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Abstract: Experimental and numerical models can be used to investigate saltwater intrusion (SWI) in
coastal aquifers. Sea level rise (SLR) and decline of freshwater heads due to climate change are the
two key variables that may affect saltwater intrusion. This study aims to give a better understanding
of the impact of increasing seawater levels and decreasing freshwater heads due to climate change
and increasing abstraction rates due to overpopulation using experimental and numerical models
on SWI. The experimental model was conducted using a flow tank and the SEAWAT code was used
for the numerical simulation. Different scenarios were examined to assess the effect of seawater rise
and landside groundwater level decline. The experimental and numerical studies were conducted
on three scenarios: increasing seawater head by 25%, 50% and 75% from the difference between
seawater and freshwater heads, decreasing freshwater head by 75%, 50% and 25% from the difference
between seawater and freshwater heads, and a combination of these two scenarios. Good agreement
was attained between experimental and numerical results. The results showed that increasing the
seawater level and decreasing freshwater head increased saltwater intrusion, but the combination of
these two scenarios had a severe effect on saltwater intrusion. The numerical model was then applied
to a real case study, the Biscayne aquifer, Florida, USA. The results indicated that the Biscayne aquifer
is highly vulnerable to SWI under the possible consequences of climate change. A 25 cm seawater
rise and 28% reduction in the freshwater flux would cause a loss of 0.833 million m3 of freshwater
storage per each kilometer width of the Biscayne aquifer. This study provides a better understanding
and a quantitative assessment for the impacts of changing water levels’ boundaries on intrusion of
seawater in coastal aquifers.

Keywords: seawater intrusion; sea level rise; experimental model; numerical model; Biscayne aquifer

1. Introduction

The lack of natural recharging due to the scarcity of rainfall, associated with over-
pumping from coastal aquifers to meet increasing water demands, has upset the dynamic
balance between seawater and freshwater bodies in coastal aquifers. Seawater intrusion
problems have been reported in many coastal aquifers around the globe. Depending on
many natural and manmade parameters, the degree of the seawater intrusion may vary
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from less than 500 m in small, undisturbed aquifers to more than 100 km in large, overex-
ploited aquifers [1,2]. Previous studies estimated that the sea level will increase between
18 cm and 59 cm by the end of this century [3]. Several investigations indicated that climate
change may have undesirable impacts on groundwater systems [1]. Chang et al. [4] showed
how rising sea levels and changes in freshwater fluxes could affect both confined and
unconfined aquifers. Kuan et al. [5] presented the effect of changes in regional fresh water
influx and tidal conditions on saltwater intrusion in unconfined coastal aquifers.

Masterson and Garabedian [6] used a 3D model to investigate the effects of rising
sea levels on the movement of the freshwater/saline water interface. The results proved
that the fresh water/saline water interface decreased due to sea level rise. Sefelnasr and
Sherif [7] concluded that sea level rise by 0.5 and 1.0 m could submerge about 19 and 32%,
respectively, of the total area of the Nile Delta with seawater. Ketabchi et al. [8] presented a
review of sea level rise impacts on seawater intrusion in coastal aquifers. They evaluated
the change in saline water toe considering different parameters, including sea level rise,
recharge rate changes, land surface inundation, variation of aquifer bed slope and changes
in the landward boundary conditions. They concluded that land surface inundation due to
sea level rise has a significant impact on the saline water toe location. The results of this
study were very much consistent with the results of [7].

Numerical models and field investigation have provided indications that climate
change could decrease freshwater flow to groundwater aquifers [6,9,10]. These studies
confirmed the importance of understanding the effects of groundwater fluxes on seawater
intrusion. Due to density variability, modeling of seawater intrusion problems requires
numerical models that incorporate variable density effects. The performance of such models
is frequently validated with benchmark cases. A number of numerical models were used
to investigate the effect of rising sea levels on seawater intrusion in coastal aquifers. Sherif
and Singh [11] were the first to predict the effect of seawater level rise on seawater intrusion.
Werner and Simmons [12] studied the impact of sea level rise on seawater intrusion in
coastal unconfined aquifers. The study emphasized the importance of inland boundary
conditions’ impact on saline water intrusion.

