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Abstract: The groundwater in coastal region has got immense 

attention by different researchers through mainly 

emphasizing on the dynamic interaction between 

groundwater and seawater. Due to the increase in 

development in coastal regions, it is important to ensure 

proper coastal management and coastal protection 

techniques in order to avoid various coastal hydro-

geological, engineering, and environmental problems such as 

seawater intrusion, stability of coastal engineering 

structures, beach dewatering for construction purposes, and 

deterioration of the marine environment. The study area was 

selected as Kazibacha under Bathiaghata upazila of Khulna 

district. The surface water data was collected from Institute 

of water Modeling (IWM) for Rupsha river, Kazibacha 

point. Whereas two groundwater well such as well21 

(N22041.241, E89031.691) and well22 (N22041.038, 

E89031.604) were considered for the analysis. Both surface 

and groundwater data were taken for the duration of 25-03-

12  to 31-03-12 with an interval of 10 minutes. The datum for 

all the data was taken as mean sea level. Two tide 

components M2 and S2 were used. MATLAB-based software 

named TIDAL is used in order to analyze the interaction of 

ground water and surface water based on analytical 

solutions suggested by Li et. al.  (2007). By applying moving 

average introduced by Serfes (1991) the mean water level of 

Rupsa river at Kazibacha point was computed as 2.27 m. 

Based on the software prediction the aquifer properties such 

as the transmissibility of well21 and well22 was found as 51.8 

and 129.5 m2/h respectively and the hydraulic conductivity of 

well21 and well22 was found as 0.690 m/h and 1.73 m/h 

respectively which was very close to BWDB report. 

Moreover the amplitude analysis suggests that the tidal 

influence of the Rupsha river on the nearby groundwater of 

the eastern bank might be active within 100 m range. It can 

further be stated that if the surface water of Rupsha river in 

any case gets contaminated through salinity intrution or 

something else then the nearby groundwater within 100 m 

range might also get effected in different range. Another 

study is made on salinity intrusion modeling. For this we 

have choosen the lower Meghna near Raipur upazila (23° 3' 

0" North, 90° 46' 0" East) of Lakshmipur district. By using 

Visual MODFLOW and secondary data a salinity intrusion 

model is made. Visual Modflow SEAWAT was used as 

experimental basis to simulate the salt water transport to 

shallow aquifers. To remove complexity a constant head 

boundary was assigned to entire model domain. The model 

simulation was run for 20 years’ time step. Model result 

shows a rapid transport of salt for first eight years. After 

eight years salt transport speed is rather slow but gradually 

the concentration of salt in the next twelve years (in the time 

scale of 20 years) will reaches the amount which is alarming 

compared to national standards. From the analysis it is seen 

that the salinity may cover almost half the area of the 

aquifer. 

Key words: Ground Water, Visual Modflow, MATLAB, 

Salinity, Tidal. 

I. INTRODUCTION 

1.1 General 

n any coastal region, coastal river water and nearby 

groundwater aquifer are believed to maintain 

continuous interaction with each other due to influences 

of tidal fluctuations. Therefore, the effect of tide in the 

tidal river should have great influences on the 

groundwater flow velocity and direction indeed. However, 

very few researchers in Bangladesh had paid enough 

attention to develop a robust model that can handle our 

costal water interaction. Although numerical solutions 

have become standard tools for analysing coastal systems, 

analytical solutions are useful because they can be used to 

estimate governing parameters of the system, and provide 

benchmarks for numerical solutions. However, 

researchers have applied various techniques and tools to 

explore the dynamics of river water and ground water. 

Groundwater flow in confined coastal aquifers that extend 

under the sea has been studied by Li and Jiao (2001). Li et 

al. (2001) used a perturbation method to examine the tidal 

wave interference between the unconfined and confined 

aquifers ignoring the effects of the elastic storage of the 

leaky layer. A complete analytical solution was described 

by Jeng et al. (2002) where the tidal wave propagation and 

interference in the unconfined and confined aquifers 

separated by a thin no storativity leaky layer was 

presented. Li et al. (2007) proposed a new solution 

considering submarine outlet capping which was 

neglected in the previous works. Li considered a coastal 

confined aquifer with an impermeable roof that extends 

under the sea for a distance. Bangladesh is one of the 

highly dense countries in the world with a great water 

demand. Various research works conducted  by 

researchers, organizations and NGO show that the country 

I 
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will face acute water crisis over the next decades due to 

contamination of surface and ground water, lack of 

comprehensive water sharing with upstream countries and 

mismanagement in preserving rain water. About 92% of 

the catchments area of Ganges, Brahmaputra and the 

Meghna (GBM) rivers are located outside the country and 

over 200 dams to be built in upstream countries over 

these. A study by an India-based Strategic Foresight 

Group predicted that, water flow of Bangladesh Rivers 

will change in dry season and up to 22% water supply will 

decrease over the next two decades, due to building of 

such dams. This reduced water flow will cause lowering 

of ground water level at GBM river basins pushing to the 

risk of lowering of water level and consequently salinity 

intrusion. More over ground water is a major source of 

irrigation and drinking water. About 78% of irrigation 

water and 90% of drinking water are supplied from 

ground water. In coastal aquifers with a hydraulic 

connection to the sea, assessment of “sustainable yield” 

must consider both the quantity and the qualityof 

extracted water. It is a common misconception that 

extraction can be sustained provided it does not exceed 

recharge; however this alone is not sufficient for 

sustaining acceptable water quality (e.g. low salinity). In 

order to prevent seawater advancing inland in a coastal 

aquifer, there must be an adequate discharge of fresh 

groundwater to the sea. This implies that withdrawals 

from the coastal aquifer must be substantially less than 

total recharge, and that a certain quantityof fresh 

groundwater must therefore be “expended” (i.e. via ocean 

discharge) to ensure protection of the quality of the 

remaining freshwater. 

Under possible scenarios of climate change, the seawater 

intrusion threat could increase in several distinct (though 

interrelated) ways: (i) sea-level rise causes a greater 

hydraulic forcing on the seaward boundary of the aquifer 

and drives seawater further inland; (ii) declining rainfall 

leads to a reduction in recharge and thus a decline in 

discharge to the sea; (iii) pumping increases in response to 

a warmer and drier climate, reducing the net discharge to 

the sea. Note that the latter change (an increase in 

pumping) may also be anticipated due to ongoing 

population and economic growth in the region, 

irrespective of climate change. Indiscriminate extraction 

causing rapid depletion of ground water in the country, 

which is pushing towards the salinity intrusion around the 

coastal areas. Another role player for salinity is the 

climate change. Escalating trends of earth‟s atmospheric 

temperature is accelerating melting ice in Himalaya. 

These melting glaciers of Himalayan region eventually 

take their places in the Bay of Bengal rising sea level. Due 

to over exploitation of ground water and scanty recharge, 

rising sea water getting access to coastal aquifers. Sea 

water intrusion in ground water at Khulna region has 

become a major problem. Bio-diversity of coastal region 

is changing due to penetration of sea water in coastal 

region. It therefore can easily be predicted that the current 

sea water intrusion if continues, will reach closer to the 

capital City Dhaka within next 20-30 years. 

1.2 Background 

Since the 1950s, the groundwater in coastal region has got 

immense importance by different researchers through 

mainly emphasizing on the dynamic interaction between 

groundwater and seawater. In most coastal areas, 

groundwater and seawater are in constant interaction 

because of tidal fluctuations. Various coastal 

hydrological, engineering, and environmental problems 

are attempting to explore this new field of research. These 

include coastal aquifer parameter estimation, beach 

dewatering, marine retaining structures, and seawater 

intrusion (e.g., Ferris, 1951; Farrell, 1994; Svitil, 1996). 

Different researchers had worked with different 

approaches to reveal the dynamics between groundwater 

and seawater. Ferris (1951) derived an equation to 

describe the change of groundwater head in a confined 

aquifer in response to sinusoidal oscillations in sea level. 

This equation has been widely used to estimate aquifer 

parameters in coastal areas. Van der Kamp (1973) studied 

a three layered coastal aquifer system consisting of one 

aquifer bounded by two semi permeable layers from up 

and down. Jiao and Tang (1999) considered the 

groundwater head fluctuations in the confined aquifer of a 

coastal multi-layered groundwater system consisting of a 

confined aquifer, an unconfined aquifer, and a leaky layer 

between them. They ignored the leaky layer‟s elastic 

storage and tide-induced water table variations in the 

unconfined aquifer. Li and Jiao (2001) improved the result 

of Jiao and Tang (1999) by taking the leaky layer‟s elastic 

storage into account. Li et al. (2001) used a perturbation 

method to investigate the tidal wave interference between 

the unconfined and confined aquifers, but they ignored the 

effects of the elastic storage of the leaky layer. Jeng et al. 

(2002) presented a complete analytical solution to 

describe the tidal wave propagation and interference in the 

unconfined and confined aquifers separated by a thin, no-

storativity leaky layer. 

Li et al. (2007) had incorporated the submarine outlet 

capping which was neglected in all previous studies. He 

showed that when the offshore confined aquifer is short, 

the inland head fluctuation increases with the outlet 

capping‟s leakage. In this case significant negative phase 

shift occurs if the leakageis small. For offshore aquifer 

length greater than a threshold value the inland head 

fluctuations are independent of this length and the outlet 

capping‟s leakage (Li et al. (2007)). A study was 

undertaken by Banik (2011) to build a MATLAB based 

software for ground water fluctuation. There the author 

was intending to work with only one particular coastal 

groundwater system and also the analysis was based on 

the secondary data of river Krückau in Schleswig-

Holstein, Germany, which flows into the Elbe, one of the 

major rivers of Central Europe. 

