely to be affected by more intense cyclonic events 

in the foreseeable future due to climate change and sea-level rise (Karim and Mimura, 2008). Thus, 

storm surge flooding may be another potential source, with inundated saltwater sinking slowly into 

the aquifer (Yu et al., 2010). The increased intensity and frequency of storm surge would then 

mean increased accumulation of salt into the shallow aquifer.  
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In the coastal aquifers, tidal fluctuations and seawater intrusion result in complex hydrodynamics 

that in turn influences contaminant transport from the aquifer to the coastal sea (Brovelli et al., 

2007). Tidal influences on groundwater salinity intrusion, well studied globally (Abarca et al., 

2013; Brovelli et al., 2007; Pauw et al., 2014; Robinson et al., 2007; Wang et al., 2012) may be 

another factor as tidal amplitudes determine the extent of fresh-salt water mixing zone. However, 

in the coastal zone of Bangladesh, the influence may be limited to relatively shorter distances from 

the shore, although future changes in mean sea-level and tidal amplitudes are expected to impact 

the extent of the zone of influence. This phenomenon has yet to be scientifically studied in 

Bangladesh.  

 

1.2 Objectives of the Study 

This work is an attempt to better understand the salinity intrusion mechanism in the southwest 

coastal groundwater system in Bangladesh, in particular the relative influences of different 

physical factors, as discussed above, on salinity intrusion processes over different spatial and 

temporal scales. The specific objectives of this research were:  

1. To evaluate the relative roles of different physical factors on the dynamics of salinity 

intrusion in southwest coastal aquifers; 

2. To assess the sensitivity of these factors over different spatial and temporal scales 

considering future climate and sea level rise scenarios. 

In this research, storm surge flooding, tidal influence, sea level rise, irrigation pumping, and river 

salinity have been considered as the important factors that would affect salinity intrusion in the 

shallow aquifer in coastal Bangladesh. Sensitivity of these factors meant looking at how salinity 

in the shallow coastal aquifer may change both spatially and temporally in response to changes in 

these factors. 

 

1.3 Scope and Limitation of the Study 

To investigate the relative influences of different physical factors on salinization of the shallow 

coastal aquifer in Bangladesh, the study essentially required conceptualization of the 

hydrogeological system in the coastal aquifer in Bangladesh based on the measured hydrogeologic 
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(i.e., bore log) data, and setting up both regional and local (small) scale models for density-

dependent groundwater flow and contaminant transport to simulate groundwater flow and salinity 

intrusion considering sea-level rise, pumping abstraction, river-aquifer interaction, storm surge 

inundation and tidal influences. Importantly, this study explicitly considers river-aquifer 

interaction which could be a major source of enhanced salinity intrusion in coastal aquifer via 

increased river salinity resulting from sea-level rise. The main hypothesis of the research is that 

saline water may intrude into the aquifer both laterally (horizontally) from the saline source water 

of the Bay of Bengal and vertically from the surface saline water either from tidal rivers that are 

hydraulically connected with aquifers or saline water derived from storm surge inundation. 

Field data collection, laboratory experiment and geochemical analysis of groundwater quality data 

were beyond the scope of the study. In coastal Bangladesh, good data sets are available for 

lithology and reasonably good time series data are available in general for ground water levels at 

observation wells. However, groundwater level data are very scarce near the coast, which was a 

constraint for the tidal analysis. Moreover, while salinity data are available from recent 

measurements in different locations, their resolution is coarse. Interpolation or extrapolation based 

on these data are unlikely to provide very accurate distribution as the salinity is expected to vary 

widely over shorter distance because of the complex coastal hydrogeology. Another limitation is 

that time series salinity data is not available in any of the locations yet. Moreover, measurements 

are not available near the shoreline for which tidal analysis has mostly been treated with numerical 

experiments.  

 

1.4 Outline of the Thesis 

The thesis is divided into seven chapters to delineate how the study has been designed. The 

organization of the chapters is given as below.  

• Chapter one presents the brief background, rationale, objectives and scope of the study.  

• Chapter two presents the literature review on the mechanism of saline water intrusion, and 

the factors affecting saline water intrusion in the coastal aquifer. This chapter also includes 

previous modeling studies of salinity intrusion in the coastal aquifer in Bangladesh.  

• Chapter three includes a comprehensive description of the study area. Apart from 

discriptions on topography, climate, hydrology and river system, hydrogeology and aquifer 
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systems, groundwater use and present salinity distribution in the study area, it also includes 

a conceptual model of seasonal flow patterns.  

• Chapter four describes the methodology in details. It gives detailed description of data 

collection, data processing, and analysis for designing conceptual model of groundwater 

flow and salinity intrusion in the coastal aquifer in Bangladesh. It also includes 

hydrostratigraphic modeling for delineation of the aquifer system, defining groundwater 

pumping, recharge, river system, storm surge inundation within the groundwater model 

and conceptual framework for simulating tidal influences on groundwater system.  

• Chapter five gives the description of different steps and processes in developing the 

numerical simulation of groundwater flow and saltwater intrusion. It presents the 

description of the model user interface, governing equation, model boundary condition and 

different stresses assigned in the model.  

• Chapter six includes the results and discussion of the study. It describes in details the 

influences of different physical factors on salinity intrusion in the coastal aquifer in 

Bangladesh.             

• Chapter seven provides conclusion and recommendations of the study. 
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CHAPTER TWO 

REVIEW OF SALINITY INTRUSION MECHANISM IN COASTAL AQUIFERS 

 

2.1 Introduction 

Saline water intrusion in coastal aquifers occurs due to hydraulic continuity with the sea where the 

lighter fresh water floats on top of the denser seawater due to density contrast forming a 

hydrodynamic equilibrium condition. While the separation between freshwater and saltwater is 

often represented as a sharp interface (Figure 2.1), in reality the freshwater and saltwater are 

separated by a transition zone named as a zone of dispersion within which the freshwater and 

saltwater mixing could take place. Within the transition zone, freshwater mixes with saltwater by 

the process of advection, dispersion and molecular diffusion (Barlow, 2003). Under natural 

conditions, the seaward movement of the freshwater prevents saltwater from encroaching coastal 

aquifers, and the interface between freshwater and saltwater is maintained near the coast or far 

below the land surface. When the natural balance between freshwater and saltwater in coastal 

aquifers is disturbed by groundwater extraction and other human activities that change hydraulic 

gradient, the seawater tends to migrate into the freshwater zone, which is termed as seawater 

intrusion (Freeze and Cherry, 1974).  

 

Figure 2.1: Schematic of a saltwater-freshwater interface in an unconfined coastal aquifer (Source: 

USGS, 2003)  

 

While different factors affecting lateral intrusion of seawater are increasingly emphasized, it is 

also important to note that in many coastal aquifers in deltaic region, source of salinity could be 
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seawater that entered into the aquifer during the past geologic times (Todd and Mays, 1980) and 

that a major mechanism of intrusion in shallow coastal aquifers can be via vertical exchange of 

saline water between rivers and aquifer, coastline transgression and prolonged inundation caused 

by tidal or storm surges (Kooi et al., 2000; Yu et al., 2010).  

 

2.2 Seawater Induced Salinity under Natural Condition  

The freshwater and saltwater zones within coastal aquifers are separated by a transition zone 

(sometimes referred to as the zone of dispersion) within which there is mixing between freshwater 

and saltwater (Figure 2.2).  The transition zone is characterized most commonly by measurements 

of either the total dissolved-solids concentration or of the chloride concentration of groundwater 

sampled at observation wells.  Although there are no standard practices for defining the transition 

zone, concentrations of total dissolved solids ranging from about 1,000 to 35,000 mg/L and of 

chloride ranging from about 250 to 19,000 mg/L are common indicators of the zone (USGS, 2003). 

Within the transition zone, freshwater flowing to the ocean mixes with saltwater by the processes 

of dispersion and molecular diffusion. Mixing by dispersion is caused by spatial variations 

(heterogeneities) in the geologic structure and the hydraulic properties of an aquifer and by 

dynamic forces that operate over a range of time scale, including daily fluctuations in tide stages, 

seasonal and annual variations in ground-water recharge rates, and long-term changes in sea-level 

position (Barlow, 2003).  
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Figure 2.2: Ground-water flow patterns and the freshwater-saltwater transition zone in an 

idealized coastal aquifer (Source: USGS, 2003) 

 

These dynamic forces cause the freshwater and saltwater zones to move seaward at times and 

landward at times. Because of the mixing of freshwater and saltwater within the transition zone, a 

circulation of saltwater is established in which some of the saltwater is entrained within the 

overlying freshwater and returned to the sea, which in turn causes additional saltwater to move 

landward toward the transition zone (Figure 2.2). However, for simplified scientific analysis of 

freshwater-seawater interaction, salinity intrusion in the coastal aquifer is often approximated as a 

sharp interface without considering transition (mixing) zone (Henry, 1954; USGS, 2003; Delsman, 

2015).   

2.2.1 Conceptual development of salinity intrusion in coastal aquifers    

Ghyben-Herzberg derived the relation for any point on the freshwater-saltwater interface based on 

hydrostatic balance (Figure 2.3, a) 

𝜌𝑠𝑔𝑧 = 𝜌𝑓𝑔(𝑧 + ℎ𝑓)                                                                                                              (1) 

Where 𝜌𝑠   is the density of the saline water,  𝜌𝑓 is the density of the fresh water, g is the acceleration 

of the gravity, z is the depth to the fresh-saline interface below sea level and 𝜌𝑓  is an elevation of 

the water table above sea level. Solving the equation (1) z yields 
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𝑧 =
𝜌𝑓

𝜌𝑠 − 𝜌𝑓
                                                                                                                               (2) 

For typical seawater condition 𝜌𝑠 = 1025 𝑘𝑔/𝑚3 and 𝜌𝑓 = 1000 𝑘𝑔/𝑚3 so that Eq. (2) results 

in the famous Ghyben-Herzberg relationship; 

𝑧 = 40ℎ𝑓                                                                                                                                     (3) 

This is based on a number of simplifying assumptions. It has some limitations in that it incorrectly 

causes the thickness of the freshwater zone to be represented as zero at the shore where the 

elevation of the water table is zero.  

The Glover (1964) provided an improved estimate of the position of the seawater interface (Figure 

2.3, b) as:   

𝑧2 =
2.𝑄.𝑥.𝜌𝑓

(𝜌𝑠−𝜌𝑓).K
 + (

𝑄.𝜌𝑓

(𝜌𝑠−𝜌𝑓).K
)

2

 

Where, Q= flow in aquifer per unit length of shoreline; 

             K= hydraulic conductivity of aquifer; 

             Z and x = coordinate distances from shoreline;  

𝜌𝑓 ,   𝜌𝑠 are the density of fresh water and saline water, respectively.  

 

 

 

 

Figure 2.3: (a) Schematic of sharp saline water interface position in relation to aquifer head level 

according to the Ghyben- Herzberg relation (Source: Michael, 2005). (b) Development of seepage 

face due to flow pattern near the coast (Source: modified from Glover, 1964).   

 

(a) 

(b) 
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The greater the flow to the sea the deeper the interface. The Glover equation allows calculation of 

the interface position at any point inland of the coast, allowing the geometry of the saltwater wedge 

to be determined (Cooper et al., 1964). The steady-state conceptualization as in the sharp interface 

is increasingly recognized to be an oversimplification of the transient processes dominating coastal 

margins (Delsman, 2015; Werner et al., 2013).  

 

2.3 Factors Affecting Salinity Intrusion in Coastal Aquifer  

Saline water intrusion in coastal aquifers occurs due to hydraulic continuity with the sea where the 

lighter fresh water floats on top of the denser seawater due to density contrast forming a 

hydrodynamic equilibrium condition. In the coastal aquifers, groundwater flow and solute 

transport are influenced by multiple forcing mechanisms operating over a wide range of 

spatiotemporal scale (Heiss and Michael, 2014). Saltwater can contaminate a freshwater aquifer 

depending on a variety of hydrogeologic settings, sources of saline water through several pathways 

including lateral intrusion from the ocean and vertical movement of saltwater from the surface 

water body (Kumar, 2006).  

 
Figure 2.4: Conceptual model for threats to coastal aquifers (Source: Delsman, 2015). 
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Moreover, migrating coastline during the quaternary period has significantly impacted coastal 

aquifers, resulting in both common occurrence of saline water far inland (Delsman, 2015). The 

extent of lateral saltwater intrusion into coastal aquifer depends on multiple factors (Figures 2.4 

and 2.5) including the total rate of groundwater that is withdrawn compared to the total freshwater 

recharge into the aquifer, the distance of pumping from shoreline or sources of saltwater, the 

geologic structure and distribution of hydraulic properties of the aquifer, and the presence of 

confining units that may prevent saltwater from moving vertically toward or within the aquifer 

(Kumar, 2006). 

 

 

Figure 2.5: Features affecting the coastal aquifers (FAO, 1997) 

 

Increasing population density, upcoming economic development and urbanization, climate change 

and the resulting sea-level rise (SLR) and changing precipitation patterns (Stocker et al., 2013) are 

likely to influence coastal aquifers in numerous ways (Ferguson and Gleeson, 2012). Tidal 

fluctuation and wave run-up effects, geochemical reactions and episodic events like storm surges 

and tsunamis all influence the distribution of fresh and saline groundwater in coastal aquifers 

(Delsman, 2015). Seasonal changes in upland water table height result in variable freshwater 

discharge and movement of the freshwater-saltwater interface, while tidal forcing and wave action 
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cause saltwater circulation and unstable density gradients (Michael, 2005). Thus, groundwater 

flow and saltwater intrusion in coastal aquifers are influenced by multiple forcing mechanisms 

operating over a wide range of temporal and spatial scales, leading to a complex and dynamic 

intertidal subsurface environment (Heiss and Michael, 2014).  

As depicted in Figure 2.5 presented in FAO (1997), over-extraction of groundwater, relative Sea-

level rise because of global warming effects and/or local subsidence, changes in natural recharge 

(i.e. precipitation) causing imbalance in relation to groundwater discharge (e.g. pumping of 

groundwater level), shoreline retreat because of coastal erosion, tidal effect, seepage from saline 

river water or saline water inundation along the coastal rivers and estuaries are commonly found 

to be impacting saltwater  intrusion in the coastal aquifers in many parts of the world.       

 

2.3.1 Sea-level rise 

The impact of climate change and resulting sea-level rise on coastal aquifer threaten fresh water 

resources and aquatic ecosystems along many of the world coastline (Michael et al., 2013). The 

Intergovernmental Panel on Climate Change (IPCC) predicts that by 2100, global warming will 

lead to a sea-level rise (Stocker et al., 2013). The topography limited coastal groundwater system 

is more vulnerable to sea level rise than the recharge limited system (Michael et al., 2013). It is 

generally understood that sea-level rise is expected to result in the inland migration of the mixing 

zone between fresh and saline water (Werner and Simmons, 2009). Sea-level rise will increase the 

saline water head at the ocean boundary that will lead to migration of saline water toward the land 

boundary (Figure 2.6).  
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Figure 2.6: Conceptual model used for simulating the impact of sea-level rise including both 

saltwater intrusion and saltwater inundation (Source: Ferguson and Gleeson, 2012).   

  

This phenomenon will be common in a low-lying coastal area which is susceptible to tide and 

wave inundation. A major concern for water resources management in coastal area for public 

groundwater supply will be the potential adverse impact of sea level rise on potential saltwater 

intrusion that can limit the amount of available potable water. Understanding how sea-level rise 

may impact the groundwater hydrology in shallow coastal aquifers is important when assessing 

potential impacts on the sustainability of coastal aquifer to salt water intrusion. Bangladesh is one 

of the most vulnerable countries in the world due to climate change and the sea-level rise. The 

deltaic region of Bangladesh is very low-lying in topography. Thus, the climate change and the 

projected sea-level rise may potentially impact the salinity of groundwater.  

 

2.3.2 Groundwater pumping 

The coastal aquifer is very sensitive to disturbances (Bear et al., 1999). Pumping from coastal 

aquifer changes hydraulic gradient and alters groundwater flow regime (Figure 2.7). Groundwater 

pumping is one of the primary causes of saline water intrusion in coastal aquifers. Saltwater 

upconing (Figure 2.7) due to excessive groundwater abstraction is also a major problem in many 

coastal aquifers.  

As irrigation dominates current groundwater use and depletion, the effects of future climate 

variability and change on groundwater may be substantial through indirect effects on irrigation 

water demand (Taylor et al., 2013). With increasing urbanization, population density and 
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economic development in the coastal area will require more fresh water that may cause 

overexploitation of aquifers and the subsequent salinization of fresh groundwater resources. In the 

coastal area of Bangladesh drinking water is extracted from the deep aquifer and irrigated water is mainly 

from surface water or somewhat in a conjunctive use of both surface water and groundwater. While 

irrigation pumping in the southwest most coastal districts (e.g. Satkhira, Khulna, Bagerhat, Barisal 

etc.) has been limited, there have been substantial groundwater abstraction in the northern districts 

(e.g. Jessore, Kustia, Meherpur, Jhenaidah etc.) (Figure 2.8). Some earlier literature (Yu et al., 

2010; Nobi and Gupta, 1997) suggest that excessive pumping in these coastal districts may decline 

groundwater gradient and hence lead to enhanced salinity intrusion.       

