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Abstract. Freshwater lenses on small islands are vulnera-
ble to many climate change-related stressors, which can act
over relatively long time periods, on the order of decades
(e.g., sea level rise, changes in recharge), or short time peri-
ods, such as days (storm surge overwash). This study eval-
uates the response of the freshwater lens on a small low-
lying island to various stressors. To account for the vary-
ing temporal and spatial scales of the stressors, two differ-
ent density-dependent flow and solute transport codes are
used: SEAWAT (saturated) and HydroGeoSphere (unsatu-
rated/saturated). The study site is Andros Island in the Ba-
hamas, which is characteristic of other low-lying carbonate
islands in the Caribbean and Pacific regions. In addition to
projected sea level rise and reduced recharge under future cli-
mate change, Andros Island experienced a storm surge over-
wash event during Hurricane Francis in 2004, which contam-
inated the main wellfield. Simulations of reduced recharge
result in a greater loss of freshwater lens volume (up to
19 %), while sea level rise contributes a lower volume loss
(up to 5%) due to the flux-controlled conceptualization of
Andros Island, which limits the impact of sea level rise.
Reduced recharge and sea level rise were simulated as in-
cremental instantaneous shifts. The lens responds relatively
quickly to these stressors, within 0.5 to 3 years, with response
time increasing as the magnitude of the stressor increases.
Simulations of the storm surge overwash indicate that the
freshwater lens recovers over time; however, prompt reme-
dial action can restore the lens to potable concentrations up
to 1 month sooner.

1 Introduction

Small islands are particularly vulnerable to stressors asso-
ciated with climate change. The freshwater lens is gener-
ally sensitive to hydrological disturbances, as a consequence
of the low hydraulic gradient and limited thickness of the
lens (Vacher, 1988; Falkland, 1991; Robins and Lawrence,
2000; White and Falkland, 2010). As groundwater recharge
is the primary source of freshwater to a freshwater lens, an
adequate amount of recharge is critical for maintaining the
lens morphology (Falkland, 1991). Changes in groundwater
recharge due to climate change are likely to result from in-
creases in temperature and changes in the spatial distribu-
tion, frequency and magnitude of precipitation (Green et al.,
2011). Conditions of reduced recharge disturb the balance of
freshwater outflow necessary to maintain the extent of the
freshwater lens, and may lead to loss of freshwater volume
due to saltwater intrusion (Oude Essink, 2001; Ranjan et al.,
2009).

Sea level rise may result in inundation and a landward shift
of the saltwater interface, particularly on low-lying islands
(Bear et al., 1999). This would result in a loss of freshwater
lens volume, either by a reduction in areal extent and/or a
thinning of the lens (Oude Essink, 2001). Projected changes
in the frequency of hurricanes and tropical storms are uncer-
tain (IPCC - Intergovernmental Panel on Climate Change,
2014); however, there is evidence to suggest that storms
may become more intense, increasing the likelihood of storm
surge occurrence (Biasutti et al., 2012). Storm surge over-
wash can lead to salt contamination of the freshwater lens
and a temporary loss of freshwater (Anderson, 2002; Illan-
gasekare et al., 2006; Terry and Falkland, 2010). Due to to-
pography, low-lying islands are more susceptible to saltwater
inundation from sea level rise and storm surge overwash.
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Previous modelling studies have investigated aspects of
climate change impacts on the freshwater lenses of islands or
coastal aquifers. Simulations of decreased recharge resulted
in more saltwater intrusion and impact to water supply infras-
tructure than simulations of sea level rise alone (Rasmussen
et al., 2013). However, for regions with future projected in-
creases in recharge, the impact of sea level rise and other
stresses (i.e., increases in pumping) may be counteracted by
increased recharge (Sulzbacher et al., 2012). Analytical and
numerical models of sea level rise indicate that the degree of
saltwater intrusion (or loss of freshwater lens volume) result-
ing from sea level rise depends on many factors. Whether the
hydrogeological system is recharge-limited or topography-
limited (Michael et al., 2013) influences whether or not the
water table rise that accompanies sea level rise can be ac-
commodated by the system. Werner and Simmons (2009)
showed that less saltwater intrusion is expected when the sys-
tem is recharge-limited (flux-controlled). Unsurprisingly, the
degree of land surface inundation was found to control the
amount of saltwater intrusion (Ataie-Ashtiani et al., 2013),
and the impact of sea level rise on saltwater intrusion is
enhanced by groundwater extraction from coastal wellfields
(Bobba, 2002; Langevin and Zygnerski, 2013).

Models of storm surge overwash events have been devel-
oped to evaluate their impact on the freshwater lens. Most
of these models used codes that neglect the surface domain.
However, Yang et al. (2013) used a fully coupled subsurface
and surface approach that simulated tidal activity, coastal
flow dynamics, and a hypothetical storm surge on a coastal
aquifer. All models indicate initial salt contamination of the
freshwater lens, which recovers to fresh concentrations over
time due to freshwater recharging at surface and density-
driven downward migration of salt water (Terry and Falk-
land, 2010). The occurrence of multiple storm surges (An-
derson, 2002) and accumulations of salt water at the surface
in low depressions (Chui and Terry, 2012) may increase the
time for recovery of the lens. Where the vadose zone be-
comes thinner under conditions of sea level rise (because the
freshwater lens has risen in the subsurface), the impact of
storm surge alongside sea level rise may result in less salt
contamination of the freshwater lens (Chui and Terry, 2013).
However, the salt contamination that does occur under sea
level rise conditions remains close to the surface of the lens
(Terry and Chui, 2012). Wider islands generally result in less
freshwater lens contamination than narrow islands, as a result
of their thicker lens morphology (Chui and Terry, 2013).

Although many aspects of climate change impacts on
freshwater lenses have been modelled previously, few stud-
ies have investigated both the spatial and temporal response
of the freshwater lens to the stressors. Climate change re-
lated stressors operate on various spatial and temporal scales:
island-wide impacts due to sea level rise and changes in
recharge occur over long time periods, on the order of
decades, whereas local-scale impacts due to storm surge
overwash occur over short time periods, on the order of days.
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This study evaluates the spatial and temporal response of
an island freshwater lens to various climate change stressors
using a numerical modelling approach. To account for the
varying temporal and spatial scales of the stressors, two dif-
ferent density-dependent flow and transport modelling codes
are used. SEAWAT (Langevin et al., 2007) models were de-
veloped on an island scale to simulate long-acting stressors,
including sea level rise and change in recharge. HydroGeo-
Sphere (Therrien et al., 2010) models were developed on a
local scale to simulate storm surge, which is a short-acting
stressor. The study aims to identify critical factors and stres-
sors that may affect freshwater resources of small, low-lying
islands, using Andros Island in the Bahamas as a representa-
tive island. The results of the study are intended to be appli-
cable to other islands with similar hydrogeological settings.

2 Site description

The study site is Andros Island in the Bahamas. Andros Is-
land has undergone limited development and groundwater
exploitation; therefore, the hydrogeological data collected in
the 1970s (Little et al., 1973) are considered generally repre-
sentative of current conditions and can be used for baseline
model calibration. Andros Island is representative of other
low-lying carbonate islands with thin freshwater lenses com-
monly found throughout the Caribbean and Pacific regions
(Falkland, 1991; Vacher and Quinn, 1997).