Abd-Elhamid and Javadi [13] developed a finite element model to simulate seawater
intrusion in coastal aquifers. The study also investigated the impact of sea level rise
combined with groundwater overpumping on seawater intrusion. Sefelnasr and Sherif [7]
quantitatively assessed the saline water intrusion in the Nile Delta aquifer under the effects
of sea level rise and reduction of the recharge. A 1 m rise in the sea level and a 2.3 reduction
in the net groundwater recharge reduced the freshwater volume from 883 billion m3/year
to 513 billion m3/year. Morgan et al. [14] carried out numerical modeling to study the
occurrence of seawater intrusion overshoot and demonstrated that it can occur on the
field scale in unconfined aquifers. Abd-Elaty et al. [15] developed an analytical solution
and numerical model to identify SWI in the Middle Nile Delta aquifer, Egypt, due to a
change in boundary conditions. The analytical model gave good results compared to the
numerical one and was recommended for similar studies. Yang et al. [16] investigated the
effect of rising sea level and storm surge in a 2D aquifer at the North German coast. They
investigated the effect of heterogeneity on the movement of salt plumes in the aquifer. The
results showed that a 1 m sea level rise has moved the fresh water/saline water interface
up to 1250 m landward, and the salinized zone has expanded up to 2050 m landward.
Abd-Elaty et al. [17–19] simulated SWI in a coastal aquifer considering overpumping due
to population growth and sea level rise; the results indicated that the aquifer salinity is
sensitive to the future impacts.

Despite its usefulness in the verification of numerical models when field data are
not available, a limited number of experimental studies for simulating seawater intrusion
problems have been reported. As compared to analytical and numerical studies, variable
density experimental simulations are not only time consuming and cumbersome but also
require special settings, laboratory training and skills that may not always be available.
Roger et al. [20] implemented experimental and numerical models to investigate the dy-



Water 2022, 14, 631 3 of 16

namics of residual saltwater trapped in the storage area upon installation of cutoff walls.
The study demonstrated that short walls achieve a faster removal rate of residual saltwater
than long walls. Roger et al. [21] developed a physical model to investigate the effects of
surface recharge, injection and installation of a cutoff wall in repulsing seawater intrusion.
Repulsion of about 5% and 6% were achieved by surface recharge and injection, respectively.
Doubling the recharge flux increased the repulsion to about 8% and 12%. Goswami and
Clement [22] used a laboratory scale porous media tank to study the transport patterns of a
saltwater wedge in a freshwater aquifer. They investigated a number of cases, including
a steady state salt-wedge under different hydraulic gradient conditions, a transient salt
wedge under intruding wedge conditions, and a transient salt wedge under receding wedge
conditions. Chang and Clement [23] conducted a laboratory and numerical study to inves-
tigate the transport processes occurring above and within a saltwater wedge. Laboratory
data showed that the transport rates within the wedge are almost two orders of magnitude
slower than the transport rates above the wedge for the small-scale experimental system,
which is characterized by a very low level of mixing.

Tanapol et al. [24] studied the effectiveness of different intrusion controlling methods
in unconfined aquifers using scaled down physical models. The investigated methods
included injection of freshwater, extraction of saltwater and a subsurface barrier. They
concluded that injection of freshwater is more effective than the extraction of saltwater and
a subsurface barrier. Morgan et al. [25] used physical sand tank and numerical modeling to
assess sea level rise and seawater intrusion in an unconfined aquifer. The results of both
physical and numerical models confirmed the occurrence of overshoot. The magnitude
of the overshoot was 24% of the change in steady-state interface position. Acosta and
Donado [26] conducted a laboratory simulation by using barriers in confined aquifers to
consider the effects of stratification. The best barrier performance was observed at the
extreme point of the wedge, where 17.8% of intrusion reduction in homogeneous media
and 78.9% in stratified media were observed. The highest reduction of seawater intrusion
was achieved with the highest injection rate applied at one location. Stratification affected
the performance of the hydraulic barrier. Smaller injection rates were essential to decrease
the intrusion of saline water in a stratified medium. Abd-Elhamid et al. [27] simulated
the SWI in coastal waters using coastal earth fill and considering future sea level rise. The
results showed that using coastal earth fill is effective in controlling SWI.