However, none of the researchers in Bangladesh had paid 

enough attention to develop a robust model that can 

handle tidal water and ground water interaction. In this 

respect, the proposed research has the goal to work mainly 

with the unresolved interaction of the seawater and 
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groundwater systems of the Southwestern Bangladesh to 

compute groundwater flow dynamics. Such approach will 

be able to account for the sea water intrusion and its 

associated salinity transport to the nearest groundwater. In 

the last few decades ground water in the coastal region 

getting more important due to various context. A number 

of researchers develop methods and tools regarding tidal 

fluctuation, salinity intrusion, sea water-ground water 

interactions etc. 

Mohal et al. (2011) develop a MIKE21 based model 

predicting that Sundarbans, the Ramsar site will be lost 

due to high salinity and permanent inundation from 

projected sea level rise by 2100. Zang et al. (2011) 

develop an analytical model for salt intrusion in china. 

Nowadays, a number of commercial software (i.e. GMS, 

Visual Modflow) is available to analyze sea water and 

ground water interaction. However enough were not taken 

by any of our researchers to develop an effective model 

that could handle seawater-ground water interaction to 

predict sea water intrusion. In this regard, the proposed 

research project is intended to resolve the interaction of 

seawater-ground water system at the GM (Ganges-

Meghna) river basins at Lakshmipur. 

1.3 Objectives of the Study 

In most coastal areas, groundwater and seawater are in 

constant interaction because of tidal fluctuations. Various 

coastal hydrological, engineering, and environmental 

problems are attempting to explore this new field of 

research. Different researchers had worked with different 

approaches to reveal the dynamics between groundwater 

and seawater. Seawater intrusion in coastal areas may be 

viewed as a natural process that occurs by virtue of the 

density contrast between freshwater & saline water. The 

denser saline water is separated from freshwater by a 

transition zone & poses no hazard to water quality until 

the equilibrium is disturbed. The saltwater intrusion 

profiles for steady-state/transient conditions shall be 

obtained to study the behavior of the process for different 

cases. 

The proposed project aims- 

 To develop an analytical model based on 

MATLAB to evaluate the influence tidal water 

on groundwater in the Khulna region. 

 To predict the salinity contamination scenario in 

the study area. 

 To develop salinity intrusion model for the GM 

river basin 

 To apply the developed   model coupled with the 

hazard map for predicting the probable salinity 

intrusion scenario in the coastal area. 

 To simulation seawater intrusion in a region 

along GM coastal area. 

 

Outcome of the study includes present status of tidal 

fluctuation between seawater and ground water in the 

Khulna region and also seawater intrusion in the GM 

basin likely impact of groundwater development on the 

extent of seawater intrusion, determination of sensitive 

model parameters to plan investigations for further 

modeling studies. 

II. METHODOLOGY 

The thesis work is done for two cases. Case study one is 

“Measurement of tidal fluctuation using MATLAB based 

program”. And the case study two is “Development of 

salinity intrusion model for coastal region of Bangladesh 

using VISUAL MODFLOW. 

2.1 Case study one  

The thesis work is basically a computer-based work which 

has the following steps: 

 

 Literature review of the existing research in the 

field of "Tidal interaction with Groundwater" 

was performed to find out suitable analytical 

solutions. 

 Tide induced groundwater secondary data 

(CEGIS, BWDB, and IWM) were collected. 

 Finally, application of the software for the 

analysis of groundwater fluctuation, groundwater 

movement along with salinity impact in the 

south-eastern zone of Bangladesh, was carried 

out. 

It would have been great if it would be possible to manage 

the primary data of any tidal river of Bangladesh. 

However, unfortunately, installation of monitoring 

stations for at least three wells and their relevant costs for 

collecting three days´ continuous hourly data from them 

must be very expensive. Therefore, we have to depend on 

the secondary data which is much cost effective. The 

methodology is shown in the flow chart. 

 

Figure 2.1:Methodologyflowchart 
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2.2 Case study two 

To comply with the aim and objectives of the project 

approch was followed in data collcetion, analysis and 

interpretation of the component required for developing 

alternative models of hydro-geological variability and 

boundry conditions. In this chapter an outline of the data 

used and the methodologies applied in the analysis is 

made. 

The current research engaged several interactive 

components of research each with a difinitive method, 

contributing towards salinity modelling. The project is a 

computer based work with field data collection having  

following steps: 

 Related literatures about salinity problem in 

coastal areas will throughly be reviewed. 

 Secondary data regarding groundwater,surface 

water level, river discharge, tidal data river water 

level and salt content in river water (CEGIS, 

BWDB and IWM) will be collected. 

 A numerical model by employing the widely 

used groundwater modelling software (Visual 

Modflow). 

 

The developed model will be calibrated and then applied 

to anticipate the severity of the salinity spreading 

scenario. The three-dimensional, variable-density ground-

water flow model was built up using SEAWAT, a 

computer program available at USGS. SEAWAT was 

developed by combining a modified version of 

MODFLOW-2000 and MT3DMS into a single computer 

program that solves the flow and solute transport 

problems. SEAWAT contains all of the processes 

distributed with MODFLOW-2000 and also includes the 

Variable-Density Flow Process and the Integrated 

MT3DMS 

Transport Process. Visual MODFLOW, commercially 

available software was used as pre and post processor. 

MODFLOW-2000 has been chosen for the modeling of 

groundwater flow of GCA due to the following reasons: 

 It is widely used in groundwater modeling; 

 It is a public domain software; and 

 Availability of technical support from the 

developers along with the manual and the 

illustrative examples. 

 

It would have been great if it would be possible to 

manage the primary data of any tidal river of 

Bangladesh. However, unfortunately, installation of 

monitoring stations for at least three wells and their 

relevant costs for collecting three days´ continuous 

hourly data from them must be very expensive. 

Therefore, we have to depend on the secondary data 

which is much cost effective. The methodology is 

shown in the flow chart.Figure 2.2 shows the 

flowchart of the thesis methodology: 

 

Figure 2.2: Methodology Flowchart 

III. LITERATURE REVIEW 

3.1 Case study one  

Michael E. Serfes (1991), determine the mean hydralic 

gradient of ground water affected by tidal flactuation. He 

mainly used filtering methods to determine the hydraulic 

gradient. The methods are (1) 24 hour mean method and 

(2) 25 hour mean method.According to him, the  

determination of ground water flow based on a single set 

of water-level measurements in aquifers affected by tidal 

fluctuation may not be accurate and may result in a 

significant misinterpretation. Accurate determination of 

ground-water flow can only be obtained if the mean 

hydraulic gradient or regional gradient is the 

determination of ground-water flow based on a single set 

of water level measurements in aquifers affected by tidal 

fluctuations may not be accurate and may result in a 

significant misinterpretation. Accurate determinations of 

ground-water flow can only be obtaind if the mean 

hydraulic gradient is ascertained. Mean horizontal and 

vertical hydraulic gradients can be determined by 

comparing mean ground-and surface water-levels. A 

limitation of these methods is that they do not effectively 

filter long period frequencies. Method (1) uses 71 

consecutive, hourly, water–level observations to 

accurately determine the mean level. Method (2) 

approximates the mean level using only 25 consecutive 

hourly observations;however, there is a small error 

associated with this method. The exact magnitude of the 

error is usually unknown. So, method (1) should be used 

if a higher degree of accuracy is required. 
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Dunphy, M.F.Dupont, C.G. Hannah, D.Greenberg (2005) 

worked for the Validation of a Modelling System for 

Tides in the Canadian Arctic Archipelago. It is a tidal 

prediction system for the five major constituents (M2, N2, 

S2, K1, and O1) have been developed for the Arctic 

Archipelago and neighboring shelf areas. It is also an 

assimilation system for coastal tidal observations into a 

finite element model has been   applied to the Canadian 

Arctic Archipelago. The system included a user-specified 

static ice field to partly account for the frictional effects of 

the ice coverage. The RMS error of the tidal constituents, 

when averaged across all the observations, is about 14 cm 

for M2 and (5, 7, 8, 3) cm for (N2, S2, K1, O1) 

respectively. 

3.1.1 Analytical Studies of Tide-Induced Groundwater 

Flow 

3.1.1.1 Jacob’s solution and its application: 

The simplest case of tide-induced groundwater flow is the 

Jacob‟s (1950) solution that considered the vertical beach, 

straight coastline and one-dimensional flow in a coastal 

confined aquifer. The solution indicates that the amplitude 

of the tide-induced groundwater head fluctuation 

decreases exponentially with the distance from the coast, 

whereas the time lag increases linearly with the distance. 

The attenuation speed decreases with the diffusivity of the 

aquifer (i.e., the ratio of the transmissivity to the 

storativity) and increases with the angular velocity of the 

sinusoidal sea tide. 

Jacob‟s solution is also applicable as a good 

approximation to water-table fluctuations of an 

unconfined aquifer if the range of fluctuation is small in 

comparison to the saturated aquifer thickness (Erkine, 

1991; Todd, 1980). Based on the superposition principle, 

Jacob‟s solution can be directly used to evaluate the tidal 

groundwater head fluctuation induced by the real sea tide 

which can be decomposed into the linear superposition of 

some sinusoidal components. 

Jacob‟s solution has been used to analyze field 

observation data in many case studies. For example, Ferris 

(1951) estimated the diffusivity of an aquifer besides a 

tidal river-plate river using Jacob‟s solution. Similar 

methods were used by Carr and van der Kamp (1969) to 

determine the tidal efficiency, storativity and permeability 

of a coastal aquifer in Prince Edward Island, Canada, and 

yielded results compatible with pumping test data. 