Andros Island is the largest island in the Bahamas, and is
located 200 km southeast of Florida (Fig. 1). It is 14 000 km?
in area and is comprised of several smaller islands and cays.
The highest elevation on the island is 20 ma.s.l. (metres
above sea level) along a ridge that parallels the eastern coast,
whereas lower elevations (< 1 ma.s.l.) are common towards
the west. The western coastline is largely composed of wet-
lands and saltwater marshes, and, therefore, most settlements
are along the eastern coast of the island (Fig. 1). The remain-
der of the island is largely covered in pine forest. There are
no permanent surface water bodies on the island.

Andros Island is located on the Great Bahama carbonate
bank (Fig. 1). The geology of the island is a predominantly
Pleistocene Lucayan limestone formation, which is around
40 m thick (Beach and Ginsburg, 1980). Discontinuity sur-
faces (unconformities) within the limestone are present as
layers of paleosols recurring in the upper stratigraphy (Beach
and Ginsburg, 1980). These layers represent episodes of sub-
aerial exposure and are largely concentrated within the top
20m (Beach and Ginsburg, 1980; Boardman and Carney,
1997). Underlying the Lucayan is a cavernous, highly karstic,
and relatively more permeable unit termed the pre-Lucayan,
which is present from 43 mb.g.s. (metres below ground sur-
face) to at least 75mb.g.s. (Boardman and Carney, 1997).
The geology below this depth has not been observed as most
studies focus on the shallow, freshwater-bearing units; how-
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Figure 1. Andros Island, indicating the location of settlements and
wellfields.

ever, deposits of carbonates on the Great Bahama bank are
estimated to be up to 7 km thick (Cant and Weech, 1986).

Due to its large size, the freshwater lens on Andros Is-
land represents the principal source of natural freshwater
for the Bahamas. Most local residents rely on the munic-
ipal potable water supply (< 0.4gL~! salt concentration),
which extracts groundwater from the lens via 11 wellfields
distributed across the island (Fig. 1). The local drinking wa-
ter guidelines define potable water as having salt concentra-
tions of less than 0.4gL~1. The largest of these wellfields
is the North Andros Wellfield. As is common with many
freshwater lenses, there is potential for upconing of the un-
derlying saltwater and degradation of the lens if wells are
deep and the lens thin (Werner et al., 2009; White and Falk-
land, 2010). Therefore, the wellfields on Andros employ hor-
izontal trench-based groundwater extraction or a series of in-
terconnected shallow boreholes pumped at low rates. Typi-
cal depth of the wellfields is between 1 and 5mb.g.s. Wa-
ter flows within the trench-based wellfields under a very low
gradient, towards a central low sump where water is pumped
to storage reservoirs.

The hydrogeology of Andros Island is based on previous
studies, most of which were conducted around the wellfields
and other developed areas. The principal aquifer is the un-

www.hydrol-earth-syst-sci.net/19/933/2015/

confined Lucayan limestone, as the older (deeper) geologi-
cal units are too permeable and thus are not able to prevent
freshwater from mixing with the surrounding saltwater (Cant
and Weech, 1986; Schneider and Kruse, 2003). Soil zones
are sparse, and minimal runoff occurs during precipitation
events (Little et al., 1973; Tarbox, 1987). The freshwater lens
is recharged solely through infiltrating precipitation, which
generally occurs during the wet season from May to Octo-
ber (Bukowski et al., 1999). Average annual precipitation
in the south is 39% less than average annual precipitation
in the north of Andros Island (Cant and Weech, 1986; Ba-
hamas Department of Meteorology, Climate Averages 1979-
2000). Based on resistivity surveys conducted in the north
of the island, the thickness of the freshwater lens ranges
from 3 to 20 m (Wolfe et al., 2001); however, previous stud-
ies cite the maximum thickness as 34 m (Cant and Weech,
1986) and borehole salinity profiles indicate that the maxi-
mum thickness of the lens is up to 39 m (Little et al., 1973).
The lens is generally shallower in the southern regions of
Andros Island compared to the northern regions, with a mea-
sured thickness of at least 15mb.g.s. (municipal water sup-
ply managers, Bahamas Water and Sewerage Corporation,
personal communication, 2013). The elevation of the lens in-
land is approximately 2 ma.s.l. (Ritzi et al., 2001) with typ-
ical depth to water of 1-2mb.g.s., although it is deeper (up
to 5mb.g.s.) under the high topography ridge along the east-
ern coast (Little et al., 1973; Boardman and Carney, 1997).
The hydraulic conductivity of the principal aquifer (Lucayan
limestone) is estimated to range from 86 to 8640 mday !
based on short-duration, single-well specific capacity pump-
ing tests conducted in the 1970s (Whitaker and Smart, 1997).
The hydraulic gradient (ranging from 0.0005 to 0.001) was
determined from historic field observations and estimates of
the freshwater lens morphology (Little et al., 1973). Porosity
ranges from 10 to 20 % (Bukowski et al., 1999). Sparse hy-
drogeological field data are available for the majority of the
island; therefore, in the past, the morphology of the fresh-
water lens was largely inferred based on vegetation patterns,
geological setting and anecdotal observations. Because An-
dros Island is composed of several small islands and cays, the
freshwater lens is also composed of multiple lenses present
on the different land masses. Lenses are anticipated to be
present across most of the island, except in areas that are
heavily intersected by saltwater marshes and wetlands.

In September 2004, Hurricane Frances caused a storm
surge on the western coast of Andros Island, which re-
sulted in extensive salinization of the North Andros Well-
field (Fig. 2). The hurricane ranged from a Category 4 to
Category 2 on the Saffir Simpson Hurricane Scale while it
travelled across the Bahamas from the southeast to north-
west (Franklin et al., 2006). The surge occurred 3—-4 Septem-
ber 2004, while Hurricane Frances passed near Andros Is-
land. The exact time of occurrence of the storm surge and the
actual extent of the overwash are unknown because the west-
ern coast of Andros Island is largely unpopulated. However,
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Figure 2. Layout of the North Andros Wellfield indicating the likely
extent of the 2004 Hurricane Frances storm surge overwash.

after the hurricane had passed, evidence of the overwash was
observed, such as flooded ground and the presence of ma-
rine fish at inland locations (Bowleg and Allen, 2011). The
likely extent of the overwash is thus based on observations of
damage following the surge (e.g., water marks on trees, pres-
ence of seaweed and marine organisms, etc.), and is shown
in Fig. 2.

Salinity concentration data from the southern wellfield
(Fig. 2) were provided from the water managers for the
dates May 2004 (pre-storm), 7 September (immediately post-
storm surge), 15 September (following remedial action) and
July/August 2005 (approximately 1 year post-storm surge).
These data are presented in Fig. 3, which illustrates the
abrupt increase in salinity within the trenches following the
storm surge and the eventual recovery to pre-storm concen-
trations. As a form of remedial action, the contaminated
trenches were pumped to remove the ponded seawater be-
ginning on 8 September (approximately 4 days following the
storm surge). Salinity in the affected trenches improved, re-
ducing by up to 88 % on 15 September, relative to the max-
imum recorded concentrations in each trench. However, re-
medial pumping of the trenches was not completed because
freshwater was required to support post-hurricane relief ef-
forts on other islands. Therefore, some of the contaminated
trenches were closed off from the wellfield system to allow
for extraction of freshwater from the unaffected parts of the
freshwater lens and were not drained. Several of these con-
taminated trenches remained closed for 2 years due to poor
water quality. Trenches that were drained are distinguished
from those that were not in Fig. 3. The wellfield eventually
recovered to normal salinity concentrations between 1 and 2
years post-storm, with all trenches recovered by 2009.
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Figure 3. Salinity monitoring data before and after the 2004 Hur-
ricane Frances storm surge. Data are shown for the southern trench
segments of the North Andros Wellfield only (shown in yellow on
Fig. 2).

