Numerical Modeling of Seawater Intrusion: Implication for Sustainable
Coastal Aquifer Management

ABSTRACT

Aim: To examine thenumerical modeling of seawater intrusion and show its implication for
sustainable coastal acquifer management.

Problem Statement:The global rise in the world population has necessitated the essentiality
of water which also has linkage with power and agriculture. However, arid and semi-arid
regions occupy almost one-third of the global land surface which makes many regions to be
under harsh and rising water stress. The intrusion of seawater into some sections of aquifers
has been one of the major problems contributing to water scarcity, especially during the dry
season.

Significance of Study:A numerical model is a reasonably accurate and economical tool to
simulate and predict the head and quality of groundwater in coastal aquifers if it is properly
calibrated using the available measurements of heads, pumping rates, and boundary
conditions. The calibrated geo-hydrological parameters can then be used to validate the
model for another set of measured data. Thus, it is imperative to predict seawater intrusion
into coastal aquifer using numerical modeling tools for water management and sustainability
purpose.

Methodology:This review article was compiled using references from previous literatures
addressing seawater intrusion into coastal aquifer. Cited cases were referenced from
different relevant journals.

Discussion:This article has presented the fundamental principles and mechanisms of
seawater intrusion into coastal aquifer. It was observed that seawater intrusion may arise as
a result of moderately lower groundwater withdrawal in dry seasons during which the
intrusion of seawater is considerably much when compared with the rainy season. The major
influencing factors are temperature, rainfall, abstraction rate and evaporation. However,
abstraction rate is the most vital variable in relation to rise in population because the saline
water migrates more inland due to water over-extraction from the subsurface without
adequate replenishment in either semi-arid or arid regions. Different applicable mathematical
models for seawater intrusion into coastal aquifer stated in this review are visual
MODFLOW, MT3DMS routines, SEAWAT-2000 routines and FEFLOW routines. The
applications of these models in the numerical modeling of coastal aquifers in some countries
are stated and with their respective influence on the objectives of the study and the results
obtained.

Conclusion:In conclusion, the use of numerical modeling in studying the nature of seawater
intrusion is imperative to achieve sustainable coastal aquifer management.
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1. INTRODUCTION

A permeable rock which is layered and adequately conductive in nature in order to enhance
an appreciable volume of water to flow is called an aquifer. The groundwater available in the
cracks and which is easily accessible via a borehole or well is called phreatic. It is referred to
as “freshwater” when it is in good condition for consumption [1]. However, as a result of
extreme freshwater pumping, the tide and deficient aquifer replenishment, large volumes of
seawater inland are being observed in numerous coastal regions. In this case, intrusion of
seawater into some sections of the aquifer is experienced due to this phenomenon. It is
essential to abandon the pumping wells when the freshwater becomes frequently salty due
to the interface of seawater/freshwater which may act as a pollution source. Seawater
intrusion is currently among the constraints hindering groundwater management in
numerous coastal aquifers. Many coastal areas around the world are known for high
populations such that 70% of the global population (within 60 km of the shoreline) and 8
among the 10 largest cities around the globe are situated along the coastline [2].

Coastal aquifers overexploitation is now a usual scene in which numerous coastal regions
experience the intrusion of seawater which causes harsh decline.in the quality of ground
freshwater. Seawater intrusion is a big challenge in some coastal areas. Seawater intrusion
is defined generally as saline water encroachment into fresh-groundwater domains in a
coastal aquifer formation. This is observed when the existing natural equilibrium condition
formed between seawater and freshwater is hindered due to-artificial or natural effects. This
adversely causes worsening of freshwater resources troubling animals, agriculture, human
and industrial resources within the polluted areas [3]. Several severe environmental cases
have been reported due to intrusion of seawater:in the:coastal zones.

