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ARTICLE INFO ABSTRACT
Keywords: Coastal aquifers are increasingly threatened by saltwater intrusion (SWI) driven by climate change-induced
Cutoff walls

sea-level rise (SLR) and anthropogenic freshwater decline (FWD). Although physical barriers such as cutoff

Subsurface dams walls (COWs) and subsurface dams (SSDs) are widely used to mitigate SWI, their performance under

3eiilie“§i, hydrological stresses such as SLR and FWD remains underexplored. In this study, four widely investigated
Hl;cilrzrl?)glicl?l,stresses field-scale conceptual aquifers are used to systematically evaluate the resilience and vulnerability of COWs
Threshold behavior and SSDs to these hydrological stresses under contrasting inland boundary conditions. Numerical simulations

with the variable-density SEAWAT model show that inland boundary conditions strongly control barrier
performance. Barriers remain largely resilient under flux-controlled (FC) conditions but become vulnerable
under head-controlled (HC) conditions. Under HC conditions across a range of stress levels, COWs provide
consistent mitigation benefits. However, SSDs exhibit distinct threshold behavior: they remain effective up to
a critical stress level, beyond which their performance rapidly deteriorates. Model simulations reveal synergistic
amplification under the combined effects of SLR and FWD, wherein SWI magnitudes far exceed the sum of their
individual impacts. Furthermore, vulnerability maps are developed to delineate resilient and vulnerable regimes
of barrier performance across a range of hydrological stress scenarios. These findings highlight the boundary-
condition-dependent, threshold-driven, and synergistic amplification of barrier vulnerability, underscoring
the need to explicitly account for combined climatic and anthropogenic stresses in the design of coastal
groundwater protection strategies.

1. Introduction Several control measures have been proposed to mitigate, or in some
cases reverse, SWI in coastal aquifers (Werner et al., 2013; Abd-Elaty

An estimated 1 billion people (~12% of the global population) live et al., 2024). These measures are broadly classified into (i) hydraulic

within 10 km of the coastline and are categorized as ultra-coastal
population (Reimann et al., 2023; Cosby et al., 2024). Approximately
30%-50% of this population depends directly or indirectly on coastal
groundwater aquifers for their freshwater needs (Wada et al., 2010;
Taylor et al., 2012). However, sea-level rise (SLR) due to anthropogenic
climate change, and freshwater decline (FWD) due to (i) distributed
pumping (Wada et al.,, 2010; Konikow, 2011), and/or (ii) reduced
groundwater recharge due to changes in land use-land cover and
precipitation patterns (Scanlon et al., 2007; Green et al., 2011) have
progressively degraded both the quantity and quality of coastal ground-
water aquifers over recent decades (Werner et al., 2013; Voldoire et al.,
2013; Morgan, 2024). One of the primary mechanisms driving this
degradation is saltwater intrusion (SWI), a process in which dense
seawater migrates landward into freshwater aquifers (Chang et al.,
2011; Werner et al., 2013; Voldoire et al., 2013).

control measures and (ii) physical control measures. Hydraulic control
measures regulate groundwater flow by altering hydraulic heads and
gradients (Abarca et al., 2006; Fang et al., 2023), and include (i)
freshwater aquifer injection or areal recharge (Luyun et al.,, 2011;
Motallebian et al., 2019; Al-Yaqoubi et al., 2021), and (ii) pumping out
intruded saline water using a network of wells (Kacimov et al., 2009;
Pool and Carrera, 2009). In contrast, physical control measures modify
aquifer properties, primarily hydraulic conductivity, by introducing
low-permeability barriers that restrict the movement of freshwater
and/or seawater. These include (i) cutoff walls (COWs) (Luyun et al.,
2011; Kaleris and Ziogas, 2013; Armanuos et al., 2019; Shen et al.,
2020; Abd-Elaty et al., 2021; Abdoulhalik et al., 2022) and (ii) subsur-
face dams (SSDs) (Luyun et al., 2009; Kaleris and Ziogas, 2013; Chang
et al.,, 2019; Abd-Elaty et al., 2021; Gao et al., 2021). A summary of
different studies on COWs and SSDs is presented in Table 1.
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The design, performance, and evaluation of both hydraulic and
physical control measures under a given hydrological condition have
been extensively characterized using indicators such as (i) repulsion
ratio (Luyun et al., 2011; Kaleris and Ziogas, 2013; Abdoulhalik and
Ahmed, 2017; Armanuos et al., 2019), (ii) salt mass ratio (Gao et al.,
2021; Chang et al., 2020; Shen et al.,, 2020; Zheng et al., 2021),
(iii) salt area ratio (Chang et al., 2020), etc. However, the perfor-
mance of these control measures can be significantly affected under
altered hydrological conditions (e.g., SLR, over-extraction, and reduced
recharge). Compared to physical control measures, hydraulic control
measures offer greater operational flexibility, as pumping and injection
rates can be adjusted in response to changing hydrological conditions.
In contrast, physical control measures have limited adaptability once
installed. Therefore, this study focuses on evaluating the performance
of physical control measures, specifically COWs and SSDs.

