
1. Introduction
Coastal zones worldwide are densely populated and rely heavily on groundwater resources to meet their indus-
trial and domestic water demands (Barlow & Reichard, 2010; Kundzewicz et al., 2007; Michael et al., 2017). In 
particular, islands are home to over 700 million people worldwide (World Population Review, 2023), with almost 
half of island nations in a state of water stress given their dependence on vulnerable groundwater resources for 
drinking water (Holding et  al.,  2016). The reliance of small-island populations on groundwater resources is 
often due to the limited availability of fresh surface water resources (Gohar et al., 2019; Tribble, 2008; White & 

Abstract  Aquifers on small islands are at risk of salinization due to low elevations and limited adaptive
capacity, and present risks will be exacerbated by climate change. Most studies addressing small-island 
saltwater intrusion (SWI) have focused on homogeneous sandy islands and one or two hydraulic disturbances. 
We herein investigate SWI dynamics in a layered, confined island aquifer in response to multiple environmental 
perturbations related to climate change, with two considered in tandem. Our field and modeling work is 
based on an island aquifer that provides the drinking water supply for an Indigenous community in Atlantic 
Canada. Observation well data and electrical resistivity profiles were used to calibrate a numerical model 
(HydroGeoSphere) of coupled groundwater flow and salt transport. The calibrated model was used to 
simulate the impacts of climate change including sea-level rise (SLR), storm surge overtopping, changing 
aquifer recharge, and erosion. Simulated aquifer conditions were resilient to surges because the confining 
layer prevented deeper saltwater leaching. However, reduced recharge and erosion resulted in saltwater 
wedge migration of 170 and 110 m, respectively when considered individually, and up to 295 m (i.e., into the 
wellfield) when considered together. Despite the confining conditions, SLR resulted in wedge migration up to 
55 m as the confining pressures were not sufficient to resist wedge movement. This is the first study to harness 
an integrated, surface-subsurface hydrologic model to assess effects of coastal erosion and other hydroclimatic 
stressors on island aquifers, highlighting that climate change can drive extensive salinization of critical 
groundwater resources.

Plain Language Summary  Due to their limited resources and adaptive capacity, small islands are
highly vulnerable to climate change impacts, including saltwater intrusion. Freshwater needs on small islands 
are often sourced from small aquifers that are in delicate balance between conditions in the ocean, atmosphere, 
and land. In this study, we investigate the movement of saltwater into the freshwater aquifer of a small island 
that provides drinking water resources for an Indigenous First Nation. We consider climatic changes in 
the ocean (sea-level rise (SLR), storm surges, and related coastal erosion) and atmosphere (changes to net 
precipitation) and associated impacts to the island's fresh groundwater resources. We use field data paired with 
a mathematical model and demonstrate that the pressurized conditions of the layered island aquifer make it 
more resilient to SLR than unconfined aquifers in sandy islands are. However, the aquifer's freshwater volume 
is susceptible to coastal erosion and reduced precipitation, particularly when these happen at the same time. 
Results point to coastal erosion as a potential widespread driver of freshwater loss along eroding portions of the 
global coastline.
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Falkland, 2010); however, the groundwater resources (freshwater lenses) on small islands are also precarious due 
in part to the limited area available for fresh recharge (Briggs et al., 2021; Volker et al., 1985). In general, the 
proximity to the coast, low surface elevations, and low hydraulic inertia (low volumes) of small-island aquifers 
paired with the high groundwater dependence in these settings make island freshwater resources highly sensitive 
to hydroclimatic changes and groundwater pumping (Cantelon et al., 2022; Oppenheimer et al., 2019; Werner 
et al., 2013, 2017).

Saltwater intrusion (SWI) research in coastal aquifers has predominantly focused on lateral SWI, which is defined 
as the landward migration of the subsurface saltwater wedge due to land-ocean hydraulic gradient changes 
caused by sea-level rise (SLR), pumping, or reduced recharge (Ketabchi et al., 2016; Werner et al., 2013). Stud-
ies have generally found that “recharge-limited” aquifers that are able to maintain the hydraulic gradient under 
SLR experience less SWI than “topography-limited” aquifers that are unable to maintain the gradient (Carretero 
et  al.,  2013; Michael et  al.,  2013; Werner & Simmons,  2009). Factors such as the extent of surface inunda-
tion due to SLR, the seaward groundwater flux, groundwater recharge, and aquifer storage control the rate and 
pattern of freshwater-saltwater interface migration (Ataie-Ashtiani et al., 2013; Ketabchi et al., 2016; Morgan & 
Werner, 2014).

Until recently, vertical SWI driven by infiltration of flooded seawater following coastal storms had received 
less attention than SWI driven by SLR (Cantelon et al., 2022). However, recent studies have shown that vertical 
SWI dynamics in response to coastal flooding depend on many factors including geology, spatiotemporal extent 
of flooding, inundation frequency, and topography (e.g., LeRoux et al., 2023; Tackley et al., 2023; Vithanage 
et al., 2012; Yu et al., 2016). Given that changes in coastal storm intensity and frequency are expected to occur 
with a warmer ocean (Greenan et al., 2019; IPCC, 2021), vertical SWI caused by flooding may occur with shorter 
return periods that do not provide enough time for aquifer recovery between storms (Paldor & Michael, 2021). 
Groundwater recharge can also influence both lateral and vertical SWI dynamics as reduced recharge can draw 
the freshwater-saltwater interface landward and retard aquifer freshening following vertical SWI (Chang & 
Clement, 2012; Chui & Terry, 2013; Holding & Allen, 2015a).

Relatively recent field studies have considered the importance of coastal erosion as a SWI driver (e.g., Cantelon 
et al., 2023; Schneider & Kruse, 2003). Also, a limited number of analytical or numerical modeling investiga-
tions have investigated the impacts of erosion on island groundwater resources and concluded that erosion can 
drive SWI, in part due to a reduction in the area available for fresh recharge (Chesnaux et al., 2021; Lemieux 
et al., 2015; Schneider & Kruse, 2006). Morphologic change occurs in tandem with other climate change stress-
ors, which causes erosion, SLR, and storm surge inundation to interact with one another (Bilskie et al., 2014; 
Walther et al., 2017) and influence vertical SWI patterns (Cantelon et al., 2022, 2023). In addition to reducing 
the area available for fresh recharge, changes in the coastline morphology, including slope, affect surface and 
subsurface flow patterns (Passeri et al., 2015; Volker et al., 1985; Zhang et al., 2016) and potentially wave runup 
and water table overheight (Kang et al., 1994; Nielsen & Hanslow, 1991). Also, the influence of aquifer confining 
conditions on the response to SLR and other forcings is relatively unstudied compared to the dynamics of homo-
geneous, unconfined aquifers, such as those along sandy beaches. In general, hydraulic conductivity distributions 
can strongly influence the response of an aquifer to SWI drivers (Holding & Allen, 2015b; Ketabchi et al., 2014; 
Paldor et al., 2019; Vithanage et al., 2012).