This paper presents experimental and numerical investigations to assess the possible
impacts of changing seawater level and landside groundwater level on SWI in coastal
aquifers under different scenarios. The numerical model scenarios are verified by the
experimental work and then applied to a real case study, the Biscayne aquifer, Florida, USA,
to investigate the effect of increasing seawater level and decreasing freshwater heads on
seawater intrusion into the aquifer.

2. Materials and Methods

Experimental and numerical models are used to simulate saltwater intrusion in coastal
aquifers considering different boundary conditions.

2.1. Experimental Model

The experimental study was conducted using a sand tank physical model. The di-
mensions of the model were selected based on Henry problem with a 2 (horizontal) to
1 (vertical) ratio [28]. The physical model consists of a rectangular sand tank with two
vertical sides of glass (6 mm thickness), as shown in Figure 1. The internal dimensions of
the physical model are 60 cm (length), 40 cm (height) and 4 cm (width). Two water tanks
were used to feed the sand tank with freshwater and saline water. Two drainage pipes were
installed at the two sides to release excess water and control the water level on both sides.
The porous medium was contained between two strainers to allow for the water flux. The
schematic diagram of the experimental model and dimensions are given in Figure 2.
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Figure 2. Schematic diagram of the experimental model.

The setup of the experimental model was done in three steps. First, the sand was
deposited in the tank between the two strainers on four horizontal layers, each 10 cm thick.
The effective diameter of the sand particles varied between 1.18 and 2.36 mm and their
hydraulic conductivity was calculated under the steady-state conditions using Darcy’s law
as 28.50 m/day. The porosity of the porous media was determined by laboratory methods
as equal to 30%. The saline water was prepared in a 40 L barrel by dissolving an amount
of salt in freshwater to reach a concentration of 35,000 ppm. The saline water was dyed
with red color to distinguish it from freshwater. The land-side reservoir was filled with
freshwater with a concentration of 200 ppm. Second, the freshwater valve was adjusted to
keep the freshwater head fixed until the flow reached steady- state conditions. The saline
water valve was then released to allow for the intrusion process. Third, different levels of
saline water and freshwater heads were considered. The time required to collect a certain
volume (50 L) was measured and the discharge was calculated by dividing the collected
volume by the time.

In the Base Case, Scenario 1, the freshwater head was maintained at a level of 31.20 cm,
while the saline water head was maintained as 30.00 cm, above the base of the tank. The
water flux and solute transport were allowed to reach the steady-state conditions (after
approximately one hour). Figure 4a shows the steady-state conditions for the Base Case
(Scenario 1), in which the seawater intrusion reached a length of 14.25 cm, measured at the
sand tank bottom. Three other cases were performed to evaluate the effect of rising sea
levels and freshwater head decline on the intrusion length.
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2.2. Numerical Model

SEAWAT code is used in this study, following Langevin et al. [29]. The code combines
the modified MODFLOW and MT3DMS into a single program that solves coupled ground-
water flow and solute transport equations. The initial code (Guo and Bennett, 1998) [30]
and the earlier versions of SEAWAT (Guo and Langevin, [31] and Langevin et al. [32]) were
developed for isothermal conditions and, hence, did not solve the problem of simultaneous
solute and heat transport with the combined effects of concentration and temperature on
variable density flow. SEAWAT has been tested and verified against benchmark problems
involving variable density groundwater flow, including the Henry problem, Elder problem
and HYDROCOIN problem [31]. The Variable-Density Flow process of SEAWAT uses
MODFLOW methodology to solve the variable density groundwater flow equation [32].
The MT3DMS part of SEAWAT solves the solute transport equation. The variable density
groundwater flow equation can be written as follows [29]:

∇
[
ρ ∗ µo

µ ∗Ko

(
∇ ∗ h0 +

ρ−ρf
ρf
∗ ∇Z

)]
= ρ ∗ S,S,0

(
∂hO
∂t

)
+ θ ∗

(
∂ρ
∂C

)(
∂C
∂t

)
− ρS ∗ q\S (1)

where, ρo: is the fluid density (ML−3) at the reference concentration and reference temper-
ature; ρ: is density of saline ground water (ML−3); µo: is dynamic viscosity of the fresh
ground water (ML−1 T−1); µ: is dynamic viscosity of saline ground water (ML−1 T−1);
K0: is the hydraulic conductivity tensor of material saturated with the reference fluid
(LT−1); h0: is the hydraulic head (L) measured in terms of the reference fluid of a specified
concentration and temperature (as the reference fluid is commonly freshwater); Ss,0: is
the specific storage (L−1), defined as the volume of water released from storage per unit
volume per unit decline of h0; t: is time (T); θ: is porosity; C: is salt concentration (ML−3);
and q’s:is a source or sink (T−1) of fluid with density ρs.