COWs are typically installed in the upper aquifer regions along the
coastline and act as low-conductivity barriers to groundwater flow.
COWs can be made using slurry trenches (Luyun et al., 2011), concrete
walls (Shen et al., 2020; Abd-Elaty et al., 2021), or sheet piles (Kaleris
and Ziogas, 2013; Armanuos et al., 2019). They act as a barrier against
SWI by constricting the freshwater discharge area, thereby increas-
ing flow velocities and enhancing saltwater flushing (Luyun et al.,
2011; Chang et al., 2020). Several experimental and modeling studies
have investigated the effectiveness of COWs in mitigating SWI in both
laboratory and field cases (Table 1). These studies show that their
effectiveness improves when (i) COWs are located closer to the ocean
boundary than further inland (Armanuos et al., 2019; Abdoulhalik
et al., 2022; Wu et al., 2023), and (ii) the height of the COWs is
increased (Luyun et al., 2011; Kaleris and Ziogas, 2013; Armanuos
et al., 2019; Zheng et al., 2020; Abd-Elaty et al., 2021). COWs have
been successfully installed in several places, including the Jiaodong
Peninsula, China (Zheng et al., 2021), Longkou City, China (Miao et al.,
2019), and Yantai City, China (Chang et al., 2021), etc.

SSDs are typically installed at the bottom of the aquifer and facil-
itate freshwater storage in the upstream regions of the aquifer (Miao
et al., 2019; Abdoulhalik et al., 2022). They prevent dense saltwater
from intruding inland by restricting saltwater recirculation inside the
wedge, thereby enabling freshwater to displace the residual saltwater
trapped within the inland side of SSDs (Luyun et al., 2009; Zheng
et al., 2021). SSDs typically consist of an impermeable wall (concrete,
masonry, etc.) or a clay core (Kaleris and Ziogas, 2013) and are
ideally installed downstream of recharge areas perpendicular to dom-
inant groundwater flow lines (Luyun et al., 2009; Abdoulhalik et al.,
2017). Several experimental and modeling studies have investigated
the effectiveness of SSDs in mitigating SWI in both laboratory and
field settings (Table 1). These studies show that the minimum height
of SSDs is equal to the height of the saltwater wedge and that their
effectiveness improves when (i) SSDs are located closer to the ocean
boundary than further inland (Luyun et al., 2009; Abdoulhalik et al.,
2017), and (ii) the height of SSDs is increased (Chang et al., 2019;
Gao et al., 2021). SSDs have been successfully installed in several
locations, including San Fernando, USA (Talbot et al., 2024); Okinawa,
Fukui, Kagoshima, Iwate, and Nagasaki in Japan (Nishigaki et al., 2004;
Ishida et al., 2011); and Namsong, Okisong, Gocheon, and Ssangcheon
in South Korea (Nishigaki et al., 2004; Ishida et al., 2011). In addi-
tion to these well-documented cases, SSD installations have also been
reported in several other regions, including Burkina Faso, Ethiopia,
Brazil, Tanzania, and Kenya (Nishigaki et al., 2004; Ishida et al., 2011).

The detailed literature review presented here shows that past studies
on physical control measures such as SSDs and COWs have primarily
focused on optimizing their location and depth under a given set
of hydrological conditions (Table 1). These hydrological conditions
are often based on the current/prevailing climate and anthropogenic
effects. However, SLR and FWD can significantly alter hydrological
conditions, which may, in turn, affect the performance of these physical
barriers. The behavior of physical control measures (COWs and SSDs)
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under altered hydrological conditions (SLR and FWD) and contrasting
inland freshwater boundary conditions remains largely unexplored.
This paper presents a systematic field-scale modeling study to assess
the resilience and vulnerability of physical control measures under
future climate change and anthropogenic impacts simulated through
SLR and FWD. This is accomplished through four field-scale example
problems: case (i) Pioneer Valley unconfined aquifer, Australia, case
(ii) Willunga Basin unconfined aquifer, Australia, case (iii) Madras
confined aquifer, India, and case (iv) Gaza unconfined aquifer, Pales-
tine. The SWI and saltwater recession behavior of the physical barriers
(COWs and SSDs) are characterized under SLR, FWD, and combined
SLR+FWD under both head-controlled (HC) and flux-controlled (FC)
inland boundary conditions. Analysis is performed under both steady
and transient conditions to quantify the response times of SWI and
saltwater retreat under these conditions. Additionally, vulnerability
maps are generated for the different physical control measures that
characterize hydrological stresses into resilient and vulnerable regimes.

2. Methodology
2.1. Details of the example problems

Four widely studied simplified field-scale example problems are
employed in this study (Table 2). These include: case (i) Pioneer Valley
unconfined aquifer, Australia (Chang et al.,, 2011; Lu and Werner,
2013), case (ii) Willunga Basin unconfined aquifer, Australia (Morgan
et al.,, 2013), case (iii) Madras confined aquifer, India (Sherif and
Singh, 1999), and case (iv) Gaza unconfined aquifer, Palestine (Moe
et al., 2001). All these aquifers were simplified as horizontally oriented,
homogeneous aquifers of uniform thickness with a vertical beach face.
While unconfined aquifers have a low-permeability aquitard (modeled
as a no-flow boundary) at the bottom boundary, confined aquifers have
low-permeability aquitards (modeled as a no-flow condition) at both
the top and bottom boundaries. For comparative analysis, in some of
the simulations, the case (i) Pioneer Valley aquifer was modified as a
confined aquifer, with due acknowledgment.

