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ABSTRACT

Three years of observations of groundwater elevations, ocean tides, surge, and waves, and rainfall are used to
study coastal groundwater-driven flooding along the ocean side of a barrier island. Increases in surge and wave-
driven water levels (setup) during 26 ocean storms with little rainfall, including the passage of 3 hurricanes,
caused O(1 m) increases in groundwater heads under the dunes on the ocean side of the island, nearly double
previously reported magnitudes. The inland propagation of the resulting pulses in groundwater levels is
consistent with an analytical model (without recharge) based on shallow aquifer theory (Nash Sutcliffe model
efficiencies of >0.7, maximum water-table level estimates within 0.1 m of observations). Infiltration of pre-
cipitation results in approximately a threefold increase in the groundwater level relative to the amount of
rainfall. The analytical model (with recharge) driven with estimated ocean shoreline water levels (based on the
36-hr-averaged offshore tide, surge, and wave height) and measured precipitation predicts the maximum water-
table height within 0.15 m of that observed across the barrier island during Hurricane Matthew, which was the
only wave event during the 3-yr data set with more than 0.1 m rainfall.

Citizen-science reports from a smartphone app (iFlood) are used to evaluate the regional application of the
model. Twenty-five ocean-side reports associated with 7 ocean storms (6 of which had minimal rainfall) between
Sept 2019 and Feb 2020 showed flooding on natural (permeable) land surfaces along 70 km of the northern
Outer Banks barrier island, from Corolla to Rodanthe, NC. The analytical model (with recharge) predicts flooding
that is consistent with the timing and location for 19 of the 25 reports. Applying the model regionally suggests
that more than 10% of the land area on the ocean side of the northern Outer Banks would be inundated by coastal
groundwater even in the absence of rainfall for an ocean storm that generates a 2.25 m increase in the shoreline
water level.

1. Introduction

unconfined coastal aquifers, the average water table usually is higher
than MSL and lies within a few meters of the land surface in low relief

Nearly 1.5 million people inhabit barrier islands along the U.S.
Atlantic and Gulf Coasts with a population density approximately three
times greater than that of coastal states (Zhang and Leatherman, 2011),
which is increasing, along with the associated infrastructure (Elko et al.,
2015). The low elevations (close to mean sea level, MSL) and high
density of infrastructure make coastal counties susceptible to devas-
tating environmental and economic impacts from flooding. In

regions (Glover, 1959; Rotzoll and Fletcher, 2013; Befus et al., 2020).
Although groundwater can cause flooding if the water table exceeds the
land surface, groundwater processes typically are neglected in flood
hazard mapping and management policies (Morris et al., 2007; Rotzoll
and Fletcher, 2013; Abboud et al., 2018). As of 2019, the U.S. National
Flood Insurance Program was ~$20 billion dollars in debt (Horn and
Webel, 2019). Sea-level rise and the increasing strength and duration of
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large wave and surge events (ocean storms) are predicted to double the
frequency of flooding and to expand the spatial extent of flood impacts
(Woodruff et al., 2013; Moftakhari et al., 2015; Vitousek et al., 2017;
Patricola and Wehner, 2018; Befus et al., 2020; Knutson et al., 2020;
Sweet et al., 2020). Compound flooding driven by multiple hazards,
such as rain and storm surge, can magnify the duration and extent of
flood impacts (Wahl et al., 2015; Bevacqua et al., 2019). Developing
flood predictions that integrate oceanographic, meteorological, and
hydrogeological processes has been identified as a research need for
managing storm hazards and impacts (Elko et al., 2019). Increasing
ocean storms that cause groundwater-driven flooding may require new
management strategies, because traditional ocean-driven flood mitiga-
tion structures, such as jetties and sea walls, are ineffectual against in-
creases in the water table. However, although several studies have
analyzed impacts of sea-level rise on regional groundwater inundation
and flooding (Rotzoll and Fletcher, 2013; Befus et al., 2020), regional
effects of transient ocean storms are less well understood.

Prior studies of wave-and-surge-driven groundwater responses have
focused on moderate wave conditions (Li et al., 2004; Trglavenik et al.,
2018; Rotzoll and El-Kadi, 2008). During ocean storm events, the
elevation of the coastal water table fluctuates in response to changes in
the wave-, tide-, and surge-driven changes in the ocean water level
(Nielsen, 1990; Cartwright et al., 2004; Anderson and Lauer, 2008;
Abarca et al., 2013). The resulting ocean-storm pulse increases the
elevation of the coastal water table, and this bulge of high groundwater
continues to propagate inland after the ocean water levels have subsided
(Li et al., 2004; Rotzoll and El-Kadi, 2008). Ocean-storm pulses have
larger amplitudes and longer fluctuation periods than water-table os-
cillations driven by wind waves or tides, and thus can penetrate farther
into the aquifer (Nielsen, 1990; Li et al., 2004). As the ocean-storm
signal propagates inland, the amplitude of the fluctuation attenuates
at a rate controlled by the hydrogeologic properties and structural
composition of the aquifer (Li et al., 2004; Rotzoll and El-Kadi, 2008).

