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Abstract
Investigating the repercussions of climate change and irrigation timing on groundwater contamination necessitates thor-
ough examination of the fluctuations in seawater and groundwater recharge temperature. This study introduces an innova-
tive numerical approach to analyze groundwater salinity and temperature dynamics across three distinct scenarios using 
the SEAWAT code based on Henry's problem. The first scenario delves into the impact of seawater temperature, the second 
focuses on the consequences of aquifer freshwater recharge temperature, and the third amalgamates the effects of both 
scenarios. Remarkably, the study reveals that saltwater intrusion (SWI) experiences a decline attributable to the aqui-
fer's heightened seawater temperature and the diminished inland freshwater temperature. Furthermore, combining these 
two scenarios has a more pronounced effect on aquifer pollution; the temperature-induced changes in SWI for this third 
scanrio reach + 8.10%, + 12.70%, + 16.20%, + 24.90%, + 28.30%, and + 31.80% compared to the case without considering 
the temperature effect. Notably, our results propose a potential strategy to mitigate SWI by introducing cold freshwater 
recharge into aquifers, such as irrigation at night time when water temperature is low. This innovative approach underscores 
the interconnectedness of various environmental factors. It provides a practical avenue for proactive intervention in safe-
guarding groundwater quality against the adverse impacts of climate change and irrigation practices.

Keywords Climate change · SEAWAT  · Aquifer and ocean temperature · Seawater intrusion control

Abbreviations
2D  Two dimensions
3D  Three dimensions

ADCI  Abstraction of brackish water, Desalina-
tion, Cooling the desalinated water, and 
Injection into the aquifer

ET  Evapotranspiration
FEFLOW  Finite element to simulate flow, mass, 

and heat transport processes in the sub-
surface flow system

FSGD  Fresh submarine groundwater discharge
HST3D  A computer code for simulation of heat 

and solute transport in three-dimensional 
groundwater flow systems

GWT   Groundwater temperature
LST  Land surface temperature
HYDROCOIN  Hydrologic code intercomparison
IPCC  Intergovernmental panel on climate 

change
IMT  Integrated MT3DMS Transport
MODFLOW  United States geological survey modular 

finite-difference flow model
MT3DMS  Modular transport three-dimensional 

multi-species
MSL  Mean sea level
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MOCDENSE  A two-constituent solute transport model 
for groundwater

SEAWAT   Three-dimensional variable-density 
groundwater flow

SLR  Sea-level rise
SWI  Saltwater intrusion
SUTRA   Saturated–unsaturated variable-density 

groundwater flow with solute or energy 
transport

SUTRA-MS  SUTRA-simulate heat and multiple-
solute transport

SWIFT  Three-dimensional Model to Simulate 
Groundwater Flow, Heat, Brine, and 
Radionuclide Transport

TOUGH2  Multi-dimensional numerical models 
for simulating the coupled transport of 
water, vapor, non-condensible gas, and 
heat in porous and fractured media

USA  United States of America
VDF  Variable-density flow

Introduction

Aquifer–ocean temperature contrasts are common world-
wide. They affect flow and salinity distributions in uncon-
fined coastal aquifers (Nguyen et al. 2020). Water scarcity 
problems are caused by several factors, including ecosystem 
degradation, over-pumping, overpopulation, climate change, 
and pollution (Rosegrant et al. 2002; Abd-Elaty et al. 2024). 
In arid and semi-arid regions with limited annual rainfall, 
groundwater is the primary water source for agriculture, 
industry, and domestic use (Todd and Mays 2004). The most 
densely populated regions in the world are coastal zones, 
with 53% of the world's population living within 200 km of 
the coast; these areas are subjected to serious hydrological 
problems such as the shortage of freshwater, groundwater 
contamination, and seawater intrusion (SWI) (Abd-Elaty 
et al. 2021b; Bear 2012).

Coastal fresh groundwater management is a challenging 
research topic due to the relevance of these resources and 
the enormous risks due to global change and overpopulation 
(Abd-Elaty et al. 2021b; Bear 2012).

Groundwater is a relatively stable source since climate 
fluctuations usually induce relatively small variations 
in groundwater levels. A large volume of water stored in 
aquifers may serve as a buffer to supply water during pro-
longed drought periods (Bear and Cheng 2010). SWI occurs 
when saline water displaces freshwater in aquifers. This 

phenomenon occurs not only in coastal aquifers from seawa-
ter invasion but also in shallow aquifers from the discharge 
of surface waste and deep aquifers from the advance of salt 
water of geologic origin (Abd-Elaty et al. 2021a; Todd and 
Mays 2004).

The Intergovernmental Panel on Climate Change (IPCC, 
2007) showed that the sea-level rise (SLR) was predicted 
to be 18–58 cm, with a rate of rising 8–16 mm  year−1 from 
2081 to 2100 (IPCC, 2014). Around 95% of the world’s 
coastal areas will be severely affected by SLR by 2100, 
increasing the risk of flooding and SWI (Agren and Sven-
sson, 2007).