3 Methodology
3.1 SEAWAT model: long-acting stressors
3.1.1 Baseline model setup

A three-dimensional numerical density-dependent ground-
water flow and solute transport model was developed us-
ing SEAWAT. The island was simulated using two separate
models, a northern and southern model, to allow for refined
grid resolution and a reasonable run time for each simula-
tion. Each model was run for 100 years, during which time
the freshwater lenses developed; both models reached steady
state (i.e., no further change in lens morphology) within 20—
25 years. Specified head boundaries were defined along the
perimeter of the domain to simulate sea level, with density
specified at 1.025kg L1, representative of typical seawa-
ter composition. Specified concentration boundaries were as-
signed to the same grid cells as the specified head boundaries
with concentrations of 35¢gL~! salt. The initial concentra-
tion of the entire model domain was specified at 35gL~1
salt. The ground surface for the model was based on a digi-
tal elevation model for Andros Island (90 m resolution). The
model grid was uniform in plan view, with each grid cell
500 m by 500 m. In the vertical dimension, the model in-
cluded 44 layers, with individual layer thicknesses of 1 m
in the upper 20 m of the model domains, which transitioned
to 2.5, 5 and then 10 m thickness from a depth of 60 m to the
base of the domain (200 mb.g.s.).

Hydraulic conductivity of the principal aquifer was based
on field data (Little et al., 1973) and a sensitivity analysis was
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Table 1. SEAWAT model parameters.

Parameter

Value

Model domain

200 m deep; lateral extent based on island area

Lucayan/pre-Lucayan interface

40mb.g.s.

Paleosol depths

9-10 and 14-15mb.g.s.

Hydraulic conductivity

Lucayan: 864 m day—1 — paleosols: 8640 m day 1
— pre-Lucayan: 86400 m day_l

Specific storage/specific yield

1x10°m~1/0.15

Effective porosity

0.15

Dispersivity

Longitudinal 1.0 m; transverse
(vertical & horizontal) 0.1 m

Specified head boundary

Oma.s.l. along model domain periphery;
specified density 1.025 kg L—1

Concentration at specified head boundary

35¢g L1 along model domain periphery

Initial concentration

359 L1 throughout model domain

Recharge 877 mmyr—1 (north) and 426 mmyr—1
(south); concentration 0g L1
Time steps Initial: 14 min; maximum: 1 day

conducted to identify the optimal configuration and hydraulic
properties of the layers to simulate the observed freshwater
lens thickness on Andros Island. Previous studies had char-
acterized the paleosols as low hydraulic conductivity layers
(Ritzi et al., 2001); however, anecdotal evidence indicates
that the layers are very weathered and may be highly con-
ductive. In this study, the paleosols are represented by rela-
tively high hydraulic conductivity layers (interbeds) within
lower permeability limestone. This layer configuration with
the assigned layer hydraulic properties is supported by model
calibration. Assigning a low conductivity to the paleosols re-
sulted in the lens being perched, which is not observed in
the field. Whereas, representing the paleosols as high con-
ductivity layers within lower conductivity limestone resulted
in thin lenses being developed, similar to field observations.
This approach is consistent with other studies based in the
Bahamas, which have suggested that layers of high hydraulic
conductivity in the subsurface are responsible for thin fresh-
water lenses (Wallis et al., 1991). The optimal configuration
of aquifer layers and hydraulic conductivities are provided in
Table 1.

Recharge was applied to the top layer of the model with
concentration of 0g L~ salt to simulate the average annual
recharge to the aquifer. Recharge is the only input of freshwa-
ter to the hydrogeological system and, therefore, is the main
mechanism by which the simulated freshwater lens devel-
ops in the model. The annual recharge amount for Andros
Island was estimated using the United States Environmen-
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tal Protection Agency’s software HELP (Hydrologic Evalua-
tion of Landfill Performance) (Schroeder et al., 1994). HELP
utilizes a storage routing technique based on hydrological
water balance principles. It accounts for soil moisture stor-
age, runoff, interception, and evapotranspiration. HELP has
been used to estimate recharge for a variety of climatic and
physiographic settings (Scibek and Allen, 2006; Jyrkama and
Sykes, 2007; Toews and Allen, 2009; Allen et al., 2010).
Within HELP, a representative vertical percolation profile
was defined for the unsaturated zone. The depth of the profile
was 2m, based on a sensitivity analysis using the minimum
and maximum observed depths to the water table on An-
dros Island. No soil zone was specified due to the generally
thin/absent soils on Andros Island (Little et al., 1973). The
lithology was homogeneous (representing limestone), with a
saturated hydraulic conductivity (864 m day—!) based on the
mean value from field studies (Little et al., 1973) and the
calibrated value from the baseline SEAWAT model. Vegeta-
tion cover was assigned to the highest class in the software
(a leaf area index of 5) based on the large proportion of pine
forests. The surface was assigned zero slope given that min-
imal runoff is observed. The wilting point was assigned 0.05
and field capacity 0.1 in the absence of measured values.
Two 100 year climate data series were generated using the
embedded stochastic weather generator; one for North An-
dros and one for South Andros because the historical climate
differs between the two regions. The average annual precipi-
tation on North Andros is 1442 mmyr—1, while on South An-
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Table 2. Projected climate shifts for the 2090s, and the resulting projected values for monthly mean temperature and monthly mean precipi-

tation for North and South Andros.

Parameter D J F M M J J A S O N
Temperature shift (°C) +2.8 +3.0 +3.2 +3.2
Projected monthly 252 243 246 253 268 285 304 313 313 309 327 277

mean temperature
(°C) North/south

Precipitation shift -2

(mm)

Projected monthly 45 48 50 47
mean precipitation

(mm) North

Projected monthly 51 34 37 24
mean precipitation

(mm) South

—18 —24 +12

90 189 138 210 190 176 98

89 81 40 57 112 138 103

dros, it is 889 mm yr—1. Temperature averages were not avail-
able for South Andros; therefore, the monthly averages for
North Andros were applied to both models. Other climate pa-
rameters (e.g., windspeed and relative humidity) were iden-
tical for both models. The historical statistical parameters for
climate were based on values for the nearest climate station
(Miami, Florida, USA) in the weather generator database.

The average annual recharge for the north was esti-
mated at 877 mmyr—1, with a minimum monthly average
of 24mmmonth~ in December and a maximum monthly
average of 163 mmmonth— in August. The average annual
recharge for the south was estimated at 426 mmyr—1, with
a minimum monthly average of 17 mm month~1 in February
and a maximum monthly average of 70 mm month— in Oc-
tober. These values were used as input for the northern and
southern SEAWAT models, respectively.