The existing closest pumping wells to the coast turn saline as a result of upconing as the
intrusion of seawater evolves and thus become_abandoned. Coastal aquifers management
in situations like this is a dangerous task:which needs special and quick intervention in order
to reduce seawater wedge movement into aquifers and control seawater up-coning close to
the pumping stations [4]. The moest.common and prevailing type of groundwater pollution in
coastal aquifers is the salinization. whose potential origins are different including halite
dissolution, seawater intrusion, natural saline groundwater, oil and gas-field brine. Of these
origins, the intrusion of seawater-occurs naturally as a result of differences in the densities of
freshwater and seawater. Other influencing factors include evapotranspiration, regional
hydrogeological statesiand change in climate. The rise in population growth together with the
global economic development has necessitated the need for large volume of groundwater. It
is recommended that the abstraction rate in pumping wells must not go beyond the allowable
sustainable yield:along the coastal areas [5]. The critical nature of salinization prevention
necessitates,.the comprehensive description of coastal aquifers and the corresponding
remediation. in order to safeguard the coastal aquifers from intrusion of seawater.

Arid or semi-arid occupies almost one-third of the global land surface which makes many
regions to be under harsh and rising water stress as a result of rise in water usage, speedy
urbanization, increasing population and constrained availability of water resources. The
global population has risen approximately four times beyond in the last 150 years with the
possibility of being quadrupled in thirty years to come [6]. The surface water and
groundwater quality has significantly deteriorated in numerous regions around the world.
Monitoring surface water quality in water bodies and open channels is not often difficult to
undertake unlike groundwater quality monitoring, this in turn makes groundwater remediation
an enormous task [4].



A typical example of a place where seawater intrusion normally occurs is the Arabian
Peninsula’s where exploitable fossil aquifer systems ranging between small to medium size
may attain maximum depletion by 2050 [7]. Also, in the next sixty to ninety years to come,
there is a high likelihood of the occurrence of complete groundwater supplies depletion in all
aquifer systems [7]. Thus, all hands must be on desk by the government, researchers,
citizens, NGOs and others to tackle this menace because there is direct linkage existing
between water, food and energy in order to prevent worsening of the country’s social and
economic development. In countries and areas like this, the management and exploration of
groundwater is imperative to attain sustainable development. Where there is paramount
water supply shortage, the problems are heightened by the anticipated temperature increase
and the deterioration in precipitation, which would decrease the volume of recharge for
renewable water supplies [8].

Despite this, seawater intrusion may arise as a result of moderately lower groundwater
withdrawal during the dry season. During this period, the intrusion of seawater chances is
considerably much when compared with the rainy season. From:among .the factors
(temperature, rainfall and evaporation) affecting seawater intrusion, abstraction rate is the
most vital variable in relation to rise in population because the_salinity water migrates more
inland as a result of water over-extraction from the subsurface, without adequate
replenishment in either semi-arid or arid regions. This stresses the necessity for the
mitigation of the environmental impact [8]. Figure 1 is a typical conceptual model of Wadi Al
Jizi groundwater flow system showing the locations. for: the bed rock; alluvium; direct
recharge to bed rock; pumping for water supply and agriculture; seepage from Wadi
channel; runoff; evapotranspiration; and freshwater water discharge to sea.

The existing natural steady state between salt- and freshwater is often hindered as a result
of coastal aquifer overexploitation. This oceurs when the seawater and freshwater boundary
migrates towards inland together with-the succeeding salinization of areas formerly situated
within low freshwater. During this course,the level of freshwater is drawn down as a result of
pumping excessively. Factors used in. characterizing seawater intrusion include usual
dynamic changes, its invisibility,. tasking management, impossible reversibility and harmful
effects. Additionally, intrusion of seawater has become significant and tagged among the
most prevailing processes leading *to water quality degradation because it increases
freshwater salinity to concentrations above the maximum allowable drinking standards [9].
This is an essential-area calling for serious investigations by researchers around the world.
This has equally prompted the numerical modeling of the mechanism of seawater intrusion
due to its practical significance and thus, has gained noteworthy attention in the field of
water resources.
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2. MODELING EQUATIONS FOR SEAWATER INTRUSION INTO
COASTAL ACQUIFERS

The most prominent applicable modeling equations for seawater intrusion into coastal
acquifers are visual MODFLOW, MT3DMS routines, SEAWAT-2000 routines and FEFLOW
routines [13].