 

 

 

 

Figure 2.7: Saltwater upconing due to pumping from a transition zone (Source: Sirhan, 2014). 
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Figure 2.8: Percentage of land in each of the 64 districts (broken gray lines) in Bangladesh 

irrigated with groundwater in 2003.Total numbers of shallow and deep tube wells operated in each 

district in 2003 are also shown. Low-permeable regionally extensive surface geological units are 

shown in the background (Source: Shamsudduha, 2011). 
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2.3.3 Storm surge flooding 

Cyclone-induced storm surge flooding is one of the most devastating natural hazards in the coast 

of Bangladesh. The coastal region of Bangladesh is particularly vulnerable to cyclonic storm surge 

floods due to its geographic location in the path of tropical cyclones, wide and shallow continental 

shelf and the funneling shape of the coast (Das, 1972). Due to the shallow continental shelf, the 

surge amplifies to a considerable extent as it approaches land and causes disastrous floods along 

the coast (Murty et al., 1986). The country is likely to be affected by more intense cyclonic events 

in the foreseeable future due to climate change and increased sea-level rise (Karim and Mimura, 

2008).  Storm surge flooding may be another potential source for groundwater salinity, with 

inundated saltwater sinking slowly into the aquifer (Yu et al., 2010). The coastal aquifers under 

very low hydraulic gradients, such as the Asian mega-deltas, are theoretically sensitive to sea-level 

rise but, in practice, are expected in coming decades to be more severely affected by saltwater 

inundation from storm surges than sea-level rise (Taylor et al., 2013). The increased intensity and 

frequency of storm surge would then mean increased accumulation of salt into the shallow aquifer.  

2.3.4 Tidal influences 

Tidal fluctuations and seawater intrusion result in complex hydrodynamics in the coastal aquifer 

and tidal amplitudes determine the extent of fresh-salt water mixing zone (Brovelli et al., 2007). 

Tidal influences on salinity intrusion, well studied globally (Abarca et al., 2013; Brovelli et al., 

2007; Pauw et al., 2014; Robinson et al., 2007; Wang et al., 2012) may be another factor for saline 

water intrusion. Saltwater-freshwater mixing along the lower interface creates a density gradient 

that drives convective saltwater circulation (Figure 2.9 a). In the intertidal zone, tidal and wave 

action drive seawater into the aquifer, forming a saltwater circulation cell above the zone of 

seaward-flowing freshwater (Figure 2.9) (Heiss and Michael, 2014; Robinson et al., 2007). 

However, the influence is expected to be limited to relatively shorter distances from the shoreline, 

although future changes in mean sea level and tidal amplitudes will impact the extent of the zone 

of influence. A general assumption in regional scale model is to neglect the forcing from the sea, 

such as tides due to the coarser spatiotemporal resolution of the model. This assumption overlooks 

the impact of tidal influences in the coastal aquifers. It is unknown how significant these effects 

are on different spatial and temporal scales in coastal aquifers. The impact of tidal fluctuation on 

salinity intrusion in coastal aquifers in Bangladesh has not been studied previously. 

 



35 
 

 
 

Figure 2.9: (a) Forcing mechanisms of freshwater flow and saline groundwater recirculation in a 

coastal aquifer system. Solid and dashed lines represent flow paths. Process 1 is freshwater 

discharge driven by the inland hydraulic gradient, Process 2 is density driven circulation along the 

lower saltwater freshwater interface, Process 3 is saltwater exchange driven by wave setup and 

swash infiltration, and Process 4 is tide-induced circulation. Flow paths marked by a solid and 

dashed line represent conditions under a weak and strong inland hydraulic gradient, respectively 

(Source: Heiss and Michael, 2014). (b) Groundwater regions and flow components in an 

unconfined coastal aquifer (Source: Abarca et al., 2013).     

 

2.3.5 River-aquifer interaction 

River aquifer interaction plays an important role in both quality and quantity of groundwater as 

well as surface water. The flow between river and aquifer is governed by hydraulic properties of 

river bed and fluctuation of water level in river and aquifer. In the coastal aquifer, the flow between 

river and aquifer controls the salinity of surface water as well as groundwater (Delsman, 2015). 

Several studies suggest that climate change will cause significant changes in river salinity in the 

southwest coastal area of Bangladesh by 2050 (e.g. Dasgupta et al., 2014b). A regional-scale 

modeling in the southwest coastal region of Bangladesh indicates that the interaction of stream 

and aquifer significantly influences the flow and saltwater intrusion in the aquifer and river 

 

 

 

(a) 

(b) 
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network (Nobi and Gupta, 1997).  Recent studies indeed attempt to consider the effects of river 

salinity in coastal river network (Faneca Sànchez et al., 2015; Hasan et al., 2017;Yu et al., 2010 ). 

In the coastal region of Bangladesh, there are a large number of river networks which are 

hydraulically connected to shallow aquifer. These tidal rivers may contribute saline river water to 

flow into the shallow aquifer system by river-aquifer interaction. Thus, the impact of sea-level rise 

on groundwater salinity in the shallow aquifer might be more via the increase in river salinity.               
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CHAPTER THREE 

HYDROGEOLOGY OF SOUTHWEST COASTAL REGION 

 

3.1 Introduction 

The Ganges-Brahmaputra and Meghna Delta, also named Ganges Delta, or Bengal Delta is situated 

in Bangladesh and India where the Ganges and Brahmaputra rivers discharge into the Bay of 

Bengal. Approximately two-thirds of the delta is in Bangladesh, the rest constitutes the state of 

West Bengal, India. The hydrogeology of the deltaic region in Bangladesh is very complex which 

varies both vertically and laterally even within very short distances. The aquifer systems have been 

evolved by deltaic alluvial sediment deposits. The complex nature of the southwest coastal aquifer 

systems has not been studied in great details. Thus, to conceptualize the groundwater flow system 

and salinization in the aquifers it is very necessary to have a good understanding of regional and 

local hydrogeological characteristics. Presently, groundwater salinity in the southwest coastal 

region of Bangladesh is the major concerning issue for different uses of groundwater as well as 

socioeconomic development.  

3.2 Formation of Ganges-Brahamaputra and Meghna delta 

The Ganges-Brahmaputra and Meghna delta occupies a large area of the Bengal basin distributed 

over Bangladesh and West Bengal (India) with an area of about 80,000 sq. km. Study of Bengal 

delta development during the Holocene was carried out mainly by Allison et al. (2003), Goodbred 

and Kuehl (2000a, b), Umitsu (1985, 1993), and Williams (1919). In addition, a few studies on the 

late Quaternary geology and landforms of the Ganges delta were done by Morgan and McIntire 

(1959), and sedimentary processes and landforms along the Brahmaputra–Jamuna river system 

were discussed by Coleman (1969). Those studies conclude that the modern Ganges-Brahmaputra 

delta began to develop during the late Quaternary and before the Holocene, although the major 

part of its development occurred during the Holocene. Basically, the sedimentation in the Bengal 

basin started during the Late Cretaceous (Alam, 1989; Lindsay et al., 1991), with a fluvio-deltaic 

landscape evolving during the Quaternary (Umitsu, 1993) which also characterizes the present-

day basin topography. The present-day aquifer-system occupies the uppermost few hundred meters 

of the sedimentary sequence deposited since Mio-Pliocene time, overlying a basin-wide marine 

clay at 1200–2000 m below the ground surface (Burgess et al., 2010). The Bengal aquifer system 
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is made up of unconsolidated Pilio-Pleistocene-Holocene sediments, which host a number of 

regional aquifers.  

The present deltaic region was divided into four major parts in the inland by Morgan and McIntire 

(1959) named i) Moribund delta, ii) Mature delta and iii) Active delta and iv) Tidally active delta 

(Figure 3.1). The moribund delta refers to the western part of the deltaic plain, bound on the east 

by the Ganges and Gorai-Madhumati Rivers, comprising an area of about 18000 km2 in 

southwestern Bangladesh and West Bengal.  The mature delta covers an area of about 31500 km2 

in the two countries, while the eastern active delta covers an area of about 16500 km2. The tidally 

active delta, dominated by coastal tidal currents, refers to the southwestern part (the Sundarbans 

region) of the Ganges delta in the coastal zone, covering an area of about 13500 km2. At the 

extreme south, the delta is about 360 km wide along the Bay of Bengal known as the subaqueous 

delta.  

Bengal basin, the largest fluvio-deltaic systems in the world is filled with orogenic sediments 

deposited by the Ganges-Brahmaputra-Meghna River system that drains an area of more than 1.7 

million sq. km (Allison, 1998) and carries the huge amount of suspended sediment every year 

(Coleman, 1969). Consideration of stratigraphy and sedimentation give insight into the likely 

structure of both the small-scale aquifer fabric and the large-scale geometry of layers. A 

generalized description of the vertical stratigraphic sequence in coastal Bangladesh is given by 

Ravenscroft et al., (2005). Sedimentation of the Bengal basin has been influenced nearly equally 

by tectonics, fluvio-deltaic processes, and climate change-induced sea-level rise, particularly 

during the Quaternary period (Goodbred and Kuehl, 2000). The uplift of mountain ranges has 

influenced river migration and avulsion (Alam et al., 1990; Goodbred et al., 2003). Tectonic effects 

are most apparent in the northeastern part of the Basin, though these influences extend to lower 

delta regions (Goodbred et al., 2003). The Ganges and Brahmaputra rivers are the primary 

sediment sources, resulting in a high sediment deposition rate, which reached 20 mm per year 

during the early Holocene (Goodbred et al., 2003). 
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Figure 3.1: Figure shows different parts of the Ganges Brahamaputra and Meghna(GBM) delta 

[Modified from Morgan and McIntire, 1959].     
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Though both rivers contribute relatively coarse-grained sediment, the steeper gradient of the 

Brahmaputra distributes sediment with a coarser median grain size than the Ganges (Kuehl et al.,  

2005), with expected impact on aquifer properties. The courses of both the Ganges and the 

Brahmaputra have changed significantly throughout basin development in the geologic time scale. 

The Ganges has tended to migrate slowly eastward, while the braided Brahmaputra channel has 

experienced more dramatic westward migration and avulsion on a 100-year timescale (Allison, 

1998; Coleman, 1969). Conversely, development of the lower delta plain is influenced primarily 

by changes in sea level (Allison, 1998; Goodbred et al., 2003). The lower delta plain is 

characterized by large-scale subsidence controlled by basin geometry, sediment supply and 

characteristics, and accommodation space for sediment deposition. Compressional deformation 

and faulting have led to local uplift and subsidence (Morgan and McIntire, 1959), by low-lying 

ephemeral islands separated by tidal channels.  

 

 
Figure 3.2: E-W lithological cross section across the coastal areas of Bangladesh (Source: 

Aggarwal et al., 2000).  
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The modern lower delta plain was developed during the Holocene (Allison, 1998). The controls 

on development of different parts of the basin have resulted in variation in Quaternary stratigraphy 

among the different regions. The lower delta displays alternating fine- and coarse-grained 

sequences, with muds dominant in the top several meters (Allison, 1998; Goodbred and Kuehl, 

2000). The lateral extent of particular coarse and fine layers is likely quite limited due to the 

dynamic sedimentation and erosion that formed the basin, making the correlation of stratigraphic 

units within regions difficult (Umitsu, 1993). During the Pleistocene and Holocene time, a large 

volume of sediments was laid down in the Ganges-Brahmaputra-Meghna (GBM) delta complex 

by the mighty rivers that built up the delta and aquifer systems. The unconsolidated sediments of 

the Late Pleistocene and Holocene unconformably lie over the early Pleistocene deposits (Uddin 

and Abdullah, 2003). In the Ganges-Brahmaputra-Meghna delta complex, vertical and horizontal 

variations of the lithofacies in the Late Pleistocene-Holocene is very high (Figure 3.2). Hence, it 

is difficult to correlate individual sediment layers from one place to another even at short distances.  

 

3.3 Topograpgy  

Ganges-Brahmaputra and Meghna(GBM) delta is located at the lowest most reaches of the three 

mighty river systems. Most of the region of Bengal delta is low lying in topography and frequently 

vulnerable to river flooding and storm surge flooding. The delta is almost a plain land where the 

elevation ranges from 26 m in the north to nearly below one meter in the south. The gradient of 

the delta surface is about 0.016m/km. The average elevation of the delta in Khulna, Barisal, the 

southern part of Faridpur and the eastern part of Noakhali district is less than 2m. Topographic 

elevations (Figure 3.3) generally decrease in the coastal south where the terrain is generally at sea 

level. Hence, sea-level rise is one concerning issue for the lower deltaic region of Bangladesh. 

Actually, the geographic location and low-lying topography of Bangladesh are the main causes of 

multiple challenges for environmental issues.      
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Figure 3.3:  Topographic elevation of the Ganges Brahamaputra and Meghna(GBM) delta 

(Source: SRTM data 90 (m) resolution from USGS and NASA)    
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3.4 River System and Hydrology 

An understanding of the river system in the Ganges-Brahmaputra and Meghna delta and its 

interaction with the groundwater system is imperative since groundwater flow is controlled by the 

topography and locations of major streams and exchange between rivers and Holocene 

groundwater aquifers takes place since they are hydraulically connected (Ahmed and Burgess, 

2003; Ravenscroft, 2003). The major rivers such as the Ganges-Padma, the Brahmaputra-Jamuna 

and the Meghna are carrying upstream water flows which discharge into the Bay of Bengal. These 

major rivers play an important role in the formation and the processes of the GBM delta (Goodbred 

and Kuehl, 2000).  

The river systems in the Bengal have historically influenced the deltaic floodplain and wetland 

ecosystems. The channel migration and sedimentation have also defined the present shape and size 

of the Ganges–Brahmaputra–Meghna Delta (Figure 3.1). The sediment load was extremely high, 

with suspended sediment load during flood stage reaching as high as 13 million tons per day 

(Coleman, 1969). However, the sediment load seems to have decreased over the years as a result 

of upstream interventions.  

In the deltaic plain, multiple river networks (Figure 3.4) are hydraulically connected with the 

shallow groundwater aquifers. Depending on the nature of the hydraulic connection, surface water 

bodies can lose water recharging the aquifer, with contaminated surface water affecting 

groundwater quality. Conversely, surface water bodies can gain water and solutes from 

groundwater systems. Anthropogenic activities like pumping of groundwater can deplete surface 

water, withdrawal of surface water can also deplete groundwater.  Bathymetry measurements made 

in ESPA Deltas study at IWFM, BUET (which are also incorporated in the groundwater model to 

represent levels of river bed) show that most of the major rivers in the southwest coastal 

Bangladesh are very deep which cut through the upper clay layer and connect with the shallow 

groundwater aquifer system. 

The main distributaries of the Ganges River in Bangladesh are the Baral, the Gorai, the Arial Khan, 

the Bhairab, the Mathabhanga, the Kumar, Chitra and the Ichamati River. However, sedimentation 

problems are rendering some distributaries inactive (e.g. Mathabhanga). The problem of river 

salinity is most severe in the southwest coastal zone. 
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Figure 3.4: River system in southwest coastal region in Bangladesh (Source: Banglapedia, 2003). 

 

The southwest zone contains the Sundarbans, which is bounded by Baleswar River in the east, and 

Raimongal River and the border with India in the west. The Gorai River, the distributary of the 

Ganges, is the main source of freshwater for this zone. The south-central zone of the coastal area 

receives considerable freshwater from the Padma River and the Lower Meghna rivers. As most of 

the combined flow of the Ganges-Brahmaputra-Meghna system is discharged through the lower 

Meghna River, heavy sediment inputs from the rivers result in a morphologically dynamic coastal 



45 
 

zone. The Lower Meghna River is highly influenced by tidal interactions and consequential 

backwater effects. By contrast, the levels of river salinity in the adjacent south-central and 

southeastern coastal zones remain low.  

River salinity in coastal Bangladesh depends on the freshwater flow upstream, surface water runoff 

from rainfall events, and the tidal dynamics of the coastal river system. Tidal waves from the 

Indian Ocean travel through the deeper part of the Bay of Bengal and approach the coast of 

Bangladesh from the south.  The speed of tidal current propagation in the rivers varies due to their 

different cross-sectional areas and thus the water levels in adjacent rivers can differ.  During the 

dry season, saline water intrudes from the Bay of Bengal through the major rivers, namely the 

Baleswar, Jamuna, lower Meghna, Malancha, Pussur, Sibsa, and Tnetulia, through tidal effects.  

As the land topography of the region is very flat, strong horizontal tidal effects at times travel up 

to 200km upstream of the coast. Spatial variation of river salinity within the southwest region, 

however, depends on tidal amplitude, the extent of landward penetration of tides, and the volume 

of freshwater flow from the upstream rivers.  During spring tides, a very large increase in salinity 

is noticed because the stronger spring tides push more saline water into the Rupsa-Passur River, 

but during the following neap tide, the salinity is not totally flushed out. Therefore, a successive 

buildup of salinity occurs with each tidal cycle, which requires sufficient supply of water from the 

Gorai River to flush it out (MPO, 1987).  

The salinity level in the western part of the South West region remains higher than the eastern part. 

This is because of the Gorai River, distributary from the Ganges, is the only significant upstream 

fresh water source in the western part of the region, suffers a serious decline in dry season 

freshwater inflows under post Farakka condition. The eastern part of South West region remains 

less saline as it receives freshwater flow from the Padma and lower Meghna River through Arial 

Khan, Bishkhali and Buriswar River (IWM, 2014). As a result, salinity levels in the region 

decrease from west to east as well as from south (the Bay of Bengal) to north. The role of 

freshwater inflows through the Gorai River to push back the salinity intrusion from the Bay has 

been reported in many journal papers and project reports. Hence, the mitigating role of Gorai 

inflows to control the salinity intrusion in the western part of South West region is very much 

understandable.  
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3.5 Hydrogeology and Regional Aquifer System 

The deposits of thick unconsolidated Pleistocene and Holocene alluvial sediments of the Ganges-

Brahmaputra and Meghna (GBM) delta systems form one of the most productive aquifer systems 

in the world (BGS/DPHE, 2001). The sedimentation rate and subsidence in the whole of the Bengal 

basin were not uniform throughout the Quaternary period. Groundwater in the Gangetic alluvial 

area occurs under unconfined condition in the near surface aquifer and under semi-confined to 

confined condition in the deeper aquifers. The presence of clay beds in the deeper part splits the 

single aquifer into the multiple aquifers. The thickness of the clay bed increases towards the south, 

particularly in the coastal zones.  