The hydrogeological parameters assigned to the SEAWAT
model, based on field data and sensitivity analyses, are sum-
marized in Table 1. Storage parameters were based on com-
mon values for the aquifer lithology (Younger, 1993). The
wellfields were not simulated in the baseline model in order
to represent natural historical conditions. Given their small
size, the wellfields are not anticipated to affect the freshwater
lens response. If the system were head-controlled, however,
on a local scale a rise in water table could result in more loss
of freshwater from the top of the lens.

3.1.2 Climate change simulations

Future climate for this study was based on published climate
change projections for the Bahamas (UNDP - United Na-
tions Development Programme, 2010). The projections were
derived from 15 global climate models (GCMs) simulating
three emissions scenarios (SRES A2, Al1B, and B1). Sum-
maries of projected changes were compiled as seasonal shifts
for 3month groupings (McSweeney et al., 2010). For each
grouping, a range in values (minimum, median, and max-
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imum) for each emissions scenario were provided for the
2030s, 2060s and 2090s. The median seasonal shift in tem-
perature and precipitation projected for the 2090s for the
A2 scenario (expected to result in the greatest change) was
selected for Andros Island, as summarized in Table 2. Aver-
age daily temperature for the 2090s is projected to increase
during all seasons (between 2.8 and 3.2 °C). Changes to pre-
cipitation are projected to occur primarily during the summer
(up to 42 % reduction relative to current conditions). Over-
all, the projected climate shifts represent conditions with less
precipitation and higher temperatures — a drier and hotter cli-
mate state.

Changes to groundwater recharge were determined by re-
modelling recharge in HELP using the projected 2090s cli-
mate. The seasonal climate shifts (applied evenly to each
month according to season) were applied to the monthly nor-
mals for temperature and precipitation in the weather gen-
erator, and a new stochastic weather series was generated to
represent the projected future climate. This approach is con-
sistent with that used in other studies (e.g., Scibek and Allen,
2006). The adjusted climate data series was then used as in-
put to the vertical percolation profile to determine the annual
average groundwater recharge expected under projected cli-
mate change. As in the baseline recharge modelling, recharge
estimates were produced for North and South Andros, and
these values were applied to the SEAWAT models for each
region, respectively. The predicted average annual recharge
for the north was 777 mmyr—1, with a minimum monthly av-
erage of 18 mm month~1 in March and a maximum monthly
average of 130 mmmonth— in August. The predicted aver-
age annual recharge for the south was 360 mmyr—1, with a
minimum monthly average of 4mm month~1 in July and a
maximum monthly average of 82 mm month—1 in November.

Sea level rise was simulated by increasing the elevation
of the specified head boundaries in the model domain. Loss
of land surface due to inundation associated with sea level
rise was not simulated, as the grid resolution of the model is
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larger than the inundation anticipated based on ground sur-
face elevation. Therefore, the boundaries at the edge of the
model domain are anticipated to remain at the same model
grid cell, only representing a higher specified head value. Al-
though sea level rise has been already observed over the last
several decades (White et al., 2005), there is uncertainty as
to the rate that it will occur in the future (Rahmstorf, 2007).
Geographic variability in the rates of sea level rise is also ex-
pected (White et al., 2005). Therefore, a predicted mean sea
level increase of 0.6 m by the 2090s (relative to 1980) was
selected as an average estimate based on global and regional
projections of sea level rise (IPCC, 2007; Rahmstorf, 2007;
Obeysekera, 2013). The hydrogeological system of Andros
Island is considered recharge-limited rather than topography-
limited, because there is some capacity for the freshwater
lens to rise in the unsaturated zone without leading to sur-
face flooding (Werner and Simmons, 2009).

Both the reduction in recharge and sea level rise were
simulated in the models as incremental instantaneous shifts.
Three models were run: one for recharge reduction alone, one
for sea level rise alone, and one including both stressors. The
baseline model was run for 50 years to allow the freshwater
lens to develop. The recharge and specified head boundary
values were then adjusted every 10 years until reaching the
projected values for the 2090s. This assumes uniform rates
of change throughout the 100 year simulation.

Observation wells were defined in the models to capture
a discrete record of simulated concentration for every time
step. The observation wells were located within the center
and at the edge of the freshwater lens to represent areas
that are anticipated to be, respectively, most resilient and
most vulnerable to stressors. The northern model consists
of one landmass and, therefore, one principal lens, whereas
the southern model consists of multiple landmasses. As dis-
cussed below, two principal lenses form in the southern
model. Therefore, two observation wells were assigned in the
northern model and four observation wells were assigned in
the southern model, representing central and peripheral wells
for each anticipated freshwater lens. The wells are identified
as A and B to distinguish between the two principal lenses in
the southern model. Each well was screened from the ground
surface to 5mb.g.s., corresponding to the maximum depth of
most wells/wellfields on Andros Island.

In order to evaluate changes to the freshwater lens mor-
phology in response to climate change, the SEAWAT model
island-scale results were quantitatively evaluated using a ge-
ographic information system (GIS). The volume and area of
the lens were calculated based on a threshold salt concentra-
tion 0.4 g L1 or less (representing local potable water guide-
lines) and porosity. Although there are inaccuracies inherent
in this approach, it provides an estimate of the lens morphol-
ogy that allows for quantitative comparison of the changes in
freshwater lens morphology between different stressors ap-
plied in the island-scale model. This threshold concentration
is based on the water quality guidelines for salinity in the
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municipal supply on Andros Island. It also falls within com-
mon definitions of freshwater containing less than 1.0g L~}
of total dissolved solids (Freeze and Cherry, 1977; Barlow,
2003). The World Health Organisation (WHO) drinking-
water guidelines do not stipulate a maximum threshold for
salt in water, except as it relates to unacceptable taste. The
WHO recognizes that water that tastes fresh often has a salt
concentration of less than 0.25gL~1; however, in regions
where there is naturally more salt in the water, there may
be a higher taste threshold (WHO, 2011).

3.2 HydroGeoSphere model: short-acting stressor

Modelling the impact of storm surge overwash on a hydroge-
ological system involves simulating density-dependent flow
and solute transport across the surface, the vadose zone and
the saturated domain. HydroGeoSphere (HGS) was identi-
fied as the most suitable tool to simulate these coupled pro-
cesses because it is a fully integrated surface and variably sat-
urated subsurface model that is capable of simulating these
processes across all domains. By solving the surface and sub-
surface flow equations simultaneously, HGS provides more
realistic representations of the major processes than simpler
or independently coupled models (Goderniaux et al., 2009).

One of the mechanisms of aquifer contamination follow-
ing storm surge is from open wells or trenches that provide
direct access to the water table and collect the salt water dur-
ing inundation (Terry and Falkland, 2010). In addition, salt
water trapped within a borehole, or other direct pathway into
the aquifer, may lead to prolonged release of salt water into
the surrounding aquifer over time (lllangasekare et al., 2006).
These features may delay recovery of the aquifer and, there-
fore, are an important component to include in modelling
studies of storm surge impacts (Chui and Terry, 2013). Major
consequences to water supply are likely to result when storm
surge waves strike trench-based wellfields or open boreholes,
as occurred on Andros Island in 2004. Notwithstanding this
risk, trench-based wellfields are commonly used on low-
lying islands to limit upconing. The models developed for
this study aim to characterise aquifer damage and recovery
from a storm surge overwash, specifically in the context of a
trench-based wellfield and the impact on water supply.