For all four example problems considered, the ocean boundary was
modeled as a specified head boundary condition with a head value
hs and a specified saltwater concentration C,. Depending on the type
of inland boundary condition, the freshwater boundary was modeled
either as a specified head boundary (HC) with a head value h; or
a specified flux boundary (FC) with a flux value ¢;. The flux was
uniformly distributed over the entire vertical extent of the freshwater
boundary. The salt concentration for the freshwater boundary was set
to C¢ = 0. To facilitate inter-comparison between simulations under HC
and FC conditions, the steady-state solution under the base-case (no
SLR or FWD), no CM (no control measure) scenario was kept identical
between the two conditions. This was achieved by first simulating
the saltwater wedge under HC conditions (to steady state and in the
absence of CM) and then using the resulting output to determine the
flux at the freshwater boundary. This freshwater boundary flux was
then used as ¢; for the FC simulations. SLR simulations were performed
by increasing hg to the desired value, while FWD simulations were
performed by decreasing ¢; or h; to the desired value. SLR and FWD
simulations were performed by changing s and ¢; or h; under two
conditions: (i) instantaneous change, and (ii) gradual linear change
over 100 years.

COWs and SSDs are modeled as vertically oriented impermeable
barriers (hydraulic conductivity K = 0). While the locations of COWs
and SSDs from the ocean boundary (x;,) were chosen arbitrarily (within
a reasonable range of values), their corresponding depths (d;,) were
optimized for SSD simulations. Specifically, d;, was made equal to the
height of the 50% salinity concentration contour. To facilitate inter-
comparison, COWs and SSDs have the same x;, and d;,. A conceptual di-
agram illustrating the performance of confined and unconfined coastal
aquifers with COWs and SSDs under changing climatic conditions is
shown in Fig. 1.
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Table 1
Summary of past field-scale and laboratory-scale studies on COW and SSD optimization and performance.
Aquifer Scale Study Optimal Reference
parameters

COW Unconfined Lab Experiment + SEAWAT Xy dy Luyun et al. (2011)
Confined Lab SUTRA Xy, dy Kaleris and Ziogas (2013)
Unconfined Lab Experiment + SEAWAT d, Armanuos et al. (2019)
Unconfined Lab SEAWAT Xy, dy Armanuos et al. (2020)
Unconfined Field SEAWAT Xy, dy Armanuos et al. (2020)
Unconfined Lab Experiment + SUTRA Xy, dy Shen et al. (2020)
Confined Lab SEAWAT dy Abd-Elaty et al. (2021)
Confined Lab SEAWAT 0 Abd-Elaty et al. (2022)
Confined Field SEAWAT 0 Abd-Elaty et al. (2022)

SSD Unconfined Lab Experiment + SEAWAT d, Luyun et al. (2009)
Unconfined Lab Experiment + SEAWAT dy Abdoulhalik et al. (2017)
Unconfined Lab Experiment + SEAWAT Xy, dy Chang et al. (2019)
Confined Field SEAWAT dy, Chang et al. (2020)
Confined Lab SEAWAT d, Abd-Elaty et al. (2021)
Confined Lab SEAWAT ] Abd-Elaty et al. (2022)
Confined Lab SEAWAT dy Abd-Elaty et al. (2021)
Confined Lab SEAWAT 0 Abd-Elaty et al. (2022)
Confined Field SEAWAT [ Abd-Elaty et al. (2022)

Table 2

Model parameters (base-case scenario) for the field-scale confined/unconfined aquifer problems used in this study. Model parameters were adapted from Chang

et al. (2011) and Morgan et al. (2015).

Description Symbols Case 1 Case 2 Case 3 Case 4
and units Pioneer Willunga Madras Gaza
Aquifer length X (m) 1000 3500 2600 10000
Aquifer thickness z, (m) 30 24 30 120
Effective porosity ne (=) 0.35 0.2 0.35 0.2
Specific storage S, (m™1) 1x107° 1x107° 1x 1073 1x 1073
Specific yield Sy, ) 0.1 0.2 0.1 0.2
Hydraulic conductivity K (m day™) 10 10 260 15
Saltwater boundary head hy (m) 30 20 30 100
Freshwater boundary head h; (m) 315 23 31 112
Freshwater boundary flux g; (m? day™) 0.3409° 0.1696 1.0 1.7996
x-dispersivity a, (m) 1 1 66.6 10
y-dispersivity a, (m) 0.1 0.1 6.6 1
z-dispersivity a, (m) 0.01 0.01 0.66 0.1
Saltwater concentration C, (kg m3) 35 35 35 35
Freshwater concentration C; (kg m—3) 0 0 0 0
Saltwater density p, (kg m™3) 1025 1025 1025 1025
Freshwater density pr (kg m™3) 1000 1000 1000 1000
Recharge rate W (m day™!) 0 0 0 0
COW or SSD location xp (m) 100 100 200 300
COW or SSD depth d, (m) 13 8 13 45
x-mesh length Ax (m) 10 10 5 10
y-mesh length Az (m) 1 1 1 1

2 For the case of Pioneer-Valley unconfined aquifer ¢; = 0.3523 m? day~! was used under FC conditions.

2.2. Numerical modeling procedure

Simulations were performed using the coupled variable-density
groundwater flow and transport model SEAWAT, which simulates
the transient mixing behavior at the saltwater—freshwater interface
(Langevin et al., 2008). The flow equations were solved using the
preconditioned conjugate gradient solver with the well and recharge
packages. The advection term was solved using the third-order ultimate
Total Variation Diminishing (TVD) scheme, coupled with an implicit
dispersion scheme and a source/sink package, employing an operator-
splitting approach to solve the full transport equations. The coupled
density-dependent flow problem was solved using the variable density
flow (VDF) package. A uniform grid spacing of 4z = 1 m was used in
the z-direction for all problems. In confined aquifer cases, all the layers
are represented as confined cells. In unconfined aquifer cases, all layers
except the top layer are represented as confined cells. The top layer in
unconfined aquifers was modeled using 3 m thick convertible cells. A
uniform grid size of Ax was employed along the x-direction, with the
value of Ax being case-dependent to achieve grid convergence (Table
2). Ay was fixed as 1 m to simulate a two dimensional problem (along
the x- and z-directions) with a unit width along the y-direction.