The separation between shallow and deep aquifers and evidence of any regional hydrological 

separation have not been well constrained (Michael and Voss, 2009). Sediments of very different 

nature or of different geological age can be found at similar depths. The Late Pleistocene-Early 

Holocene aquifers are not continuous all over the delta. This to some extent corresponds to the 

deep aquifer. Shallow aquifers can vary from unconfined to confine but, in most places, the short-

term responses of these aquifers to pumping are leaky to semiconfined (Shamsudduha, 2011). The 

hydraulic conductivity of these alluvial aquifers varies from as low as 3 to 86 m/day with specific 

yield values ranging from 0.02 to 0.20 on average (Michael and Voss, 2009).   

Study of the hydrogeology and groundwater resources of Bangladesh was begun in the 1970s by 

BWDB under the guidance of the UNDP. Detailed investigations of the geology and hydrogeology 

of the Quaternary alluvial aquifers were initiated during the 1980s (BGS/DPHE, 2001). Aquifers 

have been conceptualized differently in different studies (e.g. BWDB-UNDP, 1982; Aggarwal et 

al., 2000; DPHE-BGS, 1999; BGS-DPHE, 2001). Historically the Late Pleistocene-Holocene 

aquifers of the country have been conventionally divided into three divisions (Figure 3.5 and 3.6 

a) on the basis of depth (Uddin and Abdullah, 2003). These three divisions can be summarized as; 

i) upper shallow aquifer (1st aquifer) ii) lower shallow or main aquifer (2nd aquifer), and iii) deep 

aquifer. The major portion of drinking and irrigation water is withdrawn from the main aquifer. 

The upper shallow and main aquifers are found to be severely affected by arsenic in many places. 

Beneath the main aquifer lies the deep aquifer. Till now, water from this aquifer is not much 

affected by arsenic contamination.  
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The shallow i.e. the 1st aquifer, the upper Holocene aquifer, extends down to 50 to over 100 m, all 

over the deltaic and floodplain areas, below a considerably thick upper clay and silt unit in many 

places.  The aquifer sediments are composed of fine sand with lenses of clay.  

 
 

Figure 3.5: Hydrogeological cross-section  from North to South Across Bangladesh. Particularly 

shown are the geologic structure and groundwater flow patterns within the mid to upper 

Quaternary sediments(Source: BGS/DPHE, 2001).  

 

 Age of water from the 1st aquifer is dated as about 100 years old. The 2nd aquifer, with sedimentary 

sequence from mid-Holocene, represents water-bearing zone that extends down to 250-350 m and 

is generally underlain and overlain by silty clay bed, and composed mainly of fine to very fine 

sand, with some coarser sand in the upper part, occasionally inter-bedded with clay lenses. Water 

from this aquifer has been dated as about 3000 years old. Groundwater for drinking purpose is 

drawn predominantly from these strata in the coastal region. The deep i.e. the 3rd aquifer, with 

sedimentary sequence from late Pleistocene to early Holocene, has been encountered to depths of 

300-350 m, generally below a silty clay aquitard.  
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Figure: 3.6 (a) Geological Crosss-ection through Faridpur Area (b) Hydrogeological cross section 

of the South-East GBM delta, showing late Quaternary sediments(Source: BGS/DPHE, 2001).  

 

(a) 

(b) 
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3.6 Groundwater Recharge  

Groundwater flow is dependent on the amount and timing of precipitation, and is controlled by the 

relatively flat topography and locations of major streams, but has been heavily distorted by 

pumping. The principal source of recharge in the shallow upper aquifer is rainfall.  On average, 

pre-monsoon rainfall contributes 16.23% of the annual rainfall, monsoon 82.2% and post-monsoon 

1.6% (GHCN, 2005). A previous study found that recharge has increased substantially (5–15 

mm/year) in northwestern, western and north-central districts, but has slightly decreased (−0.5 to 

−1 mm/year) in the southern parts of the delta and some parts of the northeastern region, and 

remained unchanged in the rest of Bangladesh over a period from 1985 to 2007 (Shamsuddoha et 

al., 2010).  Besides monsoonal precipitation, flood water together with rainwater in the floodplains 

with enough residence times also contribute to recharge to some extent.  Water levels in almost all 

river channels rise above groundwater levels in adjacent aquifers during the monsoon season for a 

few months; however, indirect recharge is restricted to lateral river bank infiltration during the 

early monsoon time between April and June (Rahman and Chowdhury, 2003).  

Recharge in the deep groundwater aquifers is lateral, with the recharging areas lying in the hill 

regions at the eastern boundary of the basin. Isotopic studies (Aggarwal et al., 2000; Mukherjee et 

al., 2007; Hasan et al., 2009; Hoque and Burgess, 2012) found the age of water in deeper aquifers 

to be several thousand years (ka).  Deep groundwater is shown to have been recharged in the range 

3–9 Ka (mean 7.6 Ka), under climatic conditions similar to the present day (Hoque and Burgess, 

2012).  Recharge rates estimated from the groundwater ages are close to an estimate of the current 

rate of deep groundwater abstraction.   

 

3.7 Distribution of Groundwater Level  

The regional hydraulic gradients in coastal areas are very low, reflecting the low topographic 

gradients (Figure3.3). Thus, the seasonal fluctuation of groundwater in the deltaic region is largely 

depends on monsoon rainfall and irrigation withdrawal. Groundwater level in the lower deltaic 

region are very close to ground surface (about 1 to 3 mbgl). In the upper deltaic region groundwater 

level fluctuates due to higher irrigation pumping. Figure 3.7 shows that groundwater level at 

Kustia, Meherpur and Chuadanga is about 5 to 10 mbgl during the dry period.  
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Figure 3.7 (a): Mean groundwater levels for April (end of the dry season) over a period of 11 

years. Groundwater levels are referenced to below ground level (bgl) 
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Figure 3.7(b): Mean groundwater levels October (end of the monsoon season) over a period of 11 

years. Groundwater levels are referenced to below ground level (bgl).  
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Figure 3.7 (a) also shows that the decline in water levels due to abstraction for irrigation during 

the dry season through the use of shallow tube well can be significant, especially in areas of upper 

deltaic aquifer. Thus, seasonal groundwater movement due to climatic and irrigation abstraction 

controls is most evident in the shallow deltaic aquifer systems of Bangladesh. Irrigation using 

groundwater is necessary during the dry season. With the onset of the monsoon season toward the 

end of April and the associated tidal rise in the Bay of Bengal, water levels begin to rise (Figure 

3.7 (b)). In general, the regional groundwater flow in the aquifers of Bangladesh is from north to 

south, with local variation near major rivers.  Groundwater levels are recorded at a nationwide 

network of piezometers maintained by BWDB. All of these are for shallow wells.   

 

3.8 Distribution of Groundwater Salinity 

Groundwater salinity is a very critical water quality issue in the coastal region of Bangladesh. It is 

vital to know the present spatial and temporal distribution of groundwater salinity in order to 

evaluate the future trend of water quality. However, there has been a shortage of database and 

information available, except a few reports focusing on general characterization and 

conceptualization of salinity distribution in the subsurface.  

As a part of the national survey on Arsenic contamination conducted by BGS/DPHE in 1998-1999 

chloride (Cl) concentrations were measured along with many other chemical parameters. High Cl 

concentrations (>100 mg/L) are found in the coastal aquifers of Bangladesh. Ravenscroft and 

McArthur (2004) generalized a hypothesis to explain the salinity intrusion in confined coastal 

aquifers connected to distant upland freshwater recharge areas where deep fresh groundwater 

occurs in separate aquifers, rather than in freshwater pockets. 

A recent study of BWDB (2012) has collected groundwater electric conductivity EC data including 

other parameters at limited numbers of location (Figure 3.8) in the coastal district of Bangladesh. 

Mapping groundwater salinity distribution (Figure 3.9) using this data could create a large 

interpolation as well as extrapolation errors. The study of world bank explains that groundwater 

salinity in shallow coastal aquifer in Bangladesh can be caused by more rapid migration of 

saltwater toward equilibrium in shallower depths, by vertical inflow of saltwater from brackish 

rivers or storm surge inundations, or it may be relic saltwater deposited with the sediments (Yu et 

al., 2010).  



53 
 

 

 
Figure 3.8: Distribution of groundwater salinity in the shallow (first) coastal aquifer in 

Bangladesh. 

 

Heterogeneity causes the historical sea-level-rise-driven migration of freshwater and saltwater in 

the coastal zone to be uneven, resulting in a patchy distribution of saltwater and freshwater (Yu et 

al., 2010). Thus, understanding the present-day salinity distribution in the aquifer is a key to 

understanding the impact of possible future sea-level changes.  

The distribution of groundwater salinity (Figure 3.9) in the upper aquifer shows that groundwater 

salinity in the south west of the coastal region is largely higher than any other coastal districts.  
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Figure 3.9 (a): Distribution of groundwater salinity in the first(upper) aquifer of Coastal region in 

Bangladesh. The prediction interpolated map was created using Emperical Baysian Kriging from 

the salinity data (2012) of BWDB.     
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Figure 3.9 (b): Distribution of groundwater salinity in the second aquifer of Coastal region in 

Bangladesh. The prediction interpolated map was created using Emperical Baysian Kriging from 

the salinity data (2012) of BWDB.      
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In lower part of the Khulna, Satkhira, Bagerhat and Barguna groundwater salinity exceeds the 

irrigation and drinking water quality. It is evident from the salinity distribution maps of both 

aquifers (Figure 3.9 a & b) groundwater salinity is more in the upper(first) aquifer than that of the 

second aquifer.        

3.9 Previous Modeling Studies 

Numerical modeling of groundwater flow and contaminant transport has been widely used to 

interpret analyze and predict the dynamics of groundwater systems. In the coastal aquifers, the 

density of saline water and fresh water differs significantly because of dissolved constituents in 

seawater. Density-dependent groundwater flow and contaminant transport models are required for 

quantifying the flow patterns and salinity intrusion coastal aquifers within the different 

hydrogeologic setting. Although the salinity intrusion in coastal aquifers in Bangladesh has not 

been studied in great details, a few modeling studies have been carried out regionally and locally 

based on different purposes. A regional-scale numerical simulation modeling study was carried 

out by Nobi and Gupta, (1997) to characterize streams and aquifer interaction on salt water 

intrusion in coastal aquifer of Bangladesh. This study suggests that streams and aquifer interaction 

significantly influence the salinity intrusion in the coastal aquifers in Bangladesh. Ravenscroft and 

McArthur (2004) conceptualize the salinity intrusion showing the high salinity in the coastal region 

of Bangladesh. A modeling study of the world of bank that considers vertical and lateral pathway 

of saltwater intrusion (Yu et al., 2010). This study suggests that saltwater in the shallow aquifer is 

from recent saline floods. They explained the salt water in the shallow coastal aquifer is caused by 

more rapid migration of saltwater toward equilibrium in shallower depths, by the vertical inflow 

of saltwater from brackish rivers or storm surge inundations, or it may be relic saltwater deposited 

with the sediments in some places (Yu et al., 2010). These findings also suggest that the direct 

impacts of sea-level rise on coastal inundation and extent of storm surges are of greater concern 

for groundwater conditions than the classical lateral intrusion.  

Moreover, pumping in these areas, even without climate change, is an important determinant of 

salinization rate. Further, salinization rates are dependent on the specific characteristics of the 

aquifer, both the pattern of more and less permeable sediments and the magnitude of their 

permeability and porosity. Sea-level rise may shorten the lifetime of the fresh groundwater 
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resource in the current coastal zone, although this impact may not appreciably change the rates of 

the salinization processes already occurring before any sea-level rise. 

A small-scale hydrologic investigation (Worland et al., 2015) of groundwater salinity beneath an 

embanked tidal channel in the shallow aquifer combining of 3H and 14C dating, electromagnetic 

subsurface mapping, and a 2-D solute transport model conclude that the shallow groundwater 

salinity can best be explained by the slow infiltration of meteoric water into paleo brackish 

estuarine water that was deposited during the early-mid Holocene. A very recent regional-scale 

modeling (Faneca Sànchez et al., 2015) suggest that the upper delta seems to be fresh and stays 

fresh during the steady dynamic evolution of the salinity distribution. On the other hand, the 

groundwater is brackish to saline in the southern part of the delta although the salinity in 

groundwater is complicated due to the scattered pattern of fresh and saline groundwater in the 

coastal zone.  

Another modelling study by IWM (2015,) on three coastal districts suggests that salinity in deep 

aquifer is better than shallow aquifer with exception of some places. Under the climate change 

condition in the year 2050 indicates that the propagation of salinity from river to aquifer take place. 

Hasan et al (2017) also reiterate the study that under the climate change condition the fresh 

groundwater zone will decrease compared to the present condition. They have also mentioned that 

with in the saline zone, area under severe salinity increases by 14 percent.  

While previous studies looked at a number of important processes, such as river-aquifer interaction 

and storm surge flooding, they lack a level of details of the processes.  Moreover, not many studies 

have been conducted which looked at the relative roles of the different processes in details.  For 

example, to what extent groundwater salinity is impacted by river-shallow groundwater 

interaction, lateral migration of seawater interface, groundwater pumping or phenomena like storm 

surge or tidal influences and how salinity changes spatially and temporally with changes in those 

processes, are more or less unknown. The current study attempts to address these phenomena.              

3.10 Groundwater Uses    

3.10.1 Irrigation water  

The development of groundwater for irrigation has a vital role on food security in Bangladesh and 

in turn on poverty alleviation. In Bangladesh, the groundwater based irrigation has begun rapidly 

from 1970. Boro rice grows during the dry season (December to April) when rainfall is low and 
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episodic and typically requires irrigation which is almost entirely groundwater-fed (Ravenscroft 

and McArthur, 2004; Shamsudduha, 2011). Increasing demand for irrigation led to rapid expansion 

of DTWs and STWs during the late 1970’s and the 1980’s. The growth of STWs started to 

dominate since 1990's, with the number of STWs growing from 133,800 in 1985 to 925,200 in 

2004(Zahid and Ahmed, 2006). Approximately 80% of the irrigation water are derived from the 

low-capacity shallow tube well. Although groundwater is intensively used for dry season irrigation 

in many parts of Bangladesh but its use is comparatively much less in the case of the coastal zone 

due to groundwater salinity problem.  

The development of irrigation by shallow tube well in the south west region (Figure 3.10) shows 

that irrigation is localized in the upper part of the delta. Figure 3.11 also shows the complete picture 

of irrigation development by shallow tube well in Khulna and Satkhira districts. Mostly, LLPs are 

used for irrigation in the coastal zone of Bangladesh except with a few localized areas. While 

irrigation in the coastal zone, albeit less compared to the rest of the country, has been principally 

based on groundwater in southwest Khulna Division, surface water has been the principal source 

of irrigation water in the south-central Barisal Division. As discussed above, agricultural land use 

in the coastal area in general, and in Satkhira and Khulna, in particular, is severely constrained by 

soil, surface water and groundwater salinity which ultimately is lowering the cropping intensity 

compared to the country’s average cropping intensity. 

Salinity causes unfavorable environment and hydrological situation that restrict the normal crop 

production throughout the year. The factors which contribute significantly to the development of 

saline soil are tidal flooding during the wet season (June-October), direct inundation by saline 

water, and upward or lateral movement of saline groundwater during the dry season (November- 

May). As a result, both groundwater and surface water are too saline to be used for irrigation. 

Excessive groundwater abstraction for irrigation in some localized area of coastal zone has posed 

a great challenge to the rural drinking water supply using hand-operated shallow tube wells. The 

cost of irrigation pumping increases with the lowering of the water table. In urban and sub-urban 

areas, groundwater abstraction has lowered water levels beyond the potential of natural recharge. 

This lowering of the water level leads to increased pumping cost, abandonment of wells, and land 

subsidence. 
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Figure 3.10: Irrigation development in the south west coastal region of Bangladesh (Source of 

data: BADC).    
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Figure 3.11: Irrigation development by shallow tube-wells in different Upazilas of Satkhira and 

Khulna district (Source: Jahan, 2013) 

 

3.10.2 Drinking water 

Groundwater is one of the major sources of drinking water all over the world (Bear, 1979). 

Groundwater is the primary source for drinking water in Bangladesh. Arsenic contamination of 

groundwater and salinity in coastal aquifers are the main problems for drinking water in 

Bangladesh. Khulna is the divisional headquarters of Khulna division and a major industrial and 

commercial center. The city currently covers an area of 46 sq. km and the population of the city, 

under the jurisdiction of the city corporation, was about 1 million in 2010 estimation. According 

to the official source, KWASA authority currently supplies about 100 million liters of water every 
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day against the demand for 240 million liters in the city of 1.5 million inhabitants. Prior to the dry 

season, the daily water supply was about 130 million liters. Besides salinity, there are water quality 

problems in groundwater in different wards of KCC area. In Khulna, there are around 300 

industrial installations of which 280 were considered as major polluters to the rivers. As being of 

divisional headquarter, a large number of industries has been built up in the Khulna city. Most of 

the industries in Khulna region are reported to have suffered from the increase in salinity.  

However, the domestic use of groundwater is the main concern for salinity in many places of the 

southwest coastal region of Bangladesh. Figure 3.12 shows the drinking water coverage by tube 

well in Khulna and satkhira districts. It is shown from the Figure 3.12 that three upazillas in 

Khulna and two upazillas in satkhira are not fully covered by tube wells. The worst situation at 

Koyra in Khulna where about 42 percent people are covered by tube wells.       