SLR is among the most important consequences of global 
climate change and is widely acknowledged as a major threat 
to many countries. About 10% of our planet's total popu-
lation lives in coastal regions and will likely face increas-
ingly frequent inundation events and eventually become 
permanently flooded (Carrasco et al., 2016). Abd-Elaty 
et al. (2022) studied the impact of climate change on SLR 
and the reduction in fresh groundwater recharge on SWI in 
a coastal aquifer. The results showed that aquifer salinity 
significantly influences boundary conditions. Mazhar et al. 
(2022) studied the effect of salinization caused by SLR on 
the biological processes of coastal soils. The results showed 
that the biological activity of soils affected by SLR is cer-
tainly needed in both the short and long terms. Zhu et al. 
(2023) developed an experimental analysis of the pumping 
effect on SWI, the results of intermittent and constant pump-
ing for the same total extraction rate, showing that intermit-
tent pumping caused earlier well salinization compared to 
constant pumping. However, the aquifer contained a greater 
mass of salt under constant pumping.

Since 1964, the variations of Henry's problem (1964) 
have been solved (Simpson and Clement 2004), including a 
temperature–salinity developed numerically and laboratory 
by Henry and Hilleke (1972). Xin et al. (2023) presented 
the impact of cooling fresh groundwater recharge on SWI 
in coastal aquifers. The decreasing groundwater tempera-
ture (by extracting fresh groundwater from and recharging 
cooled and more viscous water back into coastal aquifers) 
can relieve seawater intrusion and lead to safe exploita-
tion of the fresh submarine groundwater discharge (FSGD) 
based on laboratory experiments and numerical simulations. 
Benz et al. (2017) estimated the land surface temperature 
(LST) and shallow groundwater temperature (GWTs) 
(Fig. 1), the study showed that the regions where snow 
cover is decreasing, the offset between GWTs and LST will 
decrease, and the GWTs will increase at a slower rate than 
LST. Also, the study showed that GWTs are warmer than 
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LST in 83% of all measurement points. The average offset 
is 1.2 ± 1.5 K with highest offset in both the warmest and 
coldest areas of Earth. Also, the regions where the offset is 
predominantly dictated by evapotranspiration (ET), declin-
ing ET will decrease the offset and reduce GWTs increase 
otherwise in rising ET.

Dausman et al. (2010) compared the numerical model 
results of SEAWAT V.4 with the laboratory experiment 
of Henry and Hilleke (1972) for solute and heat trans-
port. The experiment used a large sand tank to recharge 
warm freshwater. At the same time, the cold saline water 
boundary was represented on the one side. The experiment 
observed a narrow transition zone between the saltwater 
and freshwater flow systems. It displayed a good agreement 
with the SEAWAT simulation. Langevin (2007) showed 
that aquifers' temperature distribution might change due to 
groundwater flow patterns due to the effects of density and 
viscosity, where the freshwater density changes from 1000 
to 999.6 kg/m3 by increasing the temperature by 10˚C. 
Decreasing the density can significantly affect groundwa-
ter flow (Henry and Hilleke 1972). Van Lopik et al. (2015) 
studied salinization induced by heat transfer from well cas-
ings in a stratified aquifer. The study concluded that the 
heat loss from hot well casings should be considered when 
monitoring long-term changes in groundwater quality near 
wells where hot liquids or gases are transported.

Pu et al. (2021) investigated the effect of artificial fresh-
water recharge temperature on SWI, and the restoration 
salinized using experimental and numerical studies. The 
results showed that cold freshwater recharge performs bet-
ter compared with water in mitigating SWI. Hot freshwater 

recharge induces a marked overshoot of salinity distribution: 
Seawater retreats first but intrudes until a steady state. Yu 
et al. (2022) studied the impact of thermal in heterogeneous 
coastal aquifers on flow and salinity distributions; the study 
showed that the warmer freshwater could lead to a signifi-
cant landward intrusion of the freshwater–seawater interface 
in the heterogeneous aquifer. Nandimandalam et al. (2023) 
studied the impact of sea surface temperature anomaly for 
2017, 2018, and 2019, which varies between 21–39 °C, 
15–34 °C, and 20–39 °C which impact on SWI in the coastal 
Andhra Pradesh region in India using field investigation by a 
total of 234 water samples. Abd-Elaty et al. (2023) mitigated 
SWI in coastal aquifers using injection of freshwater cool-
ing. The study developed a new method using Abstraction of 
brackish water, Desalination, Cooling the desalinated water, 
and Injection into the aquifer (ADCI) strategy; the results 
recommended that the irrigation can be done at night when 
freshwater temperatures are low.

Climate change impacts the surface water temperature 
in oceans and the freshwater used in the irrigation pro-
cess. The simulation of groundwater systems may require 
studying how changing the groundwater temperature affects 
variable-density flow in coastal aquifers. Therefore, this 
study aims to present a new simulation for a hypothetical 
case of Henry's problem, considering the effect of tempera-
ture on SWI. The current study is developed to investigate 
the changing of seawater and aquifer freshwater recharge 
boundary temperature by 10 °C, 15 °C, 20 °C, 30 °C, 35 
°C, and 40 °C influencing groundwater contamination by 
SWI in coastal aquifers.