An analytical solution (pulse model) assuming a vertical beach face
and a homogeneous, isotropic, uniform-depth aquifer reproduced the
behavior of a surge-and-wave-induced groundwater fluctuation in a
sandy aquifer in a coastal barrier island (Cartwright et al., 2004; Li et al.,
2004). However, the analytical model was developed and calibrated for
a single event, and thus the model skill for multiple events and its
applicability to other sites is uncertain. For example, leakage to the
surface aquifer from a confined aquifer can result in non-uniform
propagation of the storm pulse with smaller-than-predicted amplitude
relative to the shoreline fluctuation (Trglavenik et al., 2018).

When rainfall is coincident with emergent groundwater from the
land surface, the duration of the flood tends to last longer than runoff- or
overwash-driven flooding alone (MacDonald et al., 2008; Befus et al.,
2020). The water table rises in response to infiltration from precipitation
by an amount inversely dependent on the effective porosity of the
aquifer (Meinzer, 1923; Crosbie et al., 2005; Cobby et al., 2009; Zhang
et al., 2017; Smail et al., 2019). Antecedent conditions that result in an
elevated water table reduce the aquifer infiltration capacity for subse-
quent events (Rotzoll and Fletcher, 2013).

Here, three years of continuous observations (Section 2), including
26 ocean storms with minimal rainfall, are used to evaluate the
analytical storm-pulse model (Section 3) for the groundwater level in an
unconfined surface aquifer driven by changes in the shoreline water
level. The observed groundwater increases under the dune following
large offshore wave events without precipitation (significant wave
height, H; > 5 m) are O(1 m), nearly double the amplitude measured in
prior studies (Li et al., 2004; Rotzoll and El-Kadi, 2008; Trglavcnik et al.,
2018), and similar in magnitude to the sea-level-rise (SLR)-driven
groundwater increase predicted over the next hundred years (0.4-1.3 m
of SLR predicted by 2100 off the coast of NC (Sweet et al., 2017)). The
analytical model is shown to predict the maximum ocean-storm-driven
groundwater levels within about 0.1 m and the timing of maximum
groundwater levels within about 1 day. Using an estimated effective
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porosity, an analytical groundwater flooding model including the storm
pulse and recharge is evaluated with measurements during the passage
of Hurricane Matthew, which had wave heights >5.5 m, surge ~1.0 m,
and precipitation ~0.2 m. Flood reports submitted to iFlood (Section
4.1), a citizen-science phone application, are used to conduct a hindcast
assessment of the analytical groundwater-flooding model along a 70-km
region of the Outer Banks between Corolla and Rodanthe, NC (Section
4.2). The analytical flooding model is used to predict regions of
groundwater flood vulnerability on the ocean-side of the Outer Banks
caused by an increase in the shoreline water level consistent with a
hurricane or large Nor’easter (Section 4.3). Offshore wave heights and
precipitation amounts that drive the analytical model are among the
most ubiquitous measurements collected in global coastal observational
arrays. Consequently, the framework presented here could be used to
study regional groundwater-driven flooding in other low-lying coastal
environments where the aquifer properties are roughly uniform.

2. Field measurements

Although this study is conducted on the North Carolina Outer Banks,
the results are applicable to many other coastal areas. Sandy coasts ac-
count for about 33%, and sandy barrier islands account for ~7%, of
global coastlines (Stutz and Pilkey, 2011; Vousdoukas et al., 2020).
Furthermore, large sections of the U.S. Atlantic and Gulf coasts have
coastal plain geology similar to the NC Outer Banks (USGS, 2017), for
which the regional aquifer structure often can be approximated as ho-
mogeneous despite smaller-scale heterogeneity, similar to prior studies
examining groundwater inundation driven by sea-level rise (Rotzoll and
Fletcher, 2013; Befus et al., 2020).

2.1. Site description

The North Carolina Outer Banks is a 320-km long chain of barrier
islands extending south from the Virginia-North Carolina state line to
Bogue Inlet. The islands are up to 3-km wide, and have ocean-shoreline
dunes from less than 1- to 12-m high (Elko et al., 2002). The North
Carolina Outer Banks is part of the North Carolina Coastal Plain aquifer
system, and the shallow geology is a 50-70 m thick Quaternary sequence
that fills the Albemarle Embayment (Winner and Coble, 1996; Lautier,
2009). The surficial aquifer typically is comprised of >70% sand
(Winner and Coble, 1996). A network of paleo-channels that were
backfilled with younger Pleistocene sediments also weaves through the
Quartenary sequence (Riggs et al., 1995; Lazarus and Murray, 2011).
The paleo-channels contain muddy estuarine sediment, sand, and fluvial
gravel (Lazarus and Murray, 2011). Branches of the paleo-Roanoke/
Albemarle fluvial system have been recorded at the shoreface in Duck,
Kitty Hawk, Kill Devil Hills, and Nags Head (Riggs et al., 1995; Boss
et al., 2002; Lazarus and Murray, 2011). The surficial aquifer is under-
lain by a series of discontinuous clay and silt beds that comprise the
Yorktown confining unit, which is estimated to occur 15-20 m below
NAVDS88 (approximately mean sea level) (Winner and Coble, 1996;
Mallinson et al., 2010). Similar to many barrier island areas, land use is
primarily single family residential with houses on stilts (~65% total
land with lot coverage <33%) or shared-open-use (common, vacant, or
public, ~24% total land area with primarily pervious surfaces). In
addition, topographic relief is low, especially in developed areas, and
surface runoff is expected to be minimal.

