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• Monitored groundwater levels and 
salinity on three barrier islands 

• Tested influence of recharge, storm- 
surge overwash, tides, and waves 

• More exposed barrier islands were 
influenced by more drivers. 

• Surface-water connectivity and topog
raphy caused differences in driver 
influence. 

• High hydraulic conductivity and high 
storage caused longer lasting 
salinization.  
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A B S T R A C T   

Barrier islands are threatened by climate change as sea-level rise and higher frequency storm surge lead to more 
flooding and saltwater intrusion. Vegetation plays a vital role in preventing erosion of barrier islands due to 
aeolian and hydrological forces. However, vegetation on barrier islands is threatened by rising water tables 
causing hypoxic conditions and storm-surge overwash introducing saline water to the root zone. To better protect 
barrier island ecosystems, it is critical to identify the relative influence of different hydrological drivers on water 
table elevation and salinity, and understand how this influence varies spatially and temporally. In this study, 
three barrier island sites were instrumented with groundwater wells monitoring water level and specific 
conductance. Using these data, a set of transfer function noise models were calibrated and used to determine the 
relative influence of hydrologic drivers including precipitation, evapotranspiration, bay and ocean water levels, 
and wave height on groundwater levels and specific conductance. We found that drivers of water-level change 
and specific conductance vary strongly among sites, depending primarily on the surface water connectivity and 
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the geology of the island. Sites with close connection to inlets showed more salinization and responded to a larger 
number of drivers, while sites that were poorly connected to the ocean responded to fewer drivers.   

1. Introduction 

Barrier islands are dynamic sediment deposits that are especially 
vulnerable to sea-level rise, storm surge, and decreased sediment supply 
from anthropogenic interruptions of longshore drift (Ceia et al., 2010). 
Barrier islands form when sea levels rise and fill low lying topography 
landward of the previous coastline (Hoyt, 1967), or from landward 
movement of sand bars (Otvos, 1981; Otvos and Carter, 2013). While 
barrier islands only cover a small portion of the world's coastlines (Stutz 
and Pilkey, 2001), they perform important ecosystem services by pro
tecting coastal areas from storm-surge inundation and dissipating wave 
energy (Stone et al., 2005). For example, Corpus Christi, Texas, USA 
could experience up to 70 % more hurricane flooding by 2030 due to the 
deterioration of barrier islands (Irish et al., 2010). Barrier islands are 
naturally dynamic systems that migrate in response to sea-level rise, 
changing sediment supply and storm surge overwash. Overwash de
posits sediment from the beach into the back-barrier marsh causing the 
island to migrate landward. The persistence of barrier islands in 
response to these threats depends on coastal processes such waves and 
storm surge, but also strongly on the ecological communities present. 

Barrier island ecosystems strongly affect the resilience/resistance of 
each island. The migration of barrier islands in response to sea level rise 
and storm surge is controlled by where the island falls on the continuum 
of resistance and resilience. High resistance systems have higher 
elevation and more woody plants that prevent erosion. While these 
systems resist storm-surge overwash, the island is unable to migrate 
quickly and can be in danger of becoming submerged by rising sea 
levels. On the other hand, high resilience systems have lower topog
raphy and more overwash-tolerant species. These systems are capable of 
rapid migration in the face of changing sea levels (Anthony Stallins and 
Corenblit, 2018; Stallins, 2005; Stallins and Parker, 2003; Zinnert et al., 
2016, 2017, 2019). High resistance systems are more effective at miti
gating onshore impact of storm surge, but they are also more at risk of 
disappearing if sea-level rise exceeds the pace at which they can migrate 
towards the mainland. To understand how barrier islands will be 
impacted by climate change, it is critical to understand how barrier is
land ecosystems will evolve in response to changing hydrological 
forcing. 

Barrier island ecosystems are dependent on the existence of fresh 
groundwater, and are susceptible to changes in groundwater specific 
conductance and thickness/water content of the unsaturated zone. 
Many woody species found in dune swales are highly susceptible to 
changes in specific conductance caused by storm-surge flooding (Toll
iver et al., 1997; Young et al., 1994). Other studies have found a rela
tionship between groundwater specific conductance and vegetation 
patterns (Holt et al., 2017). Additionally, vegetation is susceptible to 
changes in water table elevation, as high water tables can cause mor
tality if the root zone is not oxygenated (van der Valk et al., 1994). 
Overwash events cause vegetation mortality due to salinization, espe
cially among seedlings, whereas sea-level rise increases mortality for 
mature trees close to the shoreline or in low-lying areas that experience 
higher water tables and limited vadose zone thickness (Kearney et al., 
2019). Thus, to understand how barrier island ecosystems will change in 
the future it is necessary to understand how the hydrological forcings 
acting on barrier islands will alter the specific conductance and water- 
table elevation of barrier-island groundwater. 

In addition to the ecological impacts of sea-level rise and storm surge 
on barrier islands, many people depend on barrier island groundwater as 
their primary drinking water supply. About 1.4 million people live on 
barrier islands in the U.S., and barrier islands have experienced sub
stantial population growth over the last few decades (Zhang and 

Leatherman, 2011). Barrier islands also reduce storm-surge heights in 
the back bay (Bilskie et al., 2016), thus protecting the shorelines behind 
them and the water supply for approximately 20 million people in the 
mid-Atlantic who utilize groundwater resources (Masterson et al., 
2013). 

Barrier island ecosystems and water resources will be threatened in 
the near future from the effects that both sea-level rise and more intense 
and frequent coastal storms have on their groundwater systems. Many 
studies have investigated groundwater vulnerability to sea-level rise 
induced salinization (e.g. Chang et al., 2019; Lobo-Ferreira et al., 2005; 
Morgan and Werner, 2014; Werner et al., 2012) and rising water tables 
(Befus et al., 2020; Rahimi et al., 2020; Rotzoll and Fletcher, 2013). Far 
fewer have investigated vulnerability to storm surge overwash. Storm 
surges are expected to intensify due to climate change because the range 
of hurricane formation will move northward (Studholme et al., 2021), 
and sea-level rise will cause storm return levels to be higher (Garner 
et al., 2017). Shorter return periods for large storms will impair water 
quality in coastal aquifers. Aquifer vulnerability to storm-surge salini
zation is dependent on both topography (Yu et al., 2016) and aquifer 
properties (Yang et al., 2018). Highly connected topography causes a 
greater volume of the aquifer to be salinized. On the other hand, surface 
depression storage, i.e. poorly connected low topography systems 
infiltrate a higher volume of salt, but require larger storms to overtop 
(Yu et al., 2016). Yang et al. (2018) also showed that aquifers with low 
horizontal to vertical hydraulic conductivity ratios (Kx/Kz) and low 
recharge rates were the most vulnerable to storm-surge induced salini
zation. (Mahmoodzadeh and Karamouz, 2019), showed that heteroge
neity did not have a significant effect on the volume of aquifer salinized 
compared to homogeneous aquifers and flushing occurred within a year 
with some density fingers lasting up to ten years. Storm surges will also 
cause water tables to rise inland, resulting in groundwater flooding 
(Housego et al., 2021). While these results suggest that certain types of 
barrier islands are more vulnerable than others, it is not clear how 
drivers of water table change and salinization due to sea-level rise and 
storm-surge overwash vary within and among barrier islands. 

Field measurements have shown that overwash-induced salinization 
occurs around the world (Anderson Jr., 2002; Anderson Jr. and Lauer, 
2008; Cardenas et al., 2015; Huizer et al., 2017; Illangasekare et al., 
2006). Pacific atolls are particularly vulnerable to salinization from 
storm-surge overwash as shallow groundwater is often the only source of 
freshwater available. Oberle et al. (2017) showed that specific conduc
tance on a Pacific atoll recovered to the background level about one 
month after an overwash event, and precipitation and tides were also 
shown to have an effect on groundwater specific conductance. While 
these hydrological processes all influence the specific conductance of 
coastal aquifers, few studies have quantified the relative influence of 
each of these drivers and how they vary across both distance from the 
shoreline and barrier island typology. Further, few studies have con
ducted long-term monitoring of barrier island water levels and specific 
conductance to capture the range of hydrologic drivers and their effects 
on groundwater. 