Usually Jacob‟s solution can only estimate the diffusivity 

(ratio of the transmissivity to the storativity). If the aquifer 

storativity can be estimated by means of the tidal 

efficiency (or barometric efficiency) and the porosity of 

the aquifer rock, as was done by Carr and van der Kamp 

(1969), the aquifer transmissivity can also be determined 

from the diffusivity and the storativity. Drogue et al. 

(1984) used different analytical solutions including 

Jacob‟s to analyze the tidal groundwater fluctuation in a 

coastal Karstic aquifer. Serfes (1991) estimated hydraulic 

gradients in a shallow (9 m), layered aquifer system using 

simple filtering techniques based on Jacob‟s solution. 

Erskine (1991) analyzed the effect of tidal fluctuation on a 

deep (50 m), unconfined and highly permeable coastal 

aquifer around a working nuclear power station in the UK 

based on the Jacob‟s solution. Diffusivity is estimated 

using time lag and tidal efficiency factor. Millham and 

Howes (1995) compared five methods (tidal damping 

method based on Jacob‟s solution, tracer method, slug 

test, permeameter, and grain-size analysis) for 

determining hydraulic conductivity in a medium-depth 

(15 m), highly permeable, unconfined coastal aquifer. 

For the analysis of the observed tidal groundwater level 

fluctuation, Jacob‟s solution provides two methods: the 

amplitude attenuation method and the time lag method. 

Significant inconsistency was often found when both 

methods were used to estimate the diffusivity of the 

coastal aquifers, as is indicated by, for example, Drogue et 

al. (1984), Erskine (1991), Trefry and Johnston (1999). 

The reason for this is most probably the model errors. 

Jacob‟s solution is based on the strictest assumptions of 

the aquifer configurations such as single, horizontal, and 

landward infinitely extending aquifer, vertical beach and 

straight coastline. Therefore, the leakage of the 

semipermeable layers, irregular boundary shape, and a 

definite length of the aquifer, etc. may make the Jacob‟s 

solution inapplicable. 

3.1.1.2 L-Shaped coastal aquifers: 

In the case that the tidal water is in an estuary or a bay, the 

tidal level fluctuation in the sea will attenuate along the 

estuary or the bay (e.g., Fisher, 1986; Sun, 1997) and the 

tidal loading boundary condition along the estuary 

coastline becomes two-dimensional. Sun (1997) 

considered this kind of situation and derived an analytical 

solution that involves the attenuation of the sea tide along 

the estuary. In reality, coastal areas are usually bounded 

by very irregular coastlines full of inlets, bays, and 

headlands. In this case, tidal wave propagation in the 

confined aquifer will be affected by the irregular water-

land boundaries. L-shaped coastlines are an idealized 

situation but this situation is believed to be of some 

practical use. For example, in most estuaries, which are 

frequently-studied coastal areas, the coastlines are often 

approximately of L-shape (e.g., Drogue et al., 1984; Li et 

al., 2000b; Cheng and Chen, 2001). Li et al. (2000b) 

derived a spatially two dimensional analytical solution in 

an unconfined aquifer with L-shaped coastlines located at 

an estuary. One side of the L-shaped boundaries 

represents the river-land boundary on which the 

attenuation and phase shift of tidal movement in the river 

is considered as did by Sun (1997). The other side is the 

ocean-land boundary with spatially constant boundary 

condition. Because of the hypothetical initial condition, 

the solution of Li et al. (2000b) is not periodic. Li et al. 

(2002) and Li and Jiao (2002b) obtained a periodic 

analytical solution independent of initial condition and 

generalized the single L-shaped aquifer into an L-shaped 

coastal leaky aquifer system. Their improvements include 
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the computationally efficient solution form, simple 

approximate solution as well as consideration of the 88 

storativity of the semi-permeable layer. Error analysis and 

case study show that the approximate solution has 

adequate accuracy for both groundwater level prediction 

and parameter estimation for an L-shaped leaky aquifer 

system. The solution of the L-shaped aquifer was used in 

estimating the diffusivity of an L-shaped, deep unconfined 

aquifer formed by the reclamation fill of Type A/B around 

Lam Chau Island, which is now a part of the Hong Kong 

International Airport, Hong Kong SAR, P. R. China. 

3.1.1.3 Confined aquifers extending under tidal water: 

In reality, the roof of a coastal aquifer, i.e., the overlying 

confining layer may extend for a certain distance under 

the tidal water. It is of great importance to estimate the 

roof length since it represents a key boundary condition in 

the coastal groundwater flow model for seawater intrusion 

studies or coastal groundwater resources evaluation. 

Under the extreme assumption that the roof length is 

infinite, van der Kamp (1972) derived a solution to 

describe the groundwater fluctuation in the aquifer. Liu 

(1996), Maas and De Lange (1987) considered the 

groundwater head fluctuations in confined aquifers 

overlain by tidal rivers using different analytical methods. 

The later successfully explained an interesting 

phenomenon negative phase shift of tidal groundwater 

flow observed at Gouderak, the Netherlands. Li and Chen 

(1991a) considered the situation where the roof length is 

finite. All these studies assumed that there is no leakage 

from the confining layer. Li and Chen (1991b) took into 

account the leakage from the seawater through the 

offshore part of the confining unit. Li and Jiao (2001a) 

improved these results by considering a three-layered 

coastal aquifer system consisting of an unconfined 

aquifer, an underlying confined aquifer and a semi-

permeable layer between them. The unconfined aquifer 

terminates at the coastline, while the semipermeable layer 

extends under the sea and its offshore part forms the roof 

of the confined aquifer. Both the aquifer configuration and 

their analytical solution generalize the above mentioned 

previous analytical studies. The water level fluctuations in 

the inland part of the confined aquifer decrease 

significantly with the roof-length for small roof-lengths 

and become insensitive to change of roof-length for those 

roof-lengths greater than a certain threshold. The effects 

of leakage from the offshore and inland portions of the 

confining unit are different. The leakage from the offshore 

portion tends to increase the fluctuations while that from 

the inland portion to decrease. The fluctuations increase as 

the tidal efficiency increases but it is important only when 

the roof-length is great and leakage is small. 

3.1.1.4 Three-layered coastal aquifer system: 

In many coastal areas, there are more than two aquifers 

separated by semipermeable layer(s) (e.g., van der Kamp, 

1973; Jiao and Tang, 1999; Li and Chen, 1991a and 

b).van der Kamp (1973) studied a three-layered coastal 

aquifer system consisting of one aquifer bounded by two 

semipermeable layers from up and down. Jiao and Tang 

(1999) derived an analytical solution to study the 

groundwater head fluctuations in the confined aquifer of a 

coastal aquifer-aquitard-aquifer system. Following 

Hantush and Jacob (1955), they ignored the elastic storage 

of the leaky layer (aquitard). They also assumed that the 

water-table fluctuation in the shallow unconfined aquifer 

is negligible. This assumption may not be valid when the 

leakage of the leaky aquifer system is great aquifer 

systems reported in literature and found that the leakage is 

usually very small for a real leaky aquifer system and 

there is no problem to use the assumption. On the basis of 

their analytical solution, Jiao and Tang (1999) found that 

the leakage has a significant damping effect on the 

groundwater fluctuation amplitude in the confined aquifer. 

Tang and Jiao (2001) generalized the solution of Jiao and 

Tang (1999) by considering the attenuation of the sea tide 

along the estuary. Li et al. (2001) used a perturbation 

method to investigate the tidal wave interference between 

the unconfined and confined aquifers, but they ignored the 

effects of the elastic storage of the leaky layer. Also 

ignoring the effects of the elastic storage of the leaky 

layer, Jenget al. (2002) presented an analytical solution to 

describe the tidal wave propagation in the unconfined and 

confined aquifers separated by a thin, no storativity leaky 

layer. Li and Jiao (2001b; 2002a) presented complete 

analytical solutions describing tidal groundwater wave 

propagation in coastal two-aquifer systems. The previous 

analytical solutions which either ignored the water table 

variation or the storativity of the leaky layers were 

improved and generalized by taking into account both the 

leakage and the storativity of the leaky layer, as well as 

the water level variations in the upper and lower aquifers. 

It is found that the leaky layer‟s storativity behaves as a 

buffer to the tidal wave interference between the two 

aquifers. The buffer capacity increases with the leaky 

layer‟s thickness, specific storage, and decreases with the 

leaky layer‟s vertical permeability. Great buffer capacity 

can result in negligible tidal wave interference between 

the upper and lower aquifers so that the solution can be 

simplified significantly. 

The analytical solution indicates that both storativity and 

leakage of the semi-permeable layer play an important 

role in the groundwater head fluctuation in the confined 

aquifer. 

3.1.1.5 Enhancing effect of the sea tide on the mean water 

table of a coastal unconfined aquifer: 

Due to the water-table dependent transmissivity of an 

unconfined aquifer, the sea tide has an enhancing effect 

on the mean water-table even for a vertical beach and in 

the absence of net inland recharge. This nonlinear effect 

has been studied by many researchers under the 

assumptions that the coastal unconfined aquifer is 

isotropic, homogeneous and the tide comprises only one 

sinusoidal component. For example, Philip (1973) 

concluded that the mean water-table as the landward 

distance approaches infinity can be higher than the mean 

sea level by 23% of the tidal amplitude if the depth of the 
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unconfined aquifer below the mean sea level equals the 

tidal amplitude. Philip‟s result was based on the Dupuit-

Forchheimer (D-F) assumptions. Knight (1981) proved 

theoretically that 

Philip‟s result exactly holds independent of the validity of 

the D-F assumptions. Philip‟s theoretical prediction was 

examined and confirmed by a Hele-Shaw experiment 

conducted by Smiles and Stokes (1976). Parlangeet al. 