e VISUAL MODFLOW

Equation 1 represents a 3D numericalflow model for unsteady and steady conditions. It was
expanded using Visual MODFLOW. The principle involves applying finite. difference
technique in Visual MODFLOW Flex with the incorporation of MODFLOW code., The
modular finite difference is adopted in three-dimensional modeling to tackle the differential
equation that controls the flow in a porous medium [14].
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where Ky, Kyy, and K, = K-values in the X, Y, and z directions (L/T); h = hydraullc head (L);

W = volumetric flux per unit volume (T ) Ss = porous medium:specific storage (L’ ) andt =
time.

e MT3DMS ROUTINES

Equation 2 represents the governing egquation of solute-transport that uses MT3DMS
routines.
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where D = coefficient of hydrodynamic dispersion (L> T™"); v = velocity of the fluid (L T™"); Cs

= solute concentration of water coming from sources or exiting vai sinks (ML); and R (k=1,
N) = solute production rate or decay in reaction k of N different reactions (ML T )

e SEAWAT-2000 ROUTINES

With SEAWAT-2000 routines, the seawater flow and transport are under different values of
salt concentration within the coastal area as stated in Equation 3.

aC 2 aC Vie LL
E = a—xl (an—xj) axlf ‘|‘ Z Rk

3)



C = concentration of contaminant (ML'S), Xij = position occupied in the cartesian coordinate
axes (L), D; = coefficient of hydrodynamic dispersion (L T™), V; = velocity of fluid (LT™), gs =
flow per unit of length of injected or pumped aquifer, Cs = discharge or recharge flow
concentration (qs) (ML), 8 = porous medium porosity and R, (k = 1, . . . ,N) is the rate of
solute production or decay in reaction k of N different reactions (M L® T'l).

e FEFLOW ROUTINES

FEFLOW is a finite element subsurface FLOW system. It is a modular 3D finite element
groundwater flow model which possesses the ability to simulate processes that are either in
steady state condition or in transient state in subsurface water resources [15}. It is the
applicable governing equation (Equation 4) for a mixed variable density flow:with.reference
to salt movement and freshwater head of a miscible seawater-freshwater aquifer.
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where x;, X; (i, j = 1, 2, 3) = cartesian coordinates, K; = principal components of hydraulic
conductivity along the x, y, and z axes, respectively, H = equivalent freshwater hydraulic
head, n = coefficient of density coupling, C = solute concentration, Sq = porous medium
specific storage, t = time, @ = porosity; and p = density of salt-fresh water.

3. CASES OF NUMERICAL -MODELING OF SEAWATER INTRUSION INTO
COASTAL ACQUIFERS

The incorporation of numerical modeling to understand the mechanisms behind seawater
intrusion into coastal aquifer.is essential and has been an effective tool in the analysis of the
influencing factors and.the fundamental conditions. Also, it has been so helpful in the
management and protection of ‘eoastal aquifers from salinity intrusion. The visualization of
transport phenomena and two- and three-dimensional flow; and real-time analysis can be
provided by groundwater models [16]. The models can be easily utilized via user-friendly
graphical interfaces:

. MODELOW AND MT3DMS NUMERICAL MODELING TECHNIQUES

One.of the most prominent three-dimensional models for flow groundwater under transient
and steady flow conditions is MODFLOW usually adopted in the saturated zone in
unconfined or confined aquifer systems. Another numerical modeling tool that could be
employed for the simulation of solute and advection transport is MT3DMS which is also a
three-dimensional multi-species transport model. These have been successfully applied and
adopted in the construction of a regional representative 3D numerical solute transport and
groundwater flow mode [17]. These were adopted for the study of groundwater head
fluctuations and intrusion of salinity into Salalah plain aquifers and Al Batinah aquifer. These
were purposely for the execution, calibration, and validation of MT3D for seawater intrusion
and MODFLOW for groundwater flow in the aquifers of the aforementioned two regions.



Also, multifaceted multi-layer aquifer situated in the Wadi Samail area within Al Batinah
region was simulated using a 3D groundwater model (MODFLOW). The heterogeneous
multi-layer aquifer was represented by a four-layer conceptual model. A main influence of
unregistered pumping wells on groundwater levels was revealed by the study while insisting
on the maintenance of the records of numerous pumping wells for adequate water
management [15]. Nonetheless, climate change impact on Jamma aquifer and Samail
aquifer, both situated in Oman within the Al Batinah region, was investigated using both
MT3DMS and MODFLOW simultaneously. A defy in the seawater intrusion by the watershed
was noticed which was maintained by flowing groundwater towards the sea. However, the
Jamma aquifer became vulnerable to intrusion of saline water, harshly affected and stressed
at the same time [9].