In this study, water level and specific conductance data were 
collected in multiple wells that span the transition from beach to upland 
at three different barrier islands along the mid-Atlantic coastline of the 
USA, representing a diverse array of ecological characteristics but 
similar geological characteristics. Time series models were fit to obser
vation data in each well to quantify the relative influence of different 
drivers, and the drivers were compared to understand regional-scale 
groundwater vulnerability. 

The objective of this study was to quantify the primary drivers of 
both water level and specific conductance on barrier islands and to 
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evaluate the hypothesis that storm surge causes greater saltwater 
intrusion than other processes such as tidal fluctuations. To achieve this, 
we.measured groundwater levels and specific conductance over a range 
of hydrologic regimes including multiple storm surge events, and 
applied data-driven models to identify drivers at three field sites over 
space and time. Using these data, we can begin to understand the how 
barrier island vulnerability to sea-level rise and storm surge overwash 
varies spatially and temporally. 

2. Study sites/methods 

2.1. Overview 

To understand the primary drivers of barrier-island water table 
change and salinization, three sites were instrumented with conductiv
ity, temperature and depth loggers in nine wells at Assateague Island, 
Maryland (MD); five wells at Sandy Hook, New Jersey (NJ); and five 

Fig. 1. Map of well locations and land surface elevation for A) Sandy Hook, NJ B) Fire Island, NY, and C) Assateague Island, MD.  
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wells at Fire Island, New York (NY). Hydraulic head, specific conduc
tivity, and temperature were measured at 5, 6, or 15-min intervals 
depending on the site. Head measurements were corrected for baro
metric pressure and specific conductivity measurements were converted 
to specific conductance at 25 ◦C based on the temperature. Additional 
data including precipitation, tide level, wave height, and evapotrans
piration were collected from other sources for each of the sites. 

2.2. Sandy Hook National Gateway, NJ 

Sandy Hook is a peninsula located at the mouth of New York harbor 
that was created by longshore transport of beach sand into the bay 
(Stanford et al., 2015). It consists of Quaternary beach and estuarine 
sand and mud overlying Cretaceous sedimentary deposits (Johnson 
et al., 2018). All wells at Sandy Hook were installed and instrumented by 
the United States Geological Survey (USGS) and the data can be found at 
site numbers 402548073592301 (well 31), 402548073592302 (well 
32), 402548073592303 (well 33), 402548073592304 (well 34), and 
402554073591901 (well 30) (Fig. 1A). Well depths for wells 30, 31, 32, 
and 33 ranged from 1.3 to 1.7 m while the depth for well 34 was 6.3 m. 
Four of the wells (Well 31, 32, 33, 34) were located in a transect from 
marsh to forest on the bay side of the peninsula while the final well (well 
30) was located approximately 190 m inland and does not typically 
experience overwash. Additional data obtained for Sandy Hook include 
tidal levels, precipitation, and evapotranspiration. 

For Sandy Hook, a tidal time series was obtained from NOAA tide 
gauge 8531680. Because the Sandy Hook bay is well connected to the 
ocean, the tide gauge measurement was assumed to capture water levels 
on both sides of the peninsula. A wave time series was created using 
wind speed measured at the NOAA tide gauge. First, all wind coming 
from the east (1 to 180◦) was excluded from the dataset. This is because 
the barrier spit protects the wells from wind-driven waves coming from 
the east. Then the wind speed was converted to wave height using the 
equation for fetch-limited waves (Coastal Engineering Research Center, 
1984). Fetch length was measured in google earth every 30◦ and the 
wind direction time series was converted into a fetch length time series. 
This was input into the fetch-limited wave equation to produce a wave 
time series. An overwash time series was created by removing all tide 
measurements below the land surface elevation at each of the well lo
cations. The precipitation time series was obtained from NOAA station 
WBAN:54760 located at the Belmar Farmingdale Allaire Airport, NJ. 
Wind speed, temperature, dewpoint temperature, and solar radiation 
data were obtained from the National Solar Radiation Database 
(NSRDB) to calculate evapotranspiration using the Penman-Montieth 
method (Allen et al., 1998). This method estimates the reference 
evapotranspiration based on climatic parameters including temperature, 
relative humidity, wind speed, and solar radiation, and it approximates 
reference evapotranspiration from grass. 

2.3. Fire Island, NY 

Fire island consists of unconsolidated Holocene and Pleistocene 
sediments above a clay confining unit (Schubert, 2010). The Holocene 
sediments, which the surficial aquifer is composed of, consist of lagoonal 
deposits, estuarine mud, seagrass beds, peat deposits and barrier island 
sands (Schubert 2010). Five wells were installed by the USGS with well 
numbers of 403922073064401 (marsh well), 403922073064402 (deep 
marsh well), 403921073064801 (middle well), 403921073070401 
(inland well 1), 403919073064801 (inland well 2). Well depths range 
from 2.3 m to 3.9 m. 

There were two wells located in the marsh (marsh and deep wells), 
one on the edge of the marsh (middle well) and two more located inland 
(inland 1 and inland 2 wells) (Fig. 1B). The wells were installed on the 
back-bay side of the island which means they were not well connected to 
the ocean. A time series of bay water levels was obtained from the USGS 
gage 01305575 in the Great South Bay at Watch Hill. An ocean time 

series was obtained from the Sandy Hook tide gage (8531680). A wave 
time series was created using windspeed measured at NOAA buoy 44069 
in the Great South Bay, and an overwash time series was produced by 
removing all points where bay levels were below the land-surface 
elevation of the well. A precipitation time series was obtained from a 
NOAA station WBAN: 04781 at the Macarthur Airport in Islip, NY. Wind 
speed, temperature, dewpoint temperature, and solar radiation data 
were obtained from the National Solar Radiation Database (NSRDB) to 
calculate evapotranspiration using the Penman-Montieth method. 

2.4. Assateague Island, MD 

Assateague is a barrier island located on the eastern shore of Mary
land and Virginia. The island consists of Holocene beach sand overlying 
lagoonal sandy mud. Seven wells were installed in a transect that runs 
between two dunes and two additional wells were located in the dunes 
to the south of the transect (Fig. 1C). Each transect well was 0.051 m 
diameter stainless steel with a 0.3-m well screen at the bottom of the 
well. Sensors were placed in the center of the screened section. The 
depths of each sensor below land surface were variable due to dynamic 
erosion and deposition, but ranged from approximately 1.6 m to 4.1 m at 
the time of installation. Four of the wells were installed and instru
mented by the USGS for this study. Data for wells 2 and 3 shallow can be 
found under site numbers 381806075063301 and 381806075063201 
respectively while data for the two dune wells can be found under site 
numbers 381804075063402, and 381805075063502. Wells 1 deep, 1 
shallow, 2 deep, 2 middle, and 3 deep were installed and instrumented 
for this study. The wells are located on the northern end of the island 
which has been eroding due to the effects of dredging the Ocean City 
inlet, which prevents deposition of sediment moving southwards that 
would replenish the northern part of Assateague. Thus, the wells on 
Assateague are very susceptible to overwash events which occur regu
larly from the ocean side. Additional data was collected on all expected 
drivers of water level and specific conductance change including tidal 
levels, precipitation, evapotranspiration, wave height and overwash. 