Fig. 1  Global map of shallow groundwater temperature (Benz et al. 2017)
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Materials and methods

Coupled fluid flow and solute transport model

The 3D variable density of groundwater flow coupled 
with multi-species of solute and heat transport of SEA-
WAT V.4 was used in the current study. This updated ver-
sion of SEAWAT (Guo and Langevin, 2002; Langevin and 
others, 2003), was designed to calculate fluid density and 
viscosity as a function of one or more species, and heat 

can be represented as one of the species. The variable-
density flow (VDF) process solves the variable-density 
flow equation in the freshwater head (Guo and Langevin 
2002). The Integrated MT3DMS Transport (IMT) process 
solves the advection–dispersion equation (Zheng and Wang 
1999). The governing equation of the heat transport equa-
tion which was manipulated by (Thorne et al. 2006) to 
highlight the similarity with the solute transport equation. 
This code follows a modular structure; thus, new capabili-
ties can be added with only minor modifications to the main 
program. SEAWAT reads and writes standard MODFLOW 

Table 1  The parameters used 
for the Henry–Hilleke problem 
and Henry's problem (Dausman 
et al. 2010) and Henry's 
problem (Guo and Langevin 
2002) 

Parameter Henry–Hilleke 
problem

Henry's problem Units

Values

Saltwater head (hs) 1 1 m
Inland freshwater flux (qin) 7.20 5.702 m3 day −1  m−1

Saltwater density (ρs) 1025 1025 kg  m−3

Freshwater density (ρf) 1000 1000 kg  m−3

Specific storage 0 0 m−1

Longitudinal dispersivity (αL) 0 0 m
Transverse dispersivity (αT) 0 0 m
Molecular diffusion coefficient (D*) 2.0571 0.57024 m2  day−1

Thermal diffusivity (D*) 20.571 20.571 m2  day−1

Saltwater concentration (C) 35,700 35,700 mg  L−1

Hydraulic conductivity (k) (Isotropic) 864 864 m−1 day
Porosity (n) 0.35 0.35 Dimensionless
Reference kinematic viscosity 0.0864 0.0864 m2  day−1

Reference dynamic viscosity 86.4 86.4 Kg  m−1  d−1

Reference concentration 0 0 mg  L−1

Reference temperature 25o 25o c
Density changes with concentration 0.715 0.715 Dimensionless
Density changes with temperature − 0.375 − 0.375 Dimensionless

Fig. 2  Henry and Hilleke problem boundary condition for head (left) and concentration (right)
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and MT3DMS data sets, although some extra input may 
be required for some SEAWAT simulations. This means 
that many existing pre- and post-processors can be used to 
create input data sets and analyze simulation results. Users 
familiar with MODFLOW and MT3DMS should have lit-
tle difficulty applying SEAWAT to problems of variable-
density groundwater flow (Guo and Langevin 2002).

SEAWAT (Guo and Langevin 2002) also accurately 
simulates the Henry problem, and SEAWAT results com-
pare well with those of SUTRA (Voss 1984). The Elder 
problem is a complex flow system in which fluid flow is 
driven solely by density variations. Results from SEA-
WAT, for six different times, compare well with results 
from Elder's original solution and results from SUTRA. 
The HYDROCOIN problem consists of fresh groundwa-
ter flowing over a salt dome. Simulated salinity contours 
compare well for SEAWAT and MOCDENSE (Sanford 
and Konikow 1985).

One of the powerful new options in SEAWAT-2000 is 
the capability to use the VDF process without simulat-
ing solute transport. This option could be used for many 
coastal groundwater flow models that require accurate 
ocean boundary representation but do not require simula-
tion of saltwater intrusion. This approach can substantially 
shorten computer runtimes because time step lengths are 
not restricted by stability criteria necessary for accurate 
transport solutions. This improvement allows users to 
quickly change simulation options without changing the 
input files (Guo and Langevin 2002).

Also, it can simulate solute and heat transport simulta-
neously, as well as the effect that fluid viscosity variations 
have on resistance to groundwater flow (Langevin et al. 
2008).

The variable-density flow (VDF) process solves the var-
iable-density flow equation in terms of the freshwater head 
(Guo and Langevin 2002), Eq. 1:

Fig. 3  Isochlor of modeling results for: a SEAWAT_V4 for concen-
tration, b SEAWAT_V4 for temperature, and c and d concentration 
and temperatures, respectively, for SUTRA-MS results  in color shad-
ing by the solid black lines, numerical solution by Henry and Hilleke 

(1972) shown as the 50% concentration contour and the 27.5 °C tem-
perature contour   by the solid red line, and the  solution by  HST3D 
results shown as the dashed black line (Hughes and Sanford 2004)
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The Integrated MT3DMS Transport (IMT) process solves 
the solute transport equation (Zheng and Wang 1999), Eq. 2:

The governing equation of the heat transport equation 
(Langevin et al. 2008) is expressed as follows, Eq. 3:

Dynamic viscosity in SEAWAT is developed as a function 
of only temperature and solute concentration; the general equa-
tion is the following term (Langevin et al. 2008) expressed as 
follows, Eq. 4:

where ρ0: fluid density  [ML−3] at the reference concentra-
tion and temperature; μ: dynamic viscosity  [ML−1 T −1]; 
K0: hydraulic conductivity  [LT−1]; h0: hydraulic head [L], 
ρb: bulk density  [ML−3], ρs: density of the solid  [ML−3], 
Ss, 0: specific storage  [L−1], t: time [T]; θ: porosity [-]; C: 
salt concentration  [ML−3], q: specific discharge [LT −1],  q\

s: 
a source or sink [T −1], Dm

k: the molecular diffusion coef-
ficient  [L2T −1] for species k; α: the dispersivity tensor [L]; 
Kd

k: distribution coefficient of species k  [L3 M −1], Ck: the 
concentration of species k  [ML−3], Cs

k: the source or sink 
concentration  [ML−3], CPsolid: specific heat capacity of the 
solid  [L2 T −2 ºK −1], CPfluid: specific heat capacity of the 
fluid  [L2 T −2 ºK −1], KTbulk: bulk thermal conductivity of 
the aquifer material  [ML3 T −2 ºK −1], Ts: source tempera-
ture [ºK]; μ: dynamic viscosity  [ML−1 T −1]; μo: reference 
dynamic viscosity  [ML−1 T −1]; Co

k: the concentration of 
species k  [ML−3]; T: temperature [ºK]; and T0: reference 
temperature [ºK].

Verification of the SEAWAT model for temperature 
simulation

The finite-difference model SEAWAT (V.4) was tested using 
a standard benchmark problem by Henry and Hilleke (1972) 
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for variable-density groundwater flow and solute transport 
codes. This benchmark problem was designed to represent 
the coastal zone of a carbonate platform where groundwater 
flow is affected by variations in salinity and temperature. This 
benchmark problem used to test the variable-density codes 
of HST3D (Kipp 1987; 1997) and SUTRA-MS Hughes and 
Sanford (2004) for temperature and concentration effects. 
Figure 2a and b presents the boundary of Henry and Hilleke 
(1972) problem as presented in Dausman et al. (2010), which 
consists of a rectangular domain representing a confined aqui-
fer 100 cm in length, 100 cm in height, and 100 cm in width; 
the domain is divided into two rows with 40 columns and 
40 layers, each cell dimension equals to (Δx × Δz × Δy) 2.50 
cm × 2.50 cm × 50 cm.

Henry and Hilleke (1972) developed a semi-analyti-
cal solution for a couple of groundwater flow and solute 
transport in a confined aquifer toward a seawater boundary 
called Henry's problem. This problem is tested using sev-
eral numerical models. Segol et al. (1975) indicated that the 
solution to Henry's problem was not exact due to computa-
tional reasons. They recalculated Henry's solution with the 
additional terms and showed that it slightly differed from 
the original. The analytical solution to Henry's problem 
was developed assuming a constant dispersion coefficient 
under steady-state conditions (Guo and Langevin 2002). The 
Henry problem is used as benchmark solutions by INTERA 
(1979) using SWIFT; by Voss and Souza (1987) using 
SUTRA; by Kolditz (1994) using FEFLOW; by Oldenburg 
and Pruess (1995) using TOUGH2, and by Guo and Lan-
gevin (2002) using SEAWAT.

The Henry–Hilleke problem boundary conditions for 
seawater and temperature are defined in Fig. 2a, b. The left 
vertical boundary of the land side is assigned by freshwater 
recharge  (QIN) by 7.20  m3  day−1, equivalent to a hydrostatic 
freshwater head. Also, a constant concentration  (CIN) equals 
0 mg  L−1, with temperatures ranging from 50 at the left 
bottom corner to 38.5°C at the left top corner. The right 
vertical boundary is set at a hydrostatic seawater constant 
head boundary of 1 m with a density of 1025 kg  m−3. Also, 
a constant concentration of 35,000 mg  L−1 with a constant 
temperature of 5 °C was assigned. The upper and lower 
model boundaries have no flow; in the non-isothermal case, 
a specified temperature at the bottom varies from 50 to 
5 °C and from 38.5 to 5 °C at the top in the direction of the 
sea (Table 1). 

Also, a low hydraulic conductivity value at the top and 
bottom boundaries of 432 m  d−1 minimizes the convective 
heat flux from the temperature boundaries. In comparison, 
the other layers have 864  md−1.

The current model results were tested and compared 
for different considerations and simulations. Figure  3 
presents the Henry–Hilleke problem results for salt and 
temperatures, respectively.  Also, it can be observed 
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that the simulated model results for the Henry–Hilleke 
problem match well with the results from SUTRA-MS, 
HST3D (Hughes and Sanford 2004; Thorne and others 
2006), and the original Henry and Hilleke (1972) for salt 
and temperature concentration. The SUTRA-MS results 
are shown in color with the solid black lines, while Henry 
and Hilleke numerical solution, has shown as the 50 per-
cent contour and the solid red line, and HST3D results 
shown as the dashed black line as published by Hughes and 
Sanford (2004) as presented in Fig. 3. 

