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Web-based  tool  for  analyzing  the  seawater-freshwater  interface  using
analytical solutions and SEAWAT code comparison
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Abstract: Saltwater  Intrusion  (SI)  poses  a  significant  environmental  threat  to  freshwater  resources  in
coastal aquifers globally. The primary objective of this research is to illustrate the variations in the saltwater-
freshwater  interface  using  several  established  analytical  solutions,  integrated  within  a  user-friendly  web-
based tool. Three case studies, including a hypothetical unconfined coastal aquifer, an experimental coastal
aquifer, and a real-world coastal aquifer in Gaza, were applied to examine the interface dynamics using the
developed tool, built with JavaScript. To simulate variable-density flow within the Gaza coastal aquifer, the
public domain code SEAWAT was employed. The resulting lengths of seawater intrusion, as simulated by
SEAWAT and the observed toe length, were compared with those obtained from the web-based analytical
solutions under both constant head and constant flux boundary conditions. This comparison demonstrated a
strong correlation between the experimental results, SEAWAT model outputs, and analytical solutions. This
research provides valuable insights  into SI  in  coastal  aquifers,  with a  specific  focus on the impact  of  Sea
Level Rise (SLR) on the shifting position of the seawater intrusion toe. The outcomes are presented through
an accessible web-based interface, thereby promoting broader dissemination and practical application of the
research outcomes.
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Introduction

Saltwater  Intrusion  (SI),  the  infiltration  of  saline
seawater into coastal  aquifer systems, represents a
significant  threat  to  coastal  habitats  worldwide,
particularly  in  regions  where  groundwater  serves
as the primary source of freshwater. Under normal
conditions,  groundwater  flows  towards  the  sea,
effectively preventing  the  encroachment  of  salin-
ity into aquifers.  However,  excessive groundwater
extraction  can  lead  to  a  decline  in  groundwater

levels,  thereby  reducing  freshwater  discharge  and
intensifying  the  effects  of  SI  (Werner  et  al.  2013;
Emara  et  al.  2024a).  Consequently,  effective
management  and  a  thorough  understanding  of
coastal  aquifers  are  crucial  for  ensuring  global
water security. These challenges highlight the vital
importance of comprehending and managing these
systems to safeguard water resources worldwide.

Climate  change  exerts  a  considerable  influence
on saltwater  intrusion  through  various  mecha-
nisms.  Directly,  it  contributes  to  Sea  Level  Rise
(SLR). Indirectly, it can lead to reduced rainfall in
certain  areas,  resulting  in  decreased  natural
recharge  and  drought  conditions.  These  impacts
can  cause  the  saltwater  wedge  to  extend  further
inland,  a  problem  exacerbated  by  excessive
groundwater  withdrawal  (Ataie-Ashtiani  et  al.
2013; Abdoulhalik and Ahmed, 2017; Emara et al.
2023a).  These  vulnerabilities  highlight  the  urgent
need to address SI dynamics within the context of
climate variability.
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Globally,  freshwater  resources  are  increasingly
threatened  by  saltwater  intrusion  driven  by  SLR
(Dang et al. 2020). Both analytical solutions (Ataie-
Ashtiani et al. 2013; Lu et al. 2016) and numerical
groundwater  modeling  (Sherif  et  al.  2014; Abd-
Elaty  and  Zelenakova,  2022; Emara  et  al.  2024b)
are  effective  methods  for  simulating  the  dynamic
process of  saltwater  intrusion.  Analytical  tech-
niques provide  straightforward approaches  to  esti-
mate  the  freshwater-saltwater  interface,  while
numerical  models  offer  intricate  simulations  for
complex scenarios,  although  they  remain  depen-
dent  on  computational  resources  and  calibration
data.

Koussis  et  al.  (2012)  established  steady-state
analytical  techniques  to  determine  the  position  of
the  seawater-freshwater  interface  wedge  toe
between the freshwater  and saltwater  zones.  Their
approach  assumed  a  sharp  interface  SI  within  a
sloping coastal unconfined aquifer under a constant
groundwater recharge rate.  Lu et  al.  (2015) devel-
oped  analytical  methods  that  incorporated  an
inland  general-head  boundary  condition  for  SI  in
both  confined  and  unconfined  coastal  aquifers.
They applied  these  solutions  to  predict  the  move-
ment  of  the  interface  toe  in  response  to  a  1-meter
SLR. Furthermore, Lu et al. (2016), also assuming
a sharp-interface SI, developed steady-state analyt-
ical  approaches  for  SI  in  sloping  confined  and
unconfined  coastal  aquifers.  Anderson  (2021)
presented an analytical approach for the groundwa-
ter  flow  interface  in  an  anisotropic  unconfined
coastal  aquifer  of  finite  depth.  Based  on  sharp-
interface assumptions, Luo et al. (2022) developed
analytical approaches for steady-state SI in uncon-
fined  coastal  aquifers,  accounting  for  unsaturated
flow  within  the  analytical  model  of  the  discharge
formula.  While  these  techniques  offer  valuable
insights,  their  reliance  on  sharp-interface assump-
tions  may  limit  their  ability  to  fully  capture  the
complexities of variable-density flow.

Emara  et  al.  (2023)  integrated  numerical  and
experimental  methods  to  investigate  SI  in  two
homogeneous  aquifers  under  conditions  of  SLR
and  varying  freshwater  inflow.  Their  research
compared  transient-state  saltwater  concentrations
and  groundwater  heads  from  numerical  models
with  experimental  data  for  both  advancing  and
receding  saltwater  fronts.  Ten  steady-state  SI
wedge and toe length experimental tests were eval-
uated against seven analytical solutions. The study
highlighted  the  significant  influence  of  inland
water  head  and  the  SLR  on  SI  dynamics.  Ataie-
Ashtiani et al. (2013) employed a direct analytical
method  to  assess  the  impact  of  land-surface inun-

dation  on  SLR-induced  SI  dynamics  in  simplified
settings.  The  results  indicate  that  significant
submergence  of  the  ground  surface  significantly
expands  SI  boundaries,  potentially  resulting  in
inland penetration several times greater than shore-
line  pressure  alterations  in  open  coastal  aquifers
under realistic conditions.