The solute transport equation can be written as follows [24]:(
1 +

ρb ∗Kd
k

θ

)
∂(θ ∗C)

∂t
= ∇

(
θD ∗ ∇Ck

)
−∇

(
q ∗Ck

)
−
(

q\s ∗Cs
k
)

(2)

where ρb: is the bulk density (mass of the solids divided by the total volume) (ML−3);
Kdk: is the distribution coefficient of species k (L3 M−1); Ck: is the concentration of species
k (ML−3); D: is the hydrodynamic dispersion coefficient tensor (L2 T−1); q: is specific
discharge (LT−1); and Csk: is the source or sink concentration (ML−3) of species k.

The boundary conditions and hydraulic parameters play important roles in ground-
water modelling [33]. The same domain of the physical model was considered in the
numerical study. A study domain of 60 cm in length, 4 cm in width and 40 cm in height was
considered. Figure 3 provides a definition sketch of the numerical model. The domain was
subdivided into 4 rows, 62 columns and 40 layers. Therefore, cubical cells were generated
with a unified length of 1 cm. Only the dimensions of the first and last column cells were
taken as 0.4 cm × 0.4 cm × 1.0 cm to represent the freshwater and saltwater heads. The
freshwater head at the left side (land boundary) was set as 31.20 cm and the head at the
right side (sea boundary) was set as 30.0 cm. The water concentrations at the left and right
boundaries were set as 200 ppm and 35,000 ppm, respectively. Table 1 presents the different
parameters that have been considered in both the physical and numerical models.
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Figure 3. Definition sketch of the numerical model.

Table 1. Hydraulic parameters used in the numerical model.

Parameter Values Units

Porosity (n) 0.30 Dimensionless
Inland Freshwater head 0.312 (m)

Saltwater head (hs) 0.30 (m)
Freshwater density (ρf) 1000 (kg/m3)
Saltwater density (ρs) 1025 (kg/m3)

Freshwater concentration (Cf) 200 (mg/L)
Saltwater concentration (Cs) 35,000 (mg/L)
Hydraulic conductivity (k) 28.50 (m/day)

Specific Storage 1 × 10−5 (1/m)
Longitudinal dispersivity (αL) 0.50 (cm)

Transverse dispersivity (αT) 0.05 (cm)
Molecular diffusion coefficient (D*) 0 (m2/day)

The numerical model was employed to simulate the different scenarios considered
in the physical model. Figure 4b provides the results of the numerical model for the Base
Case (Scenario 1).
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2.3. Real Case Study (Biscayne Aquifer, Florida, USA)

The numerical model was applied to the Biscayne aquifer, Florida, USA. All geometric,
hydraulic and hydrological parameters were deduced from Langevin [34]. The study area
consists of a length equal to 2165 m and a depth of 33 m (Figure 5a). Detailed information
and other relevant data related to geologic and hydraulic aspects of the aquifer were
reported by Langevin (2001) [34]. The hydraulic conductivities in the horizontal and
vertical directions were taken as 1000 and 100 m/day, respectively, and the porosity was set
equal to 0.20. Longitudinal and transverse dispersivities, αL and αT, were taken as 10 and
1 m, respectively, and the dispersion coefficient in the x-direction, Dx, and the y-direction,
Dy, were considered to be velocity dependent. Based on the reported data, the flux from
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the land side was 15 m3 day−1 (per meter length of shoreline) and the annual recharge
from rainfall was 380 mm. The densities of fresh water ρf and seawater ρs were set as 1000
and 1025 kg/m3, respectively (Langevin) [34].