(1984) used second-order theory to describe the 

propagation of steady periodic motion of liquid in a 

porous medium. Their laboratory experiments, analytical 

and numerical analyses support Philip‟s prediction. 

Nielsen (1990) developed an approximate analytical 

solution based on a perturbation method to investigate the 

mean water-table in the inland region near the coastline. 

In reality, the sea tide consists of tens of sinusoidal 

components. Due to nonlinearities of the model equations 

describing an unconfined aquifer, the superposition 

principle does not apply and the consideration of all the 

tidal components is necessary. In addition, all the above-

mentioned theoretical and numerical results use the 

assumptions of isotropy and homogeneity of the aquifer, 

and some of them are based on the D-F assumptions. Li 

and Jiao (2003a) considered the water-table enhancing 

effect in a more general case when the aquifer is 

inhomogeneous and anisotropic and the tide is multi-

sinusoidal-component. Based on a two-dimensional free 

groundwater surface model of a coastal unconfined 

aquifer, the asymptotic water-table as the landward 

distance approaches infinity is discussed. An important 

finding was that the water-table-enhancing effect is 

independent of the vertical permeability and can be 

reinforced if the horizontal permeability decreases with 

depth. For a coastal aquifer-aquitard-aquifer system, the 

enhancing effect will lead to landward positive gradients 

of both the mean water-table and mean head in the region 

near the coastline, which consequently results in a 

seawater–groundwater circulation (Li and Jiao, 2003b). 

Seawater is pumped into the unconfined aquifer by the sea 

tide and divided into two parts. One part returns to the sea 

driven by the mean water-table gradient. The rest part 

leaks into the confined aquifer through the semipermeable 

layer, and returns to the sea through the confined aquifer 

driven by the mean head gradient. The total discharge 

through the confined aquifer is significant for coastal 

leaky aquifer system with typical parameter values. This 

seawater–groundwater circulation has impacts on better 

understanding of submarine groundwater discharge and 

exchange of various chemicals such as nutrients and 

contaminants in coastal areas. If the observed mean water 

levels in coastal areas are used for estimating the net 

inland recharge, the enhancing processes of sea tide on the 

mean groundwater levels should be taken into account. 

Otherwise, the net inland recharge will be overestimated. 

 

3.1.2 Importance of studies on tidal effects in coastal   

areas: 

The social and economic development in coastal areas 

causes various hydrogeological, engineering, ecological 

and environmental problems such as seawater intrusion, 

stability of coastal engineering structures, beach 

dewatering for construction purposes, and deterioration of 

the marine environment. A great deal of previous studies 

show that research of the coastal groundwater flow 

induced by sea tides plays an important and active role in 

solving these problems. For example, Carr (1969) 

investigated the tide-related salt-water intrusion in Prince 

Edward Island; Lanyon et al. (1982) provided a 

comprehensive description of water-table changes over 

time for particular points along beach profiles and related 

those changes to tidal fluctuation and variation in beach-

face configuration; Chan and Mohsen (1992) used a one-

dimensional numerical model to simulate the migration 

process of a contaminant plume within tidally influenced 

aquifers; Marquis and Smith (1994) assessed groundwater 

flow and chemical transport in a tidally influenced aquifer 

using geo-statistical filtering and hydrocarbon 

fingerprinting; Farrell (1994) analyzed groundwater flow 

through leaky marine retaining structures using analytical 

and numerical methods; Pontin (1986) investigated the 

cyclic pore pressure generation in ground below a tidal 

estuary caused by tidal fluctuations, which is used to 

examine uplift (or “heave”) to be avoided during 

construction inside deep marine excavations. Here the 

word “uplift” is referred to as the vertical motion and 

dislocation of the soil and rock formations below the base 

of the excavations caused by the hydraulic pressure in the 

formations, wherein tidal inundation is prevented. Field 

studies of the groundwater discharge process in 

unconfined coastal aquifers show that the tide can 

significantly influence the temporal and spatial patterns of 

groundwater discharge as well as the salt concentration in 

the near-shore groundwater (Robinson et al. 1998; 

Robinson and Gallagher, 1999). To model the 

groundwater discharge process at the field scale, the tide 

and associated boundary conditions along the beach must 

be included in the model. Field studies also show 

groundwater discharge to be a source of nutrients and 

pesticides from agricultural lands (Simmons et al., 1992; 

Gallagher et al., 1996), and residential septic tanks 

(Gablin and Gaines, 1990; Weiskel and Howes, 1992). 

Estimations of the submarine groundwater discharge 

(SGWD) and net inland recharge in coastal areas are of 

great importance for the correct assessment of the role of 

groundwater in the global water cycle (Moore, 1996; 

Church, 1996; Younger, 1996). Based on measurements 

of enriched radium 226 in the South Atlantic Bight, which 

stretches from the Cape Fear River to the Savannah River, 

an alongshore distance of 320 kilometers, Moore (1996) 

discovered that SGWD in this area could amount to as 

much as 40% of the total flow entering the ocean from 

adjacent rivers. The influences of sea tide on the mean 

groundwater levels are one of the main aspects 

immediately related to SGWD estimation. Li et al. (1999) 

proposed a conceptual model of SGWD. According to 

their model, SGWD consists of the net groundwater 

discharge, the outflow due to wave setup induced 
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groundwater circulation, and that due to tidally driven 

oscillating flow. They applied their model to Moore‟s 

(1996) field study in the South Atlantic Bight and 

concluded that the outflow due to tidally driven oscillating 

flow amounts to 37% of the total SGWD, implying the 

importance of the tidal effects in estimating SGWD. The 

importance of SGWD to the nutrient budget for a coastal 

ecosystem and to the marine environment is discussed in 

e.g. Uchiyama (2000), Simmons (1992), and McLachlan 

and Illenberger (1986). 

3.2 Case study two 

3.2.1 What is saltwater intrusion?: 

Salt water intrusion occurs in coastal freshwater aquifers 

when the different densities of both the saltwater and 

freshwater allow the ocean water to intrude into the 

freshwater aquifer. These areas are usually supporting 

large populations where the demanding groundwater 

withdrawals from these aquifers are exceeding the 

recharge rate. Figure 3.1 gives a rough illustration of what 

an overdrawn aquifer may look like. This can cause lateral 

and vertical intrusion of the surrounding saltwater, and 

evidence of saltwater intrusion has been found throughout 

the eastern seaboard of the U.S. (USGS, 2007). The 

encroaching seawater will encounter an area known as the 

zone of dispersion, where the freshwater and saltwater 

mix and form an interface, as illustrated in Figure 3.2. 

This interface moves back and forth naturally because of 

fluctuations in the recharge rate of freshwater back into 

these coastal aquifers (Ranjan, 2007). Aquifers are 

naturally replenished by precipitation and surface waters 

that saturate into the ground and work their way through 

the soil and geologic material to the water table. 

 

 

Figure 3.1: Water Ways (St. Johns River Water Management District, 

USA, 2008) 

 

 

Figure 3.2: Groundwater Flow Patterns (Ranjan, 2007) 

Saltwater intrusion is the movement of saline water into 

freshwater aquifers, which can lead to contamination of 

drinking water sources and other consequences. Saltwater 

intrusion occurs naturally to some degree in most 

coastalaquifers, owing to the hydraulic connection 

between groundwater and seawater. Because saltwater has 

a higher mineral content than freshwater, it is denser and 

has a higher water pressure. As a result, saltwater can 

push inland beneath the freshwater. Certain human 

activities, especially groundwater pumping from coastal 

freshwater wells, have increased saltwater intrusion in 

many coastal areas. Water extraction drops the level of 

fresh groundwater, reducing its water pressure and 

allowing saltwater to flow further inland. Other 

contributors to saltwater intrusion include navigation 

channels or agricultural and drainage channels, which 

provide conduits for saltwater to move inland, and sea 

level rise. Saltwater intrusion can also be worsened by 

extreme events like hurricane storm surges. 

3.2.2 Causes of Saltwater Intrusion 

At the coastal margin, fresh groundwater flowing from 

inland areas meets with saline groundwater from the 

ocean. The fresh groundwater flows from inland areas 

towards the coast where elevation and groundwater levels 

are lower. Because saltwater has a higher content of 

dissolved salts and minerals, it is denser than freshwater, 

causing it to have higher hydraulic head than freshwater. 

Hydraulic head refers to the liquid pressure exerted by a 

water column: a water column with higher hydraulic head 

will move into a water column with lower hydraulic head, 

if the columns are connected. The higher pressure and 

density of saltwater causes it to move into coastal aquifers 

in a wedge shape under the freshwater. The saltwater and 

freshwater meet in a transition zone where mixing occurs 

through dispersion and diffusion. Ordinarily the inland 

extent of the saltwater wedge is limited because fresh 

groundwater levels, or the height of the freshwater 

column, increases as land elevation gets higher. 
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3.2.2.1Groundwater extraction: 

Groundwater extraction is the primary cause of saltwater 

intrusion. Groundwater is the main source of drinking 

water in many coastal areas and extraction has increased 

over time. Under baseline conditions the inland extent of 

saltwater is limited by higher pressure exerted by the 

freshwater column owing to its higher elevation. 