The pattern of seawater and groundwater intrusion was examined via these:numerical
modeling tools in the Eastern Al Batinah coastal region. Both MT3DMS and MODFLOW
were run as models to duplicate both the transient and steady-state conditions for the given
data set. In addition, the calibrated model has been utilized in the simulation®of two cases
where seawater intrusion was reduced. These include lowering. of. pumping  rate and
recharging of treated wastewater artificially via pumping continuously. The outputs of the
model runs’ revealed that an effective management strategy“could be achieved in the
Eastern region of Al Batinah coastal purposely to move against seawater intrusion via the
alteration of pumping rate and artificial recharge [14].

Suggestion was made from the results obtained from simultaneous groundwater modeling
(using MT3DMS and MODFLOW) and chemical results for aquifer wells located within
Salalah plain that there may be significant contraction of the freshwater zone as the year
progresses if increase in both domestic and irrigation abstractions continues. Decline in the
freshwater outflow to the sea is often experienced as a result of the deficient annual rainfall
which gives room for seawater intrusion into inland by additional 2 km. The insufficiency has
been anticipated to rise in the years to«come [18].

Furthermore, a GMS (Groundwater. Modeling System) incorporated with MT3DMS and
MODFLOW was utilized in the representation of solute transport and 3D groundwater flow in
Salalah region of Oman. The intrusion of seawater in another 15 years was predicted to
determine both the future ‘and current groundwater quality states. The results were
resourceful in the prediction. of aquifer responses under different water management
techniques [19]. In support of this, stoppage of saline water intrusion via the introduction of
cleaned sewage effluents artificially to the Salalah plain aquifer, Oman was proposed and
investigated. It-was noticed that the implementation of sewage treatment after collection
could put an end to seawater intrusion. The results proved treated wastewater artificial
recharge as:being effective in combating seawater intrusion and pushing back the saline
front by 700 meters [20].

InyQatar, MODFLOW 2000 was adopted as a numerical model to examine the northern karst
aquifer. In the model calibration results, the positions, number and pilot point’s distribution
were investigated and it was revealed that the pilot points performed excellently more than
the arbitrarily placed points despite the same number of uniform placement and points [8]. In
Saudi Arabia, visual MODFLOW was adopted in investigating groundwater depletion level of
the Saq aquifer situated around Qasim area [11]. The model results obtained, stressed that
the restoration and storage of previously wasted runoff in an already existing pond as a
result of artificial recharge could be achieved. This was envisaged to be helpful to boost the
life of the aquifer by 3%. A drop in the water head within the region far away by 65 meters in
the next 30 years is possible if pumping continues and no preventive measure is taken [19].
Same in Saudi Arabia, modeling of groundwater of the Saq aquifer was executed with the
aid of MODFLOW. A continuous increase in the demand for water has been experienced in



Buraydah area resulting in groundwater pumping and increase in drilled wells number to a
distressing situation. This has led to water head depletion by 1.10 meters with a year. A
depletion in water table by 33.5 m in the next 27 years was predicted if there is rise in the
present pumping rate by 10% in 10 years period [21].

e FEFLOW AND SUTRA NUMERICAL MODELING TECHNIQUES

In Taiwan, saltwater encroachment in various multilayer aquifer system layers located in
Pingtung Plain region was numerically modeled using FEFLOW. It was shown that all the
aquifer layers were hindered by the intrusion. However, the bottom and top regions. were
more hindered than the middle section [13]. In UAE, brackish water pumping. from, the
intrusion zone was perfectly modeled using FEFLOW purposely to control the intrusion of
seawater into the Wadi Ham aquifer. In order to attain optimum pumping rates at different
locations, various simulation cases were run. An increase in the salinity:of groundwater was
observed in non-pumping case as compared with the pumping case.Also, ‘the prominent
FEFLOW was used in the simulation of seawater intrusion .in“Wadi. Ham aquifer under
unsteady state conditions [6]. It was proved that 50% reduction in pumping rates will have
significant impact and will also aid reduction of saltwater intrusion and improve groundwater
quality. Conversely, the rate of salinity intrusion would be enhanced via increasing water
abstraction rate causing further deterioration of groundwater.quality-[12].