The model domain represents a highly discretized, two-
dimensional cross-section of one of the trenches in the North
Andros Wellfield (Fig. 4). The size of the model domain
had to be made as small as possible for computational rea-
sons. Therefore, several different model configurations were
tested by varying the model domain width and the hydraulic
conductivity distribution (limestone and paleosols) to iden-
tify the optimal combination of parameters that best approx-
imates observed conditions. The physically based seawa-
ter boundaries are important components in simulating flow
within a freshwater lens. In reality, these boundaries are lo-
cated along the coastline; however, the coastline is far from
the North Andros Wellfield. Therefore, local-scale models
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Figure 4. HydroGeoSphere model domain and boundary condi-
tions.

were developed using boundary conditions assigned in such
a way as to simulate a realistic flow field surrounding the
trench. The local-scale models were calibrated based on criti-
cal factors that are expected to affect freshwater lens contam-
ination and recovery. These critical factors include recharge,
thickness of the vadose zone, aquifer hydraulic conductivity,
geological heterogeneity (e.g., paleosols), water table gradi-
ent, and thickness of the freshwater lens. Field data for each
of these factors (as presented earlier) comprise the calibra-
tion criteria as summarized in Table 3.

With increasing model domain width, the elevation of the
water table and gradient both increase, whereas the thickness
of the lens decreases. The opposite response was observed
when hydraulic conductivity was increased. The model setup
that satisfied the calibration criteria with the smallest do-
main width was selected as the baseline model for this study
(Fig. 4).

The model uses block elements that range from 0.35 to
1.0 m. Grid refinement was done in order to optimise simu-
lation of flow and transport across the three hydrologic do-
mains and to allow for the evaluation of small-scale changes
in response to overwash. The model domain covers a hori-
zontal extent of 2400 m and a vertical extent of 43.5m, with
sea level assumed to be 3.5 mb.g.s. The vertical extent of the
domain was determined to represent the Lucayan limestone.
The model domain was 1 unit thickness, with a uniform hor-
izontal grid spacing of 1 m. Vertical grid refinement varied
from 1 m thick in the lower 20 m, to 0.5 m thick in the overly-
ing 20 m, and 0.35 m thick in the uppermost 3.5 m. Paleosols
were simulated in the subsurface as 1 m thick zones at 9 and
14 mb.g.s. (corresponding to field observations). The hy-
draulic conductivity was defined as isotropic at 86.5 m day 1
for the portion of the domain representing the Lucayan lime-
stone and 865 m day 1 for the paleosols. The hydraulic con-
ductivities lie within the observed range, although they are
lower than that used in the SEAWAT model in order to cali-
brate the freshwater lens morphology on the local scale sur-
rounding the trench. The underlying high conductivity pre-
Lucayan limestone was not included in the model, as it was
observed not to have a significant impact on the freshwater
lens morphology on the scale of the model.
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Table 3. Observed conditions used for calibrating the HydroGeo-
Sphere model.

Parameter Value

Vadose zone thickness 1.5-2m
Water table elevation 2mas.l.
Gradient 0.0005-0.001
Average velocity 0.3mday—1!
Thickness of lens 15-20m

The trench itself extends 2mb.g.s., intersecting the top of
the water table. Most trench-based wellfields rely on grav-
ity flow; therefore, water tends to move very slowly within
the trenches and is observed to be almost stagnant unless
the trench is actively being drained. Therefore, lateral flow
within the trench was assumed to have a negligible impact
on the storm surge impact and recovery of the aquifer. The
model provides a snhapshot of the impact of trench-based
wellfields in terms of salt water capture and transport into
the aquifer, which may be scaled up to represent the whole
wellfield.

Specified head with associated concentration boundaries
were assigned to both sides of the model to represent the
surrounding seawater (Fig. 4). Recharge was applied to the
surface domain as an annual average quantity based on the
HELP recharge modelling, presented earlier. Recharge pro-
vides the only input of freshwater that enables the freshwater
lens to develop. The boundary conditions and hydrogeolog-
ical parameters assigned to the HGS model are summarized
in Table 4.

The simulation of storm surge overwash required three
separate modelling phases: (1) development of the freshwa-
ter lens to steady state conditions; (2) short temporal-scale
modelling of the rise in salt water height accompanying the
overwash; and (3) recovery of the freshwater lens. The heads
and concentrations at the end of each phase are used as initial
conditions for the subsequent phases; however, the boundary
conditions are changed to reflect the different scenarios. The
three phases are required to accommodate the different tem-
poral scales (i.e., decades for lens development and minutes
for storm surge occurrence) as well as to assign the time-
varying boundary conditions. All model simulations used the
same initial steady state freshwater lens (Phase 1) and simu-
lation of the storm surge overwash (Phase 2). Different sce-
narios of remedial action were simulated for Phase 3 and
compared to the baseline recovery scenario.

3.2.1 Phase 1: freshwater lens development

Phase 1 is a model spin-up period during which the fresh-
water lens develops. The initial concentration in the baseline
model domain was salty (35g L~1), with the only source of
freshwater being recharge. The model was run for 50 years
to reach steady state.
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Table 4. HydroGeoSphere model parameters.

Parameter Value

2400 m model domain width; 43.5 m domain
depth (representing Lucayan limestone)

Model domain

Paleosol depths 9-10 and 14-15mb.g.s.

Trench dimensions 1m wide, 2m deep

Lucayan limestone: 86.4 m day~1;
paleosols: 864 m day 1

Hydraulic conductivity

Effective porosity 0.15

Specific storage 1x107°m1

Dispersivity Longitudinal 1.0 m; transverse horizontal 0.1 m;
transverse vertical 0.01 m

Specified head 0ma.s.l. along model domain periphery;

boundary specified density 1.025 kg L1

Concentration at specified  35g L~ along model domain periphery

head boundary

Initial concentration 359 L~ throughout model domain

Recharge 877 mmyr—1; concentration 0g L1

Time steps Initial time step: 0.8s

Maximum time step: 1 day

3.2.2 Phase 2: storm surge inundation

Phase 2 simulates the occurrence of a storm surge overwash
event. The surface domain was inundated with up to 1 m of
water, based on observations following the 2004 storm surge
on Andros Island. Flooding was simulated at a gradual rate
of 0.1 m per 10 min stress period to satisfy model conver-
gence criteria. Once full inundation was reached (1.5 h after
start of flooding), the maximum flood level was held constant
for 2 h. The actual period of inundation is not known, so this
period was estimated to allow for sufficient salt water to en-
ter the system. The salt concentration of the flood water was
assigned as 35g L~ to represent seawater.

3.2.3 Phase 3: recovery of the freshwater lens

Phase 3 involved simulating the recovery of the freshwater
lens. Several different scenarios were tested to enable com-
parison of recovery times when different factors are varied.
All scenarios are based on the output from Phase 2, with the
head and concentration boundaries of the surface domain un-
constrained to allow release of the salty flood water. All other
boundaries remained the same as the initial Phase 1 model.

A baseline recovery scenario was simulated for 10 years
following the storm surge to allow the salt water to be flushed
out of the system under the influence of recharge. In the base-
line recovery model, the freshwater lens returns naturally to
its original morphology.