An analytical formula for calculating the precise
location  of  the  saltwater-freshwater  interface  was
independently  derived  by  Badon  Ghyben  (1888)
and  Herzberg  (1901).  Their  formula  establishes  a
relationship  between  the  elevation  of  the  water
table in an unconfined aquifer and the depth to the
interface.  To  determine  the  location  of  the  sharp
seawater-freshwater interface  in  a  coastal  ground-
water  aquifer,  Glover  (1959) subsequently  devel-
oped  an  equation  that  incorporates  the  seaward
flow  of  freshwater.  Building  upon  Glover's  work,
Rumer  Jr  and  Harleman  (1963)  examined  the
parabolic  shape  of  the  interface,  a  characteristic
further  demonstrated  by  Verruijt  (1968).  Using
laboratory-scale  experiments,  Goswami  and
Clement  (2007)  developed  a  benchmark  model  to
simulate  seawater  intrusion  and  investigated  the
dynamics of the saltwater wedge under both steady-
state and transient conditions.

Chang  et  al.  (2011) investigated  whether  varia-
tions  in  freshwater  discharge  and  sea  level  rise
could  impact  both  unconfined  and  confined
groundwater aquifers.  The  effect  of  spatial  varia-
tions in tidal dynamics and freshwater influx on SI
in  coastal  aquifers  was  elucidated  by  Kuan  et  al.
(2012).

Researchers  have  proposed  several  engineering
techniques  to  mitigate  saltwater  intrusion  and
preserve  groundwater  quality  in  coastal  regions.
These include employing negative hydraulic barri-
ers,  such  as  inland  seawater  abstraction  (Javadi  et
al.  2015; Mehdizadeh  et  al.  2019);  optimizing
abstraction  well  configurations  (Fan  et  al.  2020;
Ranjbar  et  al.  2020);  implementing  artificial
recharge  through  injection  and  infiltration
(Motallebian  et  al.  2019; Armanuos  et  al.  2020a);
and  constructing  underground  dams  and  cutoff
walls  (Kaleris  and  Ziogas,  2013; Armanuos  et  al.
2020b; Emara et al. 2023b).

This  study  aims  to  investigate  the  variations  in
the  seawater–freshwater  interface  under  different
conditions,  using  a  range  of  established  analytical
solutions  presented  through  an  interactive  web-
based  tool.  Developed  in  JavaScript,  the  tool  was
tested  using  three  case  studies:  A  hypothetical
unconfined  coastal  aquifer  (Sun  et  al.  2021),  a
laboratory-scale  experimental  aquifer,  and  a  real-
world  coastal  aquifer  in  Gaza.  These  case  studies
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serve to evaluate the tool's performance and versa-
tility in visualizing and analyzing interface dynam-
ics.  For  the  Gaza  aquifer  specifically,  the
SEAWAT  code  was  used  to  simulate  variable-
density  groundwater  flow,  providing  a  more
detailed and  realistic  understanding  of  the  inter-
face behavior in that particular region. 

1  Methodology

In  this  research,  SEAWAT  was  used  to  develop
numerical models for groundwater flow that simu-
late  the  transport  of  salt  within  coastal  aquifers.
The  saltwater  intrusion  wedge  simulated  by
SEAWAT  was  validated  against  analytical
approaches.  Specifically,  the  analytical  solutions
and  the  resulting  simulated  intrusion  lengths  from
Ataie-Ashtiani  et  al.  (2013)  were  compared  under
both  constant  head  and  constant  flux  boundary
conditions.  The  research  encompasses  two  case
studies:  A hypothetical  unconfined coastal  aquifer
(Sun  et  al.  2021)  and  the  Gaza  coastal  aquifer  in
Palestine. The steady-state seawater wedges result-
ing  from  these  simulations  were  contrasted  with
the  analytical  solutions  established  by  Ghyben
(1888),  Glover  (1959),  Rumer  Jr  and  Harleman
(1963), and Verruijt (1968). The study particularly
focused  on  the  Gaza  coastal  aquifer,  where  the
simulated  intrusion  lengths  of  the  SI  wedge  toe,
obtained using the SEAWAT code, were compared
with the values calculated by Ataie-Ashtiani  et  al.
(2013).  This  comparison was  facilitated  through a
web-based  interface  tool,  which  also  enabled  the
examination of various sea level rise scenarios. 

1.1 Numerical Model (SEAWAT)

SEAWAT has  been widely utilized for  simulating
variable density groundwater (GW) flow (Guo and
Langevin,  2002).  To  evaluate  the  impact  of  SLR
on coastal GW aquifers, a numerical simulation of
solute  transport  was  developed  in  this  research
using SEAWAT.

The  flow  and  transport  equations  employed  in
SEAWAT are  presented  in  Equations  (1)  and  (2),
respectively.
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Where: X,  Y, and Z are  the  direction  of  the
groundwater  flow; t is  time; , ,  and  are
the hydraulic conductivities of the porous media in
X, Y, and Z direction;  is the effective porosity; 
is  the  specific  storage;  is  the  density  of  fresh
groundwater;  is the density of the groundwater at
a  point  in  the  coastal  aquifer;  is  the  density  of
the  dissolved  material,  and  is  the  volumetric
flow rate, correspondingly.
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Where:  represents  the  concentration  of  the
solute  substance;  defines  the  reaction
process  term  of  the  chemical  substance  in  the
coastal  aquifer  system;  is  the  coefficient  tensor
of  the  hydrodynamic  dispersion  coefficient; 
represents  the  average  linear  fluid  velocity; 
represents  the  source  or  sink  concentration  of
species k. 