In another study, an analytical solution called “Dupuit—Forchheimer” and a numerical model
called “SUTRA” were both adopted in the examination:of seawater intrusion located around
Eastern Al-Batinah regions and their unconfined aguifers within Sultanate of Oman. It was
noticed that mitigation of seawater intrusion:could be achieved via pumping of saltwater from
the intruded section of the aquifer. Equally, saltwater and fresh water flow within unconfined
aquifers was successfully simulated with the aid of a numerical scheme and a software
called “OpenGeoSys” [22]. Model validation‘was done in contrary to a laboratory experiment
conducted on saltwater intrusion.;ln-order to simulate saltwater intrusion in a coastal aquifer,
additional calibration was_executed for a heterogeneous and multi-layered regional-scale
model. In UAE, in the lower alluvial plain around Wadi Ham region located within Fujairah
Emirate, a finite element-based- flow and solute transport model called SUTRA was
employed in modeling seawater intrusion. In this study, artificial recharge was utilized in the
management of seawater infiltration into coastal aquifer systems in order to curb additional
groundwater guality. deterioration [18]. In South Korea, climate change effect was studied
using SUTRA model while the intrusion of salinity within the coastal groundwater system
was investigated simultaneously using SLR. It was shown and concluded that it is imperative
to take bothithe Sea Level Rise (SLR) and freshwater recharge rates into account to achieve
perfect:evaluation of the impacts of climate change on the intrusion of seawater in
groundwater systems of coastal regions [4].

e SEWAT-2000 NUMERICAL MODELING TECHNIQUE

In India, a 3D multi-species transport and unsteady density subsurface water flow was
simulated in a coastal aquifer in Karnataka using SEWAT-2000 which is a paired MT3DMS
5.2 and MODFLOW-2000 model [23]. The result revealed an excellent correlation between
the computed and observed values. The calibrated parameters were utilized for the model
prediction and it was noticed that the degree ofseawater intrusion induced by the tides
affected the concentrations and groundwater levels near the coastal aquifer. In Nile Delta,
SEWAT program was also employed to get the comprehensive mechanism of saltwater
intrusion into the aquifer scheme which was simulated using data collected from the aquifer’s



hydrochemistry and heterogeneity [24]. The result proved SEWAT program to be a robust
and effective tool for examining transport processes and variable-density flow. However,
future studies should investigate large-scalenumerical dispersion.In Wadi Ham, this same
techniqgue was adopted in modeling groundwater flow and analyzing seawater intrusion
cases and proposed prospective mitigation methods [16]. The result proved significant but
further improvement regarding groundwater development and implementation of aquifer
management measures were recommended.

4. CONCLUSION

The global rise in the world population has necessitated the essentiality of water which also
has linkage with power and agriculture. However, arid or semi-arid regions occupy almost
one-third of the global land surface which makes many regions to be under harshiand:rising
water stress.As a result of extreme freshwater pumping, the tide and deficient aquifer
replenishment, large volumes of sea water inland are being observed in numerous coastal
regions. In this case, intrusion of seawater into some sections of the aquifer is_experienced
due to this phenomenon. A numerical model is a highly significant tool for the simulation and
prediction of groundwater head and its quality in coastal aquifers.  To achieve this, its
adequate calibration is needed using the existing measurements of heads, pumping rates,
and boundary conditions. Finally, predictions of the groundwater elevations and quality can
be made for any anticipated situation occurring in the future. This article has presented the
fundamental principles and mechanisms of seawater intrusion.into coastal aquifer. Different
applicable mathematical models for seawater intrusion into coastal aquifer stated in this
review are visual MODFLOW, MT3DMS routines, SEAWAT-2000 routines and FEFLOW
routines. The applications of these models in the numerical modeling of coastal aquifers in
some countries are stated and with their respective influence on the objectives of the study
and the results obtained. In conclusion, the use of humerical modeling in the studying the
nature of seawater intrusion is imperative .t0 achieve sustainable coastal aquifer
management.
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