Hypothetical modeling of Henry's problem

Henry's problem (1964) is the most popular benchmark 
test of a variable-density flow application (Klassen and 
Allen 2017). The accuracy problems in the semi-analyti-
cal solution for the original Henry results are not close to 
those developed by the numerical solutions because the 
equipotential head contours are not orthogonal to Darcy 
velocity vectors in Henry's results (Kolditz 1994). These 
problems confused the other solution to verify the numeri-
cal codes due to the uncorrected values of molecular dif-
fusion, which did not correlate with the original Henry 
value (Voss and Souza 1987). These reasons are derived 

from considering two values of molecular diffusion (Dm), 
which is 2.0571  m2  d−1. Impermeable strata with no-flow 
boundaries define the upper and lower boundary. The aqui-
fer is homogenous and isotropic, and the input values used 
in Henry and Hilleke (1972) problem are summarized in 
Table 1.

The current model was based on the standard and modi-
fied the Henry problem to study saltwater intrusion in two 
cases: base and heat simulation. The domain of the Henry 
problem is 2 m horizontal, 1 m vertical, and 10 cm in width; 
as shown in Fig. 4a, the domain is divided into 41 columns, 
20 layers, and two rows with equal cell dimensions of 25 
 cm2 except for the last column at the seaside the length is 
0.50 cm. Figure 4a presents the boundary conditions of 
Henry's problem. 

A hydrostatic seawater head fixes the right boundary con-
dition with a constant concentration of 35,000 ppm. In con-
trast, a constant freshwater flux fixes the left side by 5.702 
 m3  d−1  m−1 while the model head ranges from zero at the 
seaside. In this case, the model was carried out using a con-
stant dispersion coefficient (Dm) based on the assumption 
that Henry's solution uses a molecular diffusion coefficient 
of 0.57024  m3  day−1  m−1. The 0.5 isochlor reached 86.50 
cm from the seaside at the base case (Fig. 4b).

Fig. 4  Henry's problem for a definition sketch and b SWI results for Henry's problem using SEAWAT without temperature effect

Fig. 5  Isochlor for Henry's problem at the base case for the distribution of SWI (left) and temperature isochlors 25 oC (right)
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The current model results were tested and evaluated with 
the other codes, and a good agreement was given in the 
results as presented in Fig. 4b.

Results

Impact of water temperature on SWI

The model simulated Henry's problem, considering the 
effect of temperature. The ocean boundary conditions for 

temperature and concentration were set along the right 
side with a constant temperature of 25 degrees Celsius and 
35,000 ppm, considering the hydrostatic conditions based on 
a fluid density at 25 °C. The aquifer's left freshwater influx 
boundary was also at 25 °C. The thermal effect is included 
in the SEAWAT model in this case, and the wedge of the 
saline water intrusion, considering the temperature, is shown 
in Figs. 5a, b. The intrusion of 0.5 isochlor reached 105 cm 
from the seawater boundary, compared to 86.5 cm for the 
case without thermal effect in SEAWAT. This means that the 
thermal effect led to increased intrusion length.

Fig. 6  Distribution of SWI for Henry's problem by changing the saline water temperature
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Impact of increasing the seawater boundary 
temperature (Scenario 1)

The numerical model was developed to study the combined 
effect of concentration and temperature. This scenario was 
modeled by changing the saline water temperature as a result 
of climate change by 10 °C, 15 °C, 20 °C, 30 °C, 35 °C, and 
40 °C. The model results showed that increasing the saline 
water temperature increases SWI to 109.50 cm, 108 cm, 
107 cm, 105 cm, 98.50, and 95.50 cm compared with 86.50 
cm at the base for the effect of concentration only (without 
temperature effect). The lower the seawater temperature, the 

greater is the SWI wedge into the aquifer (see Fig. 6). At the 
same time, increasing the saline water temperature has more 
effects on the reduction of the SWI. 

The heat distribution in the aquifer increased for the 
saline water temperature by 10 °C, 15 °C, 20 °C, 30 °C, 35 
°C, and 40 °C, respectively, compared to the case without 
considering the temperature effect in the SEAWAT model, as 
shown in Fig. 7 and theSWI length.

The relation between the seawater temperatures and SWI 
length is presented in Fig. 8. The figure shows a decrease 
in SWI by 26.60%, 24.90%, 23.70%, 18.50%, 13.90%, and 
10.40%, for ocean temperature of 10 °C, 15 °C, 20 °C, 30 

Fig. 7  Heat Distribution for Henry's problem by changing the saline water temperature
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°C, 35 °C, and 40 °C, respectively, compared with the base 
case without including the temperature effect in the SEAWAT 
model. Increasing the seawater temperature decreases the vis-
cosity of saline water and its hydrostatic force. These leads to 
a decrease in the SWI  wedge in coastal aquifers. The model 
temperature at 10 °C produced the maximum saline water 
intrusion length after which the wedge started to decrease 
again. 

Also, the saltwater intrusion repulsion was calculated by 
(L-L0)/L0 to check the aquifer salt situation which the positive 
sign indicated that the aquifer salt is more than the base case, 
and this is a negative impact to salt remove while the negative 
sign represents a positive effect on SWI, where  L0 is the initial 
SWI length, and L is the SWI length at the given case.