1.2 Analytical equations

The  resulting  steady  state  seawater  wedges  were
compared against the analytical solutions provided
by  Ghyben  (1888),  Glover  (1959),  Rumer  Jr  and
Harleman (1963), and Verruijt (1968).

Independently,  Badon  Ghyben  (1888)  and
Herzberg  (1901)  developed  an  analytical  equation
for determining the position of the sharp saltwater-
freshwater  interface.  Their  equation  correlates  the
depth  to  the  interface  with  the  elevation  of  the
water table in an unconfined aquifer. Subsequently,
Glover  (1959)  formulated  an  expression  to
describe the sharp seawater- freshwater interface in
a  coastal  GW  aquifer,  considering  the  seaward
flow of freshwater. This expression can be used to
determine  the  interface  location.  Building  on
Glover's  work,  Rumer  Jr  and  Harleman  (1963)
analyzed  the  parabolic  shape  of  the  interface.
Verruijt  (1968) further  established that  the  seawa-
ter-freshwater interface follows a parabolic profile.

Table 1 presents the analytical equations for the
seawater-freshwater  interface  according  to  the
solutions by Ghyben (1888) and Herzberg (1901),
Rumer  Jr  and  Harleman  (1963),  and  Verruijt
(1968). Table 2 presents the analytical equations of
Ataie-Ashtiani et al. (2013) for assessing the influ-
ence of  SLR on the toe of  seawater  (SW) - fresh-
water (FW) interface, specifically for constant flux
and constant head boundary conditions. 

2  Case studies

Three case  studies  were  implemented  to  demon-

Journal of Groundwater Science and Engineering    13(2025) 250−267

252 http://gwse.iheg.org.cn

http://www.gwse.iheg.org.cn


strate  the  application  of  the  web-based  tool  for
analyzing the seawater-freshwater interface. These
include  a  hypothetical  unconfined  coastal  aquifer,
an  experimental  case  study,  and  an  application  to
Gaza coastal aquifer was employed. 

2.1 Hypothetical  unconfined  coastal
aquifer

First,  the  seawater-freshwater interface  of  a  hypo-
thetical  unconfined  coastal  aquifer  (Table  3),  as
predicted  by  the  analytical  equations  by  Ghyben
(1888),  Glover  (1959),  Rumer  Jr  and  Harleman
(1963),  and  Verruijt  (1968),  was  compared  with
the  numerical  solutions  using  the  developed  SW-
FW  web-based  tool.  Second,  the  position  of  the

seawater-freshwater wedge toe in the Gaza coastal
aquifer,  as  simulated  by  the  SEAWAT  code,  was
compared  with  the  analytical  solution  of  Ataie-
Ashtiani  et  al.  (2013)  using  the  same  SW-FW
interface web-based tool. 

2.2 Experimental case study

A  sandbox  tank  with  dimensions  of  74.4  cm
(length), 35 cm (height),  and 10 cm (breadth) was
used to conduct the seawater intrusion experiment.
The unconfined coastal aquifer in the center of the
sandbox  model  was  modeled  using  silica  sand
number  4  as  the  porous  medium.  Each  end  of  the
sandbox  model  contained  5.0  cm  deep  layers  of
sand. The  freshwater  boundary  had  a  concentra-

 

Table 1 Analytical Equations implemented in the Seawater (SW)-Freshwater (FW) Interface Web-Based Model

Seawater (SW)-Freshwater Interface Web-Based Model Analytical Equations
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Where:  (M L−3) represents the seawater density,  (M L−3) represents the fresh groundwater density,  (L) represents the
depth to a point on the seawater-freshwater interface under the mean sea level, and  (L) represents the elevation of the water
table in the aquifer measured above the mean sea level at the same point, q (L2 T−1) represents the rate of the fresh
groundwater discharge, K (LT−1) denotes the hydraulic conductivity of the aquifer medium, , x (L) represents the
horizontal distance calculated from the shore line and .
 

Table 2 Analytical  equations  for  the  influence  of  Sea  Level  Rise  (SLR)  on  Toe  of  Seawater  (SW)-Freshwater
(FW) Interface (Ataie-Ashtiani et al. 2013)
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TWhere:  (L) represents the position of the toe calculated from the sea boundary, z (L) represents the mean sea level rise, 
(L) represents the new position of the seawater-freshwater wedge toe calculated from the costal line boundary subsequently
the Sea Level Rise (SLR), K (L T−1) represents the hydraulic conductivity of the groundwater aquifer system, L (L) represents
the coastal aquifer length, q (L2 T−1) represents the fresh groundwater flow within the coastal aquifer boundary calculated per
of the coastline aquifer unit width, zo (L) represents the coastal aquifer depth bottom calculated from the mean sea level, W (L
T−1) represents the rate groundwater uniform recharge, and δ (−) represents the dimensionless value of the density term equal
to (ρs–ρf)/ρf, where ρf (M L−3) is the density of the freshwater and ρs (M L−3) represents the density of the saltwater, s represents
the slope of the seaward boundary of the aquifer. The public value of 0.025 is adopted for δ.
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tion  of  1,000  mg/L,  while  the  seawater  boundary
had a concentration of 35,000 mg/L. The measured
density of the freshwater solution was 1,000 kg/m3,
and that of the saltwater solution was 1,025 kg/m3.
Initially,  the  freshwater  and  saltwater  heads  were
set at  the same height (30.50 cm) for each experi-
ment,  allowing seawater  to  intrude inland into  the
aquifer. After 55 minutes, the length of the saltwa-
ter  intrusion  wedge  had  extended  to  64.0  cm.
Subsequently, the  freshwater  head in  the  freshwa-
ter  tank  was  raised  from  30.50  cm  to  31.40  cm,
while  the  saltwater  head  remained  constant  at
30.50 cm throughout  the  remainder  of  the  experi-
ment.  This  increase  in  freshwater  head  created  a
head difference of 0.90 cm, causing the freshwater
flow to push the saltwater wedge back towards the
saltwater reservoir.