The present study's goal is to investigate impacts of different atmospheric and oceanic climate change stressors 
on small-island groundwater resources. Specifically, we use a calibrated, numerical surface-subsurface flow and 
transport model to simulate the impacts of SLR, storm surge overtopping, changing recharge, and coastal erosion 
on fresh groundwater resources in a two-layered, confined, island aquifer. Our approach is novel as this is the 
first integrated hydrologic modeling study of the impacts of coastal erosion and other hydroclimatic stressors on 
SWI along island or continental coastlines. Past related work has considered the impacts of one erosion scenario 
on barrier island freshwater resources in models restricted to the subsurface (Lemieux et al., 2015; Schneider 
& Kruse,  2006) or the effects of SWI from coastal flooding on idealized (e.g., Holding & Allen,  2015b) or 
atoll (Storlazzi et  al.,  2018) islands. Herein, a coupled, integrated surface and subsurface flow and transport 
model is applied to study SWI dynamics in response to different erosional and hydrodynamic stressors, with the 
two “worst-case” perturbations modeled in tandem to investigate compounding effects. Most previous island 
groundwater models have considered sandy, barrier island aquifers rather than confined (layered) bedrock aqui-
fers like in the present study, but layered island aquifers are ubiquitous worldwide (Falkland, 1993; Robins & 
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Lawrence, 2000; UNESCO-IHP & UNEP, 2016; Vacher & Quinn, 1997). The field work and associated numer-
ical modeling for this project was conducted on Lennox Island (Prince Edward Island, Canada), in partnership 
with the Lennox Island Mi'kmaq First Nation and the Mi'kmaq Confederacy of Prince Edward Island. Hydroge-
ological studies that combine numerical modeling with field data are critical to understand the important factors 
that influence vulnerable island aquifers in the face of present and future oceanic and atmospheric climate change.

2. Materials and Methods
2.1.  Study Site

Lennox Island is a small (5.02 km 2) island off the northern shore of the Canadian province of Prince Edward Island 
(Figure 1). Lennox Island is protected from the high wave energy of the Gulf of St. Lawrence by the Hog Island 
(Mi'kmaq, Pituamkek) barrier chain that attenuates wave action in Malpeque Bay (Figure 1). Lennox  Island is home 
to the Lennox Island Mi'kmaq First Nation which has approximately 450 residents. Despite its location in the sheltered 
Malpeque Bay, Lennox Island's soft sandstone coastline can erode up to 90 cm yr −1, with pronounced erosion during 
storm events (MacDonald, 2014; Majeed, 2015). The island has an average topographic slope of approximately 0.4%, 
with the highest elevation approximately 8 m above sea level. Like most of the north shore of Prince Edward Island, 
tides around Lennox Island are mixed, mostly semi-diurnal, with a typical range of ∼1 m (Armon & McCann, 1979).

The geology of Lennox Island is typical of much of Prince Edward Island and is part of the Kildare Capes 
Formation, a series of upward-fining red bed sandstones with intraformational mudstones (van de Poll, 1989). 
The upper portion of the sandstone deposits contains a dense fracture network, mainly oriented along the bedding 
planes (Jiang et al., 2004), in which groundwater flow is concentrated. However, vertical/sub-vertical fractures 

Figure 1.  Maps of study site: (a) Prince Edward Island (PEI), Canada, with the location of Lennox Island noted by black dot; (b) Lennox Island and nearby barrier 
island Hog Island in Malpeque Bay. The flood extents for surge simulations described in Table 2 (Section 2.4) are shown (underlying gray layer is entire island), 
and locations of pumping wells, observation wells, and geophysical measurement locations are noted in the transparent inset. (c) Groundwater head fluctuations in 
observation wells OB1 and OB2 from 2013 to 2017 (see panel b for locations and colors, data from Public Services and Procurement Canada, pers. comm. 2020).

Version of Record at: https://doi.org/10.1029/2023WR036394



Water Resources Research

STANIC ET AL.

10.1029/2023WR036394

4 of 22

can also allow rapid water infiltration deeper into Prince Edward Island bedrock (Carr, 1969). The heterogeneous 
and fractured geology of Prince Edward Island can result in complex aquifer-ocean interactions with multiple 
salt wedges at depth (van der Kamp,  1981), focused submarine groundwater discharge via intertidal springs 
(KarisAllen et al., 2022), and complex contaminant transport dynamics (Pavlovskii et al., 2023). However, past 
groundwater modeling work on Prince Edward Island has employed an equivalent porous medium approach (e.g., 
Jiang & Somers, 2009). On Lennox Island, a deeper confined fractured sandstone/mudstone aquifer is separated 
from the surficial till aquifer by a confining unit consisting of low-permeability mudstone. Four production wells 
installed in the deep, confined aquifer on Lennox Island (Jacques Whitford, 2007) are pumped on a rotational 
basis and provide the First Nation's water supply (triangles, Figure 1b). Extraction rates were monitored between 
2010 and 2018, with an average island-wide pumping rate of 130 m 3 day −1 (PSPC, 2018).

Prince Edward Island receives on average 1,100 mm yr −1 of precipitation based on data from climate stations at 
Harrington and Summerside and previous island-wide studies (ECCC, 2020a, 2020b; Jiang et al., 2004), with 
∼30–40% of precipitation recharging aquifers (Jiang et al., 2004; Jiang & Somers, 2009; Zebarth et al., 2015).
The groundwater elevation on Prince Edward Island displays a bimodal fluctuation annually, with the highest
levels occurring in spring and fall, and the lowest during late summer and in winter months when precipitation
is stored in the snowpack (Jiang & Somers,  2009; PSPC,  2018). Several studies have performed hydrologic
balances for Prince Edward Island watersheds, resulting in calculated evapotranspiration rates ranging from 382
to 730 mm yr −1 and runoff ranging from 101 to 209 mm yr −1 (Afzaal et al., 2020; De Jong et al., 2008; Paradis
et al., 2016; Vigneault et al., 2007).

2.2.  Field Methods and Data Sources

Data for two observation wells (OB1 and OB2, Figures 1b and 1c) in the lower aquifer on the island were shared by 
the Lennox Island First Nation via Public Services and Procurement Canada for 2013–2017. The average hydrau-
lic heads for OB1 and OB2 are 1.44 and 1.83 m above sea level, respectively (Figure 1c), with an average horizon-
tal hydraulic gradient between the wells of about 0.002. Hydraulic head maxima occur around late December/early 
January, and April or May, generally coinciding with late-fall precipitation and spring snowmelt, respectively.

To estimate the freshwater-saltwater interface location, time-domain electromagnetic geophysical measurements 
with a WalkTEM (ABEM) were used to determine the bulk ground resistivity at the shoreline and a more inland 
location close to the wellfield (Figure 1b). This system has been successfully used to map fresh and saline ground-
water zones in other studies of small-island aquifers (e.g., Briggs et al., 2021; Cantelon et al., 2023). Twenty-meter 
transmitter loops were used for each location with measurements collected using the 10 ms, dual moment current 
configuration, with at least 5 stacks per station and 39 gates per pulse. The raw resistivity data were inverted using 
the Aarhus SPIA software (SPIA, 2020) to produce 1D resistivity profiles. A modified version of Archie's Law 
for saturated medium (Glover, 2016; Winsauer & Shearin, 1952, and Text S2 in Supporting Information S1) was 
used to calculate the porewater electrical conductivity from the bulk ground resistivity produced by the WalkTEM 
measurement inversion. To parameterize this form of Archie's Law, values from Hill and Milburn (1956) for a shaly 
sandstone with chiefly quartz cementation were used for the cementation exponent (1.65) and tortuosity (1.7).

Climate data for Lennox Island were obtained from the NASA Prediction of Worldwide Energy Resources 
(POWER) Reanalysis tool (NASA POWER Project, 2022), which provided data for a grid cell (global 1° latitude/
longitude) including Lennox Island, along with dewpoint temperature and relative humidity from August until 
the end of December 2021. An average potential evapotranspiration rate of 588 mm yr −1 and an average precipi-
tation rate of 1,100 mm yr −1 were calculated from the 2013–2017 NASA Power Reanalysis data set. This yielded 
a recharge (precipitation minus potential evapotranspiration) of 512 mm yr −1, in line with other hydrogeological 
studies on Prince Edward Island (Jiang et al., 2004; Jiang & Somers, 2009). Further details on recharge estimation 
for this study, including evaporation calculations and a comparison of local climate data with the NASA POWER 
Reanalysis tool, is provided Text S1 in Supporting Information S1.