Effect of aquifer recharge influx temperature 
on saltwater intrusion (Scenario 2)

This scenario was modeled by changing the freshwater 
recharge temperature by 10 °C, 15 °C, 20 °C, 25 °C, 30 °C, 
35 °C, and 40 °C, respectively, compared to the base case 
without considering the temperature effect.  Figure 9 shows 
that the seawater intrusion length reached 88 cm, 92.50 cm, 
99 cm, 105 cm, 110.50 cm, 115.50 cm, and 121.50 cm, for 
temperature 10 °C, 15 °C, 20 °C, 25 °C, 30 °C, 35 °C, and 
40 °C, respectively, compared to the base case where the 
intrusion length was 86.50 cm. This increase in the intrusion 
length is attributed to the decrease in freshwater density and 
viscosity by increasing the freshwater temperature, which 
promotes the seawater intrusion further into the aquifer. 

The groundwater heat increased as presented in Fig. 10 
for changing the temperature of the boundary condition of 
the freshwater. The results presented in Fig. 10, which shows 
the heat distribution, have hydrological importance because 
heat distribution within the aquifer guides hydrogeologists 

for optimum for freshwater abstractions. Whenever the 
weather is cold, it me be more appropriate to abstract water 
with relatively warm temperature. The opposite is true in hot 
weather, where the abstraction of colder water may be better 
option. This can also lead to energy saving. 

Figure 11 presents the relation between the freshwater 
recharge temperature and SWI length. Increasing the fresh-
water  temperature to  10 °C, 15 °C, 20 °C, 30 °C, 35 °C, 
and 40 °C, led to increase in SWI by 0.60%, 6.90%, 14.50%, 
27.80%, 33.50%, and 40.50%, respectively, compared to the 
base case where the temperature effect was not considered. 
The results showed that increasing the aquifer temperature 
using hot irrigation water in the summer seasons or water 
injection will decrease the water viscosity and increase SWI 
in coastal aquifers.

Effect of the combination between scenarios 1 and 2

This scenario was developed by a combination of rising 
seawater boundary temperature by 10 °C, 15 °C, 20 °C, 30 
°C, 35 °C, and 40 °C and also changing the temperature of 
freshwater recharge temperature by 10 °C, 15 °C, 20 °C, 30 
°C, 35 °C, and 40 °C, respectively. The results showed that 
the intrusion reached 93.50 cm, 97.50 cm, 100.50 cm, 105 
cm, 108 cm, 111 cm, and 114 cm, respectively, as shown 
in Fig. 12, compared to the base case where the intrusion 
length was 86.50 cm. Figure 13 is presented an increas-
ing in the heat distribution in the aquifer for the combined 
of saline water and aquifer freshwater temperature by 10 
°C, 15 °C, 20 °C, 30 °C, 35 °C, and 40 °C, respectively, 
compared to the case without considering the temperature 
effect. This represents increase in SWI by 8.10%, 12.70%, 
16.20%, 24.90%, 28.30%, and 31.80%, respectively  as 
shown in Fig. 14.

The aquifer temperature was increased (Fig. 13) for the 
combined sea and aquifer temperature by 10 °C, 15 °C, 20 
°C, 25 °C, 30 °C, 35 °C, and 40 °C, respectively (Table 2). 
The relation between the combined seawater with freshwa-
ter recharge temperatures and SWI length is presented in 
(Fig. 14) by 10 °C, 15 °C, 20 °C, 25 °C, 30 °C, 35 °C, and 
40 °C, respectively (Table 2).

Discussion

In implementing engineering prevention measures, it is para-
mount to increase human awareness regarding the profound 
impact of climate change on elevating freshwater body tem-
peratures within coastal aquifers. This heightened awareness 
is indispensable for ensuring the efficacy of these measures 
and promoting the sustainable utilization of groundwater 
resources in future planning endeavors (Byrne 1999; Ehtiat 
et al. 2018).

Fig. 8  Relation between the SWI and temperature of the saline water 
heads for Henry's problem
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This study unveils the outcomes of Henry's problem 
in its base case, wherein the 0.5 isochlor of the seawater 
wedge extends to 86.50 cm from the seaside when the heat 
effect is not considered in the SEWAT model. Exploring the 
impact of temperature on SWI, both the freshwater and sea-
water boundary conditions were both maintained at 25 °C. 
This increase in boundary temperature resulted in the SWI 
intrusion extending to 105 cm, which represents a 21.40% 
increase compared with the baseline case intrusion length of 
86.50 cm.

The study further investigated variations in saline water 
temperatures, ranging from 10 °C to 40 °C, compared to 

the base case that has no temperature effect. The SWI 
length experienced reductions of + 26.60%, + 24.90%, 
+ 23.70%, + 18.50%, + 13.90%, and + 10.40% for seawa-
ter boundary temperature of 10 °C, 15 °C, 20 °C, 25 °C, 
30 °C, 35 °C, and 40 °C, respectively, compared to the 
basecase.