In September 2014, 19 groundwater wells were installed at 8 loca-
tions along a 550-m-long transect across the barrier island extending
from the ocean dune to the sound at the U.S. Army Corps of Engineers
Coastal Hydraulics Laboratory Field Research Facility (FRF, http://www
frf.usace.army.mil) in Duck, NC (Fig. 1). The property is bordered on
the west by Currituck Sound and on the east by the Atlantic Ocean. On
the ocean-side of the island, the beach is backed by ~7-m-high vegetated
dunes. Sediment samples collected during construction of the FRF fa-
cility (Meisburger et al., 1989) and during installation of the
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Fig. 1. a) Google Earth image of northeastern North Carolina, including the Outer Banks. The land is outlined in yellow. The U.S. Army Corps of Engineers Field
Research Facility (FRF, purple circle in the white box), Duck, NC is located on a barrier island between Currituck Sound and the Atlantic Ocean. b) Close-up view of
the barrier island showing the locations of groundwater wells (colored circles) extending from the ocean dune to the sound. c) Elevation of the beach surface (tan
curve) relative to NAVD88 and groundwater wells (long, thin white rectangles) versus distance from the well closest to the ocean. The cross-hatched region on each
well is the screened section. The horizontal dashed black line is 0 m NAVD88. d) Annual average water-table elevation versus cross-island distance. The vertical bars
represent 1 standard deviation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

groundwater wells suggest that the surficial aquifer is composed of
medium quartz sand (mean diameter ~0.25 mm) and shell hash. Prior
studies suggest the uppermost confining layer is roughly 15 to 30 m
below NAVD88 (Meisburger et al., 1989; Manahan et al., 1998). How-
ever, a confining unit was not encountered during drilling, with bore-
holes extending from 15 (under the dune) to 26 m (near the sound)
below NAVDS88. Slug tests (Hvorslev, 1951; Bouwer and Rice, 1976;
Brown et al., 1995; Butler et al., 1996) performed at 16 of the wells
spanning the island suggest that the hydraulic conductivity is approxi-
mately K = 13.0 + 4.4 m/d, consistent with an estimate of 14.9 m/
d obtained during drilling of a test water supply well about 2 miles south
of the study site (Manahan et al., 1998). Based on these observations, the
aquifer is assumed to be approximately uniform across the island.

2.2. Observations

The cross-shore positions (x, positive toward the sound) of the well
locations are defined relative to the well closest to the dune face. Each
well was composed of 0.05 m-diameter PVC pipe with No.10 perforated
screen at the bottom surrounded by gravel pack topped with a bentonite
seal. At the six mid-island locations (Fig. 1c, 95 < x < 450 m), wells
extended to 9 to 10 m below NAVD88 with 8- to 9-m-long screens. Near
the ocean (Fig. 1b, red and black circles) and sound (Fig. 1b, orange
circle), wells (Fig. 1¢) extended to about 1 m below NAVD88 with 0.6-m-
long screens (Fig. 1¢). Conductivity-temperature-depth (CTD) sensors at
about mid-screen-elevation in each well were sampled at 10-min in-
tervals. Salinities were less than 1 PSU, except in the well closest to the
ocean (x0) following large ocean storms when saline ocean water
penetrated under the dune (Fig. 1c, x0). Water density was calculated

from the measured salinity, temperature, and pressure (Fofonoff and
Millard, 1983). Measurements collected by slowly lowering a CTD
within each well showed that density was approximately vertically
uniform. The sensors were vented to the atmosphere so that pressure
measurements were not influenced by fluctuations in barometric pres-
sure. Sensor elevations were estimated using differential GPS measure-
ments of the well cap, and simultaneous water-level measurements
(from a standard meter) and pressure and water density measurements
from the in situ sensors. Annual re-estimates show <0.02 m drift. Water
table elevations were estimated from the pressure measurements con-
verted to head h as (Post et al., 2007, Equation (5)),

h=2L 1 m
Pr8

where p (Pa) is the measured pressure, p, (kg/m®) is the density of
freshwater, g (m/s?) is the gravitational constant, and z; (m) is the
elevation of the sensor (relative to NAVD88). Assuming a reference level
z. of 0 NAVDS8S, the largest deviations from (1) owing to density dif-
ferences (Post et al., 2007, Equation (12)) at x0 are less than 0.01 m.
Ocean water levels were measured every 6 min with a NOAA tide
gauge (ID 8651371) in about 6 m depth at the end of the FRF pier. Tides
were semi-diurnal with range ~1 m and storm surge was up to ~1 m.
Significant wave heights (H;, 4 times the standard deviation of sea-
surface elevation fluctuations in the frequency range from 0.05 to
0.30 Hz) recorded every 30 min in 26-m water depth (NDBC Station
44100) ranged from near 0 to 6 m (Fig. 2a), with an average of about 1
m. Breaking wave-driven setup (Longuet-Higgins and Stewart, 1964) of
the shoreline water levels is estimated to be 0.2 times the offshore
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Fig. 2. a) Significant wave height, b) precipitation, and c) 36-hr average freshwater equivalent groundwater head (x = 0, 30, 95, 160 m, black, red, green, blue
curves) versus time. Colored boxes identify periods with impacts from a nor’easter (dark blue, Oct. 2014) and Hurricanes Joaquin (light blue, Oct. 2015), Matthew
(magenta, Oct. 2016), Jose (yellow, Sept. 2017) and Maria (orange, Sept. 2017). Vertical grey shaded areas indicate the 27 wave and surge events (ocean storms)
during the 3-yr period. The precipitation gauge was not operational between Sept. 2015 and May 2016 (black box 2b). (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