Groundwater extraction can lower the level of the 

freshwater table reducing the pressure exerted by the 

freshwater column and allowing the denser saltwater to 

move inland laterally. In Cape May, New Jersey, since the 

1940s water withdrawals have lowered groundwater 

levels by up to 30 meters reducing the water table to 

below sea level and causing widespread intrusion and 

contamination of water supply wells. Groundwater 

extraction can also lead to well contamination by causing 

upwelling or up coning of saltwater from the depths of the 

aquifer. Under baseline conditions a saltwater wedge 

extends inland underneath the freshwater because of its 

higher density. The Water supply wells located over or 

near the saltwater wedge can draw the saltwater upward 

creating a saltwater cone that might reach and 

contaminate the well. Some aquifers are predisposed 

towards this type of intrusion such as the Lower Floridian 

aquifer: though a relatively impermeable rock or clay 

layer separates fresh groundwater from saltwater isolated 

cracks breach the confining layer promoting upward 

movement of saltwater. Pumping of groundwater 

strengthens this effect by lowering the water table 

reducing the downward push of freshwater. 

 

3.2.2.2 Canals and drainage networks: 

The construction of canals and drainage networks can lead 

to saltwater intrusion. Canals provide conduits for 

saltwater to be carried inland as does the deepening of 

existing channels for navigation purposes. In Sabine Lake 

Estuary in the Gulf of Mexico large-scale waterways have 

allowed saltwater to move into the lake and upstream into 

the rivers feeding the lake. Additionally channel dredging 

in the surrounding wetlands to facilitate oil and gas 

drilling has caused land subsidence further promoting 

inland saltwater movement. Drainage networks 

constructed to drain flat coastal areas can lead to intrusion 

by lowering the freshwater table reducing the water 

pressure exerted by the freshwater column. Saltwater 

intrusion in southeast Florida has occurred largely as a 

result of drainage canals built between 1903 into the 

1980s to drain the Everglades for agricultural and urban 

development. The main cause of intrusion was the 

lowering of the water table though the canals also 

conveyed seawater inland until the construction of water 

control gates. 

3.2.2.3 Effect on water supply: 

Many coastal communities around the United States are 

experiencing saltwater contamination of water supply 

wells and this problem has been seen for decades. The 

consequences of saltwater intrusion for supply wells vary 

widely depending on extent of the intrusion the intended 

use of the water and whether the salinity exceeds 

standards for the intended use. In some areas such as 

Washington State intrusion only reaches portions of the 

aquifer, affecting only certain water supply wells. Other 

aquifers have faced more widespread salinity 

contamination significantly affecting groundwater 

supplies for the region. For instance in Cape May, New 

Jersey, where groundwater extraction has lowered water 

tables by up to 30 meters saltwater intrusion has caused 

closure of over 120 water supply wells since the 1940s. 

3.2.2.4 Ghyben-Herzberg relation: 

The first physical formulations of saltwater intrusion were 

made by W. Badon-Ghijben (1888, 1889) and A. 

Herzberg (1901), thus called the Ghyben-Herzberg 

relation. They derived analytical solutions to approximate 

the intrusion behavior, which are based on a number of 

assumptions that do not hold in all field cases. 

 

Figure 3.3: Ghyben-Herzberg relation 

Figure 3.3shows the Ghyben-Herzberg relation. In the 

equation (1) 

    
     (1) 

The thickness of the freshwater zone above sea level is 

represented as and that below sea level is represented as

. The two thicknesses  and , are related by and 

where is the density of freshwater and is the density 

of saltwater. Freshwater has a density of about 1.000 

grams per cubic centimeter (g/cm
3
) at 20 °C whereas that 

of seawater is about 1.025 g/cm
3
. The equation can be    

simplified to   . The Ghyben-Herzberg ratio 

states for every foot of fresh water in an unconfined 

aquifer above sea level there will be forty feet of fresh 

water in the aquifer below sea level. Saline water is the 

most common pollutant in fresh groundwater. Intrusion of 

saline water occurs where saline water displaces or mixes 
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with fresh water in an aquifer. The phenomenon can occur 

in deep aquifers with advance of saline waters of geologic 

origin in shallow aquifers from surface waste discharge 

and in coastal aquifers from an invasion of seawater 

(Todd, 1980). 

Over pumping of groundwater wells that located near the 

shoreline is a major cause of encroachment of saline water 

into the aquifers and may lead to seawater intrusion. 

Because of its higher density salt water goes inland under 

the freshwater. The interface between the salt water and 

the freshwater may be sharp edged or may be diffused due 

to diffusion process and lateral migration of the interface 

over time. However the sharp edge interface 

approximation is mostly used because of its simplicity and 

usefulness in modeling saltwater intrusion (Schwartz and 

Zhang, 2002). 

Saltwater encroachment can be either active or passive. 

Passive Saltwater encroachment occurs when some 

freshwater has been diverted from the aquifer yet the 

hydraulic gradient in the aquifer is still sloping toward the 

saltwater-freshwater. 

Figure 3.4: A) Unconfined coastal aquifer under natural 

groundwaterdischarge conditions.  B) Passive saltwater encroachment 

due to generallowering of the water table. 

The consequence of active saltwater encroachment is 

considerably more severe as the natural hydraulic gradient 

has been reversed and freshwater is actually moving away 

from the saltwater-freshwater boundary (see figure 

3.5).The boundary zone moves much more rapidly than it 

does during passive saltwater encroachment. Furthermore, 

it will not stop until it has reached the low point of the 

hydraulicgradient i.e. the center of pumping. 

Figure 3.5: A) Active saltwater encroachment in a confined aquifer with 

the potentiometric surface below sea level. B) Active saltwater 

encroachment in an unconfined aquifer with the water table drawn below 

sea level. 

When ground water levels in the aquifers are depleted 

faster than they can recharge, this is directly related to the 

position of the interface and determines the amount of 

saltwater that can intrude into the freshwater aquifer 

system. Since saltwater intrusion is directly related to the 

recharge rate of the groundwater this allows for other 

factors that may contribute to the encroachment of 

seawater into the freshwater aquifers. Climatic variables 

such as precipitation, surface runoff and temperature can 

play a big role in affecting saltwater intrusion. With lower 

precipitation amounts and warmer temperatures the 

recharge rate will be much less due to lack of groundwater 

present and increased evaporation (Ranjan, 2007). 

Along with this other factors may influence the 

groundwater recharge rate indirectly. An example of this 

would be the rising carbon dioxide emissions in the 

atmosphere. Increasing carbon dioxide levels can lead 

directly to an increase in average surface temperatures 

indirectly increasing the evaporation rate and affecting the 

recharge of freshwater into the coastal aquifers. Figure 3.6 

illustrates a situation where major pumping of the well 

water has led to a cone of depression in the water table. 

When this occurs it will move the saltwater freshwater 

interface inland resulting in a higher saline concentration 

in the aquifers water rendering it useless for human 

consumption unless it is treated. 

 

Figure 3.6: Saltwater Intrusion Situation (University of Florida, 2000) 

Because of the importance of groundwater as a reliable 

source for drinking water and the severity of the problem 

of saltwater intrusion in many parts of the world several 

studies can be found in the literature that deals with the 
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problem of saltwater intrusion. Lambrakis and Kallergis 

(2001) used the geochemical simulation codes PHREEQE 

and PHREEQM (Parkhurst et al. 1980) to analyze the 

freshening process. Langevin (2003) used SEAWAT (Guo 

and Langevin, 2002) to estimate rates of submarine 

groundwater discharge to a coastal marine estuary. Chen 

et al (2004) present a two-dimensional time independent 

finite difference model to simulate tidal effects on the 

intrusion of seawater. It is important when dealing with 

the problem of saltwater intrusion to keep in mind that 

setting up management strategies is of great importance. 

There are many approaches for the management of 

saltwater intrusion. Reichard and Johnson (2005) discuss 

two management options for improving hydraulic control 

of saltwater intrusion: increased injection into barrier 

wells and in lieu delivery of surface water to replace 

current pumping. Mahesha (1996) studies the control of 

seawater intrusion through a series of injection-extraction 

wells. Das and Datta (1999) represent plausible scenarios 

for planned withdrawal and salinity control in coastal 

aquifers. Mantoglou (2003) used optimization to 

maximize the total pumping from the aquifer under a set 

of constraints that protect the wells from saltwater 

intrusion. 

3.2.3 Modeling salt water intrusion 

Unlike constant density groundwater flow variable density 

ground water flow is difficult to model. The reasons are 

the limitations of computer Speed, insufficiency of data, 

and lack of simulation tools that can minimize Numerical 

dispersion (Langevin, 2003). Nevertheless, there are some 

attempts to model saltwater intrusion. This section 

(section 2.1) discusses some of the existing saltwater 

intrusion models. 

Khalid (1999) analyzed the major- recent and (desired) 

future trends in water availability in Gaza Strip with a 

special focus on saltwater intrusion and groundwater 

recovery for GCA. He applied MODFLOW to quantify 

the availability of groundwater considering the regional 

aquifer system and ultimately to predict the long-term 

groundwater behavior and the corresponding perennial 

yield under various strategies. Then he used the program 

BADON-3 to study the historical movements of the 

saltwater interface and the future consequences of 

excessive local pumping. The main objective of his study 

was to determine a perennial yield pumping and to 

determine the movement of fresh/saline water interface 

and the corresponding threat to both freshwater storage 

and deterioration of water quality. 

The study of Khalid (1999) used MODFLOW to set 

steady and transient multiple aquifer simulation models 

that can be used for the assessment of groundwater 

availability and simulation of groundwater development 

scenarios. A quasi-three dimensional modeling approach 

is selected to represent the conceptual model of the Gaza 

Strip. For the purpose of model construction, the entire 

aquifer system is divided into aquifers separated by 

aquitards or leakage interfaces. The model boundaries are 

the physical and hydrological flow controlled boundary in 

the east and the sea in the west. 