The model domain was discretized into 21 columns, 33 layers, and one row, with a
cell dimension of 100 m × 1 m × 1 m. At the land side (x = −1550 m), a specified flux
boundary condition was considered and concentration was set equal to the freshwater
concentration. At the sea side, 0 ≤ x ≤ 615 m, a specified head (sea level) boundary
condition was considered and the concentration was set equal to the seawater concentration.
Figure 5b,c presents the discretization of the study domain and boundary conditions. The
simulation was performed under steady-state conditions. A comparison between results
of Langevin [34] and the results of the current simulation is presented in Figure 6a,b. A
good agreement between the two models was observed. The intrusion length of equi-
concentration line 17,500 reached 461 m from the shore line, which is very much consistent
with Langevin [34].
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3. Results and Discussion

The results of the current study for the two cases are presented for the possible impacts
of changing boundary water levels on saline water intrusion in coastal aquifers. The first is
the hypothetical case study using experimental and numerical models, and the second is
the real case of the Biscayne aquifer.
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3.1. Future Scenarios for the Hypothetical Experimental Model

In Case One, three scenarios (2, 3, and 4) were considered in which the saline water
head was raised to 30.3, 30.6 and 30.9 cm, respectively, while the freshwater head remained
unchanged at the level of 31.20 m, as in the Base Case (Scenario 1). As compared to the
basic run, the intrusion length increased from 14.25 cm to 21.75, 30.75 and 40.50 cm for
the three levels of saline water, respectively, as shown in Figure 7a–c. An increase in the
saline water head by 3 mm (Scenario 2) caused an additional intrusion of 7.50 cm. The
same increment of saline water head (3 mm) to the levels of 30.60 and 30.90 cm (Scenarios 3
and 4), provided an additional intrusion of 9.00 cm and 9.75 cm, respectively, indicating
the nonlinear nature of the relationship between the saline water head and total seawater
intrusion length.

Case Two represents the decline of groundwater levels at the land side due to over-
pumping from groundwater, while seawater level remained constant, as in the Base Case
(Scenario 1). Three scenarios (5, 6 and 7) were considered in which the freshwater head
was lowered to 30.90, 30.60 and 30.30 cm, respectively. As compared to the Base Case,
the intrusion length increased from 14.25 cm to 21.25, 30.00 and 39.50 cm, respectively, as
shown in Figure 7d–f. Decreasing the freshwater head by 3 mm (Scenario 5) caused an
additional intrusion of 7.00 cm. The same additional decline (3 mm) of the freshwater level
to the levels of 30.60 and 30.30 cm (Scenarios 6 and 7) caused an additional intrusion of
8.75 and 9.50 cm, respectively. The results of Cases One and Two reveal that increasing
the seawater level would cause more saline water intrusion as compared to decreasing the
freshwater level at the land side by the same value. Although the hydraulic gradient in both
cases remains the same, the higher density of the seawater may have caused additional
intrusion.

Water 2022, 14, x FOR PEER REVIEW 9 of 16 
 

 

3.1. Future Scenarios for the Hypothetical Experimental Model  

In Case One, three scenarios (2, 3, and 4) were considered in which the saline water 

head was raised to 30.3, 30.6 and 30.9 cm, respectively, while the freshwater head 

remained unchanged at the level of 31.20 m, as in the Base Case (Scenario 1). As compared 

to the basic run, the intrusion length increased from 14.25 cm to 21.75, 30.75 and 40.50 cm 

for the three levels of saline water, respectively, as shown in Figure 7a–c. An increase in 

the saline water head by 3 mm (Scenario 2) caused an additional intrusion of 7.50 cm. The 

same increment of saline water head (3 mm) to the levels of 30.60 and 30.90 cm (Scenarios 

3 and 4), provided an additional intrusion of 9.00 cm and 9.75 cm, respectively, indicating 

the nonlinear nature of the relationship between the saline water head and total seawater 

intrusion length. 

Case Two represents the decline of groundwater levels at the land side due to 

overpumping from groundwater, while seawater level remained constant, as in the Base 

Case (Scenario 1). Three scenarios (5, 6 and 7) were considered in which the freshwater 

head was lowered to 30.90, 30.60 and 30.30 cm, respectively. As compared to the Base 

Case, the intrusion length increased from 14.25 cm to 21.25, 30.00 and 39.50 cm, 

respectively, as shown in Figure 7d–f. Decreasing the freshwater head by 3 mm (Scenario 

5) caused an additional intrusion of 7.00 cm. The same additional decline (3 mm) of the 

freshwater level to the levels of 30.60 and 30.30 cm (Scenarios 6 and 7) caused an additional 

intrusion of 8.75 and 9.50 cm, respectively. The results of Cases One and Two reveal that 

increasing the seawater level would cause more saline water intrusion as compared to 

decreasing the freshwater level at the land side by the same value. Although the hydraulic 

gradient in both cases remains the same, the higher density of the seawater may have 

caused additional intrusion.  