significant wave height (Guza and Thornton, 1981; Nielsen, 1988;
Raubenheimer et al., 2001), roughly consistent with observations from a
lidar on the dune about 300 m north of the wells. Shoreline water levels
are estimated as the sum of the ocean water level (including tides and
surge) and the setup.

Ocean storms are defined as events with combined 36-hr averaged
(de-tided) shoreline water level exceeding 0.65 m above NAVDS88.
Twenty-seven ocean-storm events were observed during the 3-year data
record, including 4 hurricanes that passed offshore of Duck, NC (Joa-
quin, Oct. 2015 (cyan box, Fig. 2), Matthew, Oct. 2016 (magenta box,
Fig. 2), and Jose and Maria, Sept. 2017 (yellow and orange boxes, Fig. 2,
respectively)).

Precipitation (Fig. 2b) was recorded every 10 min using a set of 3 rain
gauges. Data from the precipitation gauges is uncertain during extreme
rainfall rates (>0.03 m/hr), which only occurred once in the observation
period (during Hurricane Matthew, Oct. 2016). With the exception of
Hurricane Matthew, there was <0.1 m rainfall during the ocean storms.
Tidal effects were negligible in the sound, but winds can drive rapid 1-2
m changes in the sound water level (Mulligan et al., 2014). Low sound
water levels typically occur during the winter months (Caldwell, 2001)
and often are coincident with high ocean water levels driven by winter
storms. Under calm conditions the ocean-side groundwater heads in-
crease landward (Fig. 1d and Fig. 2c, blue and green curves are higher
than red and black curves, e.g., May-July 2015), and the water table is
highest ~160 m inland from the dune (Fig. 1c, d). The average head
gradient between the center of the island and the ocean well (x0) is
0.0015 m/m (Fig. 1d). However, during storms, surge, setup, and wave
infiltration result in the groundwater head at the wells closest to the
ocean exceeding the head levels at the inland wells (Fig. 2c, shaded grey
areas, and Fig. 3). The bulge of high groundwater attenuates as it
propagates inland (Fig. 3b, solid curves).

The two storms that resulted in the highest groundwater levels at x0
were Hurricane Joaquin (cyan box, Fig. 2) and Hurricane Matthew
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Fig. 3. a) Significant wave height (black) and ocean water level (blue) and b)
36-hr average freshwater head observed (solid curves) and predicted using
pulse theory (Li et al. 2004, dashed curves) with D = 3500 m?/d versus time for
a single nor’easter (dark blue box Fig. 2) at x = 0, 30, 95, 160 m (black, red,
green, blue curves). Open circles mark the start and end of the observational
data used to fit the Li et al. (2004) model. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of
this article.)

(magenta box, Fig. 2). A nor’easter preceded Hurricane Joaquin and
caused sustained elevated offshore wave heights. Soon after the
nor’easter, Hurricane Joaquin developed in the Atlantic and generated a
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second series of large waves that reached maximum heights of 4.7 m in
26-m water depth on October 5, 2015. Head levels increased 1.6, 1.4,
1.2, 0.9 m above pre-storm levels during Hurricane Joaquin at x = 0, 25,
90, and 160 m, respectively (Fig. 2c) and 0.5 m at x = 310 m (not
shown). When the high water levels from Hurricane Joaquin propagated
inland, the water table came within approximately 1 m of the ground
surface at x95 and x160. Following Hurricane Joaquin, the water table
at x160 took approximately two weeks to return to within a standard
deviation of the average level. The time delays between the occurrences
of maximum water levels at each well location indicate an inland
propagation rate of the storm-driven groundwater bulge of about 60 m/
day.

During Hurricane Matthew, infiltration from heavy precipitation
(>0.2 m, FEMA 2018 Table 3) and increasing ocean water levels both
contributed to the increase in the water table. Instead of a delayed
response in the time of arrival of the maximum water level, a near
simultaneous 0.6 to 0.9 m increase in groundwater level occurred at all
well locations (Fig. 2) following the heavy precipitation.