For the case of instantaneous SLR and FWD, transient simulations
were run until steady state using a single stress period with 118 time
steps and a time-step multiplier of 1.1. To simulate gradual SLR and
FWD, transient simulations were run until steady-state using 101 stress
periods with 100 time steps, and a time-step multiplier of 1. While
the first 100 stress periods were used to apply the gradually varying
SLR/FWD, the last (101st) stress period was used to simulate the aquifer
response post-stress (SLR/FWD) application. For the gradual SLR case,
a 0.05 m y~! SLR rate was considered, while for the gradual FWD case,
a 0.5% y~! reduction in ¢; was considered.

The Dirichlet ocean head boundary condition (k) was modeled
using the CHD package, with a specified saltwater concentration (C;)
modeled using the CHD option in the SSM package. Under HC condi-
tions, the freshwater boundary was modeled as a Dirichlet boundary
(hg) using the CHD package, with a specified freshwater concentration
(C; = 0) using the CHD option in the SSM package. Under FC condi-
tions, the freshwater boundary was modeled using the WEL package,
with boundary nodes represented as injection wells with ¢; equally
distributed among them. ¢; represents the flux per unit width (along
the y-direction) of the aquifer and has units of m? day~!. A clean, salt-
free aquifer was used as the initial condition for the base-case with no
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Fig. 1. Conceptual model of a coastal aquifer performance with physical control measures such as COWs and SSDs under the influence of SLR/FWD.

CM scenario. The steady-state solutions obtained from the base-case
scenarios were used as the initial conditions for simulating the COW
and SSD cases. Similarly, the steady-state solutions from the no CM,
COW, and SSD simulations under the base cases were used as initial
conditions for the SLR and FWD simulations.

To evaluate the robustness of the model, a sensitivity analysis was
conducted using the case (i) Pioneer Valley confined aquifer example.
The analysis examined the influence of variations in aquifer and barrier
properties under different SLR (HC conditions) and FWD scenarios by
varying the values of i and A; and ¢; respectively. Aquifer parameters,
including K, a,, and S|, were varied by one order of magnitude above
and below their baseline values. #, was varied by +0.1 relative to
its baseline value, while z, was reduced by 5 m and 10 m from the
reference case. Barrier parameters, x;, and dy,, were varied by +5 m
and +50 m, respectively, from their respective baseline values.

2.3. Quantifying interaction effects

Under the combined effects of SLR and FWD, the interaction effect

between SLR and FWD on xp is quantified using a relative synergy index
(RSI). RSI is defined as:

Ax ined — (4x: + Ax
RSI = T, combined ( T, SLR T, FWD)

@

AxT, combined

where Axp represents the increase in toe length compared to the base
case (no SLR or no FWD) scenario.

RSI > 0 represents a synergistic (positive) interaction behavior,
while RSI < 0 represents an antagonistic (negative) interaction be-
havior. RSI = 0 represents purely additive behavior (no interaction
effects), while RSI = 1 represents a purely interaction-driven synergistic
behavior.

3. Results and discussion
3.1. Performance of control measures under the base case

Model simulations performed on the Pioneer Valley aquifer for the
base-case scenario (no SLR and no FWD) and in the absence of control
measures (no CM) show that the steady-state salt wedge toe length (x)
intrudes inland up to 280 m from the coastline (Fig. 2a, solid blue line).
When a COW is added, the salt wedge retreats significantly towards
the sea, reducing x to 219 m and 230 m under FC and HC conditions,
respectively (Fig. 2a and d, dotted blue lines). When an SSD is added,
the salt wedge also retreats significantly towards the sea, reducing x
from 280 to 100 m (Fig. 2b and c, dashed blue line). The location of the
salt wedge toe coincides with the location of the SSD, i.e., xr = x;,. The
seaward retreat of xy in the presence of SSDs and COWs is attributed
to changes in the aquifer hydraulic conductivity and flow fields. While



R. Sadhasivam and V. Srinivasan

COWs constrict the freshwater discharge area, thereby increasing flow
velocities and enhancing saltwater flushing (Luyun et al., 2011; Chang
et al., 2020; Zheng et al., 2022), SSDs restrict the saltwater recirculation
inside the wedge, thereby enabling freshwater to displace the residual
saltwater trapped within the inland side of SSDs (Luyun et al., 2009;
Zheng et al., 2021). A similar behavior was also observed in unconfined
aquifers (Fig. S1).

3.2. Performance of control measures under SLR

When subjected to a 0.5 m SLR, the behavior of COWs and SSDs
differs depending on the inland freshwater boundary condition (FC or
HC). Simulations using FC inland boundary conditions show that the
steady-state x; remains unchanged between the base-case and the SLR
case under both COW and SSD control measures (Fig. 2a and b, dotted
and dashed red lines). This is expected because, in the absence of control
measures (no CM), FC aquifers do not show appreciable additional SWI
due to SLR (Chang et al., 2011; Sun et al., 2017). This lack of additional
SWI is attributed to the head-lift effect (Chang et al., 2011; Sadhasivam
et al., 2025) whereby freshwater heads (4) rise in proportion to SLR
and maintain the hydraulic head difference (4h = h; — h (1 + 5); where
6 = (ps — p;)/p;) between the fresh and saltwater boundaries (Chang
et al., 2011; Sun et al., 2017; Sadhasivam et al., 2025). Additional
simulations performed over a range of SLR values (0 to 0.5 m) for the
no CM, COW, and SSD cases indicate that /; increases linearly with SLR
(Fig. 2c, green lines) while the toe positions remain unchanged (Fig. 2c,
black lines). These results suggest that control measures maintain their
effectiveness and are highly resilient to SLR under FC inland freshwater
boundary conditions. Unconfined aquifers show a similar behavior to
that observed in confined aquifers (Fig. S1).