The  outflow  from  drainage  pipes  was  used  to
estimate  the  freshwater  flow  rate  and  hydraulic
conductivity from  the  freshwater  side  to  the  salt-
water side.  Based  on  the  experiments,  the  esti-
mated  fluctuations  in  head  were  ±1.0  mm.  The
hydraulic gradient  established  by  the  head  differ-
ence between the two reservoirs drove a flow from
the  freshwater  reservoir  to  the  saltwater  reservoir.
Darcy's  law  was  applied  to  the  hydraulic  gradient
and  the  measured  freshwater  flow  from  the
drainage pipes  to  calculate  the  hydraulic  conduc-
tivity  (K)  of  the  porous  medium in  the  sand  tank.
The  average  porosity  and  hydraulic  conductivity
were  determined  to  be  0.43  cm/sec  and  0.60
cm/sec,  respectively. Fig.  1 illustrates the  saltwa-
ter intrusion wedge at time intervals of 15, 30, 45,
60,  75,  and  95  minutes  after  the  head  difference
was  increased  to  0.90  cm.  Following  the  head
increase,  the  saltwater  wedge  progressively
receded,  reaching  a  steady-state  condition  with  a

length  of  48.0  cm  (measured  from  the  saltwater
reservoir)  after  95  minutes,  at  which  point  no
further  discernible  change  in  the  toe  position  was
observed.
 
 

(e) After 75 min (f) After 95 min

(d) After 60 min(c) After 45 min

(b) After 30 min(a) After 15 min
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Fig. 1 Saltwater  intrusion wedge evolution over time
(15,  30,  45,  60,  75,  and 95 minutes)  after  increasing
the freshwater head to 31.40 cm
  

2.3 Real  case  study  (Gaza  Coastal
aquifer)

The Gaza Strip (GS) is  a  narrow coastal  region
situated  along  the  plain  of  the  Mediterranean
Sea, between  Egypt  and  Palestine.  Geographi-
cally,  it  is  located  between  longitudes  34°  13 ′
and  34°  33 ′  east  and  latitudes  31°  13 ′  and  31°
36′  north,  covering  an  area  of  365  square  kilo-
meters  with  a  45-kilometer  coastline.  Its  width
ranges  from  6  kilometers  to  12  kilometers  from
north to south, with an average width of 9 kilome-
ters (Heen and Muhsen, 2016), as depicted in Fig.

 

Table 3 Numerical model parameters for the hypothetical unconfined coastal aquifer (from Sun et al. 2021)

Parameter Description Value Units

L Aquifer length 500 m
H Aquifer depth 50 m
n Porosity 0.30 --
K The hydraulic conductivity 30 m/d
αl The longitudinal dispersivity 1.0 m
αt The transverse dispersivity 0.1 m
ρ f The density of the fresh groundwater 1,000 Kg/m3

ρs The density of saline water 1,025 Kg/m3

Boundary condition
hs Seawater hydraulic head 50 m
qf Freshwater inflow 0.2 m/d
Cs Saltwater concentration 35,000 mg/L
Cf The concentration of the freshwater 1,000 mg/L
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2.  The  GS  is  one  of  the  most  densely  populated
regions  globally  (Abd-Elaty  and  Zelenakova,
2022).  This  high  population  density  leads  to  an
increased  demand  for  groundwater  resources,
resulting  in  greater  abstraction  from  the  aquifer
and consequently exacerbating seawater intrusion.

Abualtayef et al. (2017) evaluated the hydraulic
properties of the quaternary aquifer through in-site
investigations and  pumping  tests,  thereby  charac-
terizing  its  hydraulic  behavior.  The  estimated
transmissivity  values  ranged  from  700  m2/day  to
5,000 m2/d, while the hydraulic conductivity varied
from 20 m/d to 80 m/d. For the unconfined aquifer,
the specific yield was determined to be in the range
of  0.15  to  0.30.  In  contrast,  the  confined  units
exhibited  a  specific  storage  value  of  10−4 m−1.

Qahman  (2004) estimated  the  longitudinal  disper-
sivity (αL) and transverse dispersivity (αT) to be 50
m  and  0.10  m,  respectively,  and  the  effective
porosity to be 0.35. Table 4 presents the boundary
conditions  and  hydraulic  parameters  used  for  the
Gaza coastal aquifer model. 