3. Analytical model
3.1. Groundwater-pulse theory evaluation

Propagation of the storm-driven groundwater pulse is simulated
using an analytical solution (referred to subsequently as the analytical
model (no recharge)) (Li et al., 2004) for Darcian groundwater flow
assuming a Gaussian shoreline fluctuation (pulse) and applying a line-
arization based on the assumption that the amplitude of the water-table
fluctuation is small relative to the depth of the aquifer (see Appendix).
Here, the propagation is driven (Equation (A1)) with the head fluctua-
tions at the x0 well rather than with the shoreline fluctuations to avoid
errors resulting from uncertainty in the cross-shore position of the
shoreline, which changes with changing ocean water levels on the
sloping beach, with evolving beach topography during storms (up to 4 m
erosion during a single event), with seasons (the mean shoreline position
can vary 10 s of meters as the beach accretes during the summer and
erodes during the winter), and with long-term trends (the dune eroded
more than 10 m landward during the observation period). The model is
solved numerically using global adaptive quadrature with an absolute
error tolerance of le-12 m and a time step of 0.01 days. Tests with
smaller time steps were conducted to ensure the solution was robust.
Errors from the numerical integration scheme do not contribute signif-
icantly to the model uncertainty (< 0.001 m). The fits between the
water table levels for the 26 observed storm pulses with minimal rainfall
and a Gaussian shape had correlations R? > 0.9, although 5 storms were
negatively skewed, and 10 storms were positively skewed, with 5
skewness magnitudes >0.3.

Data from the four wells closest to the ocean (x0-x160) during the 26
storms with minimal rainfall are included in the evaluation of the pulse
theory. The best-fit diffusivity for storm pulses is D = 3500 m%/d, which
is within a factor 2 of the diffusivity based on the estimated hydrologic
parameters (hydraulic conductivity 10 < K < 30 m/d, specific yield S, =
0.3, and the aquifer depth 15 < z < 30 m). The analytical model
(without recharge) reproduces the observed surge- and wave-driven
changes in the water table well to very well based on the Nash Sut-
cliffe Efficiency (NSE, Nash and Sutcliffe, 1970) coefficients (Table 1).
The model agreement with the observations often is worse at x0 than at
x30 or x95 owing to greater deviations from a Gaussian fit (compare
solid with dashed curves in Fig. 3, which shows an example for a single
storm). Differences between the observed and theoretical groundwater
levels are larger after the storm peak (Table 1, NSE are larger for the
entire event than for just the rising portion, and Fig. 3), at least partly
because deviations from a Gaussian are larger during the waning ocean
storm. The root mean square error (RMSE) between the analytical and
observed maximum water table (which is used to estimate regional flood
occurrences) is ~0.1 m at all locations for all storms, and the estimated
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Table 1

Average Nash Sutcliffe Efficiency coefficients (+std. dev.) for the analytical
model without recharge for the 26 ocean storms with minimal rainfall at the
cross-shore locations of the four wells closest to the ocean. Event values include
both the rising (e.g., identified by circles in Fig. 3) and falling (until 7 days after
the peak water table levels) portion of the storm pulse.

Nash Sutcliffe Efficiency (NSE) coefficient (+std. dev.)

Location Ocean storm event Rising water table only
x0 0.73 £ 0.16 0.87 +£0.12
x30 0.77 £0.14 0.91 £ 0.10
x95 0.79 £ 0.16 0.91 +0.11
x160 0.71 £ 0.20 0.83 +0.15

timing of the maximum water level is correct to within 0.5 days.

The inland amplitude decay and phase evolution of the ocean-storm-
pulse fluctuations are used to examine the model-data agreement
further. The non-dimensional model (Equation (A3)) is solved numeri-
cally for 0 < x* < 1.5 with 0.01 resolution. Analytical estimates (Fig. 4,
solid curves) of the bulge properties (¢ and A¢+) as a function of inland
distance x* are obtained from the magnitude and time of the maximum
of the non-dimensional Gaussian pulse at each cross-shore position
(Equation (A3)). Observational estimates of the non-dimensional
amplitude attenuation, phase lag, and distance (Fig. 4, symbols) are
estimated from Equations (A4-A7), with A, Aj, t, t, and B; determined
from the best fits of the measured groundwater levels h to Gaussian
curves (Equation (A2)). The agreement between the model and observed
non-dimensional amplitude attenuation a and phase lag A¢* (correla-
tions R2 = 0.73 and 0.71, respectively) is insensitive to cross-shore
distance (Fig. 4), consistent with the assumption that the aquifer at
Duck is approximately homogeneous and isotropic (Li et al., 2004).

3.2. Precipitation response

The change in the water table from precipitation-driven recharge
scales with the effective porosity, n.. For sand, porosity, n, is estimated

Storm
Duration

(days)

b)

0 0.5 1 1.5
Inland distance x_

Fig. 4. Observed (symbols) and theoretical (black curves, Li et al., 2004,
Equation A2) a) non-dimensional amplitude attenuation and b) phase change
versus normalized inland distance. Symbol shapes correspond to different
storms (n = 26), with colors corresponding to storm duration (color scale on the
right). The squared correlation R* between observations and theory is 0.73 and
0.71 for amplitude attenuation and phase change, respectively.