For a given SLR value, h; for COWs and SSDs shows contrasting
behavior relative to the no CM case (Fig. 2c, green lines). Under FC
conditions, relative to the no CM case, COW increases k¢, SSD decreases
h¢. These findings are consistent with the previously published results
by Chang et al. (2023). This is because COWs decrease the hydraulic
conductivity in the upper freshwater aquifer zone. Therefore, to main-
tain a constant ¢;, the hydraulic gradient has to increase to compensate
for the decline in conductivity. This increase in hydraulic gradient is
achieved by increasing A;. SSDs, on the other hand, reduce hydraulic
conductivity in the lower saltwater aquifer zone, hindering the salt-
water wedge from intruding into the freshwater aquifer. Therefore, a
lower hydraulic gradient is sufficient to maintain the same ¢;. These
simulations suggest that while both COWs and SSDs are resilient to SLR
under FC conditions, SSDs can achieve this with a smaller 4; compared
to COWs.

Under HC inland freshwater boundary conditions, SLR induces sig-
nificant additional SWI of 221, 193, and 381 m for the no CM, COW,
and SSD cases, respectively (Fig. 2d and e, red lines). This additional
SWI under HC conditions is attributed to the flux-decline effect (Car-
retero et al., 2013; Sadhasivam et al., 2025). Under these conditions,
the hydraulic head difference 4h and gradient between the fresh and
saltwater boundaries decrease in response to SLR. The decrease in
hydraulic gradient reduces freshwater boundary flux (¢;), thereby in-
ducing a flux-decline effect (Fig. 2f, green lines). For a 0.5 m SLR,
while COWs largely retain their effectiveness as a control measure, SSDs
completely fail (Fig. 2e and f). Simulations performed with COWs over
a range of SLR values (0 to 0.5 m) show that, although x increases with
SLR, the benefit of using COWs is largely retained, i.e., the difference
in xt between no CM and COW does not decrease as SLR increases (Fig.
2f, solid and dotted black lines). This behavior is also reflected in the ¢¢
variation with SLR (Fig. 2f, solid and dotted green lines).

Simulations performed with SSDs over a range of SLR values (0
to 0.5 m) show a threshold behavior, wherein x; remains constant
(i.e., xp = xp,) up to a SLR value of 0.38 m (Fig. 2f, dashed black line).
Within this range, SSDs exhibit excellent resilience to SLR. However,
when SLR > 0.38 m, SSDs are not a reasonable control measure and
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their xp is close to the no CM case. This threshold behavior is also
observed in ¢; (Fig. 2f, dashed green line), where the ¢; of SSD matches
the ¢; of no CM beyond the threshold SLR value of 0.38 m. Note that
the threshold was identified as the value of SLR at which x; > x.
These simulations show that under HC conditions, while SLR reduces
the performance of COWs, it is still effective as a control measure. SSDs,
on the other hand, show a biphasic response, remaining highly resilient
below the threshold SLR value but becoming highly vulnerable (inef-
fective) beyond it. A similar behavior was also observed in unconfined
aquifers (Fig. S1 d, e, and f).

COWs and SSDs show contrasting ¢; responses to SLR under HC
conditions (Fig. 2f, green line). For a given SLR, compared to the no
CM case, ¢; decreases under COW and increases under SSD. Similar
behavior has been reported by others (Fang et al.,, 2023). This is
attributed to the aquifer location, where the control measure decreases
the hydraulic conductivity. For COWs, hydraulic conductivity decreases
in the upper freshwater zone. Since this is the primary location of
freshwater flux discharge into the ocean, ¢ decreases as hydraulic
conductivity is reduced while maintaining the same hydraulic gradient
(Ah). This is advantageous, as the salt wedge retreat is accompanied by
a decline in ¢, resulting in reduced freshwater discharge into the ocean.
SSDs, on the other hand, decrease hydraulic conductivity in the lower
saltwater zone. In this situation, ¢; increases as A; remains constant.
This implies that, while SSDs are effective in reversing SWI, they also
cause an undesirable increase in freshwater discharge into the ocean
under HC conditions.

Transient simulations show significant differences in time scales of
the saltwater wedge movement between COWs and SSDs (Fig. 3). Under
the base case scenario (no SLR), while COW results in x; receding to
its steady-state value in a couple of decades, SSD takes more than two
centuries for x| to reach its steady-state value under both HC and FC
conditions (Fig. 3 blue lines). The prolonged transient behavior observed
under SSDs is attributed to the following reasons. (i) The hydraulic
gradients and the associated groundwater velocities in the residual
saltwater wedge zone that remains on the upstream (freshwater) side
of SSD are very low. Therefore, its flushing takes a much longer time
(Luyun et al., 2009; Zheng et al., 2021). (ii) Flushing involves lifting
the saltwater upwards and over the SSD. This can be accomplished
only when the flush water concentration is low (less than 10% of
seawater concentration). Concentrations above this level must first be
diluted by mixing, then lifted over the barrier (Zheng et al., 2021). (iii)
The magnitude of x; retreat is greater for SSDs compared to COWs,
requiring a larger volume of the aquifer to be flushed (Fig. 3).