2.3.  Numerical Modeling Methods

HydroGeoSphere (Aquanty Inc,  2015) is a numerical model that fully couples variable-density surface and 
subsurface flow, along with solute transport, allowing for exchange between surface and subsurface domains. 
Given the storm surge overtopping scenarios described later, this capacity to simulate coupled surface and 
subsurface flow and transport was the primary reason for selecting this model. HydroGeoSphere uses the finite 
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volume numerical method to approximate solutions to the Richards  (1931) equation for subsurface flow and 
the diffusion-wave approximation of the Saint-Venant (1871) equations for surface flow. For salt transport, only 
advection, diffusion, and dispersion transport processes were considered. Governing equations can be found in 
the Text S2 in Supporting Information S1 or in Aquanty (2015) and Therrien et al. (2010).

The conceptual model and mesh for the HydroGeoSphere 2D profile are shown in Figure 2, and the location for 
the cross-shore model transect is shown in Figure 1b. This cross-shore profile was selected as it is approximately 
aligned with the geophysical measurements and the wellfield. The model domain extends 340 m offshore to the 
deepest point in the measured bathymetry and 1,290 m landward to the groundwater divide (highest groundwa-
ter elevation) based off of a 3D steady-state numerical model of the island developed using MODFLOW-2005 
(Harbaugh, 2005) in FloPy (Bakker et al., 2016) with the sharp interface SWI2 (Salt Water Intrusion) package 
(Bakker et al., 2013) (see Text S3 and S4, Figure S1 in Supporting Information S1). This 3D model was not 
employed for the investigations of SWI due to climate change stressors as it cannot represent storm surge over-
topping (Figure 2a). The offshore extent was selected after various iterations considering different model extents 
to ensure the seaward boundary condition location did not artificially control onshore aquifer dynamics.

The HydroGeoSphere domain was 1,630 m long and 117 m deep (Figure 2b) and contained 21,571 elements. Mesh 
spacing ranged from 0.5 to 10 m, with finer spacing at the wellfield, the coastal transition zone (see dense, black 
mesh in Figure 2b), and the left-most and upper boundaries. The mesh was established after a mesh refinement 
study to achieve a balance between spatial resolution and computational efficiency, as run times were typically 
several days. The freshwater flux was applied along the upper boundary from the shoreline to the inland ground-
water divide (blue zone, x = 340–1,630 m, Figure 2b). Lennox Island is closer to a circular (radially symmet-
ric) island then a “strip” (axially symmetric) island, but the 2D profile model (Figure 2b) in HydroGeoSphere 

Figure 2.  (a) Conceptual diagram of the chosen cross-section on Lennox Island (see transect A-Aʹ on Figure 1b) with a 
representation of climate change perturbations (changing recharge or P-ET, storm surge flooding, erosion, and sea-level rise). 
(b) HydroGeoSphere two-dimensional model domain and mesh with boundary conditions. The island domain dimensions
changed for the erosion scenarios as described later.
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assumes axial symmetry rather than radial symmetry. Previous analytical solutions (Fetter, 1972) have shown that 
the same head distribution results for a transect from an island's center to its shoreline for a strip island as for a 
circular island if the recharge is halved in the case of the strip island. Accordingly, 50% of the recharge (precipita-
tion minus potential evapotranspiration) value (50% of 512 mm yr −1) was applied to the model to yield the correct 
head distribution for the approximately circular Lennox Island.

A freshwater equivalent head (Aquanty,  2015) and seawater concentration was specified along the seafloor 
boundary (red zone, Figure 2b). No-flow boundary conditions (green, Figure 2b) were applied to the bottom, 
right side, and left side of the domain. The bottom boundary represents a low-permeability zone above which 
groundwater flow is horizontal, while the right boundary is the inland groundwater divide location based on the 
3D modeling (Figure S1 in Supporting Information S1).

Calibration was manually conducted using results from nearby borehole logs, well data, and geophysical meas-
urements to form parameters and output constraints. The main calibration parameters were hydraulic conductivity 
values in the aquifers and aquitard, while other parameters were based on default values in HydroGeoSphere or 
appropriate values for the geologic environment. Manual calibration was conducted as automated calibration 
would not be possible given the run time of each simulation. The upper aquifer hydraulic conductivity was varied 
to achieve model congruence with the hydraulic heads at the observation wells and the freshwater-saltwater inter-
face location at the shore and wellfield. However, matching the modeled interface location to the geophysical 
data was the primary calibration focus as the inertial interface location can be a more robust calibration target in 
small-island settings than dynamic hydraulic heads (Pavlovskii et al., 2022). Van Genuchten (1980) soil water 
characteristic curve values for a sandstone determined by Manna et al. (2019) were used to parametrize the soil 
water retention for the upper aquifer. Parameters and results of the calibration runs are presented in Table 1 and 
Figures S2 and S3 of the Supporting Information S1.

The coupling length (Equation S6, Text S2, in Supporting Information S1), which links the surface and subsurface 
domain equations through the dual node approach (Park et al., 2009), was initially set to 0.01 m to maintain model 

Model parameters (units) Value

Upper aquifer, saturated K (m s −1) 8 × 10 −5

Lower aquifer, saturated K (m s −1) 8 × 10 −6

Aquitard, saturated K (m s −1) 10 –8

Specific storage, Ss (m −1) 10 –5

Porosity, n 0.35

Alpha, α, (m −1) a 1.85

Beta, β 1 (−) 2.0

Pore connectivity, lp (−) 0.5

Residual water saturation, Swr (−) 0.01

Minimum relative permeability, kr (−) 10 –20

Subsurface longitudinal, transverse, vertical transv. dispersivity, αL, αT, αTV (m) 1.0, 0.1, 0.1

Surface longitudinal, transverse, vertical transv. dispersivity, αL, αT, αTV (m) 50.0–100, 10.0, 10.0

Subsurface tortuosity, τ (−) 1.0

Coupling length (m) 0.001–0.1

Coupling dispersivity (m) 5.0

Manning's roughness coefficient x-direction, y-direction, nx, ny (m −1/3 s) 1 × 10 −6, 1 × 10 −6

Rill storage height (m) 1 × 10 −4

Obstruction storage height (m) 0.0

Note. Hydraulic conductivity (K) values were calibrated, while other values are standard properties in HydroGeoSphere or for 
the geologic units in question. Model parameters and equations are further detailed in Text S2 in Supporting Information S1.
 aα and β are the van Genuchten fitting parameters for the soil water characteristic curve.

Table 1 
Subsurface and Surface HydroGeoSphere Model Parameters
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stability, but was later reduced to 0.001 m once steady-state conditions were achieved to run the climate change 
scenarios (Guimond & Michael, 2020; Paldor & Michael, 2021). The combined impact scenario described later 
had a coupling length of 0.1 m to maintain stability. Four pumping wells were included as sinks in the modeling 
domain, and the details on implementing the extraction rates can be found in Text S3 in Supporting Informa-
tion S1. The model represents quasi-steady-state conditions. Therefore, the impacts of tides and waves on the 
coastal groundwater (LeRoux et al., 2021; Robinson et al., 2007), which are somewhat limited at the site given 
the lower tidal range and wave energy, were not accounted for. Initial conditions for the transient simulations 
(detailed below) were obtained by running the model until heads at observation locations stabilized and the fresh-
water zone thickness reached equilibrium.