Bay water levels were obtained from NOAA tide gage located at the 
Ocean City Inlet (Station ID: 8570283). Precipitation data was obtained 
from the NOAA hourly global precipitation database at the Ocean City 
Municipal Airport (Station ID: 74594693786). Ocean-side wave height 
was obtained from a NOAA buoy located 26 nautical miles southeast of 
Cape May, NJ (Station ID: 44009). Wind speed, temperature, dewpoint 
temperature, and solar radiation data were obtained from the National 
Solar Radiation Database (NSRDB) to calculate evapotranspiration using 
the Penman-Montieth method. An estimate of overwash events was 
created by using the Digital Elevation Model (DEM) for Assateague ob
tained from the NOAA National Center for Environmental Information 
Continuously updated DEM at the 1/9th arc second resolution. Time 
periods where the bay elevation exceeded the maximum land surface 
elevation between the well and the bay were selected from the bay time 
series, and for all other times the overwash time series was set to zero. A 
similar procedure was used to create the ocean overwash timeseries 
except the ocean elevation was estimated by adding the observed water 
level in the bay with the observed wave height at the ocean buoy cor
rected to a runup estimate (Stockdon et al., 2006). There was a data gap 
in the wave height from 5/31/2021 to 7/1/2021 that was filled in with 
the average of the wave time series. Additionally, wave height mea
surements from buoy Station OCSM2, which is closer to shore, were not 
used because the dataset does not span the time frame covered by the 
well data. However, this buoy shows a much lower wave height than the 
buoy further offshore that was used in this analysis. Thus, the number 
and level of overwash events might be overestimated here. 

2.5. Site comparison 

Pendleton et al. (2004a) showed that Assateague is highly vulnerable 
to sea-level rise as measured by the geomorphology, shoreline erosion, 
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surface slope, significant wave height, tidal range, and measured rate of 
sea-level rise. Similarly, Fire Island is highly vulnerable due to its 
shallow slope and geomorphology, but it has only moderate erosion 
occurring (Pendleton et al., 2004b). Finally, Sandy Hook is relatively 
invulnerable due to its higher slope and lower erosion rate (Pendleton 
et al., 2005). Assateague is migrating landward and Fire Island is 
eroding into the Great South Bay, while Sandy Hook is expanding into 
the Sandy Hook bay. Each site has experienced ecosystem changes. Fire 
Island and Sandy Hook have experienced increased mortality in old 
growth holly forests hypothesized to be caused by sea-level rise 
(Raphael, 2014) and/or storm-surge overwash (Stalter and Heuser, 
2015). While Fire Island currently has the capacity to recover from pe
riodic overwash events (Kilheffer et al., 2019), increased frequency and 
intensity of storm surge expected from sea-level rise (Tebaldi et al., 
2012) likely will alter vulnerability in the future. Similarly, Assateague 
experienced a die off in its pine forest due to a pine beetle infestation 
that was potentially exacerbated by saltwater intrusion (Asaro et al., 
2017). 

2.6. Time series models 

Given the sparsity of geological data for model calibration and the 
data density, time series models were chosen to estimate the relative 
influence of drivers at each site. Bakker and Schaars (2019) have sug
gested that data-driven time series models are often simpler than 
physics-based numerical models and fit data better. Transfer function 
noise models (TFN) and cross correlation were used to quantify the 
relative impact of different drivers on the intensity and persistence of 
water level and specific conductance changes for all wells. Transfer 
function noise models have been used for a variety of purposes including 
identifying drought conditions (Brakkee et al., 2022), and estimating 
landslide risk due to high groundwater levels (Uwihirwe et al., 2022). 
These models fit simple functions including gamma and exponential 
functions to a set of input time series to produce the target output time 
series. Transfer function noise models were fit to the hydraulic head data 
at each well using tide, wave, overwash, precipitation, and evapo
transpiration data as inputs with a Python package called Pastas (Col
lenteur et al., 2019). 

Prior to analysis, data processing was done on both input time series 
(tides, waves, precipitation, evapotranspiration, overwash, and the 
output time series (heads). Each input time series was resampled to an 
hourly timestep by choosing the closest sampling point to each hour and 
daily timesteps by averaging. Data gaps in the input time series can 
cause a faulty calibration of the TFN models. Thus, the output time series 
were filtered to a timeframe where all the input time series were 
available or where the data gaps were small enough (less than a few 
hours) such that they could be interpreted with linear interpolation for 
the tides, waves, evapotranspiration, and overwash or set to zero for the 
precipitation. Different combinations of input stressors and input func
tions for each stressor were tested. Additionally, in some cases, the 
recharge function in Pastas was used while in other cases precipitation 
and evapotranspiration were added to the model separately. Stressors 
that worsened model fit or had limited effect were removed for all wells 
at a given site. This process occurred iteratively until a reasonable fit was 
found for each well. Once an acceptable fit was achieved (R2 > 0.7), the 
stressors were separated out into their individual contributions to the 
hydraulic head at each site. Ideally, a similar approach could be used for 
understanding the drivers of specific conductance; however, transfer 
function models calibrated to specific conductance data had very poor 
model fits. This is due to complicated processes governing the specific 
conductance response to hydrological changes. TFN models assume that 
a stressor has the same directional impact on the output time series, 
while this is not always the case for the specific conductance. For 
example, overwash can both salinize and freshen groundwater. When an 
overwash occurs, it can push the freshwater-saltwater interface deeper 
thus freshening a well located in the saltwater portion, but it can also 

salinize the well on a longer timescale. Thus, a different approach was 
needed to understand the impacts of different hydrological drivers on 
specific conductance changes. 

Cross correlation was used to discover whether the specific 
conductance was correlated to changes in any of the drivers. Cross 
correlation is a quantitative measurement of the relationship between 
two timeseries at different time lags. The maximum value of the cross 
correlation is 1, indicating that the two timeseries are perfectly corre
lated at the given lag time and the minimum is − 1, indicating they are 
perfectly inversely correlated at that lag. A cross-correlation value below 
the 95 % confidence interval suggests that the timeseries are not related. 
Because flushing saltwater out of the aquifer is expected to take longer 
than the water level increase in both the ocean and at the water table, 
the cross-correlation between specific conductance and these processes 
is expected to be low. To understand the impact of each of the different 
drivers on the specific conductance, cross-correlation between specific 
conductance and each of the input drivers (tides, waves, overwash, 
precipitation, and evapotranspiration) was performed from 1-h to 1- 
month lags at each well. The specific conductance and all other driver 
time series were resampled to 1-h timesteps and all data gaps were 
linearly interpolated. 

3. Results 

3.1. Sandy Hook, NJ: 

3.1.1. Overview 
Sandy Hook showed a gradient in the impact of overwash from the 

marsh to the forest, with the marsh wells experiencing substantial 
overwash and the forest wells experiencing less frequent overwash. Well 
31 was located in the marsh and experienced overwash daily. This led to 
relatively high specific conductance that did not fall below 50 % 
seawater concentration (Fig. 2A). Moving inland, well 32 experienced 
relatively frequent inundation, but had time to recover to a background 
specific conductance of 15–20 mS/cm (Fig. 2B). Well 33 experienced 
even less overwash than both wells 31 and 32 and was able to fully 
recover to freshwater concentrations after most overwash events 
(Fig. 2C). Finally, well 34 was screened in the freshwater-saltwater 
interface, and experienced increases in the specific conductance from 
some events but generally these increases were small, and the specific 

Fig. 2. Well measurements from Sandy Hook, NJ. Hydraulic head and pre
dicted overwash events (black lines) in meters above NAVD88 on the left axis 
and specific conductance in μS/cm on the right axis with increasing distance 
from the shore for A) Well 31 (marsh well), B) Well 32 (transition well), C) Well 
33 (forest well), D) Well 34 (deep well, collocated with well 33), and E) Well 30 
(inland well). 
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conductance declined from September 2018 to March 2019 (Fig. 2D). 
Well 30 was located farther inland and specific conductance was not 
measured in this well; however, the tidal elevations exceeded the land 
surface elevation a few times over the monitoring period (Fig. 2E). There 
was a single event where water levels rose rapidly on October 26–27, 
2018 suggesting a possible overwash event. 