 

 

 

 

Figure 3.12: Drinking water coverage by tube-wells in Khulna and Satkhira (Source of data: 

BBS and UNICEF, 2015).  
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CHAPTER FOUR 

MODEL CONCEPTUALIZATION AND DEVELOPMENT 

 

4.1 Framework of Analysis   

As discussed in Chapter one and Chapter three, there are different factors that can influence salinity 

intrusion into coastal aquifers over multiple scales. Important physical processes include sea-level 

rise, changing groundwater abstraction rate, change in river salinity (which may affect 

groundwater salinity through river-aquifer interaction), saline water inundation due to storm surge 

and change in tidal patterns. These processes become important for different scales. Regional scale 

groundwater model would help to understand most of the processes, while finer (local) scale model 

is required for processes like tidal fluctuation.  Conceptualization of a regional scale groundwater 

model was achieved based on aquifer delineation using secondary data. A regional model of 

groundwater flow and contaminant transport was thus set up for the southwest coastal area in 

Bangladesh with better representation of areal extent and configuration of aquifers and their 

properties to build a three-dimensional visualization of the aquifer system that helped in 

understanding the dynamics of groundwater flow system and the salinization processes taking 

place in the coastal aquifer of Bangladesh.  A local scale model with finer spatial and temporal 

resolution was also set up to study the finer scale processes (e.g. tidal influences).  Both the 

regional groundwater flow and salt transport models were set up using MODFLOW (Harbaugh et 

al.,  2000) and SEAWAT (Langevin et al., 2008) code using Argus ONE software.  Important 

components of the model that needed substantial data preparation included defining boundary 

conditions, representing river-aquifer interaction in the model and estimating other input 

parameters such as recharge, pumping, and aquifer parameters (e.g. hydraulic conductivity, storage 

coefficient etc.). 

4.2 Delineation of Aquifer System 

To represent the aquifer configuration in the coastal region of Bangladesh, hydrostratigraphic 

analysis of lithological data was performed. The lithological bore log data were collected from 

Department of Public Health Engineering (DPHE) of about 2700 locations (Figures 4.1 and 4.2) 

that cover about the entire groundwater model domain. Although the main focus area of research 

is the southwest coastal region of Bangladesh, the study area had to be extended to cover the entire 
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southwest hydrological region and also beyond the territorial boundary of Bangladesh to the west 

at Hoogly river of India.  

The collected bore log data vary in depth up to 350 m. The lithological bore log data of the deltaic 

region in Bangladesh show extensive spatial heterogeneity and geologic complexity. After 

processing and treatment of the data, the hydrostratigraphical analysis was performed to build the 

lithological and hydrostratigraphical model using RockWork software (Rockware 2004). It should 

be noted that the results also contain uncertainties that might be associated with poor data density 

in some specific area and spatial heterogeneity at the small scale in the fluvial-deltaic setting.  In 

some case, manual judgment for processing the data was applied to delineate aquifers and aquitards 

system. However, the analysis certainly shows a picture of the regional and subregional 

hydrostratigraphic configuration of the study area. After the hydrostratigraphical analysis of 

aquifers and aquitards system, a conceptual model was developed to represent the hydrological 

processes operating on the physical system into the groundwater flow and salinity intrusion model.  

The aquifer system is conceptualized as having a series of alternating aquitard and aquifer layers. 

The first layer is delineated as aquitard with thickness varying from 1 to 70 (m). In many places, 

especially in the northern part, the thickness of this layer is very thin (the layer is absent in some 

cases) while it becomes thicker in the south. Aquitard-1 is underlain by aquifer-1, called the 1st 

aquifer, with thickness varying from 50 to 180 (m). 
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Figure 4.1: Location Map of lithologic data used to delineate aquifers and aquitards system (data 

collected from DPHE).  



65 
 

 

Figure 4.2: Location and cross section line for lithological analysis   
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This delineation is similar to that done by DPHE (2006). However, in some studies (e.g. IWM 

2015; Hasan et al) the first aquifer is conceptualized as the combination of upper shallow and lower 

shallow aquifers. However, in a regional model, like the one used in the current study, it is rather 

difficult to separate the 1st aquifer into two distinct layers. The 1st aquifer is overlain by aqutard-

2 with the thickness ranging from 0 to 150 (m). The 2nd aquifer underlies this aquitard with the 

thickness ranging from 10 to 140 (m). In the current study, the 1st aquifer (Figures 4.3 and 4.4) 

was considered for modeling groundwater flow and salinity intrusion.   Based on the conceptual 

model the numerical model was developed with suitable parameters and boundary condition. 

 

 
Figure 4.3: Cross sectional view of the aquifers system.  
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Figure 4.4: Aquifers system in southwest coastal region in Bangladesh from stratigraphic 

modelling.  

 

4.3 Setting up Regional Scale Model 

4.3.1 Description of modeling source code 

Where spatial variations in fluid density are present, such as in coastal aquifers, investigations of 

ground-water flow are more complicated because the density variations can substantially affect 

rates and patterns of fluid flow. In many of these hydrogeologic settings, an accurate representation 
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of variable density groundwater flow is necessary to characterize and predict groundwater flow 

and contaminant transport. The SEAWAT (Langevin et al., 2008) program is a coupled version of 

MODFLOW (Harbaugh et al., 2000) and MT3DMS (Zheng and Wang, 1999) designed to simulate 

three-dimensional, variable-density, saturated ground-water flow in porous media. Flexible 

equations were added to the program to allow fluid density to be calculated as a function of one or 

more MT3DMS species. The source code for SEAWAT was developed by combining 

MODFLOW and MT3DMS into a single program that solves the coupled flow and solute-transport 

equations. MODFLOW was modified to solve the variable-density flow equation by reformulating 

the matrix equations in terms of fluid mass rather than fluid volume and by including the 

appropriate density terms (Guo & Langevin, 2002). Fluid density is assumed to be solely a function 

of the concentration of dissolved constituents. Temporally and spatially varying salt concentrations 

are simulated in SEAWAT using routines from the MT3DMS program. 

SEAWAT uses either an explicit or implicit procedure to couple the ground-water flow equation 

with the solute-transport equation (Guo and Langevin, 2002). With the explicit procedure, the flow 

equation is solved first for each time step, and the resulting advective velocity field is then used in 

the solution to the solute-transport equation. This procedure for alternately solving the flow and 

transport equations is repeated until the stress periods and simulation are complete. With the 

implicit procedure for coupling, the flow and transport equations are solved multiple times for the 

same time step until the maximum difference in fluid density between consecutive iterations is less 

than a user-specified tolerance. The Variable-Density Flow (VDF) Process in SEAWAT is based 

on the constant-density Groundwater Flow (GWF) Process of MODFLOW-2000. The VDF 

Process uses the familiar and well-established MODFLOW methodology to solve the variable-

density ground-water flow equation (Langevin et al., 2008). The MT3DMS part of SEAWAT, 

referred to as the Integrated MT3DMS Transport (IMT) Process, and solves the solute transport 

equation. Mathematical description of MODFLOW and SEAWAT models are provided in 

Appendix-A.   

4.3.2 Model geometry and spatiotemporal discretization  

The southwest regional groundwater flow and contaminant transport model was set up with coarser 

(2 km × 2 km) spatial resolution (Figure 4.5.) and larger time steps (e.g. years and months) to 

investigate the impacts of groundwater abstraction, sea level rise and changes in river salinity on 
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groundwater salinity. The same model was also used for simulating the impacts of a number of 

storm surge events, in which saline water inundation was allowed as an additional (top) boundary 

condition.  Vertically the model was discretized into 10 layers (Figure 4.6). While designing 

discretization scheme for variable density groundwater flow model (e.g. SEAWAT), it is 

acknowledged that the grid resolution in the vertical direction often requires a much greater level 

of details to represent the complex flow patterns near area of high concentration gradients. 

However, experience suggests that 10 model layers per aquifer unit often seem to be adequate 

(Guo and Langevin, 2002). The grids in the model were generated using MODFLOW finite-

difference grid in Argus ONE interface. The model contains 88 rows and 74 columns. There are 

few thousands of active grids in the model. The model was simulated in a yearly stress period 

while generating the initial condition for thousands of the years as well as in the scenario 

simulation, the model was simulated at monthly stress period and weekly time step.             
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Figure 4.5: Spatial discretization of model domain (district boundary of Bangladesh within the 

model domain in blue color) with grid resolution (2000 m × 2000 m).    
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Figure 4.6: Three-dimensional representation of model domain with vertical discretization (10 

layers) 

 

4.3.3 Boundary conditions 

Numerical solution of a set of differential equations requires boundary conditions to be defined. 

Different boundary conditions in groundwater flow and contaminant transport model were chosen 

to mimic the prevailing natural condition in the study area (see Figure 4.7).  
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Figure 4.7: Figure represent the model domain outline and different boundary condition    

Western Boundary        

The western boundary was chosen along the Hooghly river of India which coincides with a surface 

water divide and was considered as a groundwater divide. This boundary was set more than 80 km 

west from the Bangladesh territorial boundary. As the direction of groundwater flow is 

predominantly from north to south (i.e. towards sea), a no flow boundary is considered a reasonable 

representation. The boundary is also about 45-95 km away from the coastal zone in Bangladesh.  
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Northeast Boundary    

The northeast boundary of the model coincides with the major rivers, Ganges, Padma and Meghna 

demarcating the delta region. This boundary starts from Ganges River in the north and meets 

Meghna at east, finally meeting the Bay of Bengal in the south. This boundary was treated as a 

General-Head Boundary (Harbaugh, 2005). Water level data from these river systems were 

assigned in the model as the boundary head.  

Southern Boundary 

The southern boundary in the model is the Bay of Bengal, a few kilometers offshore from the 

shoreline which was represented as a constant head/constant concentration boundary for the 

baseline simulation model. Head in this boundary was considered as Mean Sea-Level (MSL) and 

concentration was represented with ocean salinity. However, the boundary was changed to adjust 

projected sea-level rise in the scenarios simulation model to determine what effect might have on 

groundwater system.  

Top and Bottom Boundary   

The top boundary in the model was assumed as a flux-dependent boundary to define groundwater 

recharge and storm surge inundation so that both freshwater and saltwater may enter or exit the 

model domain along the boundary. The bottom of the model was defined from hydrostratigraphic 

modeling of bore log data and considered as a no-flow boundary by default in MODFLOW. The 

topography of the model was assigned from 90 m resolution SRTM data which is freely available 

in the website (Jarvis et al, 2008).  

4.3.4 Model parameters 

Hydraulic conductivity is a dominant parameter to represent geological variability in groundwater 

flow and contaminant transport model (De Marsily et al., 2005). Uncertainties in the 

hydrogeological application could occur depending on the spatial variation of hydraulic 

conductivity (Renard and De Marsily, 1997). Hydrogeologic properties to represent the aquifer 

system in developing a numerical model of groundwater flow and contaminant transport are the 

values of horizontal and vertical hydraulic conductivity, Kh and Kv respectively, specific storage 

(Ss), specific yield (Sy), and porosity (n). These properties (Figure 4.8 and Table 4.1) were 

assigned in the groundwater model using LPF (layer Property Flow) package in the MODFLOW-
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2000 (Harbaugh et al., 2000). As depth specific data are very scarce, the same parameter values 

were assigned in each of the 10 layers defined for the aquifer. An anisotropy ratio of 10 was used 

to define the vertical hydraulic conductivity. Similar anisotropy ratios were used in some earlier 

studies for the same aquifer layers (Hasan et al. 2017; IWM, 2015).  Hydrogeologic properties  of 

the aquifer (hydraulic conductivity, porosity and specific yield) were collected from the pumping 

test data of BWDB and some data from the previously published literature (BGS/DPHE, 2001; 

MPO, 1987).   

 

Figure 4.8: Location and the distribution of hydraulic conductivity in the southwest of Bangladesh 

(Data Source: BWDB; BGS/DPHE, 2001; MPO, 1987) 
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Table 4.1: Hydrogeologic parameters (hydraulic conductivity, specific yields) used in the model.   

 

Hydrogeology of the Bengal aquifer systems is very complex and poorly characterized in nature 

which makes it very difficult to accurately  represent the subsurface characteristics in the numerical 

model. Spatial distribution of the hydraulic conductivity data is conventionally assigned in the 

model by interpolating the existing data throughout the model domain to achieve resonable 

representation of aquifer heterogeneity for modeling purpose. However, the hydraulic conductivity 

(K) and storage parameters (Sy/Ss) are adjusted in almost all cases while calibrating or validating 

the model with observed hydraulic head data. Specific yield (Sy) determines the drainable porosity 

of an unconfined aquifer which was also interpolated spatially in the model from the pumping test 

data of BWDB and previously published literature (MPO, 1987). Porosity represents the amount 

of the void space in the aquifer materials. This property is required for estimation of groundwater 

velocity within the aquifer. In this current study, standard porosity data were collected from 

literature (Todd and Mays, 1980) and assigned in the model without considering spatial variability.      

4.3.5 Representation of rivers for surface water groundwater interaction 

River systems in GBM delta play a significant role in water availability and water quality in 

shallow groundwater aquifers because there are large numbers of rivers in GBM delta that are 

hydraulically connected with the shallow aquifer system.  These rivers may contribute as a source 

Long lat Kh(m/day)Sy

88.700 23.750 34 0.120

89.234 23.836 36 0.156

88.700 23.600 29 0.089

89.140 23.311 26 0.100

89.640 23.760 21 0.123

89.492 23.443 26 0.089

90.063 23.463 23 0.130

89.007 23.119 22 0.140

89.508 23.176 26 0.204

90.320 23.176 24 0.180

89.072 23.208 20 0.056

89.108 22.076 31 0.098

90.230 22.893 18 0.220

90.745 22.499 32 0.156

90.121 21.864 29 0.012

90.107 22.221 19 0.032

90.104 22.383 20 0.120

90.163 22.792 36 0.089

89.668 22.635 28 0.032

89.542 22.881 25 0.045

89.936 22.903 32 0.123
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of groundwater recharge, especially during the high tide, and consequently, saline river water may 

pollute shallow groundwater aquifers.  It is very challenging to incorporate the huge number of 

rivers that are present in southwest coastal region with the required data in the groundwater model. 

In this study, all major rivers and a number of small rivers (Figure 4.9) were incorporated for which 

reasonable data sets (including river bathymetry) could be used to understand how groundwater 

system respond to changing river salinity and river water level. In addition, major rivers beyond 

the western border of the country were also included (Figure 4.10) for which the parameter data 

were approximated by extrapolating information available within the country border.     

Surface water and groundwater interaction in the model were simulated using River Package of 

MODFLOW/ SEAWAT Model. For this purpose, elevation of the bottom of the river bed, river 

bed conductance, head of the river and river salinity are required.    

 

 
Figure 4.9: (a) Major rivers in southwest coastal region in Bangladesh (b) Rivers used in 

groundwater model for surface water groundwater interaction.    

 

If the head in the cell connected to the river drops below the bottom of the river bed, water enters 

the groundwater system from the river at a constant rate (Harbaugh et al., 2000).  If the head is 

above the bottom of the river, water will either leave or enter the groundwater system depending 

on whether the head is above or below the head in the river (Harbaugh et al., 2000).  A conductance 
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term needs to be multiplied by the difference between the head in the cell and the head in the river 

to determine the flux. 

The bottom levels of river bed data were defined in the model from the bathymetry data measured 

under ESPA Deltas project as well as existing data from BWDB. River water level and salinity 

data were collected from BWDB and some measured river salinity data of ESPA Deltas project, 

which were used in the baseline simulations, while groundwater level and salinity data simulated 

for different scenarios under ESPA Deltas project were used for scenario simulations for 

groundwater salinity.  River network map of Bangladesh was used to locate the river grid locations 

within the model.  In developing a regional scale model, river water level, river bed level and river 

salinity data were to be assigned for every river reach (each grid contains one reach) among the 

thousands of the river grids. But the data were available at limited number of the grids. Hence, 

river water level, river bed level and river salinity data were assigned in each river grid (Figure 

4.10) using an interpolation script codded in FORTRAN.   In the absence of data, conductance of 

the river bed was assumed the same for every reach in the model. Adjusting conductance to match 

location specific salinity was found to be a very tedious task and hence was not continued.  

In the baseline simulation, only measured data of ESPA delta study and data collected from BWDB 

were assigned in the model. To simulate how groundwater system in coastal aquifer of Bangladesh 

will respond to future projected river salinity, the river salinity together with river water levels 

generated for future scenarios under the ESPA deltas project were used in the groundwater 

simulation model. These data were also processed and assigned in the river grid in the same way 

as mentioned above. In ESPA Deltas study, a total of 9 (nine) future climatic and socioeconomic 

scenarios were considered. In this study, only one scenario result is presented to clarify how 

groundwater salinity may change under scenarios, especially the sea-level rise.  
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Figure 4.10: Location of the grid (more than 5000) for the river networks used in groundwater 

model for surface water and groundwater interaction in the River Package.  

 

4.3.6 Model stresses 

Stresses in groundwater model represent the water and contaminants designed to enter or to be 

drained out from the model. In the natural condition, water enters into the groundwater system as 

recharge, discharge into rivers, sea and by evapotranspiration. Groundwater loss by 

evapotranspiration is very negligible for regional scale modeling. In this study, evapotranspiration 

losses of groundwater were not considered. The natural setting of aquifer system is disturbed by 

pumping abstraction. Thus, groundwater is discharged from the aquifers both by natural means 

and through groundwater pumping abstraction. The source of salinity in the coastal aquifer in 

Bangladesh is either from saline water from the Bay of Bengal or from saline surface water 

deriving from tidal river salinity or storm surges inundation. Thus, to represent the physical system 



79 
 

into the groundwater flow and contaminant transport model groundwater recharge, pumping wells, 

river-aquifer interactions and storm inundation boundaries were defined respectively.                             

 

Groundwater Recharge 

Representation of recharge in a groundwater model in deltaic aquifer system with monsoon climate 

is very difficult (Sanford, 2002) because recharge in the shallow aquifer system is controlled by 

multiple factors of hydrologic and geologic settings. The impact of climate change on 

modifications of groundwater recharge may not be that significant, except for timing of recharge, 

for the coastal area as suggested by a few previous studies (Burgess et al., 2002; Michael and Voss, 

2009; Yu et al., 2010). As freshwater flood would still fill the aquifer near to the ground surface 

each year, as they do now, inland hydraulic gradients are therefore unlikely to change significantly 

from present conditions as a consequence of the continued freshwater flooding unless groundwater 

pumping increases immensely (Yu et al., 2010).  The previous basin scale model study by Michael 

and Voss (2009a) suggests that the representation of groundwater recharge does not alter the 

modeling results much in comparison to others ways. This approach was also used the previous 

study (Burgess et al., 2010; Michael and Voss, 2009).  Also, there is no time series data of 

groundwater recharge available in Bangladesh 

 

In view of the above discussion, yearly variations of groundwater recharge were not considered in 

the groundwater model.  Recharge in the model was assigned based on catchment number from 

the previous MPO report (MPO, 1987) (Figure 4.11). As the potential groundwater recharge 

reported in the MPO study is higher than the actual recharge (MPO, 1987), an approximation was 

made by considering actual recharge equivalent to 75% of potential recharge. In this study 

groundwater recharge was assigned in the model from the MPO catchment shape file using GIS 

(Figure 4.12). The shallow aquifer in Bangladesh derives recharge from rainfall mostly in 

monsoon. Recharge in the model was defined from May to October within the six months in a year 

during the monsoon and post-monsoon seasons.  
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Figure 4.11: Estimated groundwater recharge catchment in model domain (Source of data: MPO, 

1987) 
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Figure 4.12: Groundwater recharge catchment from MPO (white polygon) and distribution of 

active cell (black color within the grid) within the model domain.   