2.4.  Climate Change Scenarios

Table 2 provides an overview of the simulated climate change scenarios, including coastal erosion as a direct 
climate change impact. These different stressors were applied to the model by altering boundary conditions and/
or boundary locations as described below. Impacts for the different stressors were compared by assessing new 
“post-stress” steady-state conditions (interface locations, freshwater volumes, and heads). While results were 
variable among runs, steady-state conditions were typically achieved around 1,000 years.

2.4.1.  Changing Island Morphology (Erosion) Scenarios

Erosion rates at the southern shore of Lennox Island generally range between 0 and 30 cm yr −1 (PEI, 2021). However, 
some areas have higher erosion rates (>90 cm yr −1, PEI, 2021), and coastlines are expected to experience more 
change as sea levels rise and storm surge frequencies and intensities increase. Therefore both 30 and 90 cm yr −1 
erosion rates were used to alter the island geometry and investigate steady-state hydraulic head and salinity distri-
butions with truncated domains that represent 25, 50, 75, and 100 years of erosion. As the numerical model cannot 
easily accommodate a continuously adjusting boundary condition location due to gradual erosion (i.e., shoreline 

Change Model run ID Description

N/A Initial condition (IC) Calibrated initial conditions as described in Section 2.3

Erosion runs E25 L Eroded coastline (domain shifted) after 25 years, 30 cm/year.

E25U a Eroded coastline after 25 years, 90 cm/year; or after 75 years, 30 cm/year

E50 L Eroded domain coastline after 50 years, 30 cm/year

E50U Eroded domain coastline after 50 years, 90 cm/year

E75U Eroded domain coastline after 75 years, 90 cm/year

E100 L Eroded domain coastline after 100 years, 30 cm/year

E100U Eroded domain coastline after 100 years, 90 cm/year

Changing recharge runs R1 b P-ET rate of 370 mm/yr applied to landside surface boundary (BC)

R2 b P-ET rate of 413 mm/yr applied to landside surface boundary

R3 b P-ET rate of 556 mm/yr applied to landside surface boundary

Sea-level rise runs SLR1 SLR applied to ocean surface node BC; 70 cm SLR by 2099, 7.7 mm/yr

SLR2 SLR applied to ocean surface node BC; 90 cm SLR by 2099, 10 mm/yr

SLR3 SLR applied to ocean surf. Node BC; 110 cm SLR by 2099, 12.2 mm/yr

Storm surge runs S1 1.08 m surge applied to ocean surface node BC for 24-hr period

S2 1.48 m surge applied to ocean surface node BC for 24-hr period

S3 2.05 m surge applied to ocean surface node BC for 24-hr period

S4 4.1 m surge applied to ocean surface node BC for 24-hr period

Combo run C1 Eroded domain shoreline @ 100 years (90 cm/yr rate), P-ET is 370 mm/
yr

 aEroded shoreline after 25 years at 90 cm yr −1 has the same position as after 75 years at 30 cm yr −1.  bP-ET rates were later 
halved when applied to the model as described in the text.

Table 2 
Boundary Conditions Applied to Climate Change Scenarios
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interface migration), we adjusted the model domain and assigned new shoreline boundary locations after a period 
of assumed constant erosion. For example, 90 cm/yr for 100 years resulted in a shoreline boundary location that was 
shifted 90 m inland. Once the shoreline position was adjusted by a distance equal to the erosion rate (30 cm yr −1 
and 90 cm yr −1) times the erosion timeline (25, 50, 75, and 100 years), the new model with a truncated domain (see 
Figure S4 in Supporting Information S1 for adjusted domains) was run to steady state to simulate the new freshwa-
ter volumes (runs E25 L to E100U, Table 2). A total of seven erosion scenarios were simulated, since 90 cm yr −1 
over 25 years is the same as 30 cm yr −1 over 75 years. The erosion was assumed to occur as a landward moving 
vertical face, similar to erosion patterns during hurricanes on Prince Edward Island (e.g., Mulligan et al., 2023).

2.4.2.  Changing Recharge Scenarios

Monthly climate projections for Lennox Island were obtained from ClimataData.ca (Cannon et  al.,  2016; 
PCIC, 2022; Vincent et al., 2015) between 2071 and 2100. These data are based on CMIP5 projections under 
Representative Concentration Pathways (RCP) 2.6, 4.5, and 8.5. Median and upper values for daily minimum and 
maximum air temperatures and precipitation rates were obtained for the range of RCP4.5 and 8.5 scenarios from 
different climate models. Minimum and maximum daily air temperatures were used to calculate projected upper 
and median evapotranspiration rates for RCP4.5 and 8.5 using the FAO (2009) calculator. Recharge (precipita-
tion minus evapotranspiration) values were obtained for each scenario, and if values were similar to the default 
recharge value, they were disregarded.

The resultant recharge change scenarios R1, R2, and R3 (Table 2) represent values of 370 (RCP 4.5 median), 413 
(RCP 8.5 median), and 556 mm yr −1 (RCP 4.5 or 8.5 upper), respectively. These are higher (556 mm yr −1) and 
lower (413 and 370 mm yr −1) recharge rates compared to the default value (512 mm yr −1), which is in line with 
previous research in Atlantic Canada that noted challenges in projecting the direction of groundwater recharge 
changes, let alone the magnitude (Kurylyk & MacQuarrie, 2013). As previously described, these recharge rates 
were all reduced by 50% in HydroGeoSphere to produce the heads in a radially symmetric aquifer (Fetter, 1972). 
These changing recharge simulations (Table 2) were run for 1,000 years to achieve a new steady-state freshwater 
distribution. For all simulations in this study, the freshwater volume was calculated by summing the porewater 
volumes for elements with concentrations less than 1,000 mg L −1.

2.4.3.  Sea-Level Rise Scenarios

SLR projections were obtained from James et al. (2021) based on IPCC AR5 modeling and the NAD83v70VG 
national crustal velocity model (Robin et al., 2020) between 2010 and 2099. The SLR scenarios considered in 
this study (SLR1, SLR2, and SLR3, Table 2) were respectively based on the 95th percentile (upper) projections 
for northern Prince Edward Island for RCP 2.6, 4.5, and 8.5 scenarios (Table  2). For the SLR simulations, 
the specified head boundary (Equation 1) was continuously increased at the respective SLR rate for 90 years 
(2010–2099) and was then run to steady state by maintaining the 2099 specified head value until the freshwater 
volume equilibrated.

2.4.4.  Storm Surge Scenarios

Surges were modeled in HydroGeoSphere by increasing the water depth at the ocean boundary condition by the 
respective surge level for the storm duration. Post-tropical Storm Dorian made landfall in Prince Edward Island 
in 2019 for approximately 24 hr (Avila et al., 2020; PEI, 2020), and was an extreme event in terms of both precip-
itation and maximum coastal water elevation. High-water levels (surges) of 1.05, 1.48, and 2.05 m above mean 
sea level were inferred based on water marks at three locations on Lennox Island (Jardine et al., 2021). These 
values were used for storm surge scenarios S1, S2, and S3 (Table 2) respectively. To help generalize the findings 
beyond this field site that has lower surges than some other locations worldwide, a fourth scenario, S4, represents 
a higher surge of 4.1 m (2 × S3) to consider the impacts of a storm that inundates a significant extent of the island. 
The coastal flooding extent associated with these surges is shown on Figure 1b. The 4.1 m surge extends further 
inland, including close to the model landward boundary condition from the northeast direction (A-Aʹ transect, 
Figure 1b). However, the inundated area remains downgradient of the wellfield transect, allowing us to retain our 
no-flow, no-transport boundary condition on the landward side of the model transect.