A change occurred in the specific conductance time series in 
September 2018. Prior to that, after each overwash event, both wells 32 
and 33 typically returned to their pre-overwash levels. However, 
beginning in August 2018 neither well returned to its initial specific 
conductance after overwash events (Fig. 2B, C). On the other hand, well 
34 saw a steady decline in specific conductance beginning in late 
September 2018 (Fig. 2D). However, there was no observable change in 
the drivers for the water levels in each of these wells. 

3.1.2. Water level change (TFN models) 
To understand the influence of different drivers on the water levels, 

they were modeled with a combination of tidal level, wave height, 
precipitation, evapotranspiration, and overwash. The results show that 
water levels at Sandy Hook were primarily driven by overwash events, 
precipitation, and tidal levels (Fig. 3). Model fits at Sandy Hook ranged 
from an R2 of 0.73 to 0.85 with a root mean squared error (RMSE) of 
0.08 to 0.11 m (Table 1). Water level fluctuations for well 31 were 
primarily controlled by overwash events and seasonal tidal fluctuations, 
while precipitation had a modest effect on the heads (a maximum of 
~0.22 m) (Fig. 3A). Daily tidal oscillations had minimal effect on the 
water levels (<0.05 m of change), but seasonal changes in tidal elevation 
had a greater effect on water levels (0.5 m of change). Overwash 
occurred multiple times per month and the water level often did not 
recover before another overwash event occurred; however, overwash 
occurred in clusters followed by periods with few overwash events (e.g. 
December 2017). Overwash contributed a maximum of 1 m of head 
change at well 31, but even small overwash events increased heads by 
0.1 m. Further inland, well 32 experienced overwash events approxi
mately 1–2 times per month, and had longer periods without overwash 
influence (Fig. 3B). Well 32 had a higher daily tidal oscillation than well 
31 (~0.05 m) and a greater seasonal tidal oscillation (~0.68 m). Heads 
in well 32 were impacted by precipitation similarly to well 31 with a 
maximum of ~0.26 m of head change. Well 33 and 34 had only a few 
overwash events (Fig. 3C, D). These wells had similar daily tidal 

fluctuations to well 32 (~0.05 m), but the largest seasonal change due to 
tidal fluctuations (0.86 and 0.92 respectively). Precipitation had a 
slightly higher impact on wells 33 and 34 than well 32 and contributed a 
maximum of 0.3 m of head change. Well 30 showed the strongest in
fluence of precipitation with a maximum contribution of 0.4 m and a 
moderate contribution of seasonal tidal fluctuations (~0.6 m) compared 
to wells 31, 32, 33 and 34 (Fig. 3E). Well 30 displayed no contribution 
from daily tidal fluctuations, and a single overwash event that took 
about 3 months to recover from (Fig. 3E). 

3.1.3. Specific conductance change (cross-correlation) 
There was a correlation between overwash events and specific 

Fig. 3. Transfer function noise models for Sandy Hook, NJ broken down by the 
influence of tide, precipitation, and overwash drivers for A) Marsh well 31, B) 
Transition well 32, C) Upland well 33, D) Deep well 34, and E) Inland well 30. 

Table 1 
Transfer function noise model fit.   

Daily R2 Daily RMSE (m) Hourly R2 Hourly RMSE (m) 

Sandy Hook 
Well 30  0.84  0.08  0.85  0.08 
Well 31  0.73  0.13  0.82  0.1 
Well 32  0.72  0.12  0.77  0.11 
Well 33  0.73  0.11  0.75  0.11 
Well 34  0.7  0.11  0.73  0.11  

Fire Island 
Marsh Well  0.83  0.06  0.83  0.09 
Deep Well  0.87  0.06  0.75  0.12 
Middle Well  0.8  0.05  0.76  0.06 
Inland Well 1  0.91  0.03  0.92  0.03 
Inland Well 2  0.84  0.07  0.79  0.05  

Assateague 
Well 1 Shallow  0.78  0.07  0.75  0.08 
Well 1 Deep  0.77  0.07  0.78  0.07 
Well 2 Shallow  0.9  0.05  0.9  0.05 
Well 2 Middle  0.74  0.08  0.78  0.08 
Well 2 Deep  0.76  0.08  0.52  0.11 
Well 3 Shallow  0.82  0.08  0.86  0.07 
Well 3 Deep  0.7  0.1  0.7  0.11 
Dune Well 1  0.9  0.05  0.79  0.07 
Dune Well 2  0.87  0.06  0.88  0.06  

Fig. 4. Relationship between specific conductance, overwash, and head at lag 
times from − 1250 to 1250 h for Sandy Hook, NJ. When the cross correlation is 
above/below the blue lines, it indicates a p-value of <0.05. A) Correlation of 
specific conductance and overwash in well 32. B) Correlation of specific 
conductance and overwash in well 33. C) Correlation of specific conductance 
and head in well 32. D) Correlation of specific conductance and head in well 33. 
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conductance changes for wells 32 and 33 (Fig. 4). The maximum cor
relation was approximately 10 % at lags of 6 h and 51 h for well 32 
(Fig. 4A), and 12.5 % with a lag of 41 h for well 33 (Fig. 4B). The peak 
correlation occurred twice for well 32 likely because the overwash is 
tidal, i.e. for each salinization event there were multiple overwash 
events as the tide went in and out multiple times. The upper well had 
fewer overwash events because only the highest tide overwashed that 
well. Thus, the specific conductance peaked approximately 6 h after an 
overwash event in well 32 and then peaked again 51 h later as more 
overwash occurred. On the other hand, wells 31 and 34 exhibited no 
correlation between overwash and specific conductance. Wells 32 and 
33 also showed a weak positive correlation between specific conduc
tance and the tides, whereas wells 31 and 34 showed a negative corre
lation. None of the wells showed a correlation between specific 
conductance and precipitation. 

3.2. Fire Island, NY 

3.2.1. Overview 
Fire Island groundwater was generally fresh both in the marsh and in 

the upland, and overwash played a limited role in changing the specific 
conductance. For both the marsh and deep wells there are no predicted 
overwash events as the bay water levels never exceed the land surface 
elevation at these wells. Despite the fact that no overwash is predicted 
based on the data, there are specific conductance spikes at both the 
marsh and deep wells (Fig. 5A, B). The middle well was predicted to 
have a substantial number of overwash events; however, no specific 
conductance data was collected in this well. Errors in overwash pre
diction could be due to error in the surveyed elevations; however, both 
survey elevations from the USGS and the NOAA DEM suggest that the 
tidal elevation never exceeds the land-surface elevation at the wells. 
Thus, there are potentially shorter scale wind-driven waves or seiches 
within the Great South Bay that drive the observed salinization events. 
Based on the measured specific conductance and hydraulic head spikes, 
few overwash events occurred in the marsh, and they were fully flushed 
out between events. The overwash events salinized the shallow well to a 
maximum of ~10,000 μS/cm or 20 % of seawater concentration 
(Fig. 5A) and the deep well to 10 % of seawater concentration (Fig. 5B). 
This suggests that a smaller volume of saline water entered the aquifer 
during overwash events than at Sandy Hook as the bay water at Fire 
Island typically fluctuated between 35,000–50,000 μS/cm, or 70–100 % 
seawater salinity. The deep well usually had a damped and lagged 
response to salinization events compared to the shallow well; however, 

one of the overwash events in the shallow well (September 20th 2017) 
was not present in the deeper well. The damped change in specific 
conductance observed in the deeper well was likely due to dispersion 
and dilution of the salt pulse from the overwash, with the lag suggesting 
a low vertical hydraulic conductivity. Fire Island experienced relatively 
few overwash events during the study period likely because the bay is 
sheltered from large waves and water levels near the wells take a long 
time to respond to changes occurring on the ocean side of the island. The 
inland wells saw almost no change in specific conductance and remained 
fresh, suggesting that overwash events are rare for the inland wells. 