When subjected to a 0.5 m instantaneous SLR under FC conditions,
SSDs show prolonged transients in SWI compared to COWs (Fig. 3c and
d). While COWs take about 100 years to reach steady state conditions,
SSDs take more than 400 years. Compared to the no CM case, COWs do
not alter the time-scales of the transient saltwedge movement (Fig. 3c).
However, SSDs significantly prolong the transient response compared
to the no CM case. This can be advantageous as SSDs slow the rate of
SWI due to SLR. Furthermore, within the threshold SLR of 0.38 m, there
is no additional SWI in SSDs, whereas COWs experience additional
SWL In contrast to xr, h; and ¢ show rapid (a few days) transient
responses under both COW and SSD (Fig. S3). The transient behavior
of unconfined aquifers is similar to that observed in confined aquifers,
with the SSD threshold also occurring at an SLR of 0.38 m (Fig. S2).
Transient simulations for gradually increasing SLR also show similar
behavior, with SSDs exhibiting prolonged transients compared to COW
(Fig. S4).

These simulations show that under FC conditions, both COWs and
SSDs are resilient to SLR. However, under HC conditions, while COWs
show continued resilience, SSDs exhibit a biphasic behavior, wherein
they are highly resilient when SLR < threshold value and highly vulner-
able when SLR > the threshold. Additionally, SSDs exhibit prolonged
(century-scale) transients under both intrusion and retreat scenarios,
with respect to xp, while the time-scales of intrusion and retreat for
COWs are shorter (decadal-scale).
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Fig. 2. Steady-state model simulations showing the effect of SLR-induced SWI in case (i) Pioneer Valley confined aquifer in the presence of COW or SSD. 50%
saltwater concentration (0.5 C;) contour lines under base case and 0.5 m SLR for COW and SSD under FC conditions (a) and (b), and under HC conditions (e)
and (f). Effect of variation of SLR on (c) freshwater head (k;), and toe-location (x1) under FC conditions, and (f) freshwater flux (¢;), and toe location (x;) under

HC conditions, respectively.

3.3. Performance of control measures under FWD

When subjected to a 50% decline in freshwater flux (realized
through reductions in ¢), additional SWIs of 266, 197, and 437 m are
observed for no CM, COW, and SSD cases, respectively (Fig. 4a and
b). At this level of FWD, COWs largely retain their effectiveness as a
control measure, while SSDs completely fail. This is because the FWD
magnitude is higher than the threshold for SSDs. i.e., a 50% reduction
in g¢ corresponds to a decline in freshwater head A of 0.56 m, and
this value is more than the 0.38 m threshold for SSD (Fig. 2f dashed
lines). Simulations performed over a range of FWD show that the SSD
threshold occurs at 27.6% reduction in ¢; (Fig. 4c, dashed green line),
which corresponds to the 0.38 m A; threshold. When FWD is within this
threshold, SSDs show no additional SWI. Model simulations of FWD
realized through reductions in & exhibit a similar behavior to that of
SLR simulations under HC conditions. This is because changes in either
hg (due to SLR) or h¢ (due to FWD) alter 4h, which in turn causes a
change in gradient and hence SWI.

Transient simulations under FWD (Fig. S5) show behavior similar
to that observed under SLR, with SSDs exhibiting prolonged transients
(century-scale) compared to COWs (decadal-scale). A similar behavior
was also observed in unconfined aquifers (Figs: S13 and S14). Transient

simulations performed for gradually increasing FWD also show similar
behavior, with SSDs exhibiting prolonged transients compared to COWs
(Fig. S15). These simulations show that under FWD, COWs exhibit con-
tinued resilience. However, SSDs exhibit a biphasic behavior, wherein
they are highly resilient when FWD < the threshold value and highly
vulnerable when FWD > the threshold.

3.4. Sensitivity analysis

Sensitivity analysis simulations show that the resilience and vul-
nerability of COWs and SSDs are relatively insensitive to aquifer pa-
rameters K, 7, and .S (Figs. S6, S7, and S8). In all these simulations,
the steady-state x; values remain unchanged over the range of SLR
and FWD values under both COW and SSD cases. These findings are
consistent with previously published results in the absence of control
measures (Sadhasivam et al., 2025). On the other hand, barrier perfor-
mance is significantly affected by aquifer parameters o,, and z, (Figs.
S9 and S10). Increasing «, enhances mixing of fresh and saltwater and
reduces xp under both COW and SSD cases, indicating that physical
barriers are more resilient under aquifers with high dispersivity. In fact,
model simulations indicate that when «, is increased by an order of
magnitude, the threshold failure behavior of SSDs completely vanishes
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Fig. 3. Transient model simulations showing the effect of instantaneous SLR (0.5 and 0.38 m) induced SWI in case (i) Pioneer Valley confined aquifer in the
presence of COW (a) and (c) or SSD (b) and (d). Grey vertical lines show the onset of control measure (COW or SSD) or SLR.

for the range of SLR and FWD considered (Fig. S9 e and f). Similarly,
as the aquifer thickness decreases, barrier resilience to SLR and FWD
increases (Fig. S10). This is because, as z, decreases (while d}, is
maintained constant) the ratio of barrier height to aquifer thickness
(dy/z) increases, resulting in better barrier resilience.