To represent these surge conditions, the water depth at the ocean boundary condition (Figure 2b) was increased 
linearly to the respective surge level over 24  hr based on the timing of the peak surge and recession during 
Hurricane Dorian (Avila et al., 2020), before returning to mean sea level. After the surge, the model was run for 
10 years. The 10-year mark was chosen because past studies have reported that aquifers reached potable conditions 
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within about 10 years of a storm event (Anderson & Lauer, 2008; Yang et al., 2013). Importantly, recovery times 
that are longer than surge recurrence times may result in an accumulated salinization effect (Paldor et al., 2022). 
However, for the studied site and for small islands in general, it is likely that full recovery is reached on shorter 
time scales and therefore we neglected the effect of recurring storms. This also allowed us to isolate the impact 
of a given surge height and test variable magnitudes, which is the aim of the present study.

2.4.5.  Combined Reduced Recharge and High Erosion Scenario

Climate perturbations occur in tandem, and accordingly a combined impact scenario (run C1, Table 2) with a 
reduced domain representing 100 years of 90 cm yr −1 erosion and the lowest recharge was run to steady-state 
conditions. There are many other combinations of climate perturbations that could be considered, but we focused 
on one run with the two stressors (erosion and recharge reduction) that individually resulted in the most SWI for 
this site as discussed later (Sections 3.2 and 3.3).

3. Results
3.1.  Model Calibration and Initial Conditions for a Stable Climate

Prior to running simulations, we collected and interpreted field data to aid in model calibration. Figure 3a shows 
the resulting electrical conductivity profiles for the two WalkTEM station locations (Figure 1b), and Figure 3c 
shows these locations superimposed on the model domain. At the shoreline, the freshwater zone is approximately 
43 m thick. This lens thickness at the shoreline is indicative of freshwater flux and confined aquifer conditions 
that resist the inland movement of the wedge. At the inland survey location, the WalkTEM survey indicates that 
the freshwater zone is at least 100 m deep as this is the depth of confidence from the geophysical inversion. 
These were the only locations we were able to collect measurements from without significant electromagnetic 
interference.

The hydraulic head and relative salt concentration distributions for the calibrated, steady-state model run (initial 
conditions, Table  2) that served as the initial conditions for subsequent climate change scenarios are shown 
in Figure 3. Simulated hydraulic heads at OB1 and OB2 are 1.20 and 2.25 m above sea level (model datum), 
respectively (Figure 3b), which results in a hydraulic gradient of approximately 0.005 between the two wells. 
While these were not our primary calibration target, the values are in reasonable agreement with the observed 
average values of 1.44 and 1.83 m. The simulated freshwater zone at the shoreline is approximately 35 m thick, 
and the 1,000 mg/L isoconcentration line of the saltwater wedge toe reaches x = 645 m, which is 305 m inland 
from the pre-erosion shoreline located at 340 m (Figure 3c). At the inland geophysical measurement location 
(Figure 3a), the modeled freshwater-saltwater interface was at a depth of approximately 170 m (Figure 3c). In 
general, exactly matching both the observed hydraulic gradient between the monitoring wells and the shoreline 
interface depth proved to be challenging, and we focused more on calibrating to the shoreline interface depth 
(Pavolvskii et  al.,  2022). The freshwater volume for initial conditions, based on the 1,000  mg  L −1 threshold 
for freshwater and a 1-m thickness in the alongshore dimension, was 45,863 m 3. For the initial condition, the 

Figure 3.  (a) Porewater electrical conductivity profiles from the bulk resistivity WalkTEM measurements (Figure 1b) at each location and converted using Archie's 
Law. (b) Modeled hydraulic head distribution for the present-day, steady-state initial conditions (run IC, Table 2). (b) Modeled relative salinity distribution for the same 
run as in panel (a) with the WalkTEM profile locations noted by vertical, dashed white lines (Figure 1b & panel (a)).
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water at the locations of the pumping wells was fresh. The calibrated hydraulic conductivity parameters are in 
Table 1. The climate change simulation runs described in the following sections were compared to these initial 
present-day results as summarized in Figure 3 and Table S2 (Supporting Information S1).

3.2.  Impacts of Erosion

Steady-state salinity distributions for the high-erosion runs (runs E25U, E50U, E75U, and E100U, Table 2) are 
shown in Figure  4, and freshwater volume, heads, and interface locations for these runs are summarized in 
Figure 5. Simulated results for the lower erosion rate are presented in Figure S5 in Supporting Information S1. As 
the coastline was moved further inland due to erosion, hydraulic heads decreased and the saltwater wedge moved 
further inland (Figure 5). Hydraulic heads ranged from 0.53 to 1.12 m for OB1 and 1.75–2.25 m for OB2, as more 
of the shoreline was eroded. The saltwater wedge toe moved 10–110 m inland relative to the initial condition 
run for the different erosion scenarios (Figure 5 and Table S2 in Supporting Information S1) as the magnitude of 
shoreline erosion increased.

As expected, the freshwater volume decreased due to erosion as the shoreline was moved further inland (Figure 5a). 
Freshwater volumes ranged from 45,803 to 41,909 m 3 (up to 8.6% decrease from the initial condition run, Table 2) 
among all erosion scenarios, and also decreased approximately linearly with the increased length of eroded coast-
line (Figure 5a). Erosion scenario E100U had the most pronounced effects on hydraulic heads, freshwater volume, 
and saltwater wedge position, as it was also associated with the most pronounced erosion (Figures 5a and 5b). The 
erosion scenarios at 75 and 100 years led to salinization of the pumping well closest to the shoreline. The maximum 
concentration at the wellfield was 1,400 mg/L under a 100-year erosion scenario (90 cm yr −1), which is over five 

Figure 4.  Steady-state salinity distributions for the higher erosion runs after 25, 50, 75, and 100 years of erosion: (a) E25U, 
(b) E50U, (c) E75U, and (d) E100U (see Table 2). The white dashed vertical line indicates the initial shoreline position, the
black dashed line indicates the initial interface (1,000 mg/L isoconcentration) position, and the light gray line indicates the
resulting steady-state interface position after erosion (1,000 mg/L isoconcentration). Yellow squares represent pumping wells.
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times the maximum acceptable concentration (250 mg/L) for drinking water in 
Canada (Health Canada, 2020).

3.3.  Impact of Changing Recharge

The resulting steady-state (1,000-year simulations) salt concentration 
distribution and saltwater wedge positions for the three changing recharge 
scenarios are shown in Figure 6a, and freshwater volume and hydraulic head 
evolution are shown in Figure S6 in Supporting Information S1. For run R1 
(Table 2), decreasing the recharge value to 370 mm yr −1 (originally 512 mm/
year) resulted in hydraulic heads in OB1 and OB2 decreasing to 0.90 and 
1.74 m, respectively (Figure S6 in Supporting Information S1). The saltwa-
ter wedge moved inland relative to the location for the initial condition run 
by approximately 170 m (Figure 6a), which salinized the well closest to the 
shore (560 mg/L). The freshwater volume in the domain decreased by 8% 
(Table S2 in Supporting Information S1).

Changing the recharge rate to 413 mm yr −1 (run R2) also resulted in decreased 
hydraulic heads in the observation wells. OB1 and OB2 heads decreased to 
0.98 and 1.89 m, respectively. The saltwater wedge toe moved 110 m land-
ward (Figure 6a), and the steady-state freshwater volume decreased 5.2%. For 
R3 (increased recharge scenario), hydraulic heads at OB1 and OB2 increased 
to 1.29 and 2.41 m, respectively, the saltwater wedge toe moved seaward by 
25 m (Figure 6a), and the freshwater volume increased by 1.6%.