3.2.2. Water level change (TFN models) 
Fire Island water levels were modeled using the ocean level, bay 

level, precipitation, evapotranspiration, bay wave height and overwash. 
The changes in water level were dominantly driven by the tidal eleva
tion in the bay and the recharge (Fig. 6). As ocean level, bay wave height 
and overwash negatively impacted model fits, they were removed from 
the models. Models were also resampled to daily timesteps with the 
mean due to poor model fits for hourly timesteps. Poor fits at the hourly 
timestep are probably due to the poor constraints on short term drivers 
such as overwash and short-term wind-driven waves. Model fits ranged 
from an R2 of 0.8 to 0.91 and an RMSE of 0.03 to 0.07 m having the best 
model fit of all the sites (Table 1). Water levels in the marsh and deep 
wells responded quickly to recharge increasing up to a maximum of 0.3 
m, but the impact of recharge dissipated rapidly (within 1 day) (Fig. 6A, 
B). The middle well declined slower than the marsh and deep wells 
taking 1–2 weeks to recover (Fig. 6C), but declined rapidly within the 
first day. On the other hand, at the inland wells, there was an abrupt 
increase in water level during recharge events that took much longer to 
decline (~1–2 weeks) (Fig. 6D, E). Water levels at all wells were pri
marily driven by changes in the bay water level on longer timescales 
with a maximum seasonal change 0.82 and 0.92 m in the marsh and 
deep wells respectively, 0.67 m for the middle well, and 0.96 and 0.65 m 
for inland well 1 and 2 respectively. 

3.2.3. Specific conductance change (cross-correlation) 
As there were no estimated overwashes for the marsh and deep wells, 

specific conductance in these wells was cross-correlated with estimated 
overwash from the middle well. Specific conductance was correlated 

Fig. 5. Fire island hydraulic head and specific conductance data for A) Shallow 
marsh well, B) Deep marsh well, C) Middle well, D) Inland well 1, and E) Inland 
well 2. 

Fig. 6. Transfer function noise models for Fire Island, NY broken down by the 
influence of each hydrologic driver; major drivers bay level and recharge are 
shown for A) Marsh well, B) Deep marsh well, C) Middle well, D) Inland well 1, 
and E) Inland well 2. 
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with overwash at 10 % at a lag of 45 min and at 17 % for a lag of 22 days 
in the marsh well (Fig. 7A). The deep well showed a correlation of 20 % 
at a lag of 10 days (Fig. 7B). Thus, the deep well took a much longer time 
to experience salinization from an overwash event than the other two 
sites, likely due to lower hydraulic conductivity. The marsh and deep 
wells had a similar difference in depth to wells at Assateague but took 
longer to respond (10 days versus 8 days). Specific conductance in the 
marsh well was correlated with heads at 31 % at a 24-h lag (Fig. 7C), 
suggesting that heads rise at the wells before overwash occurs. Specific 
conductance in the deep well was correlated with heads at 46 % at a lag 
of 15 days (Fig. 7D). Thus, the response time for the deep well was 
longer for head-induced changes (~15 days) than for overwash-induced 
changes (~10 days). 

3.3. Assateague Island, MD 

3.3.1. Overview 
Assateague experienced relatively frequent overwash, and water 

levels in all wells exhibited a similar response to overwash events 
(Fig. 8A–D). Because Assateague had a berm between the ocean and 
wells, when an overwash crested the berm, all the transect wells were 
inundated simultaneously. Generally, the water levels in well nest 3 
were lower than those in well nest 2 and 1; however, during overwash 
events the water levels in well nest 3 substantially exceeded those in the 
other wells and this often persisted for long periods of time after an 
overwash event. This is opposite of what is expected, as the water-table 
overheight due to wave runup should cause water levels in well 3 to be 
higher than the inland wells. Additionally, this suggests that the flow 
direction changed relatively frequently with flow from ocean to bay 
occurring after overwash events and flow from bay to ocean occurring 
most other times. 

Specific conductance increases coincided with overwash events, but 
showed more variability than water-level changes among wells 
(Fig. 8E–H). The shallow wells in each well nest transect generally had 
lower specific conductance than the deeper wells, demonstrating a 
typical island freshwater lens, except during overwash events when the 
specific conductance increased rapidly in the shallow wells before it was 
diluted by infiltrating precipitation. Specific conductance on Assateague 

was highly dynamic and did not appear to have a stable average. Many 
of the wells started the monitoring period with relatively high specific 
conductance likely due to a storm-driven overwash that occurred just 
before the start of monitoring in September 2019. This was followed by a 
period of freshening until April 2020 when additional overwash 
increased specific conductance across the island. This elevated salinity 
was then flushed out gradually and reached a minimum in February 
2021 when another large overwash spiked the specific conductance. 
This event was followed by another slow decline until October 2021. Not 
all predicted overwash events showed corresponding increases in 
salinity suggesting that there is likely substantial temporal change in 
overwash thresholds. 

While generally all wells experienced specific conductance spikes at 
the same time, the sensitivity to and persistence of overwash-induced 
salinization varied among the well nests. Well 3 shallow had the most 
dynamic response to overwash events with specific conductance that 
rose rapidly and flushed out quickly after an overwash (Fig. 8E). For 
example, the overwash event on October 9th 2019 from Tropical Storm 
Melissa caused specific conductance to increase from ~11,000 μS/cm to 
42,000 μS/cm and declined to 5,800 μS/cm by October 19th 2019. Well 
3 deep also experienced rapid fluctuations due to overwash events with 
specific conductance spiking from ~30,000 μS/cm to ~48,000 μS/cm 
on October 9th 2019 returning back to 30,000 μS/cm by October 15th. 
Well nest 2 showed a similar pattern to well nest 3 with two discrete 
overwash events causing the specific conductance in the shallow well to 
increase to ~40,000 μS/cm for the first event and ~30,000 μS/cm for 
the second event (Fig. 8F). The duration of these spikes was much longer 
for the shallow well in well nest 2 than for the shallow well in nest 3 as 
the October 9th overwash took until November 13th (versus October 
15th) to return to its pre-overwash specific conductance. Finally, the 
deep well in well nest 2 remained saline throughout the monitoring 
period (>50 % seawater salinity) and did not show any changes during 
overwash events suggesting that the freshwater lens was very shallow 
(approximately − 2 m relative to NAVD88; Fig. 8F). 

Well nest 1 experienced salinization from the same events as nests 2 
and 3, but exhibited different flushing dynamics (Fig. 8G). Well 1 
shallow began the monitoring period at ~15,000 μS/cm, and then 
experienced two overwash events that increased the specific 

Fig. 7. Relationship between specific conductance, overwash, and head at lag 
times up to 52 days for Fire Island. Blue lines on plots indicated a p-value of 
<0.05 A) Correlation of specific conductance and overwash in the marsh well. 
B) Correlation of specific conductance and overwash in the deep marsh well. C) 
Correlation of specific conductance and head in the marsh well. D) Correlation 
of specific conductance and head in the deep marsh well. 

Fig. 8. Assateague Island hydraulic head and specific conductance data for 
each well nest. Black lines represent estimated overwash events in meters above 
land surface in A, C, E, and G, and are scaled by 104 on the right plots. A) 
Hydraulic head data for well nest 3. B) Specific conductance data for well nest 
3. C) Hydraulic head data for well nest 2. D) Specific conductance data for well 
nest 2. E) Hydraulic head data for well nest 1. F) Specific conductance data for 
well nest 1. G) Hydraulic head data for dune wells. G) Specific conductance 
data for dune wells. 
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conductance to ~40,000 μS/cm. The events were extremely short-lived 
and the specific conductance returned to the initial value within 6 days. 
On the other hand, the specific conductance in well 1 deep took longer to 
increase, peaking about 12 days after the second overwash event and not 
returning to its previous baseline until over a month later. 