 

(a) Case One (Scenario 2) 

 

(b) Case One (Scenario 3) 

 

(c) Case One (Scenario 4) 

 

(d) Case Two (Scenario 5) 

 

(e) Case Two (Scenario 6) 

 

(f) Case Two (Run 7) 

 

(g) Case Three (Scenario 8) 

 

(h) Case Three (Scenario 9) 

 

(i) Case Three (Scenario 10) 

Figure 7. Results of the experimental model for the different scenarios. Figure 7. Results of the experimental model for the different scenarios.



Water 2022, 14, 631 10 of 16

In Case Three, three additional scenarios (8, 9, and 10) were considered in which
the saline water head was raised to 30.30, 30.60 and 30.90 cm and the freshwater head
was reduced to 30.90, 30.60 and 30.30 cm, respectively. These runs represent the worst
conditions, where the increase of seawater level, due to climate change, is associated with
an equal decline in the groundwater levels, due to excessive pumping. The intrusion
lengths for Scenarios 8, 9 and 10, were measured as 30.5, 54.50 and 60.00 cm, respectively,
as given in Figure 7g–i. It is clear, however, that the length of the sand tank was not enough
and the freshwater boundary limited the advancement of the saline water.

3.2. Future Scenarios for the Hypothetical Numerical Model

The numerical model results of the other three cases (Scenarios 2–10) for the rise in
the saline water head at the sea side, decline of groundwater levels at the aquifer side and
combination of the two cases were compared to the results of the physical model under the
same conditions. Figure 8a–i shows the distribution of aquifer salinity for the three cases.
Also, the results of the two models were compared, as explained in the following section.
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3.3. Analysis of Experimental and Numerical Results

In this section, comparisons between the results obtained from experimental and
numerical models for different levels of saltwater and freshwater heads are presented.
Table 2 gives a summary of the results of the experimental and numerical models. In the
Base Case, saltwater intrusion in the experimental model reached 14.25 cm. However, in
the numerical model, it reached 15.50 cm. A comparison of the results from experimental
and numerical models for the three cases (Scenarios 2–10) is shown in Figure 9. Figure 9a
represents comparison of the results from Case One (Scenarios 2, 3 and 4). Figure 9b
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represents comparison of the results from Case Two (Scenarios 5, 6 and 7). Figure 9c shows
a comparison of the results from the three cases (Scenarios 8, 9 and 10).
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Table 2. Comparison between experimental and numerical results.

Case Scenario
Freshwater
Level (cm)

Seawater
Level (cm)

Intrusion Length
Difference (cm)

Experimental Numerical

Base 1 31.20 30 14.25 15.50 1.25

One
2 31.20 30.30 21.75 22.50 0.75
3 31.20 30.60 30.75 32.50 1.75
4 31.20 30.90 40.50 41.25 0.75

Two
5 30.90 30 21.25 21.75 0.50
6 30.60 30 30 31.50 1.50
7 30.30 30 39.50 40.75 1.25

Three
8 30.90 30.30 30.50 31.75 1.25
9 30.60 30.60 54.50 56.50 2.00
10 30.30 30.90 60 58.50 −1.50

The results indicate good agreement between the experimental and numerical models.
The discrepancy between the experimental and numerical results is within the range of
5%. This limited discrepancy might be attributed to rounding of the different parameters,
including porosity and hydraulic conductivity. It is also observed that the numerical
model has consistently provided a slight overestimation of the intrusion length (within
the range of 0.5–2.00 cm). Again, this might be attributed to the accuracy of the assumed
parameters. However, in Scenario 10 (Figure 9), the numerical model revealed less intrusion
length, which might be attributed to the imposed freshwater boundary condition. As
expected, Case Three, where the increase in seawater level is combined with the reduction
in groundwater levels at the land side, represents the critical case, and Scenario 10 represents
the worst condition where the entire aquifer is intruded.