3.4.  Impact of Sea-Level Rise

The hydraulic head and freshwater volume changes for the SLR runs are 
shown in Figure S7 in Supporting Information S1, and the relative salt distri-
bution and saltwater wedge positions for all three SLR scenarios at steady 
state (i.e., after 1,000 years of simulation time) are shown in Figure 6b. For 

the run with 0.7-m of SLR (run SLR1) by 2100 and then with constant boundary conditions assigned until 
steady-state was achieved, the heads at OB1 and OB2 increased to 1.77 and 2.87 m, respectively (Figure S7 in 
Supporting Information S1). The saltwater wedge toe moved inland from the initial condition (Table 2) location 
by 35 m (Figure 6b), and the freshwater volume was decreased by 2.7% (Table S2 in Supporting Information S1). 
Under the SLR2 scenario, the 0.9-m SLR caused hydraulic heads in OB1 and OB2 to rise to 1.97 and 3.07 m, 
respectively. The saltwater wedge moved inland by 40 m, and the steady-state freshwater volume dropped by 
2.7%. For the SLR3 scenario, the 1.1-m SLR caused heads to rise to 2.14 and 3.22 m in OB1 and OB2, respec-
tively, the wedge moved 55 m inland, and the freshwater volume decreased by 3.5%. None of the three SLR 
scenarios resulted in salinization of the pumping wells (Figure 6b). At 100 years, the saltwater wedge position 
was at similar locations (x ≈ 650 m) under all three scenarios, indicating a lag between flow and saltwater wedge 
re-equilibration. However, by 1,000 years the three SLR scenarios produced different new steady-state results as 
summarized in Table S2 in Supporting Information S1.

3.5.  Impacts of Storm Surge Overtopping

For the storm surge runs (S1–S4, Table 2), the respective observation well hydraulic head changes are shown in 
Figure S8 in Supporting Information S1. During the entirety of each simulation, the 24-hr storm event did not 
have a significant impact on the saltwater wedge, and no saltwater plumes developed in the upper aquifer. Given 
the similar results among runs, only the run S4 results are shown (Figure 7). The lack of salinization is explained 
briefly by the fact that most of the land surface on the modeled transect is above these storm surge heights (for 
runs S1–S3), and thus the surges only propagated short distances along the shoreline. For the 4.1 m storm surge 
(run S4), the surge did penetrate further inland as shown in the surge map (Figure 1b), but only negligible changes 
to the groundwater salinity occurred, and those were limited to the shallow aquifer (e.g., Figures 7e and 7f).

The relative resilience of the aquifer to salinization from storm surges is postulated to be due to the relatively small 
flooded area in the modeled transect (Figure 1b), as well as the vadose zone properties and hydraulic conductivity 

Figure 5.  (a) Steady-state freshwater volume versus volume of eroded 
coastline for each erosion scenario (see Table 2 runs E25 L to E100 L for 
lower erosion rates and E25U to E100U for upper erosion rates), and (b) 
hydraulic heads for OB1 and OB2 and interface location at the wedge toe (red 
diamonds, with the value indicating the x position at the base of the domain, 
see Figure 4) for each erosion scenario.

Version of Record at: https://doi.org/10.1029/2023WR036394



Water Resources Research

STANIC ET AL.

10.1029/2023WR036394

12 of 22

of the upper aquifer that limited infiltration and facilitated rapid flushing of infiltrated water. Under each storm 
surge scenario, the hydraulic heads reached their maximum levels during the surge event and then re-equilibrated 
(Figure S8 in Supporting Information S1). For runs S1, S2, and S3, the freshwater volume decreased by only 
0.007% during the storm surge, with insignificant differences among scenarios. The freshwater volume returned 
to its original value within 170 days after the storm event for runs S1 to S3. Even under run S4, the freshwater 
volume only decreased 0.013% from initial conditions, but it took much longer (16 years) to return to the initial 
freshwater volume. The salinity distribution was only affected for the shallow bathymetric portion of the model 
domain, while the aquifer zone pumped for groundwater supply was not impacted (Figure 7).

3.6.  Impacts of the Combined Scenario (Erosion and Recharge Reduction)

Combining the impacts of reduced recharge and an eroded coastline (run C1, Table 2) had the most significant 
impacts on the aquifer based on changes in hydraulic head, freshwater volume, and salinity (Figure 8). Hydraulic 
heads at OB1 and OB2 decreased to 0.43 and 1.33 m, respectively. The saltwater wedge toe moved inland by 
295 m, and the freshwater volume in the domain was decreased by 16%. The movement of the interface inland 
caused the salinity to increase to 11,200 mg/L at the first pumping well, and 6,195 mg/L at the second pumping 
well, which are both well above the 250 mg/L Health Canada (2020) drinking water standard.

4. Discussion
4.1.  Erosion Impacts

Figure 9 shows a comparison of freshwater volumes and the saltwater wedge position with respect to the pump-
ing wells for each model scenario (Table 2). Coastline erosion significantly impacted the freshwater-saltwater 
interface position (Figures 4 and 5) due to moving the saltwater boundary condition closer to the island center 

Figure 6.  (a) Salinity distribution at steady state (domain truncated at x = 900 m) for the changing recharge runs (Table 2). 
Interface positions (the 1,000 mg/L isocontour) are shown for model run R1 (white dotted line), R2 (purple dashed line), 
R3 (green dashed line, increased recharge), and initial conditions (black dashed line). (b) Normalized salinity distribution at 
steady-state (colors) and interface locations for the initial conditions (black line, Table 2) and sea-level rise runs SLR1 (pink 
dotted line), SLR2 (orange dashed line), and SLR3 (yellow dotted dash line).
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combined with the overall decrease in land area available for recharge (Chesnaux et  al., 2021; Fetter, 1972). 
However, although there was an overall decrease in hydraulic heads throughout the aquifer system, the hydraulic 
gradient increased between observation wells OB1 and OB2. This may be attributed to the method in which 
erosion was simulated. With increased erosion, the vertical shoreline boundary dimension was increased, likely 

Figure 7.  Salinity distribution for surge run S4 (Table 2): (a) before, (b) during, (c) 1 year after, and (d) 10 years after with saline plumes only forming in the shallow 
portion of the ocean boundary (x = 117–340 m). Panels (e) and (f) show a zoom-in of the shoreline for panels (a) and (d), respectively. The light gray lines indicate the 
1,000 mg L −1 isoconcentration line for each scenario (a–d). Longitudinal dispersivity was increased to 100 m in the surface domain for this simulation for numerical 
reasons. The horizontal, brown dashed line in a-d indicates the confining unit.

Figure 8.  Steady-state salinity distribution for the combined scenario (run C1, Table 2). The white vertical dashed line 
indicates initial shoreline position, the black dashed line indicates initial wedge position (1,000 mg L −1 contour), and the light 
gray line indicates the new steady-state wedge position (1,000 mg L −1 contour).
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Figure 9.  (a) Freshwater volumes, (b) horizontal distances between the first pumping well and the 1% isoconcentration line 
(an approximation of the drinking water threshold) at the same elevation as the well screen for all simulations in this study 
(Table 2), with colors indicating the grouping of perturbation types (e.g., red = sea-level rise, light blue = changing recharge), 
and (c) visual representation of wedge locations relative to the first pumping well (as shown in b). Negative values in panel 
(b) represent a wedge position that is further inland than the first pumping well (i.e., when the well was salinized to a value
over the 1% concentration threshold).
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increasing exfiltration, and decreasing hydraulic heads at shoreline locations. Much of Prince Edward Island's 
north shore was converted to steeper vertical faces, similar to how erosion was represented in the model, follow-
ing the pronounced coastal erosion that occurred during Hurricane Fiona in September 2022 (e.g., Mulligan 
et al., 2023).