The dune wells had less dynamic specific conductance fluctuations 
than the transect wells (Fig. 8H). The west dune well had a low specific 
conductance (<6,000 μS/cm) throughout the measurement period while 
the east well had a substantially higher specific conductance (~20,000 
μS/cm). The west well experienced a freshening over the winter while 
the east well maintained a fairly constant specific conductance. Specific 
conductance spikes corresponded to some estimated overwash events, 
but generally these spikes are <10,000 μS/cm. 

3.3.2. Water-level change (TFN model) 
Water levels on Assateague were modeled using a combination of 

wave height, precipitation, evapotranspiration, tidal level, and over
wash. All models showed that the ocean level, bay level, recharge, and 
overwash impact the head in the wells (Fig. 9). Model fits ranged from 
an R2 of 0.70 for well 3 deep to 0.90 for well 2 shallow. Models with the 
best fit were those with the shortest water level time series, indicating 
that geomorphic change likely changes the influence of drivers over 
time. The ocean levels and bay levels generally exerted a moderate in
fluence on the hydraulic head and changed gradually with average 
changes in the tidal level and average wave height. On the other hand, 
the water levels responded rapidly to precipitation and overwash events. 
Overwash played a stronger role in water level changes closer to the 
ocean and a lesser role closer to the bay. Water levels in the easternmost 
well nest had a response to overwash events that approached 0.6 m of 
head change over a single day (Fig. 9A). Similar spikes were observed for 
intense precipitation events. In July 2020, there was a 0.4 m increase in 
head due to recharge; however, this is likely due to overfitting as no 
overwash was predicted, but spikes in specific conductance suggest that 
an overwash occurred along with an intense precipitation event 

(Fig. 9B). The high hydraulic conductivity of the beach sand likely 
allowed both precipitation and overwash to rapidly change the water 
table elevation. The deeper wells in the transect experienced slightly less 
change in head due to overwash. For instance, on November 20th 2019, 
an overwash event caused water levels to rise 0.49 m in the well 3 
shallow (Fig. 9A) versus 0.47 m in well 3 deep (Fig. 9B), 0.43 m in well 2 
shallow (Fig. 9C) versus 0.23 m and 0.33 m in well 2 middle (Fig. 9D) 
and well 2 deep (Fig. 9E) respectively, and 0.24 m in well 1 shallow 
(Fig. 9F) versus 0.18 m in well 1 deep (Fig. 9G). Additionally, the impact 
of overwash decreased with distance from the ocean. The TFN models 
were unable to capture some of the high peaks in water level, likely due 
to uncertainties in the overwash estimates. The influence of tidal fluc
tuations also decreased with distance from the shore with well 3 expe
riencing a seasonal change of ~0.6 m (Fig. 9A) compared to ~0.2 in well 
1 shallow (Fig. 9F). Ocean and tidal levels generally followed similar 
trends in all wells except for well 3 deep (Fig. 9B) and well 2 deep 
(Fig. 9E) which showed shorter-term (~2 days), low-amplitude fluctu
ations (<10 cm). In general, well 2 deep had higher-amplitude fluctu
ations likely indicating it is semi-confined and thus responds more 
rapidly to changes in ocean water levels (Fig. 9E). Recharge caused up to 
0.42 m of head change across the island similar in magnitude to the 
impact of overwash. 

3.3.3. Specific conductance change (cross-correlation) 
The specific conductance changes at Assateague showed substantial 

cross-shore variability. Specific conductance changes in well nest 1 were 
correlated with overwash at lags of 1.75 days (Fig. 10A) and 8.6 days 
(Fig. 10B) for the shallow and deep wells, respectively, at approximately 
12 %. Specific conductance was positively correlated with water levels 
for the shallow well with a lag of 1 h, and was negatively correlated with 
water levels for the deep well with a lag of 10 days. Well nest 2 showed 
different trends than well nest 1, with the shallow and deep wells being 
positively correlated with overwash at lags of 8.3 days (Fig. 10C) and 
10.4 days (Fig. 10D). The middle well was positively correlated with 

Fig. 9. Transfer function noise models for Assateague Island, MD broken down by the influence of each hydrologic driver including bay level, recharge, overwash, 
and ocean level A) Well 3 shallow, B) Well 3 deep, C) Well 2 shallow, D) Well 2 middle 1, E) Well 2 deep, F) Well 1 shallow, G) Well 1 deep. 

R.S. Frederiks et al.                                                                                                                                                                                                                             



Science of the Total Environment 946 (2024) 174102

10

overwash at all lags. Similarly, specific conductance was positively 
correlated with water level in the shallow and deep wells, but not 
correlated with water level in the middle well. Finally, well 3 shallow 
and deep both showed minimal correlation between specific conduc
tance and overwash (Fig. 10E, F), but there was significant correlation 
between the water level and specific conductance in the shallow well. 
The dune wells exhibited the highest correlation between overwash 
events and specific conductance at 25 % and 37 % with lags of 13 and 19 
h (Fig. 10G, H). This shows that specific conductance change was 
impacted by both overwash and water-level change, but the effects vary 
substantially from well to well. This is likely because complex flushing 
dynamics can temporarily change groundwater flow direction leading to 
less correlation between water levels and specific conductance. 

4. Discussion 

4.1. Drivers of water level change 

4.1.1. Spatial variations in driver influence within sites 
Groundwater levels at each site show spatial trends in the influence 

of the different drivers on water levels (Fig. 11A–C). The influence of 
precipitation/recharge increased with inland distance while the impact 
of overwash and tides declined with inland distance. At Fire Island and 
Sandy Hook, water level increases due to recharge/precipitation in the 
inland wells were greater than in the marsh wells (up to 0.2 m difference 
at Sandy Hook), and water levels took longer to decline (up to two weeks 
longer at Fire Island). Similarly, water levels on Sandy Hook and Assa
teague show larger impact of overwash closer to the shore and a lesser 
effect of overwash in the inland wells (0.9 m in well 31 versus 0.3 m in 
well 30 at Sandy Hook, and 0.6 m near the ocean versus 0.4 m near the 
bay at Assateague). The Sandy Hook and Fire Island wells displayed 
diurnal tidal fluctuations that declined in magnitude with distance from 
shore, while none of the Assateague wells showed an impact from 
diurnal tides. This agrees with other studies that observed a decline in 
diurnal tidal amplitude with distance from shore with diurnal tidal 
fluctuations only present within ~110 m of the shoreline (Abarca et al., 
2013; Evans and Wilson, 2017). Similarly, all wells responded to sea
sonal changes in tidal levels with a range of 0.5–1 m of seasonal change 
which also depended on across-shore distance. 