3  Results and discussion
 

3.1 Results  of  seawater-freshwater  int-
erface  web-based code  for   hypotheti-
cal coastal aquifer

Fig.  3 illustrates  the  input  parameters  for  the
seawater-freshwater  interface  calculations  using

 

(a) Location map of the Gaza Strip

(b) Vertical hydrogeological cross-section (Abd-Elaty and Zelenakova, 2022)
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Fig. 2 Gaza shallow coastal aquifer
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the  following  analytical  solutions:  Gyhben
Herzberg,  Glover,  Rumer-Herleman,  and  Verruijt.
These input parameters include the coastal aquifer
length, the aquifer depth from the mean sea level to
the bottom of the groundwater aquifer system, the
density of freshwater,  the density of saltwater,  the
freshwater  flux  boundary,  and  the  hydraulic
conductivity.  For  the  hypothetical  unconfined
coastal  aquifer,  the  assigned  input  parameters
were:  L  =  500  m,  H  =  50  m,  the  density  of  the

fresh groundwater = 1.0 gm/cm3, the density of the
saline  water  =  1.025  gm/cm3,  K  =  0.000347
cm/sec, and Q = 2.31x10−6 m3/sec. The step value,
representing the interval along the x-axis at which
the  interface  depth  is  calculated  by  the  different
solutions, was set to 25 m. The resulting seawater-
freshwater  interfaces  for  the  Gyhben-Herzberg,
Glover,  Rumer-Herleman,  and  Verruijt  analytical
solutions  are  presented  in Fig.  4.  The  intrusion
length  of  the  saline  water  is  calculated  from  the

 

Table 4 Boundary conditions and hydraulic parameters used for Gaza aquifer model

Boundary condition Value Unit

The flux of the lateral freshwater 10 m3/d/m

Well abstraction rates 20.75 m3/d/m
Vertical recharge rate and the return flow 416.5 mm/year
The head of the saltwater hs Zero m
The concentration of the seaside boundary 35000 mg/L
The concentration of the land side boundary 1000 mg/L
Hydraulic parameters Confined aquifer Unconfined aquifer Unit
The hydraulic conductivity in the horizontal (Kh) 0.2 34 m/d
The hydraulic conductivity in the vertical direction (Kv) 0.02 3.4 m/d
The value of the Effective porosity (ne) 0.3 0.25 -
Total Porosity (nt) 0.45 0.35 -

The density of the fresh groundwater 1000 1000 Kg/m3

The density of the saline water 1025 1025 Kg/m3

Specific storage 0.00001 0.0001 -
Longitudinal dispersivity 50 12 -
Transverse dispersivity 5 1.2 -

Molecular diffusion coefficient (D) 0.0001 0.0001 m2/d
 

LEGEND

Seawater

Regional flow

Seawater shift

Fresh

groundwater

Recharge, W

New sea level

Sea level

Land surface

m3/sec m/sec g/cm3 g/cm3

 

Fig. 3 Input  parameters  for  calculating  the  seawater-freshwater  interface  for  the  hypothetical  coastal  aquifer
using the analytical solutions Gyhben Herzberg, Glover, Rumer-Herleman, and Verruijt
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coastline  boundary.  The  calculated  lengths  of  the
seawater  wedge  toe  were  375.021  m,  350.335  m,
350.09  m,  and  382.75  m  for  Gyhben-Herzberg,
Glover,  Rumer-Herleman, and  Verruijt,  respec-
tively. The simulated toe length for the same hypo-
thetical  unconfined  coastal  aquifer  by  Sun  et  al.
(2021)  was  340  m. Fig.  5 presents  a  comparison
between  the  simulated  seawater-freshwater inter-

face for the hypothetical unconfined coastal aquifer
by (Sun et al. 2021) and the analytical solutions of
Gyhben-Herzberg,  Glover,  Rumer-Herleman,  and
Verruijt, as generated through the web-based inter-
face model.  The  comparison  between  the  simu-
lated  and  analytical  results  of  the  seawater-fresh-
water  interface  indicates  a  good  agreement.
Furthermore,  the  Glover  and  Rumer-Herleman
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Fig. 4 Seawater-freshwater  interface  for  a  hypothetical  coastal  aquifer  based  on  the  analytical  solutions  of:  (a)
Gyhben Herzberg, (b) Glover, (c) Rumer-Herleman, and (d) Verruijt
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solutions appear to provide the most accurate esti-
mations of the seawater intrusion wedge toe and its
penetration length.
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Fig. 5 Comparison  between  the  simulated  SW-FW
interface  for  the  hypothetical  unconfined  coastal
aquifer (from Sun et al. 2021) and the analytical solu-
tions of Gyhben-Herzberg, Glover, Rumer-Herleman,
and Verruijt through the web-based interface model
  

3.2 Results  of  seawater-freshwater
interface  web-based code  for   experi-
mental coastal aquifer

Fig. 6 displays the input parameters for the seawa-
ter-freshwater interface for the experimental costal
aquifer  using  the  Gyhben  Herzberg,  Glover,
Rumer-Herleman,  and  Verruijt  solutions.  The
considered  input  factors  include  the  aquifer's
coastal length, its depth from the mean sea level to
the bottom  of  the  groundwater  system,  the  fresh-
water  and  saltwater  densities,  the  freshwater  flux

boundary,  and  the  hydraulic  conductivity  value.
The  specific  input  parameters  assigned  to  the
experimental  unconfined  coastal  aquifer  were:  the
fresh groundwater  density = 1.0 gm/cm3,  the salty
water density = 1.025 gm/cm3, K = 0.006 m/sec, Q
= 0.114×10−7 m3/sec, L = 0.744 m, and H = 0.305
m. The step value, representing the distance along
the  x-axis  at  which  the  interface's  depth  is
computed  by  the  various  solutions,  was  set  to
0.005  m. Fig.  7 shows  the  seawater-freshwater
interface  for  the  experimental  coastal  aquifer  as
predicted by the Gyhben-Herzberg, Glover, Rumer-
Herleman,  and  Verruijt  analytical  solutions.  The
intrusion  length  of  the  saline  water  is  calculated
from the  coastline.  The  estimated  seawater  wedge
toe  lengths  were  48.961  cm,  48.96  cm,  48.96  cm,
and  50.184  cm  for  Gyhben  Herzberg,  Glover,
Rumer-Herleman,  and  Verruijt,  respectively.
According  to  experimental  observations  by
Armanuos (2017), the toe length was 48 cm. Fig. 8
presents  a  comparison  between  the  analytical
results  from  the  web-based  interface  model  for
Gyhben-Herzberg,  Glover,  Rumer-Herleman,  and
Verruijt,  and  the  simulated  seawater-freshwater
interface  for  the  experimental  unconfined  coastal
aquifer  by  Armanuos  (2017).  A  good  agreement
was  observed  between  the  experimental  and
analytical  results  regarding  the  freshwater-saltwa-
ter  interface.  Furthermore,  the Glover and Rumer-
Herleman solutions appear to offer the most accu-
rate  estimations  of  both  the  seawater  intrusion
wedge toe and its penetration length. 
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Fig. 6 Input Parameters for calculating the seawater-freshwater interface using the analytical solutions of Gyhben-
Herzberg, Glover, Rumer-Herleman, and Verruijt for the experimental coastal aquifer
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3.3 Results  of  the  influence  of  the  rise
in Sea  Level  on  the  saline  water   intru-
sion  in  Gaza  groundwater  coastal
aquifer, Palestine