 

Irrigation pumping 

As already discussed in Chapter three, major groundwater uses in the southwest coastal region in 

Bangladesh is drinking water and irrigation water for agriculture.  However, irrigation pumping is 

as much as 20 times greater than domestic pumping (Yu et al., 2010). Extensive groundwater 

irrigation began during early 1970s (Zahid and Ahmed, 2006).  Irrigation in southwest coastal area 

has been predominantly based on groundwater from the shallow aquifer. Although limited 

numbers of irrigation wells have been installed in the coastal districts of Bangladesh, a larger 

number of irrigation wells exist in northern part of the model domain (Figure 4.13).  
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Figure 4.13: Development of irregation in southwest coastal region of Bangladesh 
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Groundwater abstraction in the northern area, unaffected by groundwater salinity, may influence 

salinity to intrude into the existing freshwater resources. In the current study, for developing 

regional-scale groundwater model, domestic pumping was not considered with the assumption that 

the volume extracted for drinking purpose, which is much less compared to that extracted for 

irrigation, will produce negligible effect in a regional scale model. 

Pumping was modeled as withdrawal per unit area using Area Wells Package and was distributed 

based on estimates made for each upazilla in Bangladesh.  Bangladesh Agricultural Development 

Corporation (BADC) publishes an inventory report on the irrigated area by shallow tube wells at 

each upazilla in Bangladesh. The irrigated areas of the shallow tube wells were compiled from the 

BADC yearly report books (2000-2014) for individual upazillas under the model area.   

Geographic boundary of upazilla was considered as the basic Area Well unit. Upazilla wise 

groundwater abstraction data was processed and the administrative boundaries were defined in the 

model using GIS (Figure 4.13).  The amount of total irrigation abstraction for each month was 

estimated by the irrigated area of the shallow tube wells multiplied by irrigation depth per month 

(Saleh, 2017). The abstraction rate was adjusted for different months of the stress period in the 

model because groundwater irrigation because irrigation is not uniform throughout the dry season.  

For baseline simulation, the available data (2000-2014) were projected backward linearly for each 

upazila. Groundwater abstraction for the future projection was used same as 2014 or changed 

according to selected scenarios.  

Storm Surge  

Storm surges cause flooding of saline water in the coastal zone of Bangladesh almost in every 

year. Saline water that infiltrates into the aquifer system during storm events may flush out rapidly, 

or it may fall into the aquifer, causing salinization of fresher groundwater (Yu et al., 2010). If 

climate change results in more intense and frequent storms, as predicted by IPCC (2014) aquifers 

may become even more vulnerable to this salinization mechanism. More intense storms may cause 

flooding farther onshore than had occurred previously, causing salinization of previously fresh 

shallow systems. More frequent storms will add more salt to already saline systems. The frequent 

storm surge inundation could fill the unsaturated zone with saltwater, above fresh groundwater, 

while filling all topographic depressions with saltwater ponds that infiltrate for the weeks after 

inundation.  
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In the current study, the storm surge was assumed to inundate the area that was estimated by World 

Bank study (Dasgupta et al., 2010) as the storm surge inundation risk area (Figure 4.14). Previous 

modeling study by Yu et al., (2010) considered a wide area of storm surge inundation using cross-

sectional (two dimensional) model. Smaller storm surge inundation area by individual cyclonic 

event (e.g. Aila) could not be simulated because of coarser resolution of the current model setup. 

Some polder protected regions in the coastal area of Bangladesh were excluded from flooding 

influences.  Saline water inundation was allowed as an additional (top) boundary condition.  The 

inundation area was created by geo-referencing using GIS from the World Bank (Dasgupta et al., 

2010).  The processed storm surge inundation area was assigned in the top of the model (Figure 

4.14) as a concentration boundary using the equal salinity as in the case for sea boundary. To 

simulate saline water flooding impact on top of the model on groundwater salinity, the model was 

considered fully saturated. For simplicity, the storm surge inundation was assumed to infiltrate 

saltwater instantaneously the top 2 m of the aquifer.  The evolution of the storm surge was 

simulated at different time scale over the baseline condition. 
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Figure 4.14: Storm surge inundation area in the southwest of Bangladesh (excluding the polder 

protected area) used in groundwater simulation model. The inundation risk area has been adopted 

from the World Bank study (Dasgupta et al., 2010).   
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4.3.7 Initial condition and baseline simulation 

To solve the time-dependent partial differential equation of groundwater flow and contaminant 

transport equation numerically, the initial condition is required. It is important to realize that the 

saltwater interface in the coastal area at present has developed through a long time on the scale of 

the thousands of the years. This has been observed in the study by Yu et al (2010), who also point 

out that the dynamic equilibrium between saline and freshwater may not have been achieved yet.   

Hence, to understand the change groundwater salinity owing to sea-level rise and groundwater 

withdrawal, the transient groundwater simulation must have a physically realistic starting 

condition.  

To obtain a reasonable initial condition, a quasi-steady state simulation was made until an initial 

estimate of the interface between fresh water and salt water was achieved, which could be 

considered satisfactory upon checking the mass balance and that the lateral movement of the 

interface is extremely slow and negligible.  It is acknowledged here that the (geological) layering 

sequence have not have remained the same throughout these thousands of years.  However, it was 

not possible in the study to incorporate this dynamically in the modelling scheme. So, the initial 

condition is an approximation in this context, which is, however, not very uncommon (e.g. Yu et 

al., 2010; IWM 2015; Hasan et al., 2017). In this study, the target was to get a reasonable condition 

such that the salinity distribution after the baseline simulation is close to measured data. For the 

evolution of the aquifer baseline condition, the model was simulated consecutively over 20,000 

years in multiple steps until the transition zone was reached in the approximate location. The 

groundwater flow and contaminant transport model was run with zero stresses (no pumping or 

recharge) with a larger stress periods (5 years) and time steps (1 year).  Yet, it took a total of nearly 

14 days of run time for this initialization process. 

The simulated salinity (and head) distributions thus generated were used as the initial condition 

for baseline and subsequent scenario simulations. In the baseline simulation, the other relevant 

processes were considered such as recharge, pumping and river aquifer interactions. 
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4.3.8 Model calibration  

Groundwater model calibration included the adjustment of model parameters (principally, K) until 

reasonable match is achieved between observed and simulated hydraulic heads.  It was done in 

two-steps, first adjusting K-values in steady state simulation, followed by the same in transient 

simulation. It is vital to know the present spatiotemporal distribution of groundwater salinity in 

order to evaluate groundwater salinity simulation results. However, there is a little database and 

information available, except a few reports focusing on general characterization and 

conceptualization of salinity distribution in the subsurface. There is no available time series 

groundwater salinity data to exactly calibrate the salinity model. Groundwater head was calibrated 

with weekly time series data of BWDB. Model calibration was performed by manually adjusting 

aquifer parameters; hydraulic conductivity, storage coefficient and longitudinal and transverse 

dispersivities were adjusted until simulated hydraulic heads matched with observed head and 

salinity was found to have matched with the distribution of available groundwater salinity data 

(BWDB and BADC). While calibration and validation were done for hydraulic heads, only 

calibration could be done for salinity as no time series data of groundwater salinity is available.     

 

4.3.9 Scenario simulation 

Groundwater flow and contaminant transport model was developed to understand how the coastal 

aquifer system in Bangladesh responses to different stresses (natural and anthropogenic). Thus, 

firstly a baseline model simulation was developed from the observed database as mentioned earlier 

to represent the existing condition of the physical system. The baseline simulated model was 

calibrated and validated with available observed data. To simulate transient response of the 

groundwater system the baseline simulation model was used as an initial condition for future 

scenario projection. Thus, the boundary condition in the baseline model was changed for the 

scenario model. The seaward boundary in the model was changed to adjust projected sea-level rise 

using the time series data generated in ESPA deltas project which represented 26 cm sea-level rise 

in 2050 and 54 cm sea-level rise in 2100. The emulated data of river salinity and river water level 

(Bricheno et al., 2014) for ESPA deltas study were processed and assigned in the river grid of 

groundwater model. Those gridded time series data were generated for different climatic scenarios. 

In this study, only less sustainable(Q0LS) scenario data were used. This represented in general, 

greater change in river salinity from baseline. Q0 represents a climatic scenario selected from 21 
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ensemble runs for A1B (RCP 6.0-8.5) scenario which represents moderately warmer (+2.6 0C) and 

wetter (+1%) climate. LS represents socioeconomic scenario (shared socioeconomic pathways or 

SSPs), which represents less sustainable scenario than business as usual. Q0LS is one of the nine 

scenarios (Q0BAU, Q0MS, Q0LS, Q8BAU, Q8MS, Q8LS, Q16BAU, Q16MS, Q16LS) used in 

ESPA deltas study. The main river boundary data were also adjusted for scenario simulation. 

Groundwater recharge data remained same as the baseline simulation sine there was no available 

time series data of groundwater recharge in Bangladesh. Groundwater abstraction also remained 

same as 2014 (collected last available data).       

4.4 Small Scale Model for Simulating Tidal Influences  

To investigate the impacts of tidal influences, a smaller model domain was set-up with finer spatial 

resolution (from 5 m x 5 m to 10 m x 10 m) and smaller time steps (e.g. hours).  The model domain 

was selected near the coastline of Bangladesh including both inland and offshore region to 

incorporate intertidal zone.  The purpose of the modeling is to enhance understanding of water 

level and salinity fluctuations in the coastal aquifer in Bangladesh. This study may provide insight 

into water exchange and groundwater flows driving the fluctuations over the spring-neap tidal 

cycle. The model was developed in examining the influence of complex tidal forcing from 

observed tidal data of BIWTA on nearshore groundwater hydrodynamics and salt transport.  There 

have been substantial number of studies that looked at the tidal phenomenon in the context of 

impacts on salinity ingression into nearshore groundwater (Abarca et al., 2013; Brovelli et al., 

2007; Robinson, Gibbes, et al., 2007; Wang et al., 2012).  The present study used spatial and 

temporal resolution much finer than regional scale model but coarser than these other studies.  This 

has been a compromise between the resultion required to describe the phenomenon of concern and 

simulation time. 

 

4.4.1 Model geometry and spatiotemporal discretization  

The model represented a small region of the unconfined coastal aquifer in Bangladesh near 

Meghna estuary. The grid was non-uniform with higher horizontal discretization in the intertidal 

zone (5 m) where higher flow rates and concentration gradients occurred and lower horizontal 

discretization (30 m) toward the inland boundary.  The model domain extended 100 m seaward of 

the beach face-mean sea level intersection and 1000 m landward (Figure 4.15).  This has meant 
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that the model domain length is 1100 m in the north-south direction and 1200 m in west-east 

direction, wherein the grids were of 5 m x 5 m resolution up to 300 m from the sea boundary, while 

the remaining area had grids of 30 m x 5 m resolution.  The model was also discretized into 10 

vertical layers.  

 

4.4.2 Boundary conditions  

The boundary conditions used in the model were chosen to mimic natural forcing conditions. A 

time-varying head boundary (Dirichlet boundary) with zero solute concentration was applied at 

the inland boundary to simulate the field conditions. A nonlinear Cauchy boundary (Abarca et al., 

2013) condition for simulating tidal forcing along the ocean aquifer interface from the observed 

data of BIWTA was used toward the seaside boundary. The seaward boundary condition varied 

with the tidal level. For salt transport, the seawater concentration was set to be constant at 35 (mass 

fraction, parts per thousand) for inflow to the aquifer and zero concentration gradient was specified 

for outflow from the aquifer.  No areal recharge or evapotranspiration was considered and hence 

there was no water or solute flux across the top boundary. The aquifer base was set to be 

impermeable (zero flux).  
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Figure 4.15: Tidal Model Domain and boundary condition (topography is represented is color 

shade) 

 

4.4.3 Model parameters 

Tidal forcing across the sloping beach boundary was simulated using constant hydrogeological 

properties (taken for the location in question from the regional scale model) as a first representation 

the porous medium. In simulations, the values of hydraulic conductivity, dispersivity (longitudinal 

and transverse), specific yield and porosity were further adjusted for sensitivity analysis. Tests 

were conducted to ensure that the numerical solutions were converged and independent of the time 

step and mesh size. The model was simulated in hourly time step covering two full tidal cycles. 

Aquifer properties of groundwater model for tidal influences simulation are shown in Table 4.2.    

   

Time dependent head boundary (Inland boundary) 

Sea boundary (tide and ocean salinity) 
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Parameters Name  Value 

Hydraulic Conductivity (Kx) 25 (m/d) 

Porosity (n) 0.3 

Specific Yield (Sy) 0.2 

Longitudinal dispersivity  10 (m) 

Transverse dispersivity 1 (m) 

Molecular diffusion coefficient (Dm) 1.0 E-5 (m2/d) 

 

Table 4.2: Hydrogeological parameters of aquifer used in groundwater model for tidal influences 

simulation.   

 

4.4.4 Initial condition 

The coastal groundwater system is constantly shifting with tides and changes in the inland water 

table. Thus, determining an initial condition for a transient simulation is challenging (Abarca et 

al., 2013; Brovelli et al., 2007; Robinson, Gibbes, et al., 2007; Wang et al., 2012). The initial 

conditions were the result of two consecutive simulations: first, a simulation without tidal forcing 

(with a sea level elevation of 0 m) was performed, and the freshwater inflow was modified until 

the interface comes in a realistic position (Figure 4.16).  
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Figure 4.16: simulation of initial condition for tidal influences simulation [vertical scale is 

exaggerated 10 times]     

 

The simulation was continued for two years and the mass balance of the solution was analyzed to 

investigate the quasi-steady state condition. Then, the simulated result was used as an initial 

condition of a transient simulation with tides. The first two measured tidal cycles were used in the 

sea boundary of the model to investigate neap and spring tide response on groundwater level and 

groundwater salinity.  
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CHAPTER FIVE 

 IMPACTS OF LONG TERM PROCESSES: REGIONAL MODEL ANALYSIS  

 

5.1 Introduction 

As discussed in Chapter four, the relatively long-term processes that were of interest in the present 

study were the impacts of future changes in sea level rise, river salinity (and water level) and 

pumping strategies.  A regional model thus developed (as described in chapter four in details) 

would offer opportunities to investigate these processes. In this chapter, outputs from the 

systematic procedure of model simulation, including generation of initial condition, calibration, 

and baseline and scenario simulations are presented, which in combination provide useful insights 

into different processes. 

 

5.2 Lateral Seawater vs Vertical Salinity Intrusion Processes 

As discussed in section 4.3.7 initial conditions for salinity and hydraulic head were generated for 

the regional model through long term quasi-steady state simulation, until a satisfactory condition 

was considered to have reached upon checking mass balance and until the lateral movement of the 

transition zone of the saltwater interface was extremely slow and negligible.  Figure 5.1 shows the 

simulated lateral position of the transition zone after this quasi steady state simulation.  This 

numerical simulation clearly exhibited that lateral movement of seawater interface is an extremely 

slow process.  Changes in lateral movement would become important over larger time scales, while 

they are insignificant over shorter time scales, for example, 100 years.  What it implies is that the 

impact of sea level rise on lateral movement would be insignificant, except some areas close to the 

coastline.  This is contrary to the popular belief that sea level rise would directly impact 

groundwater salinities over a wide area. It should be mentioned here that the lateral movement of 

the interface is a slow process was also hinted by the previous study (Yu et al. 2000).   
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Figure 5.1: Lateral distribution of groundwater salinity at baseline condition (cropping the model 

domain along north south direction) [vertical scale is exaggerated 500 times] 

 

Vertical salinity intrusion in the coastal aquifer in Bangladesh takes place through river salinity by 

rive aquifer interaction and storm surge flooding. Impact of storm surge flooding on groundwater 

salinity is described in chapter six. This section only focuses on vertical infiltration of surface 

saline water into the aquifer through river salinity. As discussed before the location of the transition 

zone in the aquifer served as an approximate marker for the target location of the transition zone 

in other simulations. The position of the transition zone does not explain the widespread 

groundwater salinities in the shallow aquifer in the southwest coastal zone. It is thus plausible that 

river-shallow aquifer interaction is an important process in this regard.  Accordingly, rivers in the 

model domain were included in the model in the next stage.  It is noted here that river water level 

influences hydraulic head of groundwater and river salinity is expected to be a contributor of 
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groundwater salinity during high tides (as river water moves inland with high water level) through 

exchange mechanism through the river bed.  Using an average salinity from measured river salinity 

and water level data of 10 years (from 2000 to 2010) (interpolated and extrapolated along the entire 

river reaches in the model domain), the model was run again for a total of 6000 years with the 

initial salinity and hydraulic head condition from the long-term simulation and with additional 

boundary conditions imposed by the river systems. The stress period and time step for this 

simulation were chosen to be both 1 year. Simulation was continued until groundwater salinity 

changes were very negligible, which was further ensured by checking the salt mass balance.  In 

the third stage, a baseline simulation was conducted for 40 years, representing a time period from 

1971 to 2010.  This simulation considered both recharge and irrigation pumping, as described in 

chapter four, and used a monthly stress period and weekly time step. The resulting groundwater 

salinity distribution is shown in Figure 5.2. It is clearly differentiable from Figures 5.1 and 5.2 that 

river salinity has considerable influences on groundwater salinity.  Near the coast, it is the 

combination of saltwater interface (i.e. transition zone) and river salinity that determines 

groundwater salinity while the role of river salinity becomes increasingly dominant with increasing 

distances from the coast. 
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Figure 5.2: Vertical distribution of groundwater salinity at baseline condition (cropping the model 

domain along the z axis) [vertical scale is exaggerated 500 times] 
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River salinity influences groundwater salinity up to considerable depths at many places since rivers 

are very deep in many places with cross-sectional depths varying from 20 m to 80 m.  Figure 5.3 

presents comparison between simulated salinity and measured (combination of BWDB and BADC 

data) salinity at shallow depth of aquifer.  It can be seen that simulation could capture salinity 

distribution reasonably well in the whole model domain except few areas.  Given the high 

variability in existing salinity distribution, the simulation is considered satisfactory.  It is noted 

here that time series data of groundwater salinity is scarce in Bangladesh.  Also, rapid changes in 

groundwater salinity with time is also not expected given the slow rate at which groundwater flow 

and transport takes place.  The simulation presented above thus works as calibration of the model 

against measured groundwater salinity, while validation of the same is not possible. The inference 

that simulation of groundwater salinity was fairly reasonable was reinforced by the fact the model 

was reasonably calibrated with measured water levels as well, as shown in Figure 5.4.  Figure 5.4 

shows comparison between simulated hydraulic head and measured hydraulic head at 150 

locations. 
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Figure 5.3: Comparison between measured and simulated groundwater salinity  

dS/m

Measured values are in µS/cm
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Figure 5.4: Model calibration and validation using measured and simulated five-year average 

annual mean hydraulic head at 150 locations. Data from 2001 to 2005 were used for calibration 

and data from 2006 to 2010 were used for validation.   