Several other scenarios were simulated to represent differ-
ent remedial actions. Following a storm surge event when the
trenches are filled with salt water, a common remedial action
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is to drain out the trenches to remove the captured salt wa-
ter (Illangasekare et al., 2006; Terry and Falkand, 2010; Chui
and Terry, 2012). Draining, or pumping out the trenches, is
meant to improve the recovery time and assist with removal
of the salt water from the system. However, draining may of-
ten be delayed due to access constraints or due to lack of
coordination and emergency response following the storm
surge. Therefore, models were developed where the trenches
are drained at different times and for different durations to
evaluate the impact of draining protocol on recovery times
of the freshwater lens and impact to water supply. Scenarios
were modelled whereby draining was delayed by 1, 2, 3, or 4
days after the storm surge (to reflect a delay in action). Other
scenarios modelled draining initiated 1 day after the storm
surge, whereby the duration of draining was 1, 2, or 3 days
(to investigate the effect of sustained periods of draining).

For all recovery simulations, observation points were as-
signed within and immediately below the trench to moni-
tor salt concentrations during recovery. This allowed for the
comparison of recovery times between different scenarios,
specifically the number of days for potable water to return to
the trench and aquifer.

4 Results
4.1 Long-acting stressors
4.1.1 Baseline model

The simulated freshwater lens in the baseline model provides
a snapshot of the average annual freshwater lens morphology.
The model results indicate that a lens is present throughout
most of the model domain (not shown); however, this study
focuses on areas considered viable to provide a sustainable
water supply, which are defined as having a lens thickness of
greater than 2m and a concentration of less than 0.4g L~}
(Fig. 5). The shape of the lens is relatively symmetrical in
cross-section with an average hydraulic head of 1.8 ma.s.l.,
which corresponds to typical elevations observed of 2ma.s.l.
The estimated total area of the viable freshwater lens on An-
dros Island is around 2000 km? with a freshwater volume of
5.9 x 109 md.

The baseline model was calibrated to observations, where
available, although these were sparse and based on varying
time periods (from the 1970s to early 2000s). The extent
of the lens generally corresponds to observations of fresh-
water occurrence (i.e., the presence of wells and wellfields)
and the results of previous studies (Little et al., 1973; Cant
and Weech, 1986; Wolfe et al., 2001). The freshwater lens
in the northern model is composed of a single lens that is
much larger than the smaller, separate lenses in the southern
model. Along the coastlines, particularly in the southern re-
gions of the island, the simulated freshwater lens tends to be
situated further inland than is observed; however, the depth
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Figure 5. Baseline freshwater lens representing current conditions.

of the simulated lens in the south is consistent with field ob-
servations. The depth of the simulated lens in the northern
regions of Andros Island falls within the range of maximum
observed lens depth (up to 39 mb.g.s.), although it is slightly
deeper than typical observations of around 15 to 20 mb.g.s.
Because most of the model parameters are based on field data
and sensitivity analyses, the deeper simulated lens is likely
the result of slight over-estimation of recharge in the HELP
model. HELP applies daily precipitation to the lithology pro-
file evenly over a 24 h period, when in reality, precipitation
events occur within shorter time intervals (hourly) and leads
to some pooled water on the ground surface. Given that the
intensity of the precipitation events is not accounted for in
HELP, the resulting recharge estimates may be slightly over-
estimated. However, there is no clear basis upon which the
recharge estimates can be adjusted to achieve better model
calibration, due to the lack of field data for actual evapotran-
spiration and recharge.

Some local-scale variations are neglected in the model due
to the limitations of the large grid cell size required to cover
the area of the island, which resulted in a low resolution
of the ground surface elevation. In addition, the model was
developed to represent the average annual freshwater lens
morphology and, therefore, does not include seasonal varia-
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Table 5. Percent change in freshwater lens morphology relative to
the baseline model for the combined effect of reduced recharge and
sea level rise.

Modelled % change % change
region area volume
Northern —41 -5.9
Southern —16.8 —24.2

tion. Although the worst case scenario (e.g., lowest recharge
during the dry season) is not accounted for in this study,
other studies have shown that there is little seasonal varia-
tion in groundwater levels for islands of similar hydrogeo-
logical settings (Momi et al., 2005). Overall, the simulated
lens is within the range of observed depths, although it rep-
resents a slight over-estimation of the freshwater resources in
the northern region of Andros Island. The model provides a
generalized estimate of the freshwater lens morphology and
serves as a reasonable baseline for investigating the impacts
due to climate change stressors.

4.1.2 Climate change models

As noted above, the HELP model utilizes site-specific cli-
mate averages so that predictions can be made regarding the
impact of future climate conditions on recharge. Recharge is
projected to decrease by 11 % in the northern model and de-
crease by 15 % in the southern model by the 2090s relative to
baseline (current) recharge. This is due largely to decreases
in average annual precipitation, and slight increases in evap-
otranspiration rates. Minimal changes in soil storage were
simulated in the HELP model.

The results of the climate change modelling, including a
reduction in recharge and a rise in sea level, indicate that the
freshwater lens will reduce in areal extent and volume un-
der future climate change conditions. The percent change in
freshwater lens area and volume relative to the baseline val-
ues are presented in Table 5. The change in area and volume
of the lens indicate that the lens shrinks and thins in response
to the stressors. For both the northern and southern models,
simulations of reduced recharge alone result in the majority
of freshwater lens reduction, with sea level rise contributing
a smaller proportion of lens reduction. The freshwater lens in
the southern model is predicted to incur a greater percentage
of loss of lens compared to the northern model under climate
change conditions. In the southern model, the results indi-
cate a 19 % volume loss due to reduced recharge compared
to 5% volume loss due to sea level rise relative to baseline
morphology. Whereas, in the northern model, 5% of volume
loss is due to reduced recharge with 0.9 % volume loss due
to sea level rise. The simulated lens at the end of the 100 year
simulation is presented, illustrating areal loss of lens relative
to the baseline model (Fig. 6).
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Figure 6. Model result for climate change simulations for the com-
bined effect of reduced recharge and sea level rise, indicating area
lost relative to baseline conditions.

The simulated time-varying dissolved salt concentrations
in the observation wells are shown in Fig. 7. The simulated
concentrations at most observation wells indicate that salin-
ity in the lens progressively increases in response to the cli-
mate change shifts applied every 10 years starting at 50 years.
Prior to 50 years, the model is spinning up from a fully
salty state. Dissolved salt concentrations in all of the obser-
vation wells reach near steady state between stress periods
(only very small changes continue to occur on the order of
10~19gL~1day—1). The time to reach steady concentrations
is relatively similar in all wells, ranging from 0.5 to 3 years
and increasing as the simulation progresses. This indicates
that even though the climate change shifts in each stress pe-
riod are the same magnitude, the freshwater lens takes longer
to adjust to the shifts as the cumulative magnitude of climate
change increases.

The central wells were placed in areas that were antic-
ipated to be more resilient to stressors, and the peripheral
wells in areas that were anticipated to be more vulnerable to
stressors (thereby showing a more immediate lens thinning).
The simulation results are consistent with the anticipated be-
haviour. The peripheral observation wells have higher dis-
solved salt concentrations than the central wells because they
are situated in the thinner part of the freshwater lens, and
therefore, are more likely to intersect the base of the lens.
The highest dissolved salt concentrations are in the periph-
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Figure 7. Simulated dissolved salt concentrations over time at the
observation wells for climate change models. (a) Northern model,
(b) southern model with two observation wells for each landmass
shown.

eral well in the northern model, which is closer to the coast
than the peripheral wells in the southern model. This is be-
cause the edge of the northern freshwater lens extends further
coastward than the southern freshwater lens. Greater changes
in dissolved salt concentration are also observed in the pe-
ripheral wells compared to the central wells, as would be ex-
pected.