The groundwater  head in  the Gaza coastal  aquifer

ranges from 0.0 (sea level) to −4.6 m, as shown in
Fig.  9. Fig.  10 illustrates the  outcome  of  the  cali-
bration  process,  comparing  the  simulated  and
observed heads from 15 monitoring wells with the
observed  heads  reported  by  Sirhan  and  Koch
(2013)  at  the  end  of  2010.  The  residuals  between
the  simulated  and  observed  heads  range  from
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Fig. 7 Seawater-freshwater interface for the experimental coastal aquifer based on the analytical solutions of: (a)
Gyhben-Herzberg, (b) Glover, (c) Rumer-Herleman, and (d) Verruijt
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−0.306  m  to  0.011  m,  with  a  Root  Mean  Square
(RMS)  error  of  0.17  m and  a  normalization  RMS
of 4.304%. These findings indicate a strong corre-
lation (R2 = 0.994) between the model outputs and
the  measurements  from  the  observation  wells,  as
shown in Fig. 10.

The  extent  of  saltwater  intrusion  in  the  Gaza

Coastal  Aquifer  (GCA)  was  measured  based  on
equi-concentration  lines.  These  measurements
revealed  intrusion  lengths  of  3,165  m  for  the
32,400  ppm  (90% saltwater  concentration),  4,760
m  for  the  18,000  ppm  (50% saltwater concentra-
tion), and 5,450 m for the 3,600 ppm contour (10%
saltwater concentration), as shown in Fig. 11.
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Fig. 8 Comparison between the experimental SW- FW interface for the experimental unconfined coastal aquifer
(from Armanuos,  2017)  and the analytical  solutions  for  Gyhben-Herzberg,  Glover,  Verruijt,  and Rumer-Herle-
man through the web-based interface
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Fig. 9 Groundwater head in the GCA
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Fig. 10 Calculated head versus observed head (Sirhan and Koch, 2013) for GCA
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Fig.  12 displays the  input  parameters  for  calcu-
lating the saline water  intrusion wedge toe for  the
Gaza coastal aquifer using the constant flux bound-
ary solution of Ataie-Ashtiani et al. (2013) through
the  web-based  interface  tool.  For  constant  flux
boundary saltwater  intrusion  problems,  the  fresh-
water  flux  boundary  condition  is  a  known  input.
The  parameters  include  the  aquifer  length  (L  =
1,000 m),  the  aquifer  depth  from  the  Mediter-
ranean  Sea  level  to  the  bottom  of  the  aquifer  bed
(Zo =  100  m),  the  density  of  freshwater  (ρf =1.0
gm/cm3),  the  density  of  saltwater  (ρs =  1.025
gm/cm3),  the  freshwater  flux  boundary  (Q  =  1.7

m2/d/m),  the  hydraulic  conductivity  of  the  aquifer
medium (K = 0.15 m/d), and the rate of recharge.

Fig. 13 shows the input parameters for calculat-
ing  the  saltwater  intrusion  wedge  toe  in  the  Gaza
coastal  aquifer  using  the  constant  head  boundary
solution of Ataie-Ashtiani et al. (2013) through the
web-based interface tool. For constant head bound-
ary seawater  intrusion  problems,  the  flux  bound-
ary condition is unknown, but the freshwater head
above the mean sea level is known. Firstly, the flux
boundary  condition  is  calculated  through the  built
web  interface  based  on  the  input  hydrological
parameters, and  then  the  toe  location  is  deter-
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Fig. 11 Simulated SI in Gaza aquifer for the base case. The contours represent the following concentration levels:
32,400 ppm for the 90% equi-concentration line, 18,000 ppm for the 50% equi-concentration line, and 3,600 ppm
for the 10% equi-concentration line
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Fig. 12 Input Parameters for calculating seawater intrusion wedge toe for the Gaza coastal aquifer using Ataie-
Ashtiani et al. (2013) through the web-based interface tool for a constant flux boundary problem
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mined.  The  input  parameters  include  the  aquifer
length  (L  =  1,000  m),  the  depth  of  the  coastal
aquifer  from  the  sea  level  to  the  groundwater
aquifer bottom (Zo = 100 m), the densities of fresh-
water  (ρf =1.0  gm/cm3)  and  saltwater  (ρs =  1.025
gm/cm3),  the  freshwater  head  overhead  mean  sea
level (hf = 16 m), the hydraulic conductivity of the
aquifer (K = 0.15 m/d), and the rate of recharge. At
Zo =  100  m,  the  calculated  intrusion  wedge  toe

measured  from  the  sea  boundary  equals  592.8  m
and  593.3  m  for  the  constant  flux  boundary  and
constant head boundary, respectively.

