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Seawater intrusion (SWI) is a global environmental challenge affecting the
Revised: quality of groundwater in coastal areas. The Henry Problem has long been
23 January 2026 the standard benchmark for validating variable-density flow models.
However, most existing analytical and semi-analytical solutions are confined

Accepted: to horizontal rectangular domains. In reality, coastal aquifers often possess
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inclined boundaries (seaward or landward slopes) that significantly influence

Keywords: the hydrodynamic behaviour of the salt wedge. This study addresses this gap

by developing a robust semi-analytical solution that accounts for the bed
slope, providing a more realistic benchmark for numerical simulators and a
deeper understanding of SWI dynamics in sloped geometries.
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Materials and Methods

The mathematical framework is based on the coupled governing equations
of fluid flow and solute transport. The flow is governed by Darcy’s law,
while the transport is described by the advection-dispersion equation.
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To handle the non-rectangular geometry caused by the slope, a specific coordinate transformation was
employed to map the inclined domain onto a regular computational rectangle. The stream function Wand
the salt concentration C are expanded into double Fourier series. This approach transforms the partial
differential equations (PDEs) into a system of nonlinear algebraic equations. Unlike traditional methods
that rely on numerical differentiation for the Jacobian matrix, this study utilizes an analytically derived
Jacobian within the Newton-Raphson iteration process. This approach ensures high precision and robust
convergence when solving the Fourier coefficients, especially compared to numerical differentiation
techniques. The results were rigorously validated against a numerical model developed in COMSOL
Multiphysics, focusing on the 25%, 50%, and 75% Isochlor lines.

Results and Discussion

The results demonstrate that the bed slope is a decisive factor in determining the extent of seawater
intrusion. The comparison between the semi-analytical and numerical models showed excellent
agreement, confirming the stability of the Fourier-Galerkin approach in sloped domains. It was found that
a landward slope (positive slope) facilitates the landward movement of the salt wedge, leading to a
significant increase in the intrusion length. For instance, a +30-degree slope can increase salt intrusion by
up to 22%, even without considering sea-level rise. Conversely, aquifers with a seaward slope (negative
angle), typical of many coral islands and deltas, exhibit a natural hydraulic resistance to SWI. In these
cases, the geometry of the aquifer bed acts as a barrier, effectively compressing the saltwater wedge and
significantly reducing its landward advancement. A key finding of this research is the Strong Correlation
between the bed slope angle and the intrusion length of the salt wedge, providing a simple yet powerful
rule of thumb for coastal water management.

Conclusion

This study highlights that neglecting the bed slope in coastal aquifer modelling can lead to significant
errors in vulnerability assessments. The developed semi-analytical tool is computationally efficient and
provides a high-precision alternative to complex numerical models for steady-state scenarios. The findings
are particularly relevant for predicting the impacts of climate change and sea-level rise, suggesting that
aquifers with landward slopes (Positive slope) are at much higher risk than previously estimated using
horizontal models. This tool can assist water resource managers in making more informed decisions
regarding pumping strategies and coastal protection measures.
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Table 1. Parameters for simulating the problem

Parameters Value Unit
Din oo Tt ey 1.886x10° mes”
Molecular diffusion coefficient
g J‘u <t ) 9.80 ms?
Gravity acceleration
K Selyien Selan 0.01 ms”
Hydraulic conductivity
Q AW 6.6%10° s’
Discharge rate
Po ot 2l SO 1000 kgm™
Freshwater density
Ly ol J&>
Ps 02l S 1025 kgm™
Seawater density
® Jxl 0.35 ;
porosity
T Tl
[ — - - Henry_solution (78 terms) I MI
8- @ Segol solution (138 terms) ,*;-*:,L‘
N I
_ New_solution (138 terms) *;""'_‘ rly
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Fig 4. Comparison of numerical and semianalytical results for the standard Henry problem (Henry, 1964),
Segol (Segol, 1994), and Zidane et al. (Zidane et al., 2012)
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Fig 6. The semi-analytical and numerical isochlors for the aquifer with a -10 degree slope
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Table 2. Changes in the position of the 0.10 isochlors due to changes in the coastal aquifer slope

085 Job yati w0 (%) 594 095 Sg Canrdgo (CESORTS]
Variation of the toe length (%) Toe position (m) Angle (degree)

0 1.17805 0

-7.2 1.2634 -10

-14.5 1.3492 -20

-21.7 1.4348 -30
6.9 1.0968 10
12.9 1.0258 20
17.6 0.9705 30
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