Model Calibration 

Model Validation 
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Once the model was considered to have been reasonably calibrated against observed hydraulic 

head and groundwater salinity, long-term simulations were conducted using model generated data 

from ESPA Deltas study (as described in Chapter 4).  It is noted here that continuous simulated 

time series up to 2100 for river salinity and water level were not available from ESPA Deltas study, 

as the hydrodynamic model for the salinity could not be run continuously over 100 years because 

of long simulation time (3 days of simulation time was required for only one year). Instead 

continuous time series of river salinity and water level were generated using emulator (Lazar et al 

2016) based on snapshot simulations of different time slices. One such time series representing 

Q0LS scenario was used in the current study. using emulated river salinity and river water level, 

together with sea level rise, as described in Chapter 4.  The distribution of emulated river salinity 

data generated for continuous time series is presented in Figure 5.5. 

 



101 
 

 

Figure 5.5: Emulated river salinity distribution for different periods based on snapshot simulations 

of river salinity (Bricheno et al., 2014)    
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Figure 5.6 presents the simulated salinity distribution at layer 2 (depth 10-30 m), layer 3 (depth 

25-45 m), layer 5 (depth 55-75 m) and layer 9 (depth 115-135 m). This shows the combined effect 

of river salinity and lateral seawater interface on groundwater salinity.  It is noted here that there 

are differences between baseline river salinity and emulated river salinity, meaning that 

groundwater salinity distribution resulting from river-aquifer interaction for scenario simulation 

for baseline period will be different from that shown in Figure 5.3. 

The numerous river network in the southwest coastal region in Bangladesh are hydraulically 

connected with the shallow aquifers system (Nobi and Gupta, 1997; Tasich, 2013). Because of 

relatively shallower river bed level, the influences of river salinity on groundwater salinity is less 

at depth greater than about 20 m in the areas north of the coastal district of Khulna, Bagerhat, 

Pirojpur, Jhalakati, Barguna, Patuakhali and Barisal.  The effects of rivers with shallower depths 

are absent, while the river stretches with deeper cross-section (which gradually increase to the sea) 

are present. Figure 5.6 also shows that groundwater salinity is higher for layer 9 and layer 5 than 

layer 3 and 2, specially near the coast (where groundwater salinity at depth 80-120 m is mostly 

contributed by lateral saltwater intrusion). The figure clearly suggests that the lateral seawater 

interface has at least extended beyond the Sundarbans periphery. 
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Figure 5.6: Simulated groundwater salinity at layer 2 (depth 20-35 m), layer 3 (depth 30-45 m), 

layer 5 (depth 50-65 m) and layer 9 (depth 90-110 m)  
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The salinity distribution shown in Figure 5.6 is based on GIS interpolation from simulated salinity 

in different grids in the model domain. Interpolation means there would be no areas without salinity 

in between and hence may hide pocket areas which are relatively free from salinity. The localized 

pocket distribution of freshwater zone is also facilitated by freshwater recharge from rainfall. The 

common understanding is that (also reported in previous literature, such as Zahid and Ahmed, 

2006) there are freshwater pockets in the coastal area at shallow depths. This can be seen in the 

original simulation (without any interpolation) as presented in Figure 5.7. The river salinizes 

groundwater system locally near the river and this saline water is accumulating and spreading the 

surrounding areas by advection and dispersion over time. Rainwater also helps saltwater to flush 

out in many areas. With increasing depth, the freshwater pockets gradually disappear as they 

become influenced by lateral saltwater interface as well. Few authors observe that the distribution 

of groundwater salinity in the coastal aquifer in Bangladesh is connate water in origin which is 

deposited as entrapped water during sediment deposition at Pleistocene age (Worland et al., 2015). 

It is also noted here that the model simulation employed in this study does not address connate 

groundwater. The current study realizes that this phenomena could be in a few localized areas and 

not widely present in the regional distribution of groundwater salinity at different depths. 

A recent study (George, 2013) showed that the origin of groundwater salinity in the shallow aquifer 

in southwest coastal zone is a mixture of the tidal channel and meteoric water. Another recent 

study (Tasiach, 2013) observes that althouth the southwest coastal region had experianced simillar 

evolution throughout the Pleistocene , the connate origin hypothesis may not be fully explain the 

prevalance of brakish groundwater in the region. Some previous modelling studies without detailed 

representation of surface water and groundwater interaction has also concluded the surface water 

or steam-aquifer interaction could influence groundwater salinity to a significant extent (Nobi and 

Gupta, 1997; Yu et al., 2010).  
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Figure 5.7: Pockets of fresh water zones at shallow depths as simulated by groundwater model  

 

It is also noted here that the freshwater pockets as simulated and shown above may not be one 

hundred accurate representation of the reality because not all rivers in the coastal zone could be 

incorporated in the model.  The model considered major and moderate sized rivers for which 

adequate data were available. A few small river channels were also considered for which 

approximations were made in terms of river water level, salinity and bed level.  However, some 

small to minor river channels were not considered meaning that simulated freshwater pockets as 

presented in Figure 5.7 may be a little overestimated.  

 

5.3 Impact of Sea-Level Rise on Groundwater Salinity  

The impact of sea-level rise on groundwater salinity was simulated considering an increase in sea 

elevation with respect to mean sea level.  As described in Chapter 4, the sea-level rise scenario 

was chosen from scenarios used in ESPA Deltas study (Nicholls et al 2016): a 27-cm rise by 2050 

and a 54-cm rise by 2100. From the discussion in section 5.2, it appears that as the lateral 

movement of the interface is extremely slow and the direct impact of sea level rise on groundwater 

salinity decrease with increasing distances from the shore over the time scale of concern, i.e. 100 
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years, while it will be felt more near the shore.  However, if river salinity goes up because of sea-

level rise with increased saltwater intrusion along rivers, it is likely that the salinity of existing 

saline aquifer can increase while some new areas may start to salinize.  The spatial extent along 

both horizontal and vertical directions is expected to depend on a number of factors, including the 

depth of rivers (for vertical) and residence time of river salinity (for horizontal), i.e. how long high 

salinity exists in rivers during peak (dry) season so as to affect groundwater salinity.  

As can be seen in Figure 5.8, because of sea level rise, groundwater levels also experienced rise, 

especially close to the shore, while the magnitude of rise gradually declines with increasing 

distance from the shore. This corroborates the understanding that rising sea level decreases 

hydraulic gradient of groundwater flow towards to sea, and hence the impact of sea level rise, i.e. 

lateral intrusion would increase compared to the case if groundwater level did not rise.   However, 

since the sea boundary was used as static in the simulation, it means that the decrease in hydraulic 

head gradient as simulated would be a little smaller compared to the real situation of moving 

(toward inland) sea boundary.  This would then mean a little underestimation of lateral seawater 

intrusion, especially near the shore. 

  

 

Figure 5.8: The simulated groundwater levels for future projection at different coastline districts 

(arbitrary selected grid from the multiple grids of the above-mentioned districts) within the model 

domain.    
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Figure 5.9 shows the comparison of lateral seawater intrusion between 2010 and 2100, as 

simulated by the model, along a plane bisecting the greater southwest zone across north-south 

directions.  This reinforces the earlier inference that lateral intrusion is a very slow process, with 

insignificant change over 100-year time scale.  However, some changes are expected to be seen 

near the shore, albeit a little smaller than reality due to static sea boundary condition used in the 

model.  These changes, however, are not very apparent in Figure 5.9 because of the scale of the 

map.  This phenomenon is further explained below.  

 

2010 

 

2100 

 

 

 
Figure 5.9: Comparison of lateral seawater intrusion between 2010 and 2100.  Figure shows lateral 

view along a plane bisecting the greater southwest zone across north-south directions.    
 

Figures 5.10-5.14 present distribution of groundwater salinity from baseline to projected future 

scenario for L2 (depth ~10-30 m), L3 (depth ~25-45 m), L5 (depth ~55-75 m), L7 (depth ~95-105 

m) and L9 (depth ~115-135 m) layers, respectively.  It is clear from the figures that the major and 

more noticeable changes are seen in shallow layers, mostly in depth range up to 30 m (layer 2), 

followed by somewhat deeper depth ranging up to 45 m (layer 3).  Figure 5.15 gives a zoomed in 

view of the change in the second layer, which more clearly shows prominent changes (mostly 

increase) in groundwater salinity with time.  This indicates that the changes in groundwater salinity 

have been associated with changes in river salinity.   

The interaction of river and aquifer shows that saline waters intrude the aquifer through the river 

grids and salinize the aquifer system along the bottom and sides of the river.  The saline water 

spreads to the surrounding grids by advection and dispersion. If the saline water could not pass 

through the aquifer due to presence of local clay layer within the aquifer, which is a common 
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phenomenon in coastal hydrogeology in Bangladesh, then the saline water being entrapped into 

the subsurface until it is withdrawn from the aquifer system.  It is noted here that aquifer 

hydrogeology is reality is highly complex and heterogeneous.  Local scale heterogeneity could not 

be well-captured in the regional model conceptualization adopted in this study.  Moreover, not all 

rivers could be represented in the model set-up (as discussed in Chapter 4).  For this reason, some 

discrepancy between actual and modeled groundwater salinity (as impacted by river salinity) is 

expected.  Also, the grid resolution of regional model (2 km x 2km) may not be fine enough to 

capture the local heterogeneity and dispersion processes and hence may underestimate the 

spreading of solutes meaning lesser changes in groundwater salinity.   

Changes in groundwater salinity in deeper layers, if any, are hardly noticeable from Figures 5.12-

5.14.  This indicates that the very slow movement of lateral seawater interface due to sea level rise 

could not increase the groundwater salinity to noticeable extent in already saline areas, and also 

could not salinize new areas in the northern parts of the southwest zone.  

While groundwater salinity at shallower depths increase more or less in line with increase in river 

salinity in the southwest zone, little increase in groundwater salinity is seem in substantial parts in 

the southcentral region even when rivers experience increases in salinity in future scenario.  The 

most plausible reason for this is relatively more freshwater river flow available during the dry 

season in the rivers in southcentral region and the residence time of high river salinity is low in 

this region. That residence time of salinity is high in the southwest region and low in general in 

the southcentral region is well illustrated in the study by Akter et al. (2017) conducted as a part of 

ESPA Deltas project.  River salinity in the southwest part contributes continuously to salinize the 

groundwater aquifer system and the saline plume disperses into the aquifer system.  Low residence 

time of river salinity in the southcentral region means lower opportunity of river-aquifer interaction 

and hence lower exchange of salinity from river to groundwater.  The lateral groundwater flow 

with monsoonal recharge can flush out the salinity.   
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Figure 5.10: The distribution of groundwater salinity from baseline to projected future scenario at 

model layer two in the dry period (April)   
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Figure 5.11: The distribution of groundwater salinity from baseline to projected future scenario at 

model layer three in the dry period (April) 
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Figure 5.12: The distribution of groundwater salinity from baseline to projected future scenario at 

model layer five in the dry period (April) 
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Figure 5.13: The distribution of groundwater salinity from baseline to projected future scenario at 

model layer seven in the dry period (April)   
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Figure 5.14: The distribution of groundwater salinity from baseline to projected future scenario at 

model layer nine in the dry period (April) 
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Figure 5.15: Zoomed in view of the distribution of groundwater salinity from baseline to projected 

future scenario at model layer two in the dry period (April) 

 

How groundwater salinity responds to possible movement of lateral interface and changes in river 

salinity were further examined by groundwater salinity at different depths at a particular location 

together with river salinity in the grid closest to that location.  The locations considered are shown 

in Figure 5.16, and observations for some of the locations shown are presented in Figure 5.17.  The 

figure shows that in areas considerably away from the shore, such as points 17 and 1 located in 

Satkhira district, average dry season salinity in the adjacent river increased substantially by about 

5 ppt from base line to the end of the century.  Corresponding to this change, groundwater salinity 
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in shallow depths (for layers 2 and 3) increased by about 70 to 50% of the change in river salinity, 

indicating strong influence of river salinity on groundwater salinity.  At location 16, increase in 

shallow groundwater salinity in layer 2 is about 35% while minimal (less than 1%) for layer 3. 

This shows the importance of river depth, i.e. the extent of hydraulic link between river and 

shallow aquifer; river depth near point 16 is much smaller than that near points 17 and 1 (which 

are near the same river).  The fact that there is no change in groundwater salinity in layers 4 and 5 

and that initially salinity in layer 2 was less than layer 3 and salinity gradually increases with depth 

(i.e. salinity in L4< salinity in L5 and so on) indicates that shallow depths are more influenced by 

river salinity while and the river salinity cannot salinize the deeper depths of aquifer.  Salinities at 

deeper depths are the outcome of lateral seawater interface, which do not experience any change 

with time.  

 

In the southcentral region, the situation is different in that groundwater salinities do not respond 

in the same way to changes in river salinity.  For example, at points 7 and 11, even with moderate 

to high changes in river salinity, there are almost no changes in groundwater salinities at shallower 

depths, indicating less accumulation of salts due to flushing of groundwater salinity with 

freshwater flow (recharge) near the Meghna estuary and low residence time of peak river salinity.  

Movement of lateral interface is also not prominent to have any noticeable change in salinity at 

deeper depths at point 7, while it has some impact, albeit very small, at point 11, which is nearer 

the coast.  At points 6 and 12, however, slight increases are seen in deeper depths by about 0.25 to 

0.35 ppt from baseline to the end of the century, very plausibly due to increased lateral intrusion 

of interface. At further inland (point 10), groundwater salinities increase very slightly in all depths, 

by 0.25 to 0.20 ppt at layers 2 and 3 and by 0.15 to 0.10 ppt at layers 5 and 4. Freshwater flushing 

largely restricts accumulation of salts in the upper layers, while lateral movement of interface is 

not big enough to cause any big change at deeper depths.  At point 15 above the Sundarbans, river 

salinity experiences an average increase by 3 ppt.  Groundwater salinities increase at all depths, 

with more increase seen at shallow depths (about 2 ppt or 70% change for each ppt change in river 

salinity in both layers 2 and 3).  The fact that ambient groundwater salinities at deeper depths (L5 

and L4) are greater than river salinity indicates that salinities here are the outcome of seawater 

interface, while increases (1.3 ppt change in layer 4 and 0.9 ppt change in layer 5) are more 
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associated with river salinity changes. The greater depths of rivers (about 70-80 m) means that 

river salinity has greater opportunities to salinize groundwater at deeper depths.        

 

 

Figure 5.16:  Locations used to examine compare groundwater salinity response to change in 

lateral interface and/or river salinity.  
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Location 17 in Figure 5.16 (Satkhira district) 

  
Location 16 in Figure 5.16 (Satkhira district) 

  

Location 1 in Figure 5.16 (Satkhira district) 

  
Location 7 in Figure 5.16 (Barguna district) 
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Location 11 in Figure 5.16 (Patuakhali district) 

  
Location 6 in Figure 5.16 (Barguna district) 

  
Location 12 in Figure 5.16 (Barguna district) 

  
Location 10 in Figure 5.16 (Bagerhat district) 
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Location 15 in Figure 5.16 (Khulna district) 

  

 

Figure 5.17: Examination of possible groundwater salinity changes in response to lateral intrusion 

or changes in river salinity at various locations  

 

In summary, the salt water interface reaches almost the northern boundary of Satkhira district, 

most parts of Khulna district, about halfway in Bagerhat district, most parts of Pirojpur and 

Barguna districts and some parts of Patuakhali and Bhola districts.  Shallow groundwater salinities 

in most places are the result of interaction of saline river water with groundwater.  This was also 

indicated, without much detailed interaction study, by a few previous studies (e.g. Nobi and Gupta, 

1997; Tasich, 2013; Yu et al., 2010).  High groundwater salinities in some pocket areas are connate 

in nature which could not be modeled.  Sea level rise is likely to impact groundwater salinity in 

two ways: (i) by lateral intrusion of sea water interface; and (ii) increased salinization of 

groundwater by increased river salinity.  The impact of lateral intrusion is limited to areas close to 

the shore.  Because the movement is a very slow process, the resulting changes in salinity are very 

small, in the range of 0.15 to 0.35 ppt.  Important factors that determine to what extent increase in 

river salinity would impact groundwater salinity include the amount of change in river salinity, 
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river depth, hydraulic conductivity of river bed, and residence time of high levels of river salinity.  