During calibration, the parameter values are adjusted such 

that sequential model results match with observed heads. 

The calibrated parameters for steady-state conditions 

were: hydraulic conductivity, vertical leakage, and aquifer 

recharge. For unsteady conditions, the calibrated 

parameters were: specific storage, porosity, well 

abstractions, and time dependent recharge. The results of 

the study revealed upward movement of the interface with 

time under the current practices of pumping. 

Unlike the study of Khalid (1999) this research, which 

studies the same study area (GCA), uses different 

approach to study the problem of saltwater intrusion. It 

concentrates on the impact of pumping on the water table 

elevations depending on the fact that when water table 

elevation is below MSL, the possibility of saltwater 

intrusion occurrence is high. 

Langevin (2003) presents an application of the SEAWAT 

code to estimate rates of submarine groundwater 

discharge to a coastal marine estuary. Discharge rates 

were estimated for Biscayne Bay, Florida, for the period 

from January 1989 to September 1998 using a three-

dimensional variable density groundwater flow and 

transport model. 

To simulate groundwater flow to Biscayne Bay, a 

regularly spaced, finite difference model grid was 

constructed. The regional scale model was calibrated 

using trial and error by matching heads, groundwater 

exchange rates with canals, and position of the saltwater 

interface. Results from the model suggest that 

groundwater discharges directly to Biscayne Bay and to 

the tidal portions of the coastal canals. Results suggest 

also that fresh submarine groundwater discharge to 

Biscayne Bay may have exceeded surface water discharge 

during the study period. 

Lambrakis and Kallergis (2001) study the multi 

component ion exchange process and freshening time 

under natural recharge conditions for three coastal 

aquifers in Greece. They observed a decline in 

groundwater quality in most of the Greek coastal aquifers 

due to over-pumping and the dry years of 1980-1990. This 

decline is caused by a lack of reliable water resources 

management, water abstraction from great depths, and 

saltwater intrusion. The freshening process, which is a 

long process, shows chromatographic patterns that are due 

to chemical reactions such as calcite dissolution and cat-

ion exchange, and simultaneously occurring transport and 

dispersion process. To analyze these patterns they used 

the geochemical simulation codes PHREEQE and 

PHREEQM. The results show that when pumping was 

discontinued, the time required for freshening under 

natural conditions of two of the aquifers in the study is 

long and varies between 8,000 and 10,000 years. The 

other aquifer on the other hand, has freshening time of 15 

years. Freshening time was shown to depend mainly on 
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cat-ion exchange capacities and the recharge rate of the 

aquifer. 

Chen et al (2004) present a two-dimensional time-

independent finite difference model to simulate tidal 

effects on the intrusion of seawater in either a confined or 

phreatic aquifer. The model considers a sloped beach face. 

Results show that the variation of the distance through 

which the seawater intrudes also oscillates with the tide, 

with a constant time lag of 0.25T where T is the tidal 

period. The shape of the aquifer also affects the intrusion 

of saltwater and the velocity of intrusion. 

3.2.4 Management of saltwater intrusion 

Because of the ongoing problem of saltwater intrusion in 

many coastal aquifers, which limits the use of fresh 

groundwater in many areas around the world, it is 

important to adopt management actions to mitigate the 

effects of this problem. Several management options are 

documented in the literature and this section discusses 

some of them. 

Reichard and Johnson (2005), as mentioned earlier in this 

chapter, discuss two management options for improving 

hydraulic control of saltwater intrusion; increase injection 

into barrier wells and in lieu delivery of surface water to 

replace current pumping. It was found that the second 

option is the most cost effective. Raising the imposed 

average water-level constraint at the hydraulic-control 

locations resulted in nonlinear increases in cost. 

Systematic varying of the relative costs of injection and in 

lieu water yielded a trade-off curve between relative costs 

and injection/in lieu amounts. 

Mahesha (1996) studies the control of seawater intrusion 

through a series of injection-extraction wells. Control of 

seawater intrusion through an extraction barrier is one of 

the viable alternatives in the case of inadequate supply of 

freshwater for recharge. Combination of the freshwater 

injection with the seawater extraction is yet another viable 

alternative which may be more effective in preventing the 

intrusion. This study derives steady-state numerical 

solutions for the seawater-freshwater interface motion due 

to the extraction well system and its combination with the 

injection well system in coastal confined aquifers. The 

study found that the efficiency of the system increased as 

the series of the extraction wells is moved inland. 

Das and Datta (1999) represent plausible scenarios for 

planned withdrawal and salinity control in coastal 

aquifers. The objectives of the study are to investigate the 

viability of embedding the finite-difference discretized 

three-dimensional density-dependent miscible flow and 

transport model of seawater intrusion as constraints in 

coastal aquifer management models; to develop embedded 

nonlinear optimization-based management models with 

multiple objectives for managing coastal aquifers for 

long-term use; and to demonstrate the feasibility of using 

the developed management models for different 

conflicting multiple objectives of operation, e.g., 

containment of seawater intrusion and supply of water for 

beneficial uses. Mantoglou (2003) used optimization to 

maximize the total pumping from the aquifer under a set 

of constraints that protect the wells from saltwater 

intrusion. Two different constraint formulations are 

investigated. The first constraint called the „„toe 

constraint‟‟ that protects the wells from saltwater intrusion 

by not allowing the toe of the interface to reach the wells. 

The second one is the „„potential constraint‟‟ that protects 

the wells by maintaining a potential at the wells larger 

than the toe potential. This formulation results in a linear 

optimization problem which is solved using the Simplex 

method. 

3.2.5 Saltwater intrusion in Bangladesh 

Rahaman&Amartya (2006) worked on “Salinity intrusion 

and its management aspects in Bangladesh.” They says 

that In Bangladesh salinity intrusion is a time varying 

event and with a minimum during the monsoon (June-

October) when river discharge displaces the salinity front 

seaward in estuaries and flood plains. The salinity front 

moves inland from the month of November due to the 

reduction of fresh water flows and intrudes up to 150 km 

inland in the lower Meghna in the southeast and up to 290 

km up the Passur River in the southwest of the country. 

Maximum salinity levels occur during March-April. The 

increase of salinity intrusion and decrease of arability will 

prevail due to climate change effects and reduction of 

flood plain areas due to sea level rise.  Investigations 

indicate that one third of the country will be inundated as 

a result of the greenhouse effect, which may propagate 

saline water intrusion throughout the country. The total 

trans-boundary sources of potable water in groundwater 

aquifers will be affected because agriculture is the main 

livelihood of a highly dense population which requires 

huge groundwater abstractions for irrigation purposes. In 

this situation, management of salinity intrusion is a vital 

issue for Bangladesh. A vision of a sustainable livelihood 

and environment for Bangladesh includes saline water 

proofing by structural management like coastal 

embankment projects, dams, sluices, etc., as well as 

coastal area zoning as a non-structural management 

strategy to change land use. 

Sarwar (2005) worked on “Impacts of Sea Level Rise on 

the Coastal Zone of Bangladesh”. According to him, Sea 

level rise impacts are really high for Bangladesh, though 

the country plays very little role in greenhouse gas 

emissions, leading to climate change and sea level rise.  

By affecting different livelihood activities and important 

ecosystem of the country, sea level rise imposes a grave 

threat to the existence of Bangladesh. Therefore, 

Bangladesh government need to pay keen attention to the 

issue and should develop strategy to combat sea level rise 

impacts and thus safe its citizen. It will not be wise to 

think that sea level will not rise at all, or to wait to see 

what happen in future. So, development and 

implementation of adaptation policies and taking 

initiatives for mitigation measures are the right ways to 

respond to sea level rise impacts. It deserves research to 

find the solutions of the potential problems, in practice 
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and to develop salinity tolerant species for agriculture and 

fisheries sectors. 

Zahid and Ahmed (2005) worked on “Groundwater  

Resources  Development  in Bangladesh:  Contribution  to  

Irrigation  for Food Security  and  Constraints  to  

Sustainability.” According to them, the most characteristic 

type of water quality degradation occurring in the coastal 

plain aquifer of Bangladesh is seawater intrusion. Fresh 

groundwater generally occurs in deep aquifer layers, 

below a sequence of other aquifer layers containing saline 

or brackish groundwater (DPHE-DANIDA, 2001). In the 

southern regions of Bangladesh groundwater abstraction 

often takes place from the upper aquifer. In this area, 

intrusion of saline water into the pumping well is often a 

problem due to heavy pumping. High rates of pumping for 

irrigation and other uses from the shallow unconfined 

aquifers in coastal areas may result in widespread 

saltwater intrusion, downward leakage of arsenic 

concentrations and the general degradation of water 

resources. Khulna city aquifers are reported to have 

marine influence due to increased anthropogenic pressure. 

Saline waters have already intruded major groundwater 

sources of Khulna city, and the fresh groundwater 

resources are becoming limited. The saline water also 

infiltrates to the groundwater from the surface water 

component as the rivers in the dry season carries saline 

water in the region (Datta and Biswas, 2004). The hydro-

chemical and hydrogeological understanding of the 

salinity intrusion to the groundwater is limited and 

comprehensive studies are needed. 

Jahir and Anisul (1990) represent “Permissible water 

withdrawal based upon prediction of salt-water intrusion 

in the Meghna Delta”. The study indicates that salinity 

concentrations in the Lower Meghna may exceed 

acceptable limits if the total water withdrawal from the 

Brahmaputra and the Ganges exceeds 2200 m3s
-1

. In view 

of the limited field data, the results should be treated as 

preliminary estimates adequate for identifying water 

development opportunities and constraints. Future studies 

related to water withdrawal proposals should consider 

possible initiation of salt water stratification due to a large 

reduction in fresh-water inflow. 