R. Housego et al.

to range from 0.36 to 0.43, and n = 0.4 for grab samples collected in the
intertidal zone at Duck. To estimate the value of the effective porosity,
the groundwater data on the sound side of the island (x310 to x550,
Fig. 1), where ocean-driven groundwater fluctuations typically are
negligible under low wave conditions, are used to determine the water-
table response to precipitation events. Rainfall events (separated by dry
periods longer than 2 days) between Oct 2014 and Oct 2016 with cu-
mulative precipitation >0.02 m are included in the analysis. The water
table increase is approximately three times the amount of rainfall at all
sites (Fig. 5 for x = 310, 400, and 450 m), corresponding to an effective
porosity n, of about 0.33, roughly consistent with porosity estimates for
sand. The analytical model with recharge reproduces the maximum
water table levels during Hurricane Matthew (assuming 0.2 m rainfall)
within about 0.15 m and the time of maximum water table level within
0.2 days.

4. Flooding on the North Carolina Outer Banks
4.1. iFlood citizen science app

A citizen-science phone application (app), iFlood, was released in
September 2019 to collect flood information, including location, depth,
recent rainfall, and photographs on the North Carolina Outer Banks
(Fig. 6). Here, the flood reports are used to validate the combined pulse-
and-recharge flooding model (Equation A8) for the Outer Banks region.
When a flood report is submitted, the GPS position of the phone and the
position of a drop pin that can be moved manually on the map screen are
recorded (Fig. 6). The user can send a photograph of the flood, answer
survey questions about the flood depth, location, and recent rainfall, and
provide additional comments, with the data stored on a cloud-based
Firebase server. The app was advertised on town social media pages,
in local newsletters, and on an NSF repository for citizen science pro-
jects, and was presented at an OBX Green Drinks chapter meeting. When
possible the approximate position of the reported location was validated
by comparing images in Google Earth street view with the photograph
submitted to the app. Reports with unrealistic locations (e.g. several
reports submitted to iFlood had locations in the middle of the Atlantic)
were eliminated during the quality control process. About half the
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Fig. 5. Increase in water-table elevation versus total rainfall at x = 310 (light
blue), 400 (green), and 450 m (pink) (colors match the colors of the wells in
Fig. 1) for rainfall events with cumulative precipitation >0.02 m. The solid line
is a linear least squares fit (squared correlation R? = 0.74) forced through zero,
with slope ~3. Data points with Studentized residuals >3 were removed as
outliers. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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reports were submitted by town managers and research partners at the
USACE FRF.

Between September 2019 and February 2020, 34 quality-controlled
reports associated with at least 7 storms (including Hurricane Dorian
in Sept 2019) indicated flooding between Corolla and Rodanthe, NC
(Fig. 7). Oceanside flooding occurred up to 5 days after storms with
ocean surge up to 1.0 m, significant wave heights in 26-m depth from 3.5
to 7.0 m, and cumulative daily rainfall ranging from negligible to 0.15 m
(Fig. 8, purple box, dates before December 2019). The most reports (16)
associated with a single event occurred following Hurricane Dorian
(Fig. 8). Sound water level changes may have contributed to flooding on
the sound side of the barrier island (Fig. 8, orange box, after December
2019). There were no sound water level measurements during this
period, and thus the 6 sound-side flood reports were not analyzed. Three
additional flood reports were excluded because the report photo sug-
gested that the flooding resulted primarily from ponding on imperme-
able surfaces (e.g., roadways).

4.2. Regional flood hindcasts

The location and timing of the remaining 25 ocean-side flood reports
are compared with the analytical estimates of the groundwater-rain-
induced flooding (2 examples are shown in Fig. 9). The analytical
model with recharge is driven with precipitation measured at the FRF
(assuming all land surfaces are pervious) and the approximate ocean
shoreline water level estimated as the 36-hr-running-average of the sum
of the offshore tide, surge, and shoreline setup. The cross-shore distance
(x) is measured from the estimated dune position, and the land surface
elevation is determined from a 5x5 m digital elevation model (DEM)
measured by the Joint Airborne Lidar Bathymetry Technical Center of
Expertise (JABLTCX) in Fall 2019. The pre-storm water table at the dune
(x0) is estimated to be 0.3 m based on the in situ observations, roughly
consistent with the overheight expected for a 1-m amplitude semi-
diurnal tide on a 0.1 slope (Nielsen, 1990; Raubenheimer et al.,
1999). Inland of the shoreline the pre-storm water table is estimated
using the annual average gradient (0.0015 m/m) between the x0 and
x160 wells. The diffusivity is assumed to be uniform throughout the
surface aquifer (see Discussion).

Each storm event is simulated separately because the model has less
skill at predicting post-storm recovery and is invalid after the water table
exceeds the land surface. Based on the aquifer recovery times in the
Duck field observations, the groundwater levels typically return to near
those expected without a storm within 2 weeks, so estimating storms
separately during some closely spaced events would have higher un-
certainties than considered in the hindcast evaluation. The uncertainty
of the analytical model with recharge is estimated as 0.3 m and includes
uncertainty for the maximum water table elevation driven by a rise in
shoreline water level (RMSE error 0.1 m), uncertainty of the pre-storm
water table position (£0.05 m, standard deviation of the mean water
table position observed at the dune well (x0), which had the highest
variance in water level), and uncertainty in the land surface position
based on the vertical resolution of the lidar measurement (£+0.15 m).