In the northern areas of the southwest region, such as upper parts of Satkhira and Khulna, rivers 

are of shallower depths and groundwater salinities at shallow depths (roughly up to 30-45 m below 

ground) increases by approximately 70 to 30% of the change in river salinity.  In areas further 

south, river depth gradually increases meaning that greater depths of aquifer are in hydraulic 

contact with the saline river.  As a result, salinities in deeper depths which are largely the outcome 

of lateral intrusion also start to salinize more due to increasing river salinity.  In the southcentral 

zone, even with moderate to high increases in river salinity, there are very little changes in 

groundwater salinity as residence time of high river salinity levels are small and freshwater 

flushing largely restricts accumulation of salts in groundwater.  Some of the above findings are 

consistent with the indicative findings of few previous studies such as Faneca Sanchez et al. (2015) 

and Yu et al. (2010).     

5.4 Influence of Irrigation Pumping on Groundwater Salinity 

Conceptually, irrigation pumping can cause a similar impact on groundwater salinity as sea-level 

rise could do. Pumping may decrease the groundwater hydraulic gradient such that the sea water 

interface can intrude further inland. This seems unlikely in the coastal zone in Bangladesh as it is 

already seen in the previous section that sea water intrusion is a very slow process. However, 

pumping can very well change the hydraulic gradient to such extent and may cause reversal of the 

hydraulic gradient locally to cause salinization of groundwater upstream.  

To understand the influence of irrigation abstraction from shallow aquifer on groundwater salinity, 

the historical pumping data (extended to early periods) as already mentioned in Chapter Four and 

shown in Figure 4.12, was assigned in the simulation model. Simulation was conducted from 1971 

till 2100, with river salinity, river water level and sea boundary all kept constant till 2010, while 

they were changed from 2010 onwards to represent the future scenario. A comparison of 

groundwater salinity between 2000 and 2015 is presented below. It may be noted here that change 

in river salinity, river water level and sea boundary between 2011 and 2015 are minimal such that 

the change in groundwater salinity, if any, can be largely attributed to irrigation pumping. Figure 

5.18 presents groundwater salinity distribution at layer 3 for the years 2000 and 2015. It is very 

difficult to discern any difference between the two maps. However, a closer look, as presented in 

Figure 5.19 and 5.20 reveal propagation of salinity fronts upsteam in Sadar Upazila of Satkhira.     
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Figure 5.18:  Groundwater salinity at layer 3 for 2010 and 2015 

While this looks insignificant on a regional scale, this may be important at local scale. Hydraulic 

head contour for years 2000 and 2015, as presented in same figures (Figures 5.19 and 5.20) reveals 

that increased pumping abstraction in Jessore district caused greater lowering of dry season 

groundwater level, and hence reduced hydraulic gradient towards south and increase in reversal of 

hydraulic gradient in relatively wide area of Jessore, extending to northern parts of Satkhira 

district. Apparently, this is the reason for upward propagation of salinity front as mentioned above. 

The simulated results indicate that a substantial increase in groundwater abstraction in the northern 

districts (e.g. Jessore) may salinize the unaffected area of the Satkhira and possibly Khulna district.  

The simulated result in the current study are consistent with the previous indicative findings of 

Faneca Sanchez et al., 2015; Yu et al., 2010. The combined effect of sea-level rise and over 

pumping may further exacerbate the salinity distribution in the coastal aquifer. This has also been 

observed in other countries in some earlier studies (Abd-Elhamid and Javadi, 2011; Ferguson and 

Gleeson, 2012).          
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Figure 5.19:  Change in groundwater hydraulic gradient from 2000 to 2015 
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Figure 5.20 (a):  Propagation of groundwater salinity upstream from 2000 to 2015 due to irrigation 

pumping  
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Figure 5.20 (b):  Propagation of groundwater salinity (after zooming) upstream from 2000 to 2015 

due to irrigation pumping  
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CHAPTER SIX 

 IMPACTS OF STORM SURGE: REGIONAL MODEL ANALYSIS 

 

6.1 Introduction 

Storm Surge impact on groundwater salinity was simulated using the regional scale model 

described in Chapter Four. The initial condition (hydraulic head and groundwater salinity) of the 

simulation model was taken as the output of the baseline simulation (1971-2010), as described in 

Section 5.3. All parameters in the aquifer remained same as the baseline model for the simulation 

model. As already discussed in Chapter Four, the top boundary condition was assigned as a 

concentration boundary delineated from storm surge inundation risk area (Dasgupta et al., 2010). 

For simplicity, it was assumed that the saltwater instantaneously infiltrated the top 2 meters of the 

aquifer. Salinity equal to ocean salinity was assigned at the top of the model as a concentration 

within the inundated area. The transient response of the aquifers was simulated at different 

temporal scales. The numerical experiments were conducted to show how the aquifer responds to 

the saltwater inundation and whether and/or how long it takes to recover to the pre-inundation 

event. Different durations (one week, one month and six months) of the inundation events were 

considered and subsequent impacts on groundwater salinity were analyzed in the numerical 

experiments.  

To simulate the average impact of storm surge inundation, two cases were considered: (a) the entire 

flooding risk area (Dasgupta et al., 2010; see Figure 4.13) except the polder protected area was 

simply assumed to be flooded with seawater at a concentration of 35 ppt for different durations; 

and (b) the entire flooding risk area (Dasgupta et al., 2010) including areas within the polders 

protected area was assumed to be flooded with surge water. In previous simulations presented in 

Chapter Five, average (equivalent) hydraulic conductivities (spatially varying in x-y dimension) 

were assigned for all computational layers, which ranged from 18-36 m/day (Figure 4.8). For 

simulation of storm surge impacts, an additional case was considered by reducing the hydraulic 

conductivity of the top layer to 5 m/day to approximately represent the clayey characteristics of 

the top soil layer.  

The inundation area fills up with sea water to 2-m deep and therefore becomes completely saline 

for the same duration. After the storm surge flooding event, the topographic depression filled with 
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sea water may stagnate for a few days that may continue to pond on saturated ground, especially 

in the low-lying area. As the deltaic coastal region of Bangladesh is very low lying in topography 

and groundwater level is very near to the ground surface, the unconfined aquifer system was 

assumed fully saturated for conducting numerical experiments.  

 

6.2 Aquifer Response to Storm Surge Inundation over Short Duration  

Duration of trapped surge water in floodplains may have an effect on the extent of groundwater 

salinization. Hence numerical experiments were conducted with different durations of storm surge 

flooding. Figure 6.1 shows the distribution of groundwater salinity after a storm surge inundation 

event along different cross sections of the model domain.  Simulated result shows that after the 

inundation event the salt water may infiltrate several meters into the ground depending on the 

specific local condition and the duration of saline ponding.  During and after a 7-day inundation 

event, sea water infiltrates into the aquifer and affect the top part of the fresh groundwater.  

Depending on the hydraulic conductivity of the aquifer, the sea water infiltrates quickly with the 

saline front reaching a depth of around 30 m below the ground surface after one week (Figure 6.1).  

The simulated results show that the distribution of groundwater salinity resulting from the storm 

surge below the second layer is very negligible. It can be seen in Figure 6.2 that after a single 

storm-surge flooding event, the saline water that infiltrates into the aquifer flush out rapidly. 

Figure 6.2 shows that after a single storm surge inundation event with seven days of saline 

flooding, the groundwater aquifer (in the 2nd vertical layer) takes about five months to recover to 

the pre-inundation event. The recovery of the aquifer is comparatively rapid because of the 

regional groundwater flow (Yu et al., 2010), recharge through the top of the aquifer and river 

networks which are hydraulically connected the aquifer. These findings of storm surge impact on 

groundwater salinity are consistent with the previous indicative findings (Chui & Terry, 2012; 

Yang et al., 2015, Yu et al., 2010) in the different coastal regions. 
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Figure 6.1: Distribution of groundwater salinity after ten days of storm surge inundation along the 

different cross sections in north south direction. [ vertical scale is exaggerated 500 times] 

 

 

It is noted here that although the simulated results show that the aquifer responds rapidly to recover 

into the pre-inundation condition, the local phenomena may be a little different depending on the 

aquifer characteristics and recharge sources. Figure 6.3 shows that the distribution of groundwater 

salinity in the larger area (including within flooding few polders) is different from that of the 

previous results (Figure 6.2). It takes about 10 months for the aquifer to recover to the precondition 

condition. The principal reason for longer recovery time is because in the former case sharp 

concentration gradient allowed rapid dispersion and associated flushing of salts from the affected 

zone (northeastern part), while in the latter case the concentration gradient in the same affected 

zone had smaller concentration gradient.  

Figures 6.4 and 6.5, which consider reduced hydraulic conductivity for the top layer, reveals that 

the same phenomenon exists here as with the case of higher top layer conductivity. However, as 

the infiltration rate is slower, the transfer of solute is less and hence the magnitude of salinity 

concentration is also less. As such, after the extent with no surge water available to infiltrate, it 

takes lesser time for the salinity to flush out (5 months for the former as in Figure 6.2 and 3 months 

0 50 10025 Kilometers
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for the latter case in the Figure 6.3) for storm surge flooding in the areas excluding polders and 10 

months for the former as in Figure 6.4 and 6 months for the latter case as in Figure 6.5 for storm 

surge flooding in areas including those within polders.          

 

 

 

 

Figure 6.2: The simulated results of seven days flooding in risk areas except polder area. First 

figure represents before storm surge flooding and other figures are taken at one-month interval at 

layer 2 (depth~ 15 to 30 m from ground surface)    
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Figure 6.3: The simulated results of seven days flooding for risk areas including areas within few 

polders. First figure represents before storm surge flooding and other figures are taken at two 

months interval at layer 2 (depth~ 15 to 30 m from ground surface)    
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Figure 6.4: The simulated results of seven days flooding in risk areas except polder area. The 

simulated results show the distribution of groundwater salinity with reduced hydraulic 

conductivity of the first vertical layer.  First figure represents before storm surge flooding and 

other figures are taken at one-month interval at layer 2 (depth~ 15 to 30 m from ground surface)    
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Figure 6.5: The simulated results of seven days flooding for risk areas including areas within few 

polders. The simulated results show the distribution of groundwater salinity with reduced hydraulic 

conductivity of the first vertical layer. First figure represents before storm surge flooding and other 

figures are taken at two months interval at layer 2 (depth~ 15 to 30 m from ground surface)    

 

6.3 Aquifer Response to Storm Surge Inundation over Longer Duration  

The results from simulation for long-duration (one month and six months) saline surge water 

inundation in the numerical simulations show that saline water sinks into the aquifer and disperse 

over time. Figures 6.6 and 6.7 show one-month saline ponding response on groundwater salinity 
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in the 2nd vertical layer in the aquifer. The response of the aquifer was same as that of the short-

term response (seven days) except the timing of the recovery.  

 

 
 

 

 
Figure 6.6: The simulated results of one-month flooding for risk areas excluding areas within 

polders. First figure represents before storm surge flooding and other figures are taken at three 

months interval at layer 2 (depth~ 15 to 30 m from ground surface)     
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Figure 6.7: The simulated results of one-month flooding for risk areas including areas within few 

polders. First figure represents before storm surge flooding and other figures are taken at six 

months interval at layer 2 (depth~ 15 to 30 m from ground surface).       
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Figure 6.8: The simulated results of six months flooding for risk areas excluding areas within 

polders. First figure represents before storm surge inundation and other figures are taken at one-

year interval at layer two (depth~ 15 to 30 m from ground surface)     
 

Figures show that the aquifer takes nearly two years to fully recover to the pre-inundation event 

for one-month saline flooding excluding the polders area but it takes about four years in the other 

case where polder protected areas were also considered. Similar phenomena are also observed in 

the case of six months saline ponding (Figures 6.8 and 6.9), but it takes about seven years excluding 

the polders area and ten years including few polder areas to recover to the pre-inundation event. 

The similar concentration gradient is also shown as discussed in section 6.2. 
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Figure 6.9: The simulated results of six months flooding for risk areas including areas within few 

polders. First figure represents before storm surge inundation and other figures are taken at one-

year interval at layer two (depth~ 15 to 30 m from ground surface).      

 

 

The simulated results for the longer duration storm surge flooding for the case with reduced 

hydraulic conductivity of the first layer are shown in Figure 6.10-6.13. As with the case of short 

duration storm surge flooding, top layer hydraulic conductivity affects transfer rate and magnitude 

of salts into the shallow aquifer resulting in relatively lower salinity concentrations. At the same 

time, the time taken to flush out the salinity after the event took lesser time for all the cases: 21 
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months vs 12 months (Figures 6.6 and 6.10) for one month flooding duration in areas excluding 

polders; 48 months vs 32 months (Figures 6.7 and 6.11) for one month flooding duration in areas 

including those within polders; 7 years vs 4 years (Figure 6.8 and 6.12) for six months flooding 

duration in areas excluding polder; and 10 years vs 7 years (Figures 6.9 and 6.13) for six months 

flooding duration in areas including those within polder. From the simulation results, it is clearly 

evident that the influence of storm surge inundation on groundwater salinity is sensitive to the 

hydraulic conductivity of soil layer. 
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Figure 10: The simulated results of one-month flooding for risk areas excluding areas within 

polders. The simulated results show the distribution of groundwater salinity with reduced hydraulic 

conductivity of the first vertical layer. First figure represents before storm surge flooding and other 

figures are taken at three months interval at layer 2 (depth~ 15 to 30 m from ground surface)   
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Figure 6.11: The simulated results of one-month flooding for risk areas including areas within 

few polders. The simulated results show the distribution of groundwater salinity with reduced 

hydraulic conductivity of the first vertical layer. First figure represents before storm surge flooding 

and other figures are taken at six months interval at layer 2 (depth~ 15 to 30 m from ground 

surface).    
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Figure 6.12: The simulated results of six months flooding for risk areas excluding areas within 

polders. The simulated results show the distribution of groundwater salinity with reduced hydraulic 

conductivity of the first vertical layer. First figure represents before storm surge inundation and 

other figures are taken at one-year interval at layer two (depth~ 15 to 30 m from ground surface).      
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Figure 6.13: The simulated results of six months flooding for risk areas including areas within few 

polders. The simulated results show the distribution of groundwater salinity with reduced hydraulic 

conductivity of the first vertical layer. First figure represents before storm surge inundation and other 

figures are taken at one-year interval at layer two (depth~ 15 to 30 m from ground surface).  
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The simulated results show that long-term saline water ponding is sufficient for long-term 

accumulation of salinity into the shallow aquifer. If storm surges occur periodically, the situation 

would become worse for shallow groundwater aquifer. Because saltwater remains in the aquifer 

system for a long period of time, salt builds up in the shallow part of the groundwater aquifer 

between storm events. Thus, more frequent storms event will add more salt water to the already 

saline systems.  Hence, it implies that groundwater aquifer system may be highly vulnerable to 

periodic inundations by storm surges. If climate change results in more intense and frequent 

storms, as predicted by IPCC (2014), aquifers may become even more vulnerable to storm surge 

inundation events.  

It is noted here that because of the relatively coarser resolution (2 km * 2 km) of the regional scale 

model, historical events such as Sidar or Aila could not be captured in simulation as the inundated 

area was small in these events. It would require a finer resolution sub model to capture this 

dynamic. This could not be done with the Argus One interface software used in the study. 

However, from the simulations for the first case where storm surge flooding in limited unprotected 

areas is considered, it is clear that duration of the flooding will be one important factor for 

salinization of shallow groundwater aquifer. For an event like Aila, where some area in Khulna 

(e.g. Dacope) were inundated for more than three years, it is expected that flushing of salts from 

the affected aquifers underneath would take a few more years. It is also noted here that local 

complexity and heterogeneities are not well captured in the regional model used in this study. 

Aquifer stratigraphy, hydraulic conductivity etc. may also become important at local scale.   
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CHAPTER SEVEN 

 IMPACTS OF TIDAL FLUCTUATIONS: SMALL SCALE MODEL ANALYSIS 

 

7.1 Tidal Influences on Groundwater Salinity 

Tidal influences on groundwater dynamics in coastal aquifer play a significant role in contaminant 

transport and nutrient exchange in intertidal zone which has not been studied previously for coastal 

aquifers system in Bangladesh. The current study is designed to experiment how tides influence 

on groundwater salinity intrusion in coastal aquifer of Bangladesh using a small-scale numerical 

simulation model described in Chapter Four. The location of model developed for tidal influences 

on groundwater salinity is shown in Figure 7.1.     

7.2 Groundwater Level Fluctuation  

For the numerical experimental procedure, the simulation was first run (long term simulation) to 

create a condition of steady state seawater intrusion considering ocean salinity (35ppt) and mean 

sea level. The position of salt water wedge (Figure 4.15) was used as an initial condition when no 

change occurs in the interface position. It was assumed that the shape of the saltwater wedge and 

the thickness of the salt-freshwater interface satisfactorily reproduce the realistic position when it 

comes into steady state condition after long term simulation. At the time of steady state simulation, 

the inland water level boundary was defined as a constant head boundary.  

 

The simulated result (groundwater head and concentration) was assigned as an initial distribution 

of groundwater head and salinity in each grid for the transient simulation. Tidal fluctuations were 

then introduced in the model and it was run for 60 days to the quasi–steady state with respect to 

flows across the aquifer-ocean interface. In the transient simulation, both inland and sea boundary 

was changed. The seaward boundary was assigned using two months long hourly synthetic tidal 

data and constant ocean salinity (35ppt). The landward boundary was also defined using nearby 

tidal station data for water level with zero salinity.  Figures 7.2 and 7.3 present groundwater level 

fluctuations in response to spring neap tidal fluctuation for two cases: (1) a maximum spring tide 

amplitude of 2 m; and (2) a maximum spring tide amplitude tidal amplitude of 3.5 m. The 

simulated groundwater heads fluctuate in response to tidal oscillation shown in Figures 7.2 and 

7.3. The groundwater level fluctuation is considerably low compared to tidal fluctuation.  
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Figure 7.1: Location of the model for simulating tidal influences on groundwater.  