Uddin and Kaudstaal (2003) represent “Delineation of the 

coastal zone of Bangladesh”. Surface water salinity is 

categorized in the National Water Management Plan 

(WARPO, 2001) into the following groups (for average 

dry season values): 

* <1 dS/m slightly saline 

* 1-5 dS/m slightly to moderately saline 

* 5-10 dS/m moderately to highly saline 

* >10 dS/m highly saline 

An electric conductivity of 5 dS/m can be considered as 

tolerance limit for fresh water vegetation and aquatic 

communities. In addition the SRDI report (2001) 

mentions a limit of 4 dS/m (soil salinity) above, which a 

salt tolerant variety has to be selected. Based on this 

information and using the available classification, a 

threshold level of 5 dS/m has been selected for surface 

water salinity. 

Ground water salinity: The ground water salinity has been 

categorized into the following groups (ESCAP/UN, 

1987); 

* <1 dS/m slightly saline 

* 1-2 dS/m slightly to moderately saline 

* 2-5 dS/m   moderately to highly saline 

* 5-10 dS/m highly saline 

* >10 dS/m  very high 

The Bangladesh standard for groundwater salinity is 600 

mg Chloride per liter. As this value is widely exceeded in 

coastal areas, a more practical level of 1000 mg/l of 

Chloride has been suggested (ESCAP/UN, 1987). This 

would approximately correspond to a threshold of 2 dS/m 

(1000 mg/l Chloride solution generates EC of 1.5 to 2 

dS/m at 20-30
0
 C). 

3.2.6 MODFLOW-2000 

MODFLOW-2000 (Harbaugh et al., 2000) is a computer 

program that solves the three-dimensional groundwater 

flow equation for a porous medium by using the finite-

difference method. MODFLOW was designed to have a 

modular structure that facilitates two primary objectives: 

ease of understanding and ease of enhancing. 

MODFLOW has undergone several revisions since 1984. 

This research uses the fourth version of MODFLOW, 

referred to as MODFLOW-2000.This version of 

MODFLOW is different from the previous versions in 

many aspects, such as: 

 It has been developed to facilitate the addition of 

multiple types of equations; 

 It allows definition using parameter values, each 

of which can be applied to data input for many 

grid cells; and 

 It has new multiplication and zone array 

capabilities, which make it much easier to 

modify data input values for large parts of a 

model. This feature facilitates the calibration and 

the sensitivity analysis for the developed model. 

 

IV. MATERIALS AND METHODS 

4.1 Case study one  

4.1.1 Analytical solution used 
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This analytical model was suggested by Li et al. (2007). 

Li considered a coastal confined aquifer with an 

impermeable roof that extends under the sea for a distance 

L. The aquifer‟s submarine outlet is covered by a thin 

layer of sediment with different permeability assuming 

that the aquifer is horizontal, homogeneous and of 

uniform thickness, and that the change of water storage in 

the outlet capping can be neglected. The flow in the 

confined aquifer is horizontal and follows Darcy‟s law. 

Let the x axis be perpendicular to the coastline, horizontal 

and positive landward, and the intersection with the 

coastline be the origin of the axis. On the basis of the 

above assumptions the following governing equations can 

be used to describe the head fluctuation within the 

confined aquifer. In the inland aquifer 
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efficiency (dimensionless) of the sea tide; and hs (t) is the 
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Equations (2) and (3) can be used not only to describe the 

tidal fluctuation in a confined coastal aquifer with an 

impermeable outlet capping, but also to describe the head 

responses of a confined aquifer under a tidal river to its 

water level fluctuation. Assume that the river is straight, 

symmetric with respect to its middle line and has a width 

of 2L; the aquifer is horizontal and separated by an 

impermeable layer from the river. The tidal flow in the 

aquifer is one-dimensional and perpendicular to the river 

bank. Because the symmetric boundary condition at the 

river middle line is equivalent to the boundary condition 

of the impermeable outlet capping here, equations (2) and 

(3) give the head fluctuation in the aquifer under the river 

with x = 0 at the river bank and x = -L at the river middle 

line (Li et al., 2007). 

The tidal fluctuation can be approximated by the 

superposition of the semidiurnal (ω1 = 0.235  

h
-1

) and diurnal (ω2 = 0.506 h
-1

) components: 

)cos()cos()( 2,22,1,11, seaseaseaseaseasea tAtAWtH  

   (5) 

where, W, A, ω and θ are the mean elevation [L], 

amplitude [L], frequency [T
-1

], and the phase shift [radian] 

of the tidal fluctuation, respectively; the subscripts j = 1, 2 

represent the semidiurnal and diurnal components, 

respectively. 

So, on the basis of the superposition principle, 'n' number 

of tide components of the head fluctuation will lead to a 

solution like below: 

For –L < x < 0 
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For x > 0 
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Details of these solutions are described elsewhere (Li et 

al. 2007). 

4.1.2 The Software TIDAL 

The software TIDAL was developed with MATLAB-

2010b. This is an executable version and is able to run in 

any windows system without having an MATLAB 

environment. The salient feature of the software is that it 

can load and process data from excel or text format and is 

able to give the automatic best fit of those data. The 

method introduced by Serfes (1991) was used in 

calculating the mean water level. For calculating the 

average gradient of the area of analysis Devlin's (2003) 

method was used. The main feature of the software is that 

it can process the data which can be fitted either 

automatically or manually and once the fitting is 

completed, after insertion of some other basic data, the 

program will give different output like hydraulic 

conductivity, transmissibility, specific storage, different 

types of velocity, amplitude and different types of flow 

volume depending on the user's demand. 

4.2 Case study two 

4.2.1 Model domain and boundary condition 

The model domain is coastal aquifer in Lakshmipur 

District with a uniformly spaced 50x1x40 finite-difference 

grid. Dimension of the aquifer is 1000x1000x31.The area 

is already affected by moderate to high salinity and    

concentration is extending further.  For simplicity of the 

model we assume a 780 mg/l initial concentration in the 

whole model area. A constant-concentration boundary 



Volume IV, Issue VII, July 2015                IJLTEMAS                                                           ISSN 2278 - 2540 

 

www.ijltemas.in Page 20 
 

was specified for the lowest layer in the model. Two 

outlet cells with constant head values of zero are specified 

for the upper left and right boundaries. The upper 

boundary is assumed to be fully exposed to the seawater. 

4.2.2 Geology and model parameters input 

SEAWAT is complex model requiring a large number of 

data set. However, most of the data are theory basis and 

easy to calculate. Important data of the program are 

hydraulic conductivity, porosity, sp. Yield, recharge, 

ground water head and salt concentration. Based on 

DPHE (department of public health engineering, 

Bangladesh), BWDB (Bangladesh water development 

board), DPHE-JICA aquifer data base in inventory 

program and other available borehole data and literature 

model parameters ware fixed. Dominant aquifer material 

in the model is sand with inner layer of clay and silt. 

Hydraulic conductivity K is defined separately for model 

area and boundaries. K value for constant head boundary 

was collected from literature and assigned as 1x10
-5

. 

Ground water discharge rate could not be calculated for 

the specified model domain. Important model domain 

parameters are shown in following table: 

Table IV.I: Model parameter table 

Parameter Value Unit 

K x 10 m/d 

K y 10 m/d 

K z 10 m/d 

S s 1x10
-5 

1/m 

S y 0.20  

Effective 

porosity 

0.15  

Total porosity 0.30  
(Sources: BWDB, DPHE, IWM) 

To simulate salt water infiltration into a freshwater 

aquifer, it is needed to assign various     properties and 

boundaries to the model. This model will simulate the 

intrusion of salt water into the freshwater aquifer. As 

such, there is a boundary with the constant salt 

concentration of 324 kg/m
3
 at the top of the model 

(Layer1) and a boundary with the constant concentration 

of 0 kg/m
3
 at the bottom of the model (Layer40).Below is 

a schematic (cross-sectional) representation of input 

properties and   boundary conditions (see fig4.1) 

 

Figure 4.1: Inputted properties and   boundary conditions 

V. APPLICATION 

5.1 Case study one 

5.1.1 Data and study area 

The study area was selected as Kazibacha under 

Bathiaghata upazila of Khulna district. The surface water 

data was collected from Institute of water Modeling 

(IWM) for Rupsha river, Kazibacha point. Whereas two 

groundwater well such as well21 (N22
0
41.241, 

E89
0
31.691) and well22 (N22

0
41.038, E89

0
31.604) 

were considered for the analysis.  Both surface and 

groundwater data were taken for the duration of 25-03-12  

to 31-03-12 with an interval of 10 minutes. The datum for 

all the data was taken as mean sea level. Two tide 

components M2 and S2 were used. 

Table V.I: Model Parameter Table 

Parameter Value Unit 

Porosity 0.30  

Effective 

porosity 

0.25  

Length of aquifer 400 m 

Aquifer thickness 75 m 

Direction of 

shoreline 

170 degree 

Density of 

ground water 

996.23 Kg/m
3
 

(Source: IWM, BWDB, DPHE) 

 

Figure 5.1: Location of study area (Map of 

Bangladesh, 2012) 
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Figure 5.2: Fitting of SW data for Rupsha River 

5.1.2 Casestudy two: Study area 

To maximize the use of available data the objectives of 

the researchers    were addressed through hydrological 

analysis and ground water studies in the southern part of 

Bengal basin in Bangladesh (fig7.4-1) an area facing 

serious environmental risk associated with excessive 

intrusion of salt in groundwater. The model area lies at 

east of the confluence of the river Meghna with the river 

Ganges (locally know as Padma River) in southeast 

Bangladesh, extending to the coast of Bay of Bengal. The 

study area was demarcated in consideration of the hydro-

geological unit basin. 