4.1.2. Variations in driver influence among sites 
Groundwater levels at each site respond differently to the different 

drivers. The relative importance of each driver is impacted by the sur
face water connectivity, topography, and island geology. Surface water 
connectivity prevented some drivers from influencing water levels at 
some of the sites. For example, Assateague was most exposed to the 
ocean, and therefore was influenced by both ocean levels and wave 
heights (Fig. 11B). Sandy Hook, however, was more sheltered and 
therefore did not respond to ocean waves (Fig. 11A). Finally, the Fire 
Island wells were far from an inlet, so water levels were predominantly 
driven by bay levels and recharge (Fig. 11C). Topography plays a similar 
role in determining the influence of different drivers. Overwash at Sandy 
Hook had a more frequent impact on wells closer to the shore while 
overwash at Assateague occurred at all wells simultaneously because 
seawater was trapped in a surface depression. The Fire Island wells were 
topographically situated above most storm surges and therefore were 
not impacted by overwash. Finally, geology also played an important 
role in shaping the relative influence of different drivers. For example, 
Fire Island has a relatively low hydraulic conductivity, which limits the 
volume of water that can infiltrate when overwash events occur while 
Assateague has a relatively high hydraulic conductivity and overwash 
increases water levels rapidly. Therefore, barrier islands with low con
ductivity are more protected from overwash induced water-level change 
as long as there are surface connections to drain the ponded water. 
While hydraulic conductivity can impact the water-level response to 
overwash, aquifer storativity (the volume of water released from storage 
per unit area of aquifer per unit decline in hydraulic head) also affects 
the dominance of drivers on water levels. 

Water level variations differ among sites, likely due to differences in 
aquifer storage properties. Water levels in well nest 1 on Assateague 
(~150 m from the shoreline) do not show a measurable response to tidal 
fluctuations while water levels at inland well 2 on Fire Island (~150 m 
from shore) have ~0.05 m tidal response This suggests that the stor
ativity at Assateague is much higher than at Fire Island. Both storativity 
and transmissivity are expected to impact the tidal signal-propagation 
distance (Huang et al., 2015). However, lower hydraulic conductivity 
should decrease the inland tidal amplitude, and Fire Island has a lower 
hydraulic conductivity than Assateague. Thus, the storativity at Fire 
Island must be substantially lower than at Assateague. As both of these 
aquifers are unconfined, their different soil textures (clean sand at 
Assateague versus more silt/clay at Fire Island) mean they have different 
Van Genuchten parameters which influences the specific yield 

Fig. 10. Relationship between salinity and overwash at Assateague Island, MD 
A) Well 1 shallow, B) Well 1 deep, C) Well 2 shallow, D) Well 2 deep, E) Well 3 
shallow, F) Well 3 deep, G) Dune well east, and F) Dune well west. Blue lines on 
plots indicated a p-value of <0.05. Fig. 11. Breakdown of primary drivers at each well on A) Sandy Hook, NJ B) 

Assateague Island, MD and C) Fire Island, NY. 
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(Pozdniakov et al., 2019). Thus, the soil type governs the temporal in
fluence of different water-level drivers on barrier islands. Similarly, the 
deepest well on Assateague responds much more rapidly to changes in 
the ocean water level suggesting it has a low storativity and is semi- 
confined. This suggests that a confining unit exists on Assateague 
likely due to marsh deposits from when sea levels were lower. The ex
istence of semi-confined marsh deposits at Assateague match those 
found by Anderson Jr. (2002) and Evans and Wilson (2017) at other 
barrier island sites. 

4.2. Drivers of specific conductance change 

The primary driver of specific conductance change across all sites 
was overwash. Others have shown that overwash is one of the primary 
drivers of specific conductance dynamics in barrier islands (Holt et al., 
2017; Anderson Jr., 2002; Anderson Jr. and Lauer, 2008), but here we 
demonstrated that the influence of overwash on specific conductance 
varies substantially among sites. At Sandy Hook, the effects of overwash 
were felt most severely in the marsh where frequent overwash caused an 
elevated specific conductance. These effects diminished with distance 
from the shore, but specific conductance still periodically spiked up to 
the tree line (although spikes at the tree line generally did not last for a 
long time). At Fire Island, overwash occurred rarely and affected only 
the marsh wells. However, these wells are generally fresh. Finally, on 
Assateague all the wells responded to wind-driven wave-induced over
wash events. The specific conductance spikes driven by these events 
persist for a long time (up to 6 months). Persistently high specific 
conductance after overwash events was also observed by Huizer et al. 
(2017) in a sandy-beach aquifer and attributed to wind-driven wave 
overwash. 

The different sites respond differently to overwash due to the 
surface-water connectivity, geomorphology, and aquifer properties. 
Surface-water connectivity is one of the primary drivers of vulnerability 
to overwash as it governs the surge height experienced by the island. 
Assateague has the most connected surface water of all sites and thus 
experiences the most severe impacts of overwash-driven salinization due 
to higher ocean waves. Sandy Hook is much more protected from waves 
than Assateague because it is on the bay side of the spit and is sheltered 
by a sand bar. Finally, Fire Island is the most protected from wind-driven 
waves because the wells are far from an inlet and the bay is not wide/ 
deep enough to produce large waves and thus experiences the least 
salinization. Similarly, the geomorphology/topography of the barrier 
island governs the inland distance an overwash event can propagate 
inland and the volume of saline water that can be stored on the surface. 
For example, Assateague has a berm between the wells and the ocean, 
which traps overwash water on the island, preventing it from draining 
back to the ocean. This depression storage causes much more saltwater 
to infiltrate the aquifer (Yu et al., 2016). On the other hand, there are 
limited surface depressions to fill near both the Sandy Hook and Fire 
Island wells, which likely limits the amount of salt water that can 
infiltrate the aquifer. Other studies have shown that surface depressions 
on atolls slightly decrease the size of the freshwater lens compared to 
atolls without surface depressions (Chui and Terry, 2015). Additionally, 
surface depressions can impede groundwater salinization during storms 
by limiting storage space in the unsaturated zone, but allow for up to 10 
times more salt storage in surface-water filled depressions than in
filtrates into the subsurface over the course of the storm (Chui and Terry, 
2015). Thus, infiltration of saline water lasts long after the storm ends 
(Chui and Terry, 2012). This could be one reason why the freshwater- 
saltwater interface on Assateague is much shallower than at Fire Is
land or Sandy Hook as much more saltwater is able to infiltrate into the 
subsurface. 

Both hydraulic conductivity and storativity affect the vulnerability of 
aquifers to storm-surge driven salinization. Yang et al. (2018), showed 
that the hydraulic conductivity strongly impacts the flushing time and 
penetration depth of saltwater. This difference is clear when comparing 

observations on Fire Island and Assateague. Assateague has a higher 
storativity and hydraulic conductivity and therefore has a smaller 
freshwater lens. Assateague is more susceptible to storm surge overwash 
while Fire Island has a lower hydraulic conductivity and a lower stor
ativity. The lower storativity allows for faster flushing after storm surge 
events and less saltwater intrusion from tidal fluctuations (Paldor et al., 
2022). Specific conductance peaks on Fire Island likely do not reach 
seawater specific conductance because the low hydraulic conductivity 
and short time span of overwash events decreases the flux of saline water 
relative to Assateague. The persistence of saline water on Assateague 
could be driven by the low-hydraulic gradient because the high hy
draulic conductivity. This causes the flushing time to be much longer by 
decreasing the groundwater velocity. Finally, the higher hydraulic 
conductivity on Assateague allows changes in ocean water to propagate 
further inland and leads to more temporal variation in the direction of 
the hydraulic gradient. After a storm event the groundwater flow di
rection moves from the ocean towards the bay, but after a few days to 
weeks the gradient reverses and flow moves from the bay towards the 
ocean. This likely causes a longer flushing time as saline water moves 
towards the bay then back towards the ocean. 