The analytical model with recharge predicts a flood (i.e., the pre-
dicted water table exceeds the land surface within the model uncertainty
of +£0.3 m) that is consistent with the report timing (+1 day) and
location for 19 of the 25 flood reports, for storms with and without
precipitation (Fig. 10, data points are in or above the pink shaded re-
gion). The one-day window was selected for validation because flooding
may have occurred prior to the time the report was submitted, and cu-
mulative precipitation is applied to the analytical model with recharge
at the end of each day. All reports that are not predicted as flooding
events by the analytical model with recharge were made following
Hurricane Dorian, which was the only event with heavy precipitation
(total rainfall ~0.17 m) during the regional study (dark blue squares
Fig. 10), making it difficult to evaluate the model’s performance for
combined surge-and-rain processes. Three of the Dorian reports (with
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Fig. 6. Screenshots showing the user interface in the iFlood app. a) map screen b) photo screen c) survey questions screen d) submission screen.

predicted water table position ~—0.5 m) were located >200 m inland
where uncertainty may be larger, and a 4th report had an unusually high
land surface elevation (predicted water table position —1.3 m). Surface
ponding associated with precipitation that is decoupled from the
groundwater behavior (i.e., infiltration limited) may explain the
discrepancy between the observed and predicted flooding during Hur-
ricane Dorian.

For most of the events, the surge-driven pulse dominates the
groundwater response. Specifically, the pulse hindcasts suggest up to
0.5 m ocean-driven groundwater increases for no rain (gray symbols
Fig. 10, compare the initial with final groundwater position), and
roughly 0.6 m ocean-driven increases during light (typically < 0.02 m,
Fig. 8) rain events (light blue symbols Fig. 10, hindcast water table in-
creases of up to 0.7 m with less than 0.1 m increase owing to recharge).
Additionally, inaccuracy in the report locations, uncertainty in the
initial water table configuration, and errors in the land surface elevation
also could contribute to model-data discrepancies (see Discussion).

4.3. Regional flood vulnerability forecasts

The analytical model is applied to two hypothetical storms with ~7
day periods (time coefficient B = 0.3, Equations (Al) and (A2)),
including a moderate storm with a 0.90 m increase in the shoreline
water level (amplitude A = 0.90) which was the average for the
observed storms, and an extreme storm during which the shoreline
water level increased 2.25 m, to assess the vulnerability of the Outer
Banks to flooding during future storms. Ocean storms of greater or equal
magnitude to the moderate case have occurred 313 times between 2009
and 2019, while wave heights consistent with the extreme storm case
have only occurred once during that interval. In both cases, it is assumed
that there is no wave overtopping of the dune. The analytical model is
applied to every grid cell in the JABLTCX DEM, extending to the lesser of
the midpoint of the barrier island or 600 m inland for each cross-island
transect. Beyond 600 m, the fluctuation in the water table associated
with the change in the offshore water level is negligible (<0.1 m). The
amount of rainfall needed to flood each grid cell is determined from the
effective porosity and the difference between the maximum water-table
elevation and the land surface assuming the land surface is pervious.
Variation in land surface type was not considered, but will influence
only recharge, not the wave-and-surge driven increases in the water

table (see Section 5.2). Flooding is assumed to be constrained to the area
within the grid cell, and does not affect adjacent cells.

In the extreme storm case, over 10% of the land area is flooded as a
result of the increased shoreline water level and resulting propagation of
the groundwater pulse (Fig. 11a, b). A large band of flooding occurs
along the NC-12 highway where the low elevation of the roadway co-
incides with large increases in the water table owing to the proximity of
the shoreline (Fig. 11b). Inland flooding is patchier and coincides with
regions of low ground elevation. For the moderate storm case, 1.6% of
the land area is flooded owing to the groundwater pulse (Fig. 11c).

The locations of flood reports coincide with areas predicted to have
high flood vulnerability for these storm cases (Fig. 11). As a result of low
land elevations, northern Duck and Rodanthe are predicted to have the
highest vulnerability to coastal groundwater flooding. Most of the bar-
rier would be flooded if precipitation amounts were ~0.8 m (Fig. 11, all
except black areas). The groundwater pulse amplitude scales linearly
with the shoreline fluctuation amplitude (Equation (Al)), and thus
increasing wave height or storm surge increases flooding proportionally.
In contrast, the groundwater pulse amplitude scales with the square root
of the storm duration (Equation (A1)), and thus flooding is relatively
insensitive to storm period. Doubling the storm duration results in <1%
change in the flooded area.

5. Discussion
5.1. Model assumptions and limitations

Errors in the modeled maximum water table partly may be a
consequence of neglecting overland flows during heavy rainfall. The
model does not account for surface-subsurface exchange and is not valid
after the water table exceeds the land surface. Additionally, the model
reproduces the maximum water table height more accurately than it
reproduces the timing of flooding. Timing errors may result from
neglecting the asymmetries in the rise and fall of the shoreline water
levels. If the shoreline rises faster than it falls, the pulse period (and thus
pulse amplitude attenuation and phase lag with inland distance, Fig. 4)
would be under-estimated, and flooding would occur earlier than pre-
dicted. Timing errors also may result from modeling the rainfall as an
instantaneous increase in the water table level, rather than accounting
for the time history of rainfall-induced infiltration (Broadbridge and
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White, 1988) and of the groundwater drainage (recovery) following the
precipitation. Variation in land surface type also could influence
recharge patterns and was not considered. It might be possible to reduce
timing errors by including recharge effects in areas with extensive his-
torical monitoring.