Barrier properties x;, and dy, significantly influence barrier per-
formance under both SLR and FWD (Figs. S11 and S12). Decreasing
dy, reduces barrier performance, making the aquifer more vulnerable
to SLR and FWD, whereas increasing d;, enhances barrier resilience.
This trend is observed for both COWs and SSDs and is attributed to
the influence of (dy,/z,) on barrier performance, as discussed earlier.
In contrast, variations in x;, show contrasting trends depending on
whether the performance is assessed with respect to COWs or SSDs (Fig.
S$12). Moving the barrier closer to the shoreline (lower x;) increases the
resilience of COWs but decreases that of SSDs, whereas, moving the
barrier farther away from the shoreline (higher x;) has the opposite
effect. Therefore, although both COWs and SSDs benefit from larger
dy,, COWs are more resilient under lower x;, values, while SSDs are
more resilient under higher x;, values. These findings are consistent
with previously published results (Chang et al., 2019; Armanuos et al.,
2020).

3.5. Performance of control measures under the combined effects of SLR
and FWD

Under the combined effects of SLR and FWD, aquifers experience
significant additional SWI (4xt, which represents additional SWI com-
pared to the case of no SLR or FWD). This additional SWI exceeds the
sum of the individual effects of SLR and FWD, with or without the
presence of control measures (Fig. 5). This is attributed to the non-
linear SWI response of the aquifer to increasing hydrological stresses

(SLR or FWD) (Sherif and Singh, 1999; Sadhasivam et al., 2025). For
example, SLR simulations for the no CM case show that, compared to
the base case scenario, a 0.1 m SLR results in an additional SWI of 25 m
while a 0.2 m SLR results in an additional SWI of 60 m, which exceeds
twice the increase caused by a 0.1 m SLR (2 x 25 = 50 m) (Fig. 2f,
solid black line). A similar non-linear synergistic amplification behavior
is observed when combining different types of stress, such as SLR and
FWD.

Model simulations under no CM conditions show that the degree
of synergistic amplification increases with the severity of SLR and
FWD (Fig. 5a). Model simulations show that COWs remain effective
in partially mitigating additional SWI due to SLR, FWD, and the com-
bined effects of SLR and FWD (Fig. 5b). The Axy values of COWs are
significantly smaller than those of the no CM case. However, under the
combined effect of SLR and FWD, COWs show significant additional
SWI as compared with only SLR or FWD alone. The sum of Ax; values
for SLR and FWD cases is much smaller than the Ax; of the combined
case due to the synergistic amplification effects discussed earlier (Fig.
5b). Unlike COWSs, SSD simulations show that under the combined
effects of SLR and FWD, the threshold behavior of SSDs is exemplified
(Fig. 5c¢). For example, under 0.2 m SLR with a 20% reduction in
FWD, while the individual effects do not cause any additional SWI, the
combined effect results in an additional SWI of 284 m. Similar behavior
with significant additional SWI under combined effects is observed for
other SLR and FWD combinations. Notably, the additional SWI in the
SSD case is often greater than that in the no CM case (Fig. 5c). This
is because, while SSDs perform better than the no CM case within the
threshold, they perform as poorly as the no CM case when the threshold
is increased, resulting in larger Ax values. These simulations show that
when the threshold value (for a given combination of SLR and FWD)
is breached, SSDs behave similarly to the no CM case and fail to be
effective control measures.
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RSI indicates moderate levels of synergy (0-0.5) across a range of
SLR and FWD values for both the no CM and COW cases, with higher
RSI values occurring under larger SLR and/or FWD magnitudes (Fig. 5d
and e). The presence of COWs marginally increases the synergistic ef-
fects of combined stresses. In contrast, under SSDs, RSI values approach
1 over a significant portion of the domain, indicating predominantly
synergistic interactions (Fig. 5f). Within this region (RSI = 1), neither
SLR nor FWD produces additional SWI (4x; = 0) when applied individ-
ually, whereas their combined application results in Axy > 0, indicating
a purely interaction-driven threshold behavior (Fig. 5f). Within the
combined SLR+FWD threshold region, Axt, combined = 0; consequently
RSI is undefined (Fig. 5f; white regions). These simulations show that
under the combined effects of SLR and FWD, while COWs marginally
increase RSI, SSDs significantly increase RSI, indicating much stronger
synergistic interactions.
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3.6. Vulnerability maps for control measures

Model simulations of COWs and SSDs under the combined effects of
SLR and FWD for the four different field-scale problems (Table 2) reveal
the resilience and vulnerability of these control measures under various
situations (Fig. 6). COWs consistently reduce x under all combinations
of SLR and FWD for all four example cases. Although SLR and/or
FWD induce additional SWI, the effectiveness of COWs in pushing the
saltwater wedge seaward is retained, and COWs continue to perform
better than the no CM case (Fig. 6a, c, e, g).

SSDs, on the other hand, exhibit threshold behavior wherein they
are effective below the threshold stress value (SLR and/or FWD) and
become ineffective beyond it. The threshold envelope delineated by the
dashed contour lines (Fig. 6b, d, f, and h) is an important indicator
that divides the SSD response domain into resilient and vulnerable
regimes. As the magnitudes of SLR and/or FWD increase beyond the
threshold envelope, the effectiveness of SSDs rapidly diminishes, and
they eventually perform similarly to the no CM case. These simulations
demonstrate the practical applications of vulnerability maps (Fig. 6) for
identifying the resilient and vulnerable operating regimes of physical
control measures under future SLR and FWD scenarios.

3.7. Limitations and implications

This study was performed using homogeneous coastal aquifers with
simplified geometries (vertical beach face and a horizontal bottom
boundary) to investigate the effects of inland boundary conditions
and hydrological stresses (SLR and/or FWD) on the performance of
physical barriers. While these simplified representations help identify
the dominant mechanisms controlling barrier resilience and vulnera-
bility, real coastal aquifers are often heterogeneous, anisotropic, and
subject to spatially variable recharge and complex shoreline geometries
(Werner et al., 2013). In addition, the simulations were performed
using two-dimensional cross-sectional models with idealized imperme-
able barriers, and therefore do not account for three-dimensional flow
effects (Nam et al., 2025), barrier leakage, construction imperfections,
or alongshore variations that may influence barrier performance in field
settings.