4.2 Short-acting stressor

4.2.1 Freshwater lens development and storm surge
inundation

The morphology of the freshwater lens reaches steady state
within 25 years at a maximum depth of 23 mb.s.l. (metres
below sea level) (Phase 1; Fig. 8a). The model is calibrated
to observed conditions outlined in Table 3. The maximum
elevation of the freshwater lens is observed in the trench at
1.8ma.s.l. The vadose zone surrounding the trench is ap-
proximately 1.7 m thick. The gradient across the model do-
main is 0.0015, with an average horizontal groundwater ve-
locity of 0.87 mday—1. The inflections on the sides of the
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Figure 8. (a) Freshwater lens development after 50 years (Phase 1);
(b) storm surge inundation in the focus area at 2 h (Phase 2).

lens at 9 and 14 m b.g.s. reflect the high hydraulic conductiv-
ity paleosol layers.

Simulation of storm surge inundation (Phase 2) resulted in
high salt concentrations at the surface of the model up to 1 m
above ground surface (Fig. 8b). The results of the inundation
model are shown for a focus area within 25 m of the trench
(focus area indicated in Fig. 8a). Within the 2 h inundation
period, the salt water had already been transported into the
vadose zone due to the hydraulic gradient associated with the
surface flood, and had also filled the trench with salt water
(Fig. 8b).

4.2.2 Aquifer recovery

The baseline recovery of the freshwater lens (natural recov-
ery) is shown for six times post-storm surge (Fig. 9): 12h,
1 day, 2 days, 1 month, 2 years, and 10 years. The baseline
recovery scenario indicates that the freshwater lens returns to
its original morphology approximately 10 years post-storm
surge. The salt water is transported from the surface domain
into the aquifer system, where it forms a salt plume within
the subsurface. This plume is flushed out over time due to
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Figure 9. Baseline recovery of the freshwater lens post-storm surge
at (a) 12h, (b) 1 day, (c) 2 days, (d) 1 month, (e) 2 years, and
(f) 10 years.

the infiltrating freshwater recharge. Salt concentration within
the trench returns to levels below the potable water threshold
within 149 days following the storm surge for the baseline
recovery scenario.

The results of the different draining scenarios are shown in
Fig. 10, alongside the baseline recovery scenario, as relative
concentration data over time, where 1.0 represents salt water
and 0.0 represents freshwater. The number of days to reach
potable concentration in the trenches is indicated for each
scenario. Observed concentration data for the North Andros
Wellfield trenches are also presented in Fig. 10. Trenches that
were drained following the storm surge, and those that were
isolated from the system and not drained, are distinguished
by different symbols.

There is little difference in observed concentrations when
comparing the trenches that were drained and those that were
not. The observed concentrations are similar to the simulated
concentrations immediately following the overwash event;
however, at 1 year post-storm surge, the observed concen-
trations are slightly above the potable water threshold. By 2
years post-storm surge (not shown), the observed concentra-
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Figure 10. Observed and simulated concentrations within the
trench. The times for concentrations to reach potable water thresh-
old are indicated by the small vertical bars for the baseline recovery
scenario (149 days) and the various scenarios of draining on differ-
ent days following the surge (120 days for draining on day 1). The
increase in concentration observed for Scenario Drain Day 1 repre-
sents the end of the draining period, when high concentration water
re-enters the trench from the surrounding aquifer and vadose zone.

tions are similar to the simulated concentrations, and below
the potable threshold.

Draining of the trenches generally results in a faster re-
covery. If draining occurs within 1 day of the storm surge,
potable water returns to the trench by about 120 days
(Fig. 10), approximately 1 month sooner compared to the
baseline recovery simulation (149 days). With every day that
draining is delayed, it takes longer for potable water to re-
turn to the trench (corresponding to the small vertical lines
in Fig. 10 for each scenario). After a delay of 3 days, the
recovery time for potable water to return is the same as the
case when no remedial action is undertaken. Therefore, the
improvements in recovery time are dependent on the timing
of draining.

In contrast, the duration of draining (not shown) does not
significantly improve recovery times. Draining that occurs
for multiple days results in slightly longer times for potable
water to return compared to short-duration draining (i.e., over
a single day).

As mentioned earlier, the observed data at 1 year post-
storm surge are higher than the model results, indicating
that the trenches on Andros Island recovered slower than the
model results. This is likely the result of several factors:

1. The amount of salt water entering the aquifer system
largely depends on the time of inundation. As this was
unknown, it was assumed to be a 2 h inundation. How-
ever, the inundation may have lasted much longer, as
no observations of the area were made until 3 days af-
ter the storm surge. To account for this uncertainty, a
Phase 2 model was run with a longer inundation period
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of 2 days. The recovery from this storm surge scenario
took at least 2 months longer, with higher concentra-
tions at 1 year post-storm surge. However, the freshwa-
ter lens morphology recovered at the same time as the
baseline scenario.

2. The amount of recharge that specifically occurred on
Andros Island may have been different during 2004—
2005. Alternate recovery simulations were run where
recharge was applied as monthly averages based on the
2004 and 2005 rainfall data for Andros Island. These
simulations resulted in longer recovery times, up to 6
weeks more than baseline recovery.

3. As previously discussed, the HELP recharge results
may over-estimate actual recharge to the freshwa-
ter lens. Therefore, additional models were run with
recharge applied at half the baseline amount. These
simulations indicated that recovery was delayed by 2
months.

4. Additional factors may impact the calibration to ob-
served data. The models were developed based on field
studies that were not all specific to the North Andros
Wellfield area; therefore, hydrogeological conditions
(such as porosity or hydraulic conductivity) at the well-
field may differ from those on the island scale.

5. The exact timing, duration and method of draining
utilised on Andros Island are also unclear. While the
best possible information was obtained from the Ba-
hamas Water and Sewerage Corporation, it is likely that
the details of operations were inexact.

6. Lastly, other hurricanes passed near to Andros Island
in the weeks and months following Hurricane Frances;
however, it is unknown whether any of these caused an
additional storm surge event (NOAA - National Hur-
ricane Center, National Oceanic and Atmospheric Ad-
ministration, 2014). Regardless, the close passage of
other storms would have attributed to atypical rain-
fall events. In addition, the concentration of recharging
freshwater may be higher than 0gL~! during storms
due to salt spray, thereby introducing higher salt con-
centrations at the surface and delaying recovery.

Although many factors contribute to the uncertainty in the
calibration, the recovery models are likely reasonable repre-
sentations that allow for comparison of the impact of reme-
dial actions on recovery.

5 Discussion

5.1 Long-acting stressors

The volume and area of the freshwater lens are reduced under
stressed conditions, indicating that the lens both shrinks and
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thins. A significant impact is observed in areas where the lens
shrinks (i.e., along the periphery), as most settlements and
the related infrastructure are typically near the coast on small
islands (Ranjan et al., 2009; Cashman et al., 2010). As a re-
sult, any changes in the freshwater lens morphology within
the coastal zone may affect access and availability of fresh-
water near the population centres.