Compared with the reduced recharge scenarios, coastal erosion did not result in as large of an impact on fresh-
water volumes and saltwater wedge positions until later times. Also, the transition zone widened as more erosion 
occurred, which resulted in the first pumping well exceeding 1% salinity (Figure 9), with two scenarios resulting 
in concentrations well above the Canadian drinking water standard. Although the saltwater wedge location was 
not as sensitive to erosion as it was to recharge reductions, there are still significant long-term implications for 
freshwater availability due to erosion alone. For example, water managers often rely solely on hydroclimatic 
prediction in planning the development of future water resources. This study suggests that geomorphological 
predictions should be factored into the assessments, as fast-eroding areas along the coastline will likely expe-
rience faster inland salinization. These findings highlighting the role of coastal erosion in shrinking freshwater 
zones in island aquifers are in conceptual agreement with the work of Schneider and Kruse (2006) and Lemieux 
et al. (2015) on sandy, barrier islands, and are related to (but opposite) recent studies showing how sand accre-
tion or nourishment on barrier islands can lead to the development of larger freshwater lenses (Holt et al., 2019; 
Huizer et al., 2018; Röper et al., 2013). Our findings highlight that bedrock coastlines, which are generally less 
morphodynamic than sandy barrier islands, can still experience erosion rates that are a significant contributor 
to  SWI.

4.2.  Recharge Impacts

When the climate change perturbations were considered in isolation, reducing the recharge (run R1, Figure 6a) 
resulted in the largest shifts in the saltwater wedge (up to 170 m). This finding generally comports with the results 
from White and Falkland (2010) and Briggs et al. (2021) who found that recharge changes due to droughts or 
decadal climate oscillations rendered certain small-island aquifers unusable due to lens thinning. These findings 
are also in general agreement with previous studies that found that SWI driven by changes in recharge on islands 
or along marine continental coastlines is often greater than the extent of SWI driven by other stressors like SLR 
(Carretero et al., 2013; Chui & Terry, 2013; Ketabchi et al., 2016). These results emphasize that small-island 
groundwater vulnerability can be driven by atmospheric climate change as well as the marine climate change 
drivers discussed in the following sections.

4.3.  Sea-Level Rise Impacts

The SLR scenarios (Figure 6b) demonstrate that the magnitude of increased sea level during the 90-year period 
is important, with the effect of land-surface inundation being particularly important. The SLR1 and SLR2 runs 
yielded similar freshwater volumes, whereas SLR3 resulted in a lower freshwater volume as a tipping point 
was reached (Figure S7 in Supporting Information  S1). Under the SLR1 and SLR2 scenarios, very little of 
the island inundates given the steep coast. After a certain limit is reached (i.e., the sea level under SLR3), the 
freshwater volume decreases significantly as a much larger portion of the shore is inundated. This suggests that 
an aquifer's response to SLR is not always proportional to the perturbation but may also be characterized by 
threshold response behavior (Webb & Howard, 2011), in this case due to the SLR rate relative to the coastal land 
surface elevation. Scenario SLR3 also resulted in the largest increase in hydraulic heads in the unconfined aquifer, 
which increased exfiltration to the surface domain. Similar to the findings of Watson et al. (2010) and Morgan 
et al. (2015), hydraulic heads re-equilibrated relatively fast, at approximately 100 years (i.e., 10 years after sea 
level stopped rising), whereas the more inertial saltwater wedge (Pavolvskii et al., 2022) only established a new 
steady-state position after approximately 500 years.

In contrast with the findings of prior numerical modeling studies and studies with analytical solutions for confined 
aquifers subject to SLR (Shi et al., 2018; Werner et al., 2013), the modeling results in this study showed a shift in 
the saltwater wedge toe position after SLR (Figure 6b), even with the presence of a confining layer. This is due 
to upward flow from the confined (leaky) aquifer into the unconfined aquifer as the sea level rose. The resulting 
rise in hydraulic heads in the confined aquifer did not match the SLR magnitude as in previous confined-aquifer 
modeling studies (e.g., Chang et al., 2011). This may be because the confining layer for previous studies has 
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often been placed along the top of the domain, which would not allow for upward flow from the confined aquifer. 
In contrast, in the present study, the confining unit was up to 15 m below ground surface and thus the system 
functioned as a topography-limited aquifer. Also, in the present study, the confining layer thickness is small 
relative to the size of the domain (0.6 m), and the hydraulic conductivity value assigned to the aquitard was 
not low enough  to fully confine the lower aquifer, resulting in more SWI than in studies of more fully confined 
aquifers. This is important to consider in future studies of confined systems, since the hydrogeological configu-
ration presented here may be more representative of certain natural systems, and the difference in the salinization 
dynamics may be substantial, according to our findings.

4.4.  Storm Surge Impacts

Storm surges had only a small impact on the hydraulic heads and an insignificant impact on the salinity distribu-
tion (Figure 7, Figure S8 in Supporting Information S1). The surge heights for model runs S1, S2, and S3 were not 
sufficient to inundate much of the modeled land surface due to the steep topography at the shoreline edge (Figure 
S9 in Supporting Information S1). This prevented any saline plumes (Post & Houben, 2017) from forming in 
the unconfined aquifer or migrating to deeper in the subsurface. Under run S4, although there was land-surface 
flooding, hydraulic heads in the upper aquifer increased enough to fully saturate the subsurface close to the shore. 
This resulted in significant exfiltration at the ground surface close to the shore. The combined impacts of erosion 
and storm surge were not addressed in this study since erosion was herein considered as a vertical cliff migrating 
inland, and thus the extent of surge-driven flooding was independent of erosion.

The storm surge scenarios differ from those in earlier studies for several reasons. Firstly, the surge height in 
this study was small. For example, Anderson and Lauer (2008) used a surge height of 3 m in a lower elevation 
setting than Lennox Island, Yang et al. (2013) used a surge height of 8.5 m, and Liu and Tokunaga (2019) used 
a surge level of 15 m. The storm surges in these previous studies were for typhoons and tsunamis, while the 
present study considered smaller but typical surges experienced for post-tropical storms in Prince Edward Island 
(Jardine et al., 2021; Mulligan et al., 2023). Also, the capacity for the aquifer to infiltrate coastal floodwater 
was lower in the present study than in other studies. For example, the upper aquifer hydraulic conductivity was 
almost two orders of magnitude lower than the hydraulic conductivity used by Yang et al. (2013) and Paldor and 
Michael (2021), reducing the infiltration occurring during a storm event (Yang et al., 2015). It is also important 
to note that the simulated storm surges caused significant inundation on Lennox Island, even if they had minimal 
impact in the modeled higher elevation transect that contained the wells (Figure 1b). We chose to focus our simu-
lations on the pumped regions of the aquifer rather than in low-lying regions of Lennox Island; however, if wells 
were located elsewhere on the island, they could be extremely vulnerable to surges. Thus, the findings for this 
study related to the general resilience of the wellfield to storm surge flooding and vertical SWI do not necessarily 
extend to elsewhere on Lennox Island or to other low-lying islands worldwide (Oppenheimer et al., 2019) that 
have previously been shown to be vulnerable to vertical SWI following coastal flooding due to lower elevations, 
higher surges, or higher infiltration capacity (e.g., Cantelon et al., 2023; Storlazzi et al., 2018; Tajima et al., 2023).

4.5.  Combined Impacts (Changing Recharge and Erosion)

The paired climate perturbation run (C1, Table 2) with erosion and reduced recharge combined caused saltwater 
wedge migration that extended 125 m past any of the isolated runs (Figure 9c). These results strongly indicate that 
risks posed to fresh groundwater resources should not be considered in isolation. Atmospheric, oceanic, hydro-
logic, and morphologic changes act together, and these superimposed forcings may collectively further stress 
coastal aquifers. In this study, we only considered one paired run in which the dominant stressors were combined; 
future studies could investigate different combinations of stressors for field sites where oceanic and atmospheric 
projections, erosion susceptibility, and groundwater pumping conditions differ from those in the present study.