The web-based interface also calculated the new
location of the seawater intrusion wedge toe under
various  Sea  Level  Rise  (SLR)  scenarios  (∆Z).
Table 5 presents the input parameters for the Gaza
coastal aquifer and the resulting seawater-freshwa-
ter toe position (for Zo = 100 m) compared with the

 

m mm/year g/cm3 g/cm3

LEGEND

Seawater

Regional flow
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groundwater

Recharge, W

New sea level
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Land surface

 

Fig. 13 Input parameters for calculating seawater intrusion wedge toe for the Gaza coastal  aquifer using Ataie-
Ashtiani et al. (2013) through the web-based interface tool for a constant head boundary problem

 

Table 5 Parameters for the Gaza Coastal Aquifer and comparison of SW-FW web-based toe position (for Zo =
100 m) with Ataie-Ashtiani et al. (2013)

No.
K
(m/d)

W
(mm/a)

Zo

(m)
L (m) ∆Z S

Flux BC Head BC

Q (m2/d)

XT

Ataie-
Ashtiani et
al. (2013)

XT

Current
study

hb

(m)

XT

Ataie-
Ashtiani et
al. (2013)

XT

Current
study

1 15 58 100 10,000 0 - 1. 7 593 592.8 16.5 593 593.34
2 0.1 638 637.75 704 703.81
2 0.01 823 823.34 878 877.71

2 15 31 100 10,000 0 - 3.4 454 454.34 23.9 454 454.20
2 0.1 493 492.97 529 529.49
2 0.01 675 674.70 702 702.15

3 15 31 100 10,000 0 - 1.8 734 734.06 15 734 732.19
2 0.1 785 784.59 885 884.99
2 0.01 969 969.14 1055 1054.59
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analytical solutions of Ataie-Ashtiani et  al.  (2013)
for  different  SLR  scenarios.  The  additional  input
data required to assess the influence of SLR on the
seawater intrusion wedge toe location are the mean
seal level rise (∆Z) and the slope of the sea bound-
ary aquifer bed (s).

Table  5 shows  the  comparison  between  the
intrusion length for the Gaza coastal aquifer calcu-
lated by Ataie-Ashtiani et al. (2013) and the values
obtained through the web-based interface tool. The
results showed good agreement for a sea level rise
of  2.0  m  and  different  values  of  the  sea  slope
boundary.  This  agreement  is  evident  for  both  the
constant flux  and  constant  head  boundary  condi-
tions.

As presented in Table 5,  three scenarios for  the
Gaza coastal aquifers were implemented with vary-
ing  hydraulic  conductivity,  groundwater  recharge
rate,  and  depth  of  the  aquifer.  The  groundwater
recharge  rates  were  adjusted  to  58,  31,  and  31
mm/year  across  the  three  scenarios,  while  the
aquifer  depth  and  the  hydraulic  conductivity
remained constant.  Three  sea  slopes  were  consid-
ered: 0.0, 0.1, and 0.01, resulting in a total of nine
tested scenarios.  These  adjusted  scenarios  esti-
mated  the  intrusion  length  in  the  Gaza  coastal
aquifer  for  both  constant  head  and  constant  flux
boundary problems.

For  scenario  No.1,  with  a  constant  flux  of  1.7
m2/d, the web-based tool calculated seawater intru-
sion toe lengths of 592.8 m, 637.75 m, and 823.34
m for the bed slopes of 0.0, 0.1, and 0.01, respec-
tively. This compares with 593.34, 703.81, 877.71
m for  a  head  boundary  of  16.5  m under  the  same
respective  bed  slopes.  For  scenario  No.2,  with  a
constant  flux  of  3.4  m2/day,  the  web-based  tool
calculated seawater intrusion toe lengths of 454.34
m,  492.97  m,  and  674.7  m  for  bed  slopes  of  0.0,
0.1,  and  0.01,  respectively.  This  compares  with
454.49 m, 529.49 m, and 702.15 m for  a  constant
head boundary  of  23.9  m  under  the  same  respec-

tive bed slopes. For scenario No.3, with a constant
flux  of  1.8  m2/day,  the  web-based  tool  calculated
seawater intrusion toe lengths of 734.06 m, 784.59
m, and 969.14 m for the bed slopes of 0.0, 0.1, and
0.01,  respectively.  This  compares  with  732.19  m,
887.99  m,  and  1054.59  m  for  a  constant  head
boundary  of  15  m  under  the  same  respective  bed
slopes.

Table  6 presents  the  input  parameters  for  the
Gaza  coastal  aquifer  and  a  comparison  of  the
seawater-freshwater  web-based  toe  position  with
SEAWAT  results  (for  the  90% concentration  =
32400  mg/L,  at  Zo =  180  m)  under  Various  Sea-
Level  rise  (SLR).  SLR scenarios  of  0.5  m,  1.0  m,
1.5  m,  and  2.0  m  were  evaluated  using  the  web-
based interface and compared with simulated intru-
sion  lengths  from  the  SEAWAT  code.  The
comparison  between  the  calculated  and  simulated
seawater  wedge  toe  penetration  lengths  showed  a
good agreement across different SLR scenarios.

The  web-based tool  calculated  seawater  intru-
sion  toe  lengths  of  2,101  m,  2,119  m,  2,137  m,
2,155 m, and 2,173 m for SLR scenarios of 0.0 m
(steady-state),  0.5  m,  1.0  m,  1.5  m,  and  2.0  m,
respectively. In contrast, the SEAWAT code simu-
lated seawater intrusion wedge toe lengths of 2,208
m (steady-state),  2,216  m,  2,229  m,  2,243  m,  and
2,252 m for the same respective SLR scenarios.