The study area was selected as Raipur upazila (23° 3' 0" 

North, 90° 46' 0" East) of Lakshmipur district. The 

surface water data was collected from (BWDB, DPHE, 

IWM) for lower Meghna near Raipur upazila. The datum 

for all the data was taken as mean sea level. 

 

Figure 5.3: Location of study area (Google Satellite Map, 2012) 

VI. RESULTS AND DISCUSSIONS 

6.1 Case study one 

The software TIDAL can effectively compute some very 

useful aquifer properties such as hydraulic conductivity, 

transmissibility and hydraulic diffusivity. Based on the 

analysis it was revealed that the values of transmissibility 

were found very close to the published report of 

Bangladesh Water Development Board (BWDB) whereas 

hydraulic conductivity and hydraulic diffusivity was in a 

reasonable range. Transmissibility of well21 and well22 

was found as 51.8 and 129.5 m
2
/h respectively. Again 

hydraulic conductivity of well21 and well22 was found as 

0.690 and 1.73 m/h respectively. 

It can be visualized from Fig.5-2 that the observed surface 

water level was fitted very well with the data computed by 

the software TIDAL (with R
2
=0.97). It certainly indicates 

the appropriateness of the software TIDAL in computing 

real world problems. By applying moving average 

introduced by Serfes (1991) the mean water level of 

Rupsa river at Kazibacha point was computed as 2.27 m. 

Figure 6.1: Fitting of  ground water level data for well-21 and well-22 
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Form Fig5.3 it can be revieled that software TIDAL can 

effectively fit  the groundwater   level variation as was 

found in the observed data for both the well21 (R
2
=0.98) 

and well22 (R
2
=0.92).  With the moving average as stated 

above it was found that the mean groundwater level for 

well21 and well22 was -2.79 m, -2.30 m respectively. 

 

Figure 6.2: Amplitude decrease 

Fig5-4: enumerates the trend of the water level  amplitude 

decrease along the length of the aquifer. Here an 

important parameter called 'Range of tide', which implies 

the distance at which the amplitude of the ground water 

will just be less than one centimeter, can be found. That 

implies the influence of the tide will be negligible after 

that particular range. In this analysis it was predicted that 

the tidal range for the well21 and well22 might be of 

97.50 m and  98.80 m respectively. It is evident that both 

the wells, that are spaced closely in the same aquifer, were 

showing almost similar values of the range of tide which 

evatually justifies the goodness of the prediction. Based 

on this analysis it can be postulated that the tidal influence 

of the Rupsha river on the nearby groundwater of the 

eastern bank might be active within 100 m range. It can 

further be stated that if the surface water of Rupsha river 

in any case gets contaminated through salinity intrution or 

something else then the nearby groundwater within 100 m 

range might also get effected in different range. 

 

Figure 6.3: Comparison of different types of velocity 

Tide-induced velocity (Va,T) is the outcome of tidal 

pressure on the river bank and it has a direction 

perpendicular to the bank towards inland. Va,T,G (Tide) 

means the inclusion of the component velocity of 

groundwater flow with the tidal velocity in the direction 

of tide induced flow velocity. Whereas Va,T,G (GW) 

signifies the inclusion of the component velocity of tide-

induced flow velocity with the groundwater flow velocity 

in the direction of groundwater flow . It is evident from 
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Fig5 that as both of the well21 and well22 are within the 

tidal range all three types of velocity are showing a 

sinusoidal fluctuating pattern. At the same time as the 

well22 is located a bit away from well21 it shows less 

variation in velocities. 

6.2 Case study two 

Visual Modflow SEAWAT was used as experimental 

basis to simulate the salt water transport to shallow 

aquifers. To remove complexity a constant head boundary 

was assigned to entire model domain. The model 

simulation was run for 20 years‟ time step. 

 

Figure 6.4: Fitting of Residual & Max. Head change vs. iteration number 

Salt concentration in various years in the coastal aquifer 

are shown in the figures below: 

 

Figure 6.5 A: Salt concentration of First year 

 

Figure 6.5 B: Changing range of concentration of salt 

Figure 6.6A: Salt concentration of Fourth year 

 

Figure 6.6B: Changing range of concentration of salt 

 

Figure 6.7A: Salt concentration of Eighth year 
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Figure 6.7B: Changing range of concentration of salt 

Figure 6.8A: Salt concentration of Twelfth year 

 

Figure 6.8B: Changing range of concentration of salt 

 

                 Figure 6.9A: Salt concentration of Sixteenth year 

 

Figure 6.9B: Changing range of concentration of salt 

 

Figure 6.10A: Salt concentration after Twenty year 

 

Figure 6.10B: Changing range of concentration of salt 

From the figures it is clear that Model result shows a rapid 

transport of salt for first eight years. After eight years salt 

transport speed is rather slow but gradually the 

concentration of salt in the next twelve years (in the time 

scale of 20 years) will reaches the amount which is 

alarming compared to national standards. 

6.3 Summary 

6.3.1 Case study one  

The software TIDAL was applied to understand the tidal 

influence of Rupsha river on the nearby groundwater. The 

observed surface water  and groundwater level was fitted 

very well with the data computed by the software TIDAL. 

It certainly indicates the appropriateness of the software 

TIDAL in computing real world problems. By applying 

moving average introduced by Serfes (1991) the mean 

water level of Rupsa river at Kazibacha point was 

computed as 2.27 m. Based on the software prediction the 

aquifer properties such as the transmissibility of well21 

and well22 was found as 51.8 and 129.5 m
2
/h respectively 

and the hydraulic conductivity of well21 and well22 was 

found as 0.690 m/h and 1.73 m/h respectively which was 

very close to BWDB report. Moreover the amplitude 

analysis suggests that the tidal influence of the Rupsha 

river on the nearby groundwater of the eastern bank might 

be active within 100 m range. It can further be stated that 

if the surface water of Rupsha river in any case gets 

contaminated through salinity intrution or something else 

then the nearby groundwater within 100 m range might 

also get effected in different range. 

6.3.2 Case study two 
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The software VISUAL MODFLOW was applied to 

understand and predict the salinity intrusion in an aquifer 

in Raipur upazila, Lakshmipurdistrict. Visual mudflow 

SEAWAT was used as experimental basis to simulate the 

salt water transport to shallow aquifers. The model 

simulation was run for 20 years‟ time step. Model result 

shows a rapid transport of salt for first eight years. After 

eight years salt transport speed is rather slow but 

gradually the concentration of salt in the next twelve years 

(in the time scale of 20 years) reaches the amount which is 

not satisfactory for normal saline condition. From the 

analysis it is found that the salinity may cover almost half 

the area of the aquifer 

VII. CONCLUSION 

7.1 Case study one 

The software TIDAL was applied to understand the tidal 

influence of Rupsha river on the nearby groundwater. The 

observed surface water  and groundwater level was fitted 

very well with the data computed by the software TIDAL. 

It certainly indicates the appropriateness of the software 

TIDAL in computing real world problems. By applying 

moving average introduced by Serfes (1991) the mean 

water level of Rupsa river at Kazibacha point was 

computed as 2.27 m. Based on the software prediction the 

aquifer properties such as the transmissibility of well21 

and well22 was found as 51.8 and 129.5 m
2
/h respectively 

and the hydraulic conductivity of well21 and well22 was 

found as 0.690 m/h and 1.73 m/h respectively which was 

very close to BWDB report. Moreover the amplitude 

analysis suggests that the tidal influence of the Rupsha 

river on the nearby groundwater of the eastern bank might 

be active within 100 m range. It can further be stated that 

if the surface water of Rupsha river in any case gets 

contaminated through salinity intrution or something else 

then the nearby groundwater within 100 m range might 

also get effected in different range. 

7.2 Case study two 

The software VISUAL MODFLOW was applied to 

develop a salinity intrusion model for Raipur upazila (23° 

3' 0" North, 90° 46' 0" East) of Lakshmipur district. The 

fitting of residual & Max. Head change vs. iteration 

number was very well with the data computed by the 

software VISUAL MODFLOW. The software VISUAL 

MODFLOW was applied to understand and predict the 

salinity intrusion in an aquifer in Raipur upazila, 

Lakshmipurdistrict. Visual mudflow SEAWAT was used 

as experimental basis to simulate the salt water transport 

to shallow aquifers. The model simulation was run for 20 

years‟ time step. Model result shows a rapid transport of 

salt for first eight years. After eight years salt transport 

speed is rather slow but gradually the concentration of salt 

in the next twelve years (in the time scale of 20 years) 

reaches the amount which is not satisfactory for normal 

saline condition. From the analysis it is seen that the 

salinity may cover almost half the area of the aquifer. 

7.3 Limitations of the study 

The research work is done successfully though it has 

limitations. Limitations are given below- 

 Primary data collection is expensive and time 

consuming, that‟s why secondary data is used. 

 Due to unavailability of secondary data both for 

measuring tidal fluctuation and modeling 

saltwater intrusion for a same river, the research 

work is done for two different rivers. 

7.4 Recommendations 

The research work has the following recommendations- 

 Development of new ideas and directions for 

future work. 

 An up-to-date understanding on the issues related 

to salt water intrusion. 

 The opportunity to form new collaborative 

relationships and to renew existing ones. 

 New strategies for monitoring, simulating and 

managing salt water intrusion. 
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