4.6.  Implications for Other Coastal Aquifers Experiencing Climate Change

This study reveals the relative resilience of the Lennox Island aquifer to SLR and storm surges and the relative 
vulnerability to changing recharge and erosion. However, the ranking of climate change threats may differ substan-
tially for other coastal aquifers based on the hydrogeological conditions, coastal hydro- and morpho-dynamics, 
relative SLR rates, and potential recharge changes. For example, the insensitivity of the Lennox Island aquifer 
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to coastal storms arises in part from the relatively high ratio of land surface elevation to surge height for the 
modeled transect. As noted in Section 4.4, other studies for sites with different hydrodynamic and topographic 
conditions have considered much higher surges and/or lower elevations and shown surges to be important for 
SWI (e.g., Anderson & Lauer, 2008; LeRoux et al., 2023; Paldor & Michael, 2021). Also, waves and wave runup 
were not considered in this study as Lennox Island is in a protected bay that does not experience very large waves 
(Dolan, 2022). However, these dynamics may be important at other sites for raising water elevations beyond surge 
heights and overtopping engineered coastal barriers or natural berms and pooling seawater inland. Such dynamics 
could be considered by linking groundwater models with hydrodynamic models that represent more complex 
wave dynamics (Elsayed & Oumeraci, 2018; Storlazzi et al., 2018). Also, the relative insensitivity of the Lennox 
Island aquifer to storm surge is due in part to the low-permeability confining unit which impeded the downward 
migration of saltwater. The hydraulic conductivity for this unit (Table 1) is much lower than values used to model 
sandy barrier islands experiencing surge-driven flooding and lower than values used when modeling atoll island 
aquifers (e.g., Briggs et al., 2021).

The impacts of SLR on SWI dynamics depends strongly on whether the aquifer is recharge-limited or 
topography-limited (Michael et al., 2013), with the former conditions, which characterize the upper aquifer of 
Lennox Island, being less vulnerable. Additionally, the confining unit and pressurized deeper groundwater condi-
tions contribute to the lower sensitivity of the Lennox Island aquifer to SLR. Sandy coastlines host shallow aqui-
fers that function more as homogeneous, unconfined units that are more vulnerable to SLR than Lennox Island's 
aquifer. Also, the relative sensitivity of an island or coastal aquifer to changing recharge would differ along the 
global coastline as some coastal areas have historic trends or future projections that generally indicate increased 
precipitation (e.g., Curtis, 2019). Depending on the coincident changes in evapotranspiration, potential increases 
in recharge arising from increased precipitation could help combat SWI due to SLR (e.g., Threndyle et al., 2022).

Finally, this study points to the potential of coastal erosion as a major driver of SWI, which has not been consid-
ered in past large-scale analyses of future SWI (e.g., Ferguson & Gleeson, 2012). Coastal erosion is generally 
a global problem; however, some sections of the global coastline are experiencing accretion, with the global 
surface area of coastal erosion approximately twice that of coastal accretion (Mentaschi et al., 2018). Islands and 
continental coastlines undergoing natural or anthropogenic sediment deposition may experience a growth in the 
freshwater aquifer volumes that could partially offset erosion-driven SWI in other locations (Holt et al., 2019; 
Huizer et al., 2018; Röper et al., 2013). Sandy coasts, which make up 31% of the ice-free global shoreline, are 
particularly morphodynamic (Luijendijk et al., 2018), and thus past studies of erosion-driven SWI have focused 
on sandy islands (e.g., Schneider & Kruse, 2006; Lemieux et al., 2015). Results from the present study further 
reveal that erodible, consolidated coastlines may also experience erosion rates that are high enough to drive 
pronounced SWI. Collectively, these differences highlight the value of site-based research to understand how 
drivers of SWI vary across systems with differing geologic, hydrologic, and oceanic conditions, and what factors 
should be considered in management of fragile island freshwater resources.

5. Conclusions
We used results from field data and a coupled, integrated surface-subsurface model of water flow and transport 
to investigate the potential for SWI in a small-island, confined aquifer. We considered aquifer salinization in 
response to erosion, changing recharge, SLR, and storm surge overtopping. This is the first modeling study to 
consider the impacts of erosion on SWI into aquifers along islands or continental coastlines that are not sandy and 
thus less morphodynamic, and the first to consider erosion in an integrated surface-subsurface hydrologic model. 
Previous modeling studies of island aquifers have generally considered homogeneous or atoll island aquifers 
rather than the layered, confined bedrock (fractured sandstone) aquifer that was considered in the present study. 
Such confined island aquifers are common worldwide. Results of the model simulations show that the aquifer was 
most sensitive to changing recharge and erosion. These climate change stressors resulted in the largest reductions 
in freshwater volume and hydraulic head, and the largest inland shift of the freshwater-saltwater interface. For 
example, the interface at the bottom of the domain moved 110 and 170 m inland for the scenarios representing the 
highest erosion and greatest recharge reduction, respectively. When these scenarios were considered in combina-
tion, the wedge moved ∼300 m inland and salinized the wellfield.

Sea-level rise also caused a shift in the saltwater wedge (55 m at 110 m depth) as the lower aquifer was not 
sufficiently confined to prevent saltwater wedge movement. Storm surges had little impact on the freshwater 
volume due to the limited spatial extent of surface inundation in the modeled transect during the storm events. 
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This allowed for hydraulic heads to re-equilibrate quickly and for any minimal salinization to be rapidly flushed. 
Under higher storm surges, the heads in the upper aquifer increased significantly, resulting in a large amount of 
exfiltration that limited downward migration of saltwater plumes.

While the study findings were based on a specific site in Atlantic Canada, our findings provide critical insight 
into freshwater insecurity on other small islands worldwide, particularly those with layered aquifer systems. 
Importantly, the model findings highlight risks, such as erosion, that island water managers should consider when 
developing climate change adaptation strategies focused on freshwater sustainability. Our model results show 
that climate change stressors on small-island aquifers can produce more deleterious impacts when considered in 
tandem (e.g., simultaneous erosion and reduced recharge). Given that our inland boundary condition represents 
a terrestrial groundwater divide rather than any distinctive island characteristic, our results are also applicable 
to confined aquifers along continental coastlines. Thus, findings emphasize the importance of considering how 
rapidly eroding marine coastlines can trigger SWI into critical coastal aquifers, especially when occurring in 
combination with changing ocean and atmospheric conditions. Model results reveal that the relative threats to 
freshwater resources in island aquifers depend strongly on the local hydrodynamic, geologic, and climatic condi-
tions, and thus results for other islands may differ substantially from those in this study. Accordingly, these results 
point to the need for more paired field and modeling hydrogeological investigations for different coastal aquifer 
settings to develop a holistic framework for water resource managers conducting short-term and long-term island 
groundwater vulnerability assessments. Such vulnerability assessments could inform climate change adaptation 
solutions such as nature-based solutions to attenuate coastal flooding or managed aquifer recharge to increase 
hydraulic heads and interface depth and to accelerate flushing of salinized aquifers.

Data Availability Statement
WalkTEM resisitivity profiles for the inland and shoreline locations (Figure 3a) and model input files (*.grok, 
*.mprops, and *.oprops) for the initial condition run (Table 2) are archived in Stanic (2024), which is available 
at: https://doi.org/10.5683/SP3/ZAAV3M. Observation well data were not released for public distribution other 
than figures.
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