At all sites, the groundwater specific conductance experiences min
imal changes due to tidal fluctuations and no fluctuations due to changes 
in evapotranspiration. Evapotranspiration can lead to hyper-salinization 
in barrier island mangroves (Stringer et al., 2010); however, these bar
rier islands did not experience any observable salinization from evapo
ration. Minimal changes were observed in the deeper freshwater- 
saltwater interface due to changes in ocean and bay water levels. This 
can be seen from well 2 deep on Assateague, well 34 on Sandy Hook, and 
the deep marsh well on Fire Island. This is in contrast to other studies 
which have observed fluctuations in atoll islands due to El Nino events 
and droughts (Oberle et al., 2017; Briggs et al., 2021) and fluctuations in 
an unconfined Mediterranean aquifer (Levanon et al., 2016, 2017). Few 
studies have been done with high resolution temporal data of specific 
conductance on a barrier island, so it is possible that differences in hy
draulic properties drive the observed differences. Atoll islands tend to 
have a higher hydraulic conductivity than all of the islands observed in 
this study and therefore the interface is more likely to migrate tidally as 
the tidal signal can penetrate further. Specific conductance measure
ments at Sandy Hook suggest a small change in the interface location as 
the shallow wells 32 and 33 became saltier and the deeper well 34 
slowly became fresher, although there are no detectable differences in 
drivers when these changes occur. The gradual freshening of the deeper 
well could be due to the formation of an upper saline plume which 
pushed the freshwater-saltwater interface deeper (Kuan et al., 2012) or 
geomorphological change causing changes to the groundwater 
discharge zones. Other evidence suggests there are temporal changes to 
the freshwater discharge zone. For example, well 31 shows correlation 
between specific conductance and overwash events sometimes, but at 
other times overwash occurs and the specific conductance does not 
change. This could be due to discharging water preventing infiltration of 
overwashing water. Cartwright et al. (2004) and Paldor and Michael 
(2021) also suggest based on modeling that the deeper Ghyben-Herzberg 
interface movement will occur due to storm surge water level change; 
however, we did not observe storm-surge induced temporal changes to 
the freshwater-saltwater interface at the two wells located in the inter
face (Assateague well 2 deep and Sandy Hook well 34). At Assateague, in 
well 1 shallow on May 20th 2020, we did observe an overwash event 
where specific conductance spiked rapidly in the shallow well and 
declined in the deep well likely due to the overwash pushing the shallow 
freshwater towards the deeper well. 

4.3. Implications for ecosystems 

Differences in drivers of groundwater level and specific conductance 
likely influence the distribution of ecosystems on barrier islands. Barrier 
islands have been shown to occupy one of two stable states: 1- low 
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elevation islands with frequent overwash and minimal diversity or 2- 
high-elevation vegetated islands with high diversity (Durán Vinent and 
Moore, 2015). While prior studies have focused on storm height and 
recurrence time (Durán and Moore, 2013), few studies have examined 
the role of groundwater levels on barrier island ecosystems. The 
northern part of Assateague, where our study was conducted, falls into 
the first typology and is barren due to the frequency and persistence of 
overwash events, which raise the specific conductance of the shallow 
groundwater and unsaturated zone. Roman and Nordstrom (1988) 
showed that vegetation communities correlated with the overwash fre
quency on Assateague. Fire Island falls into the second typology with 
high elevation and vegetation; however, it has experienced substantial 
recent changes in the vegetation composition (Raphael, 2014) that 
occurred after 2002 (Forrester et al., 2007). These changes are likely not 
driven by overwash-induced salinization as all wells are generally fresh 
with only limited specific conductance spikes in the marsh. Therefore, 
changes in ecosystem composition at Fire Island are more likely driven 
by rising water tables caused by sea-level rise. Similar to Fire Island, 
Sandy Hook is a high-elevation barrier spit with lots of vegetation; 
however, the forest on Sandy Hook has experienced less mortality than 
on Fire Island (Forrester et al., 2007). Sandy Hook water levels are less 
sensitive to bay water-level fluctuations than Fire Island, which could 
explain why the forest has not experienced the same declines. Addi
tionally, the location of the water table influences the species that can 
grow. For instance, Sandy Hook is inundated frequently and stays wet, 
which permits marsh species to colonize, whereas Assateague dries 
quickly after storm events. Other studies have shown that different 
marsh species have different tolerances to elevation and anoxic condi
tions (Davy et al., 2011), with maximum root mass occurring with 
moderate inundation frequencies (Redelstein et al., 2018). This suggest 
that the presence of barren land is driven by whether there are species 
that can tolerate high variability in oxygen and salinity levels. 

Important feedbacks exist between barrier island vegetation, geo
morphology, and hydrology (Corenblit et al., 2015; Hacker et al., 2019; 
Miller, 2015), but more work is needed to quantify the feedbacks among 
these systems. While it is not possible to elucidate the direction of 
causation, these results suggest that differences in geomorphology 
impact the hydrology, which in turn impacts the ecology of barrier is
land systems. At Assateague, the maintenance of Ocean City Inlet is 
likely contributing to the overwash frequency and causing the island to 
migrate landward because it is preventing the alongshore movement of 
sediment (Leatherman, 1979). This impacts the vegetation community 
and prevents the island from transitioning to a vegetated, high-elevation 
state. Similarly, Fire Island has been experiencing erosion on the bay 
side as marsh elevation has not kept pace with sea-level rise (Roman 
et al., 2023). Lack of sediment accretion on Fire Island will likely shift 
the hydrological regime and thus impact the vegetation community; 
however, the effect of these geomorphic changes on the ecology requires 
further study. 

While this study demonstrates differences in present-day vulnera
bility to overwash-driven salinization, it is not necessarily a good mea
sure of future vulnerability. As storm-surge heights cross different 
thresholds the surface connectivity of barrier islands will change. If a 
storm surge can overtop a berm or dune and become trapped in a 
depression in the island there will be greater groundwater salinization. 
Similarly, given the lag between sea-level rise and barrier island retreat 
(Mariotti and Hein, 2022), low elevation islands like Assateague could 
be less vulnerable to drowning because they can migrate faster while 
Fire Island and Sandy Hook will likely have to experience increased 
forest mortality before they begin migrating. However, there must be 
sufficient sediment present for a barrier island to migrate which might 
exist for lower islands. 

4.4. Limitations 

Time-series models can be useful for identifying drivers of water- 

level change and salinization; however, these models incorporate 
some assumptions that must be considered. The TFN models are non- 
unique as there are different combinations of response functions and 
drivers that would provide similar model calibrations. Thus, the relative 
influence of the drivers might deviate from the results found in this study 
if different transfer functions were used. Additionally, all models were 
calibrated using the drivers we expected to have an impact on the water 
levels. Any important drivers that were left out could have an impact on 
the model calibration. Given that model fits had R2 values ranging from 
0.7 to 0.9, some of the TFN models were likely missing important drivers 
of water level change. Additionally, uncertainty in the input time series 
can lead to overfitting the model. The largest source of uncertainty in the 
input time series was likely overwash because sub-hourly wave-driven 
overwash was not accounted for in this study. Also, we observed that 
model fits were better for wells with shorter timeseries suggesting that 
geomorphological change alters overwash thresholds temporally. To 
better predict overwash events, a time varying estimation of the beach- 
face slope would be needed to better parameterize the wave runup and 
more frequent wave measurement would be necessary. 

5. Conclusions 

Using well data at three barrier islands along the mid-Atlantic US 
coast, we showed that drivers of barrier island groundwater level and 
specific conductance vary among islands and the relative influence of 
those drivers varies within individual islands. We observed that the in
fluence of drivers varied spatially with recharge/precipitation 
increasing in impact with inland distance and overwash and tidal levels 
decreasing in impact. At Assateague, wave height was a critical driver of 
water level change, but was not a major driver at either Sandy Hook or 
Fire Island. Evapotranspiration had minimal impact across all sites. We 
also observed that barrier islands that would be expected to behave 
similarly due to similar geologic composition and climates demonstrate 
different characteristics due to hydrogeologic properties and geo
morphologic connectivity. These differences have important implica
tions for how barrier islands will evolve in the face of sea-level rise and 
more frequent storm surges. Sites with high connectivity to the ocean 
will likely face higher vulnerability to storm-surge overwash, as seen on 
Assateague, whereas sites with less surface connectivity will likely face 
higher vulnerability to increasing water tables due to sea-level rise, as 
seen on Fire Island. 
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