The simulations performed in this study only considered prescribed
SLR and FWD scenarios (instantaneous or linearly varying). How-
ever, future climatic and anthropogenic stresses remain uncertain, site-
dependent, and time-varying. Additionally, processes such as tidal fluc-
tuations, seasonal recharge variability, and transient localized pump-
ing stresses (including up-coning) were not explicitly included in the
present analysis (Werner et al., 2013). These factors may influence both
the transient response and the threshold behavior of the control mea-
sures, particularly for SSD systems, where threshold values were found
to depend strongly on hydrological conditions and aquifer properties.

Despite these simplifications, the results provide important process-
level insights into the contrasting behavior of COWs and SSDs under
changing hydrological stresses. In particular, the identified roles of
inland boundary conditions, synergistic amplification under combined
stresses, and threshold-dependent failure mechanisms are expected to
remain qualitatively relevant across a broad range of coastal aquifer
systems. The vulnerability maps developed in this study therefore
provide a useful conceptual framework for delineating the resilient
and vulnerable regimes of physical barriers and may help guide fu-
ture site-specific investigations, monitoring strategies, and adaptive
groundwater management under climate change.

4. Summary and conclusions
This study systematically evaluated the performance of physical

barriers, namely, COWs and SSDs, in mitigating SWI in coastal aquifers
under climatic and anthropogenic stresses (SLR and FWD). Numerical
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(e), and (f) show the relative synergy index (RSI) under no CM, COW, and SSD cases, respectively.

simulations were performed using the coupled variable-density SEA-
WAT for four field-scale example problems. Using these simulations,
the vulnerability and resilience of the control measures to SLR and
FWD were assessed. The results demonstrate that barrier performance
is strongly influenced by inland freshwater boundary conditions. Under
flux-controlled (FC) systems, both COWs and SSDs exhibit resilience to
SLR due to the compensatory head-lift effect. In contrast, under head-
controlled (HC) systems, both SLR and FWD reduce the effectiveness of
physical barriers. While COWs maintain consistent performance across
a range of SLR and FWD, SSDs exhibit a distinct threshold behavior

wherein they perform well when the hydrological stresses fall within
a threshold value and fail abruptly (behaving similar to a no-control
system) beyond it.

Transient analyses further reveal contrasting system dynamics be-
tween COWs and SSDs. While COWs respond relatively rapidly (decadal-
scale) to imposed stresses, enabling quicker stabilization of saltwater
intrusion fronts, SSDs exhibit prolonged transient behavior (century-
scale), delaying both intrusion and retreat processes. While this delayed
response can enhance short-term freshwater retention and slow in-
trusion rates, it may also limit adaptability under rapidly changing
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Fig. 6. Model simulated x; values 3D surfaces due to the combined effects of SLR and FWD (realized through reductions in h¢) for COW and SSD in case (i)
Pioneer valley confined aquifer, Australia (a and b), case (ii) Willunga Basin unconfined aquifer, Australia (c, and d), case (iii) Madras confined aquifer, India (e
and f) and case (iv) Gaza unconfined aquifer, Palestine (g and h). Black mesh-grid surfaces represent x; under the no CM case while the colored surfaces show
xr in the presence of COW (left column) or SSD (right column). The black and white dashed contour lines in b, d, f, and h represent the threshold envelope for

SSD.

boundary conditions. These results highlight that steady-state per-
formance alone is insufficient for evaluating control measures and
that transient response time-scales constitute a critical dimension of
resilience.

A key finding of this study is the synergistic amplification of the
SWI response of coastal aquifers under combined SLR and FWD stresses.
The combined effects of SLR and FWD produce saltwater intrusion
that far exceeds the sum of their individual impacts, reflecting the
non-linear behavior inherent in density-dependent flow systems. This

10

synergistic amplification becomes more pronounced with increasing
stress magnitude and can push systems across critical thresholds, par-
ticularly for SSDs, where combined stresses can trigger abrupt failure
even when individual stresses remain within safe limits. These results
emphasize that evaluating these stresses in isolation can significantly
underestimate future risks and potentially lead to overconfidence in the
long-term performance of control measures.

To address this complexity, vulnerability maps were developed that
delineate regions of resilient and vulnerable system behavior across



R. Sadhasivam and V. Srinivasan

different combinations of SLR and FWD. These maps reveal that while
COWSs maintain consistent effectiveness across a wide range of stress
conditions, SSD performance is bounded by threshold envelopes that
separate resilient and vulnerable regimes. The locations of these thresh-
old envelopes - and hence the delineation of resilient and vulnerable
regimes in the vulnerability maps - depend on aquifer properties and
barrier design parameters. These simulations show that vulnerability
maps provide a practical, visual framework for identifying safe operat-
ing conditions, guiding design decisions, and anticipating failures under
future climate scenarios.

Overall, the findings of this study underscore the importance of non-
linear synergistic amplification and threshold-dependent behavior of
physical barrier performance in coastal aquifers. The interplay between
boundary conditions, stress levels, and barrier type yields diverse sys-
tem responses ranging from resilience to vulnerable and even complete
failure. These insights highlight the need to explicitly incorporate
future climate stresses, combined effects, transient aquifer response,
and site-specific characteristics into the design and management of
saltwater intrusion mitigation strategies using physical barriers such as
COWs and SSDs.
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