 

The simulated results show that the groundwater level decreases with increasing distance from the 

shoreline. Maximum rise in groundwater level occurs during the spring tide and minimum 

groundwater level occurs during the neap tide which is very consistent with tidal fluctuation in the 

shoreline boundary. The tide of the Bangladesh is semidiurnal in characteristics which fluctuate 

about every six hours as a high and low tide. The simulated groundwater heads also show the 

semidiurnal tidal variation, although the range of variation is lower than that of spring and neap 

tide variation.  



144 
 

 

 

 

 
Figure 7.2: Change of groundwater level with tidal fluctuation at different distances from 

shoreline.    

 

The synthetic tidal range assigned in the model (Figure 7.2) is about 2 m from mean sea level 

which may also vary but the range of the simulated groundwater level fluctuation within 100 m 

distance from the shoreline is about 0.8 m but it also varies spatially. The simulated groundwater 

heads (Figure 7.2) show a time lag that increases with increasing distance from the shoreline. The 

time lag of groundwater level is largely dependent on aquifer hydraulic characteristics although 

homogeneous aquifer condition was considered for simplification in the numerical experiments. 

The simulated results also show that an increase in tidal amplitude may also increase the 

groundwater level fluctuation (Figure 7.3) in the aquifer. This sensitivity test shows that the 

groundwater level fluctuations in the aquifer are sensitive to tidal amplitude. In the numerical 

-1

-0.5

0

0.5

1

1.5

0 200 400 600 800 1000 1200 1400 1600

W
at

er
 L

ev
el

(m
)

Time(hour)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 200 400 600 800 1000 1200 1400 1600

H
ea

d
 (

m
)

Time (hour)

100(m)DFSL 300(m) DFSL 500(m) DFSL 700(m) DFSL 1(Km)DFSL



145 
 

simulations, rainfall infiltration, evapotranspiration and groundwater pumping abstraction were 

not considered. Thus, the simulated groundwater level fluctuation in Figure 7.2 and Figure 7.3 

represent only tidally induced groundwater level fluctuation.  

 

 

 

Figure 7.3: (a) Synthetic tidal water level (increase in amplitude) and (b) simulated groundwater 

level at different distances from the shoreline.  

  

                                     

7.3 Groundwater Salinity Distribution over Spring-Neap Cycle  
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the aquifer occurs due to the density difference between salt water and fresh water. Also, 

infiltration of saltwater take place through the beach. The simulated results show that the thickness 

of the transition zone around the saltwater interface grows from neap tide to spring tide. From 

Figures 7.3 and 7.6, it is seen that large mixing zone is formed underneath the beach surface. In 

the intertidal zone, a complex hydrodynamic zone is formed during the spring and neap tide cycle. 

During the spring tide, the tidal elevation rises forming a hydraulic gradient with groundwater 

level within the intertidal zone and dense saline water infiltrate into the aquifer forming a saline 

seepage zone. At the neap tide, exfiltration occurs from the aquifers at the low tide mark. The 

predicted exchange show that an upper saline plume zone is formed in the circulation zone (Figure 

7.5). 

 

   
 

Figure 7.4: The simulated distribution of (a) groundwater salinity in spring tide (b) middle stage 

between neap and spring tide (c) at neap tide. [ vertical scale is exaggerated 10 times] 

  

    

It is clear from Figure 7.5 that the upper saline plume zone expanded and contracted in response 

to changes in tidal forcing over the spring-neap cycle. The upper saline plume was composed of 

mixed waters with a complex and temporally varying salinity structure indicating significant 

mixing between fresh groundwater and recirculating seawater in this zone. Similar intertidal flow 

patterns were previously shown in different studies (Abarca et al., 2013; Brovelli et al., 2007; Heiss 

and Michael, 2014; Robinson, Gibbes, et al., 2007; Robinson, Li, et al., 2007). The simulated result 

shows that tidal fluctuation across the beach face forms an asymmetric exchange pattern (variable 

thickness) due to infiltration in the upper intertidal zone and exfiltration close to low tide mark.  

 

 

 

a b c 
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Figure 7.5: Response of tidal fluctuation on groundwater salinity and groundwater level for two 

months period. The simulated results of the salinity distribution show how saline circulation cell 

is growing and waning with neap and spring cycle.     
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From the simulated result, it is evident that tide produces a complex flow pattern and enhance 

mixing between fresh and saline groundwater. This complex interaction in intertidal zone forms a 

saline circulation cell which grows and disappears due to recirculation pattern (Figure 7.5). 

Infiltration during the high tide is larger than outflow during receding tide (Abarca et al., 2013) 

which accumulates saltwater in the intertidal circulation zone. Thus, the numerical experiment 

revealed that infiltration in the intertidal zone is largely controlled by tidal elevation. Actually, this 

asymmetric exchange leads to the formation of tide-induced circulation within the intertidal region 

and the formation of the upper saline plume. The processes revealed in the simulation results are 

indicative of those when an unconfined coastal aquifer is subjected to tidal forcing. 

 

Figures 7.4 and 7.5 show the salinity distribution across the top layer of the model domain over 

neap and spring tide cycle. The salinity dynamics in near surface provide deep insight into the 

controlling of horizontal extent of the circulation cell and lower saltwater wedge. The extent of the 

toe position of the saltwater interface remained largely unchanged through the semidiurnal tidal 

period but it slightly moves further inland during the spring tide and comes back almost in the 

previous position during neap tide (Figure 7.5). Although the horizontal extent of the circulation 

cell remained largely unchanged through the semidiurnal tide period but it grows a saline 

circulation cell in the intertidal zone through the spring- neap cycle. During the spring tide, an 

upper saline plume zone is formed and it almost diminishes at neap tide (Figure 7.5).  

 

Thus, the spring and neap cycle develop an upper saline plume zone by recirculation pattern. The 

tide cycle and salinity response in the intertidal zone shown in Figure 7.4 and 7.6 indicate that 

highest salinity occurs in the intertidal zone during the spring tide due to high infiltration of saline 

surface water through the beach face. The simulated distribution of groundwater salinity is 

consistent with previous numerical modeling studies (Abarca et al., 2013; Heiss and Michael, 

2014). The salinity distribution and the extent of the horizontal circulation cell varying biweekly 

over spring-neap cycle for coastal aquifer. The highest salinity occurs across the upper beach face 

2-4 days following the spring tide (Figure 7.5). The reversed pattern of salinity distribution occurs 

as the tidal amplitude is declined during the neap tide. Actually, the high salinity distribution in 

the backshore was brought about by an increase in the landward extent of the shoreline during the 

spring tide.  
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Further, the simulated results show that fluctuation of the elevation of the inland water level affects 

the width of the circulation cell. The width of the circulation cell was narrow when the water level 

elevation was high over the neap-spring cycle and the cell was wide during the time when the 

water level was low over the spring-neap cycle. The simulated result indicates that oscillation of 

groundwater level and salinity are consistent despite the change in inland hydraulic gradients and 

event in the constant head inland boundary condition.  

 

 

  

Figure 7.6: Simulated groundwater salinity at (a) spring tide and (b) neap tide after increasing 

tidal amplitude. The simulated results show an increase in tidal amplitude could significantly 

increase the mixing zone in the upper saline plume. [ vertical scale is exaggerated 10 times] 

   

Figure 7.6 shows that the distribution of groundwater salinity in the upper saline plume zone that 

increases with increasing tidal amplitude. An increase in tidal amplitude may corresponding 

increase the mixing zone in the further inland area. The lower tidal amplitude (Figure 7.7 c and d) 

forms a sharp interface as well as sharp upper saline plume zone but the higher tidal amplitude 

(Figure a and b) does not form the same interface and upper saline plume zone. It is clearly shown 

from the Figure 7.7 (b) and (d) that groundwater salinity remains in the subsurface at further inland 

area of upper saline zone during the spring tide whenever tidal amplitude are increased. Thus, it is 

unable to flush out completely during the neap tide. However, it is revealed from the simulation 

results that an increase in tidal amplitude could significantly increase the mixing zone in the coastal 

aquifer.   

(a) (b) 
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Figure 7.7: Change in groundwater salinity due to change in tidal amplitude. Figures (a) and (b) 

show distribution of groundwater due to tidal amplitude about 3.5 (m) and Figures (c) and (d) 

represent the distribution of groundwater salinity due to tidal amplitude about 2 (m). [ vertical 

scale is exaggerated 10 times] 

  

 

In summary, tidal oscillation could change groundwater level and groundwater salinity 

concurrently. The fluctuation of groundwater salinity is pronounced in neap spring cycle that forms 

an upper saline plume zone by recirculation flow pattern. Tidal amplitude is one of the main 

controlling factors to determine the propagation of mixing zone (saline plume zone) in further 

inland area. An increase in tidal amplitude may corresponding increase the propagation of mixing 

zone. It should be noted here that the main assumption of the simulation model is the consideration 

of aquifer system as homogeneous and isotropic. It is also noted here that this model could not be 

calibrated due to lack of the short term (hourly, even daily) groundwater level and salinity data. 

 

(a) (b) 

(c) (d) 
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CHAPTER EIGHT 

CONCLUSIONS AND RECOMMENDATIONS 

 

8.1 Conclusions  

The coastal aquifer system in Bangladesh is very complex due to hydrogeologic heterogeneity.  

Hydrogeology varies over shorter distances; hence, regional groundwater simulation becomes very 

challenging in terms of capturing the heterogeneity, especially at the local scale.  Nevertheless, the 

modeling efforts made in this study give substantial insights on how multiple factors may affect 

groundwater salinity both spatially and temporally. Key findings from the study are summarized 

below. 

▪ The salt water interface reaches greater distances in the southwest zone and shorter 

distances in the southcentral zone. It encompasses most parts of Satkhira abd Khulna 

districts, about halfway in Bagerhat district, most parts of Pirojpur and Barguna districts 

and some parts of Patuakhali and Bhola districts. 

▪ While seawater interface salinizes groundwater over wide areas, shallow groundwater 

salinities in most places are the result of interaction of saline river water with groundwater. 

The large number of river networks, which are hydraulically connected to shallow aquifers 

in the coastal region, is a favorable condition for this process. 

▪ Lateral movement of the interface is an extremely slow process, taking thousands of years 

to experience any significant movement.  Impacts of sea level rise on a hundred-year scale 

will be minimal. The changes in salinity from baseline to the end of the century were found 

to be very small, in the range of 0.15 to 0.35 ppt, and that limited to areas close to the shore.  

▪ Sea level rise will have greater influence on groundwater salinity via increased river 

salinity which will allow increased salinization of shallow groundwater.  Important factors 

that determine to what extent increase in river salinity would impact groundwater salinity 

include the amount of change in river salinity, river depth, hydraulic conductivity of river 

bed, and residence time of high levels of river salinity.  The simulated results reveal that 

Satkhira, Khulna and Bagerhat districts are in general more vulnerable to river salinity than 

the south central south-central districts because of higher river salinity, greater depth of the 

river bed and longer residence time of peak river salinity. 
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▪ In the northern areas of the southwest region, such as upper parts of Satkhira and Khulna, 

rivers are of shallower depths and groundwater salinities at shallow depths (roughly up to 

30-45 m below ground) increases by approximately 70 to 30% of the change in river 

salinity.  In areas further south, river depth gradually increases meaning that greater depths 

of aquifer are in hydraulic contact with the saline river.  As a result, salinities in deeper 

depths which are largely the outcome of lateral intrusion also start to salinize more due to 

increasing river salinity. 

▪ In the southcentral zone, even with moderate to high increases in river salinity, there are 

little changes in groundwater salinity as residence time of high river salinity levels are 

small and freshwater flushing largely restricts accumulation of salts in groundwater. 

▪ Irrigation abstraction from groundwater may not substantially influence the ingress of the 

saltwater interface on a regional scale. But it may change or reverse the hydraulic gradient 

locally, causing substantially local salinity intrusion upstream, which is a probability in 

Satkhira and Khulna districts if more pumping takes place in northern districts.  

▪ Storm surge flooding might be a major salinization mechanism in the shallow aquifer by 

vertical infiltration of salt water from the saline inundated areas.  The influence on 

groundwater salinity is found at relatively shallow depths (to a depth about 40 to 50 m), 

while influence diminishes at higher depths. 

▪ Duration of surge inundation appears to be the most important factor. For a storm surge 

inundation event with seven days of saline flooding, salinization effect in groundwater may 

stay several months (e.g. 5 to 10 months found in numerical experiments), while several 

years for longer duration of flooding (e.g. 2 to 4 years for flooding duration of 1 month and 

7 to 10 years for flooding duration of 6 months). Hydraulic conductivity of the top layer 

has an impact on the salinity intrusion due to storm surge, as low hydraulic conductivity 

decreases infiltration rate and hence lower concentration causing lower transfer of salinity 

into the aquifer over the same time period. As transfer and salinity concentrations are lower 

it takes less time for the salinity to flush out after the surge event. For an assumed hydraulic 

conductivity of 5 m/day, the additional salinity effect may stay for 3 to 6 months for the 

seven-day inundation period, 1 to 2.5 years for one-month inundation period, and 4 to 7 

years for six inundation periods. For an Aila like event where inundation took place for 
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more than 3 years in some areas, flushing of salts from the affected aquifers is thus expected 

to take considerable number of years.   

▪ Aquifers thus may become more vulnerable to increased storm surge inundation events, 

often predicted in climate change scenarios. The periodic addition of the saltwater in the 

future with more intense and periodic storm surge flooding events due to climate change 

and sea-level rise may cause salinization rapidly on the previously saline shallow aquifer 

system. This faster vertical movement of the saline water may be a significant mechanism 

of salinization in the shallow aquifer in Bangladesh.   

▪ Tidal oscillation has an influence on the mixing of salt in the salt water transition zone and 

its movement, with propagation and retreat of the transition zone dependent on mainly tidal 

amplitude, with beach morphology and hydrogeologic parameters having roles to some 

degree.  However, responses are limited to very short spatial dimension, extending a short 

distance from the shoreline through the neap and spring tide cycle. 

These findings suggest that possible increase in river salinity and more intense and frequent storm 

surge inundation as a result of anticipated climate change and sea level rise are of greater concern 

for groundwater salinity than the classical lateral intrusion. Moreover, pumping in the coastal zone 

can became a determinant of local salinization rate.   

 

8.2 Recommendations for Future Study  

Based on the experiment and learnings from the current studies, a number of recommendation for 

the future work are provided below.   

▪ While observation data on groundwater are plenty for the freshwater zone, measurement 

of groundwater parameters in the coastal zone is lagging far behind, especially when it 

comes to salinity. While time series groundwater level data exist for a number of stations, 

salinity measurements are very few and sparse and no time series data are available. 

Conventional interpolation methods used to generate spatial maps of salinity based on these 

sparse data fail to capture the rapid changes in salinity over shorter spatial scales. 

▪ Greater efforts are needed to be invested in collecting groundwater salinity data at 

increased number of locations and at various depths. 
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▪ The numerical model set-up used in this study could only be calibrated with available 

salinity data, while it could not be validated due to lack of observed time series salinity 

data. A number of simplifications were made in the model set-up in the current study. It 

includes a simpler representation of recharge instead of dynamic coupling with flow 

through unsaturated zone, and static land-sea boundary instead of dynamic boundary with 

changing sea level. Future model studies can improve upon these representations. 

▪ As storm surge appears to be an important factor for groundwater salinization, detailed 

modeling of this phenomenon should be done in future.  

▪ In the current study, although the regional scale model used helped to understand the 

importance of different factors, especially duration of surge inundation, a finer scale model 

may capture the phenomenon better, especially for inundation of areas in the events like 

Aila, which were substantial in terms of local scale but not big enough to be captured well 

using the regional model.     
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Appendix A 

Governing Equations for Flow and Transport 

The VDF Process solves the following form of the variable-density ground-water flow equation (tensors 

and vectors shown in bold): 

∇. [𝜌
𝜇0

𝜇
𝐊0 (∇ℎ0 +

𝜌 − 𝜌0

𝜌0
∇𝑧)] = 𝜌𝑆𝑠,0

𝜕ℎ0

𝜕𝑡
+ 𝜃

𝜕𝜌

𝜕𝐶

𝜕𝐶

𝜕𝑡
− 𝜌𝑠𝑞𝑠 ,

,                                      (𝟏)           

 

where 

𝜌0 is the fluid density [ML-3] at the reference concentration and reference temperature; 

µ is dynamic viscosity [ML-1T-1]; 

𝐊0 is the hydraulic conductivity tensor of material saturated with the reference fluid [LT-1]; 

ℎ0 is the hydraulic head [L] measured in terms of the reference fluid of a specified concentration and 

temperature (as the reference fluid is commonly freshwater).   

𝑆𝑆,0 is the specific storage [L-1], defined as the volume of water released from storage per unit volume per 

unit decline of ℎ0; 

t is time [T]; 

θ is porosity [-]; 

C is salt concentration [ML-3]; and 

𝑞𝑠
,
 is a source or sink [T-1] of fluid with density 𝜌𝑠. 

 

The IMT Process solves the following form of the solute transport equation: 

(1 +
𝜌𝑏 𝐾𝑑

𝑘

𝜃
)

𝜕(𝜃𝐶𝑘)

𝜕𝑡
= ∇. (𝜃𝐃. ∇𝐶𝑘) − ∇. (𝐪𝐶𝑘) − 𝑞𝑠

, 𝐶𝑠 ,
𝑘                                                 (𝟐) 

Where  

𝜌𝑏 is the bulk density (mass of the solids divided by the total volume) [ML-3],   

𝐾𝑑
𝑘 is the distribution coefficient of species k [L3M-1], 

𝐶𝑘 is the concentration of species k [ML-3], 

D is the hydrodynamic dispersion coefficient tensor [L2T-1], 

q is specific discharge [LT-1], and 

𝐶𝑠
𝑘  is the source or sink concentration [ML-3] of species k.  