The loss of freshwater lens area and extent under climate
change conditions is attributed more to the impact of changes
to groundwater recharge than the impact of sea level rise. Al-
though loss of land surface due to sea level rise was not simu-
lated in the models, estimates based on ground surface eleva-
tion suggest loss of land surface (and resulting loss of fresh-
water lens volume) is limited. On islands with lower topogra-
phy and/or smaller land area, inundation would have a greater
effect on loss of freshwater lens volume. The model results
for Andros Island are supported by other studies, which show
that conditions of reduced groundwater recharge (or pro-
longed drought, which results in reduced recharge) disturb
the balance of freshwater outflow necessary to maintain the
extent and thickness of the freshwater lens, thereby leading to
loss of freshwater resources due to saltwater intrusion (Ran-
jan et al., 2009; White and Falkland, 2010; Mollema and An-
tonellini, 2013). In addition, the hydrogeological system on
Andros Island is recharge-limited, meaning that the fresh-
water lens is able to rise in the subsurface in response to
sea level rise. Therefore, it is less vulnerable to sea level
rise because the freshwater lens is able to maintain a bal-
ance between the hydraulic gradient of the fresh and salt wa-
ter (Michael et al., 2013). This assumption is only valid to
a point; for higher magnitudes of sea level rise, the fresh-
water lens would likely become topographically limited and,
therefore, have a larger response (i.e., loss of lens) due to sea
level rise. Although sea level rise appears not to be a signifi-
cant factor for saltwater intrusion on Andros Island, it may
increase the island’s vulnerability to other events, such as
extreme high tides and storm surge overwash. These events
have the potential to result in significant impacts to the fresh-
water lens, as is discussed below.

The northern regions of Andros Island appear to be more
resilient to climate change stressors than the southern re-
gions. Several factors contribute to the difference in response
between the northern and southern regions: (1) the south
is composed of smaller landmasses, resulting in smaller ar-
eas for the freshwater lenses to develop; (2) significantly
less rainfall occurs in the south, meaning that there is less
recharge to sustain the freshwater lenses; and (3) lower
recharge results in a thinner lens developing, leading to lower
hydraulic gradient of the freshwater lens. The combined im-
pact of these factors is that the southern region of Andros
Island has smaller freshwater lenses that are more vulnerable
to damage from stressors.

The simulated freshwater lens on Andros takes longer to
respond to climate change stressors as the magnitude of the
cumulative stress increases (i.e., lower recharge and higher
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sea level). The implication is that as climate change pro-
gresses over time, the ability of the freshwater lens to re-
spond to these changes decreases. Because recharge is the
main driver of lens formation and maintenance, when the rate
of recharge is reduced, the response time of the hydrogeolog-
ical system is also reduced. This has been observed in labo-
ratory experiments (Stoeckl and Houben, 2012) whereby the
lens takes longer to reach steady state when there is reduced
input (i.e., specified flux or concentration boundaries) to the
system. Therefore, areas where there is less recharge, such as
the southern regions of Andros Island, are expected to take
longer to react and adapt to stresses to the hydrogeological
system.

5.2 Short-acting stressor

Trench-based wellfields result in large salt plumes that de-
velop in the aquifer following a storm surge overwash. This
is because the trench provides direct access for inundating
salt water to travel into the aquifer. The salt plume remains
larger surrounding the trench than in the rest of the aquifer
throughout recovery, and takes 3 months longer to recover
than the surrounding aquifer. This is supported by other stud-
ies, where it was observed and modelled that areas where salt
water pools or is collected during inundation (such as open
boreholes or depressions) result in longer recovery times
(Terry and Falkland, 2010; Chui and Terry, 2012).

The timing of remedial action (specifically draining of the
trenches) is more critical than the duration of draining. It is
critical to drain the trenches as soon as possible following
a storm surge overwash in order to remove the initial salt
load to the aquifer before it is transported deeper into the
aquifer. After a certain period of delay, there is no improve-
ment in recovery achieved by draining. This is illustrated in
the simulation results as well as the observation data, where
there is little improvement in recovery for trenches on An-
dros Island that were drained after a 4 day delay. The time of
this delay threshold, where there is still benefit to be gained
in draining the trenches, will depend on many factors, such
as the hydraulic conductivity, the groundwater velocity, and
recharge rates. For most typical low-lying islands, the de-
lay threshold is likely quite soon after storm surge due to
the high hydraulic conductivity of geological materials nor-
mally found on low-lying islands (Ayers and Vacher, 1986).
Coarser aquifer material may allow for faster salt transport
into the aquifer (Chui and Terry, 2012). Although this effect
may also speed up recovery, it means that there is a limited
time in which to perform remedial action to remove the salt
water. On Andros Island, the delay threshold is 3 days. The
duration of draining should also be short, because longer du-
rations of draining may result in slower recovery times. This
is likely due to the fact that draining of the trenches removes
the recharging freshwater, along with the salt water.
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6 Conclusions

Stressors act over varying spatial and temporal scales to im-
pact the freshwater lenses of low-lying islands. Both short
and long-acting stressors may result in significant loss of
freshwater resources. The model results are inherently uncer-
tain due to uncertainty associated with the input data, model
conceptualization, and stressor scenarios. The greatest uncer-
tainty lies in the simplification of the hydrogeology and the
associated parameters. This is largely due to limited stud-
ies having been conducted on Andros. However, small is-
lands often have limited capacity for hydrogeological inves-
tigations. Therefore, this study was not predictive, but rather
aimed to identify the likely response based on the hydroge-
ological setting and the mean projected climate state derived
from multiple climate change model scenarios. To address
uncertainty rigorously, a series of models with a range of
input parameters and climate scenarios would be required,;
however, this was beyond the scope of the current study.
Within these limitations, the results of the study provide the
following conclusions:

1. The impacts of stressors on the freshwater lens are pre-
dicted to occur primarily in areas where the freshwater
lens is smaller or thinner, such as the periphery of the
lens. As most settlements are concentrated within the
coastal zone, even small-scale changes to the freshwa-
ter lens morphology in these areas may have significant
implications for freshwater sustainability.

2. Change to groundwater recharge is identified as a key
stressor to Andros lIsland, where greater impacts on
the freshwater lens are observed in areas with lower
recharge.

3. The response time of the freshwater lens (time to reach
steady state) increases as the magnitude of the stres-
sors increase. With increasing magnitude of change to
the hydrogeological system, the freshwater lens takes
longer to adjust to the new state.

4. The freshwater lens is generally able to recover from
storm surge inundation over time as fresh recharge
flushes the salt plume out of the aquifer. Eventually, the
freshwater lens returns to the original morphology.

5. Trench-based wellfields may increase the potential
storm surge impacts on the freshwater lens, depending
on the hydraulic conductivity, the vadose zone thick-
ness, and land cover. However, they also allow for re-
medial action (such as draining of the trenches) to be
undertaken, which can improve recovery times. The
sooner draining occurs, the more improvement in recov-
ery, because, if draining is delayed by too long (in this
case, 3 days or more), there is no improvement in recov-
ery. The duration of draining has less effect on recovery
and only needs to occur for a short period of time.
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