Fig.  14 illustrates the  seawater  intrusion  distri-
bution  in  the  Gaza  coastal  aquifer  under  steady
state  conditions  and  SLR  scenarios  of  0.5  m,  1.0
m, 1.5 m, and 2.0 m. As the sea level increases, the
seawater  advances  further  inland  into  the  Gaza
coastal aquifer.  According to the SEAWAT simu-
lations, the saltwater intrudes an additional 8 m, 21
m, 35 m, and 44 m for SLR of 0.5 m, 1.0 m, 1.5 m,
and  2.0  m,  respectively,  compared  to  the  steady-
state  conditions.  Similarly,  the  web-based  tool
calculations  indicate  an inland advancement  of  18
m, 36 m, 54 m, and 72 m for the same SLR scenar-
ios, respectively, relative to the calculated value by

 

Table 6 Parameters  for  the  Gaza  Coastal  Aquifer  and  comparison  of  SW-FW  web-based  toe  position  with
SEAWAT results (for 90% concentration = 32,400 mg/L at Zo = 180 m) under various SLR scenarios

No. K (m/d) W (mm/a) Zo (m) L (m) ∆Z S

Flux BC

Q (m2/d) SEAWAT

XT

Current
Study
(m)

1 15 58 180 9,000 0 - 1.7 2,208 2,101
0.5 0.1 2,216 2,119
1.0 0.1 2,229 2,137
1.5 0.1 2,243 2,155
2.0 0.1 2,252 2,173
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(a) Steady-state SI (Xt=2208 m of 97%=34920 mg/L) 

(b) SLR=0.5 m (Xt=2216 m of 97%=34920 mg/L) 

(c) SLR=1.0 m (Xt=2229 m of 97%=34920 mg/L) 

(d) SLR=1.5 m (Xt=2243 m of 97%=34920 mg/L) 

(e) SLR=2.0 m (Xt=2252 m of 97%=34920 mg/L)
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Fig. 14 Seawater intrusion distribution in the Gaza coastal aquifer: (a) steady-state condition, (b) SLR = 0.5 m,
(c) SLR = 1.0 m, (d) SLR = 1.5 m, and (e) SLR = 2.0 m
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Ataie-Ashtiani et al. (2013) through the web-based
interface tool.

The  difference  between  the  simulated  intrusion
length (SEAWAT) in Gaza coastal aquifers and the
estimated  value  from  the  analytical  solution
through the web-based tool  is  7.0 m, 97 m, 92 m,
88 m, and 79 m for seal level rise scenarios equals
0.0 m, 0.5 m, 1.0 m, 1.5 m, and 2.0 m, consequen-
tially. 

4  Conclusion

This  study  successfully  developed  and  applied  a
web-based interface tool to illustrate the dynamics
of  the  seawater-freshwater  interface  using  several
established  analytical  solutions.  The  analytical
solutions  for  constant  flux  and  constant  head
boundary  conditions  were  compared  with  the
simulated intrusion  length  of  the  seawater  intru-
sion wedge obtained from the SEAWAT code. The
results  generated  by  the  web-based tool,  devel-
oped  in  JavaScript,  were  presented  for  three
distinct  case  studies:  A  hypothetical  unconfined
coastal  aquifer,  an  experimental  coastal  aquifer,
and  the  Gaza  coastal  aquifer.  Comparison  of  the
analytical solutions with experimental and numeri-
cal  results  for  the  hypothetical  and  experimental
aquifers  revealed that  the solutions by Glover  and
Rumer  Jr.  and  Harleman  demonstrated  the  best
agreement.  For  the  Gaza  coastal  aquifer,  the
seawater  intrusion  length  calculated  using  Ataie-
Ashtiani's  solution  showed  a  strong  correlation
with the results obtained from the web-based tool,
particularly  under  a  2.0-meter  sea-level  rise  and
across  a  range  of  sea  slope  boundary  values  for
both  constant  flux  and  constant  head  boundary
conditions.  The  study  confirmed  that  a  rising  sea
level in the Mediterranean Sea leads to a landward
advance of the seawater intrusion wedge toe in the
Gaza  coastal  aquifer.  Both  the  web-based  tool
predictions and the SEAWAT simulations showed
a  consistent  increase  in  the  seawater  intrusion  toe
length  with  increasing  sea-level  rise  scenarios.
While  both  approaches  exhibited  the  same  trend,
SEAWAT simulations generally predicted slightly
longer toe lengths compared to the web-based tool.
This study  provides  valuable  insights  into  saltwa-
ter  intrusion  in  coastal  aquifers.  The  findings  can
inform the development of  improved management
strategies and regulations aimed at  addressing and
mitigating  the  adverse  effects  of  this  incursion.
Additionally,  the  study  effectively  examined  the
impact  of  sea-level  rise  on  the  location  of  the
seawater  intrusion  toe  in  the  coastal  groundwater

aquifer  system  through  an  accessible  web-based
interface.

To further enhance the applicability and robust-
ness  of  the  developed  tool,  future  research  should
focus on several key areas. Incorporating transient
conditions  into  both  analytical  and  numerical
models will enable the simulation of more realistic,
time-dependent  variations  in  the  seawater–fresh-
water interface. Additionally, conducting thorough
sensitivity  and uncertainty  analyses  will  provide a
deeper  understanding  of  the  influence  of  critical
hydrogeological  parameters,  such  as  hydraulic
conductivity  and  porosity,  on  model  predictions.
Finally,  planned  improvements  to  the  web-based
interface  include  enhanced  interactivity,  greater
parameter customization,  and  the  dynamic  visual-
ization of simulation results.

Web-Based Seawater-Freshwater Interface Link:
https://mselmy.github.io/Seawater-Freshwater-
Interface-Web-Based-Model/index.html. 
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