3.4. Future Scenarios for Biscayne Aquifer Model

Three scenarios were considered to identify the interface between freshwater and sea-
water under the effect of reducing the freshwater flux at the landside due to overpumping,
increasing seawater level due to the impacts of climate change, and the combination of the
above two scenarios. In Scenario One, the freshwater flux at the landside was reduced to
10.75 m3/day per meter length of the shoreline. All other parameters remained unchanged.
As compared to the current conditions, an additional intrusion of 144 m, measured at the
bottom of the aquifer for equi-concentration line 17,500 ppm, was observed (Figure 10a).
The intrusion length was 605 m, measured at the bottom. In Scenario Two, the seawater
level was raised by 25 cm. The freshwater flux at the landside (15 m3/day per meter length)
and all other parameters were kept at their original values.

Figure 10b represents the results where the intrusion of equi-concentration line
17,500 ppm reached 548 m, measured along the bottom boundary with an additional
intrusion of 87 m. In Scenario Three, in which the conditions of Scenarios One and Two
were combined, the intrusion length, as measured by equi-concentration line 17,500 ppm,
reached 690 m, with an additional intrusion of 229 m (Figure 10c). Table 3 shows freshwater
and saline water volume and the losses in the freshwater volume per km width of the
Biscayne aquifer. The volume of saline water and freshwater and losses of freshwater are
shown in Figure 11. The figure revealed that under Scenario Three, around 0.833 million m3

of freshwater will be lost per each km width of the aquifer. It is therefore concluded that
the Biscayne aquifer is highly vulnerable to additional seawater intrusion due to climate
change and rising sea levels.
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Table 3. Freshwater and saline water volume per km width of Biscayne aquifer.

Scenario Saline Water Volume
(m3/km\)

Freshwater Water
Volume (m3/km\)

Losses of Freshwater
Volume (m3/km\)

Current conditions 5,617,502 8,766,758 -
One 6,109,158 8,275,102 491,656
Two 5,966,312 8,417,948 348,810

Three 6,451,324 7,932,936 833,822
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4. Conclusions

A physical model was developed to evaluate the effect of lowering groundwater level
on the landside and raising saline water level at the sea side on seawater intrusion due to
the possible impacts of changing boundary water levels in coastal aquifers. The dimensions
of the physical model were selected based on the well-known Henry problem. SEAWAT
code was used to simulate the intrusion of saline water under the same conditions that
were considered in the physical model. Ten different cases were simulated to provide a
better understanding of the process. In addition to the Basic Scenario, where the difference
between freshwater level at the landside and seawater level was 1.2 cm, three other scenar-
ios were considered in which the seawater level was raised, the groundwater level on the
landside was reduced, and finally the decline of the groundwater level at the landside was
associated with an increase of the seawater level. Under the worst conditions (Scenario
10), the intrusion reached the landside boundary. The model was applied to the Biscayne
aquifer, Florida, USA. The experimental results agree with the numerical results for the
hypothetical case. For the Base Case saline and fresh groundwater heads of 30 and 31.20 cm,
the difference between the two models reached 1.25 cm. For the increase of sea water heads
by 30.30, 30.60, and 30.90 cm, the differences between the two models reached 0.75, 1.75,
and 0.75 cm, respectively. For the decline in the fresh groundwater heads by 30.90, 30.60,
and 30.30, the differences between the two models were 0.50, 1.50, and 1.25 cm, respectively.
For the combination between the two cases, the differences between the models reached
1.25, 2 and −1.50 cm.

The results were consistent with the available literature and confirmed that the Bis-
cayne aquifer is highly vulnerable to extra seawater intrusion due to seawater level rise and
overexploitation of the fresh groundwater resources. A 25 cm increase in the seawater level
led to loss of fresh groundwater by 0.49 million m3 per each kilometer width of the Biscayne
aquifer; a 28% reduction in freshwater flux from the landside caused a loss of 0.35 million
m3 of fresh groundwater; and a combination of the two cases increased the loss in fresh
groundwater by 0.83 million m3. Using both an experimental and numerical model, this
study provides a better understanding of the future possible impacts of changing boundary
water levels on saline water intrusion in coastal aquifers, including rising sea levels due to
climate change.
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