Additionally, variations in freshwater recharge bound-
ary temperature, ranging from 10 °C to 40 °C, are explored 
against the baseline case without temperature influence. The 
saltwater intrusion repulsion registered increments of + 1.7
0%, + 6.90%, + 14.50%, + 27.80%, + 33.50%, and + 40.50% 
corresponding to the temperatures of  10 °C, 15 °C, 20 °C, 

Fig. 9  Distribution of SWI for Henry's problem by changing the aquifer water temperature
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25 °C, 30 °C, 35 °C, and 40 °C, respectively, compared to 
the basecase. The combined impact of seawater temperature 
and freshwater temperature is also considered, with tem-
perature range of 10°C to 40°C. The temperature-induced 
changes in the SWI wedge length increase of  + 8.10%, + 
12.70%, + 16.20%, + 24.90%, + 28.30%, and + 31.80%  for 
temperatures of 10 °C, 15 °C, 20 °C, 25 °C, 30 °C, 35 °C, 
and 40 °C, respectively, compared to the basecase.

This intricate examination sheds light on the interplay 
between various temperatures and their cumulative effects 
on SWI in coastal aquifers. It provides valuable insights 

for understanding and managing the complex dynamics of 
groundwater systems in the face of changing temperature 
conditions (Fig. 15).

The SWI concentration results without the impact of 
temperature are in agreement with Al-Charideh (2012) and 
Abd-Elaty et al. (2021b), while the influence of SWI con-
centration with temperature results fit with Langevin et al. 
(2007). Many studies, including Nguyen et  al. (2020), 
applied laboratory experiments and numerical simulations to 
study the effect of temperature on tidally influenced coastal 
unconfined aquifers. The study has illuminated the intricate 

Fig. 10  Distribution of heat for Henry's problem by changing the aquifer water temperature
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relationship between seawater temperature and key hydro-
dynamic factors within coastal aquifers. Elevated seawater 
temperature amplifies hydraulic conductivity, fostering 
heightened aquifer–ocean mass exchange, intensifying tid-
ally induced seawater circulation, and augmenting subma-
rine groundwater discharge. This phenomenon is particularly 
pronounced in cold temperate zones, where the significant 
temperature contrast between seawater and groundwater 
contributes to enhanced coastal dynamics.

The thermal effect on coastal dynamics is comparably 
diminished in regions closer to the equator, where the tem-
perature differential is less substantial. In a compelling 
contrast to the isothermal scenario, our findings reveal 
a noteworthy upsurge of up to 40% in the tide-induced 
seawater circulation rate within the intertidal zone when 
seawater surpasses groundwater in temperature. This 
underscores the pivotal role of thermal conditions in 
influencing the intricate dynamics of coastal aquifers, with 
implications that extend from hydraulic conductivity to 
tidal circulation rates, providing valuable insights for com-
prehending and managing these complex systems. Pu et al. 
(2021) showed that the seawater temperature increases or 
freshwater temperature decreases, the freshwater–seawa-
ter interface retreats seaward, and thus, the freshwater 
storage increases. This occurs because of temperature-
induced changes to the fluid density and aquifer hydraulic 
conductivity. In other words, warmer seawater caused the 
seawater to retreat seaward, whereas the warmer fresh-
water induced further seawater intrusion compared to the 
isothermal case.

Cogswell and Heiss (2021) studied the impact of 
controlling the climate and seasonal temperature on the 

biogeochemical transformations in unconfined coastal 
aquifers; the results indicated that the efficiency of nitrate 
removal increased from 5 to 88% by increasing the fresh-
water temperature from 5 to 35 °C. Blanco-Coronas et al. 
(2022) showed that the temperature distribution in coastal 
aquifers is highly sensitive to natural changes or those 
induced by humans. The position of the freshwater–salt-
water interface and the thermal plume depends on ground-
water recharge, which, in turn, depends on climate vari-
ability and/or water management. Abd-Elaty et al. (2023) 
developed a new approach using the Abstraction of saline 
water, Desalination, Cooling the desalinated water, and 
Injection into the aquifer (ADCI) strategy. The results 
showed that coastal regions' freshwater recharge is sensi-
tive to the thermal regime. Xin et al. (2023) studied the 
impact of decreasing groundwater temperature relieving 
seawater intrusion in coastal aquifers. The results showed 
about 47.4% with groundwater cooling and without fresh 
groundwater exploitation. Furthermore, without incur-
ring further seawater intrusion, groundwater cooling can 
lead to 35.7% of fresh submarine groundwater discharge 
(FSGD) exploitation.

This study and existing literature underscore the pivotal 
role of temperature in significantly influencing saltwater 
intrusion (SWI) dynamics within coastal aquifers. The find-
ings presented here bear critical implications for decision-
makers involved in future planning, management, and design 
processes to safeguard freshwater storage against climate 
change and rising sea and ocean temperatures, recognized 
as key drivers impacting SWI.

Furthermore, our study reveals a noteworthy observation: 
coastal aquifers in elevated regions with higher seawater 
temperatures exhibit a more pronounced positive correla-
tion than those with lower temperatures. This phenomenon 
can be attributed to the inverse relationship between sea-
water temperature and saline water density, coupled with a 
reduction in the hydrostatic force of seawater as tempera-
tures increase. These insights contribute to a deeper under-
standing of the complex interactions in coastal aquifers, 
providing valuable guidance for decision-makers grappling 
with changing environmental conditions. However, this 
option can increase the groundwater recharge to the sea 
and decrease the fresh groundwater storage in coastal areas, 
which the saline water interface will balance as a base case 
as presented by Pu et al. (2021).

Moreover, the practical application for the irrigation pro-
cess in the morning or at night with low water temperatures 
could control the coastal aquifer salinity and support the 
freshwater resources in coastal aquifers. Cooling the fresh-
water is an energy requirement and could preferably be done 

Fig. 11  Relation between the SWI and temperature of freshwater 
recharge for Henry's problem
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during cold seasons in winter. Also, a positive heat transfer 
(from hot to cold objects) would allow groundwater to be 
cooled through natural and/or engineering heat exchange (a 
widely-used thermal utilization technology) (Pu et al. 2021).

This study acknowledges limitations inherent in its 
approach, particularly in extrapolating the temperature effect 
to a real case study to demonstrate its impact on saltwater 
intrusion (SWI) in coastal aquifers. While the insights gained 
are valuable, it is imperative to recognize that the practical 
application of temperature influence necessitates thoroughly 
examining feasibility and economic considerations.

Expanding the scope to large hydrogeological systems by 
implementing a three-dimensional (3D) model introduces 
another layer of complexity. Assessing aquifers–ocean salin-
ity hazards on this scale requires meticulous attention to 
detail and understanding the intricate dynamics at play.

Furthermore, the transition to practical applications in 
coastal regions poses a challenge, particularly in hot cli-
mates where cooling freshwater may rely on alternative 
energy sources. Addressing this challenge is crucial for the 

Fig. 12  Distribution of SWI for Henry's problem by a combination of the seawater and aquifer water temperature
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broader implementation of this technique, and exploring 
viable energy alternatives becomes integral to its feasibility 
in real-world scenarios. While the study provides valuable 
insights, its practical application demands a comprehensive 
consideration of economic, logistical, and energy-related 
factors.

Conclusion

Groundwater contamination by saltwater intrusion (SWI) is a 
formidable challenge in coastal regions globally. This study 
delves into the dynamic shifts in aquifer boundary conditions 
triggered by seawater and freshwater boundary temperature 

fluctuations attributed to climate change and heightened 
ground and irrigation water temperatures. Employing the 
variable-density SEAWAT code, we simulated the tempera-
ture effect in a hypothetical model of the Henry problem, 
exploring three scenarios: seawater temperature variations, 
freshwater aquifer recharge temperature variations, and a 
combination of both.

Our results illuminate the substantial impact of combin-
ing seawater temperature and freshwater recharge bound-
ary temperature variations, ranging from 10 to 40 °C, com-
pared to the baseline without temperature effect. Salinity 
concentrations surged by + 8.10%, + 12.70%, + 16.20%, + 
21.40%, + 24.90%, + 28.30%, and + 31.80% for tempera-
tures of  10 °C, 15 °C, 20 °C, 25 °C, 30 °C, 35 °C, and 40 

Fig. 13  The temperature distribution for Henry's problem by combining the seawater and aquifer freshwater temperatures
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°C, respectively, compared to basecase. These findings 
underscore the urgency of addressing climate-induced 
and artificially induced forces, as they significantly influ-
ence coastal aquifer salinity, necessitating robust control 
measures.

The imperative for future groundwater modeling is 
emphasized, urging consideration of landside and ocean 
boundaries  temperatures in developmental planning, 

aquifer operations, and water resource management. This 
holistic approach is crucial to safeguarding freshwater 
from pollution and upholding public health standards in 
changing environmental conditions.

However, it is crucial to exercise caution in applying 
the findings, particularly in 3D simulations, and to meticu-
lously assess the feasibility and economic dimensions of 
temperature influence on freshwater for practical applica-
tions. Furthermore, the study calls for additional research 
on the impact of aquifers–ocean salinity hazards, especially 

Fig. 14  Relation between the SWI and temperature of saline water 
with freshwater recharge for Henry's problem

Table 2  Results of numerical 
analysis for Henry's problem

Case Temperature (°C) SWI length (cm) SWI 
repulsion 
(%)Seawater Freshwater

Base (concentration) – – 86.5 –
Base (temperature) 25 25 105 21.40
Saline water (scenario 1) 10 25 109.5 26.60

15 108 24.90
20 107 23.70
30 102.5 18.50
35 98.5 13.90
40 95.5 10.40

Freshwater recharge (scenarios 2) 25 10 87 0.60
15 92.5 6.90
20 99 14.50
30 110.5 27.80
35 115.5 33.50
40 121.5 40.50

Combination between scenarios 1 and 2 10 10 93.5 8.10
15 15 97.5 12.70
20 20 100.5 16.20
30 30 108 24.90
35 35 111 28.30
40 40 114 31.80
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Fig. 15  Saltwater intrusion repulsion under different scenarios of sea-
water and groundwater recharge temperature for three cases
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in regions facing high-stress water supply challenges. Col-
lectively, these efforts contribute to a more comprehensive 
understanding and effective management of the intricate 
dynamics associated with coastal aquifers.
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