Although the analytical model assumes that the diffusivity of the
surface aquifer is spatially uniform, the presence of paleochannels sug-
gests that there is some heterogeneity in the alongshore direction
(Browder and McNinch, 2006; Mallinson et al., 2010; Lazarus and
Murray, 2011), which can introduce errors in the predicted water level
and cause deviations from the simple one-dimensional framework. The
diffusivity affects both the steady-state pre-storm head gradient and the
amplitude attenuation of the pulse. For example, an increase in the

hydraulic conductivity or the aquifer depth would decrease the pre-
storm head gradient, but also would increase the maximum fluctua-
tion amplitude at a given location because the storm pulse will attenuate
less quickly with inland distance (Fig. 4, In(a) increases with decreasing
x*, which is inversely proportional to D = Kz/Sy, Equation (A7)). Thus, a
50% change in aquifer diffusivity is expected to cause <5% change in
the maximum water table elevation. However, alongshore variation in
the diffusivity could result in alongshore flows and gradients that are not
included in the cross-island system considered here.

Vertical variation in the location of the confining bed can influence
the cross-shore structure of the water table (Anderson et al., 2000), but
these variations are expected to be small relative to the groundwater
level changes resulting from the storm pulses. Connections between the
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surface aquifer and subsurface confined aquifers also would result in
deviations from the storm pulse solution (Trefry and Bekele, 2004;
Trglavenik et al., 2018). The skill of the analytical model with recharge
at predicting flooding consistent with the iFlood reports suggests that
aquifer heterogeneity has a relatively small effect on the pulse propa-
gation on the ocean-side of the barrier island. It also was assumed that
there was a constant head gradient prior to the storm, and that the
groundwater divide is mid-island and does not vary with time.
Sound-side flooding was not considered in this analysis, owing to the
lack of sound water level measurements. Increases in the sound water

levels likely produce inland propagating groundwater bulges, similar to
those on the ocean side, as well as overtopping shorelines and inun-
dating low-lying sound-side neighborhoods. However, changes in the
sound water level are better approximated as a step-function (rapid in-
crease with a slow decline) than a Gaussian (Caldwell, 2001). In areas
where the island width is narrower than the damping distance of the
pulse, the sound-driven pulse will interact with the ocean-driven pulse
to create more complex fluctuations in the water table, similar to in-
teractions between tidal fluctuations that have been observed across
narrow barriers (Huang et al., 2015; Colyar, 2016; Li et al., 2000). In
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regions where sound water levels are available, it would be possible to
develop an analytical model for flooding across the entire barrier island
that incorporates sound and ocean water level fluctuations, as well as
rainfall (Rotzoll et al., 2008).

5.2. Relative importance of precipitation and shoreline-driven changes in
the groundwater level

During the three-year in-situ observation period there was only one
instance when cumulative rainfall during a storm event exceeded 0.1 m
(Hurricane Matthew precipitation ~0.2 m). Based on the estimated
effective porosity, this precipitation would cause a corresponding in-
crease in the groundwater head of about 0.6 m. Over the same period
there were 18 times when increased shoreline water levels driven by
waves and surge increased the water table under the dune >0.6 m,
suggesting that along the North Carolina coast the wave-and-surge-
driven processes are a more persistent challenge for managing coastal
groundwater hazards than rainfall. However, recharge elevates the
water table across the entire island (assuming a pervious land surface),
while the wave-and-surge-driven water table increases are largest
within several hundred meters of the ocean dune. Therefore, rainfall
likely plays a larger role in driving groundwater flooding on the sound
side of the island, where the wave-and-surge signal has attenuated and
land surface elevations are lower (the water table is closer to the land
surface and a smaller increase in the water table is needed to cause
flooding).

Recharge and wave-and-surge-driven increases in the water table
were treated as additive in the analytical model with recharge (Equation
(A8)). This approach reproduced the maximum water level observed
during Hurricane Matthew. However, storms with both heavy rain and
large increases in the shoreline water level generate a different cross-
island head gradient than ocean storms with no precipitation, which
may impact recovery times. Additionally, only rainfall during large
offshore waves and surge is considered here. If a large rainstorm pre-
cedes a large wave event, the wave-and-surge-driven response might be
weaker if the pre-storm water table remains significantly elevated above
MSL. Furthermore, surge-driven increases in the water table may inhibit
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the recovery of the rainfall-driven increases (Bevacqua et al., 2019).
Future work should consider how timing of rain and shoreline water
level increases impact the groundwater response and how compound
rain and shoreline water level increases affect recovery time.

Additionally, groundwater-driven increases in the water table are
only one mechanism of flooding in coastal zones. Rainfall can cause
flooding independently of groundwater as a result of surface ponding
and runoff. Variation in land surface coverage will affect these pro-
cesses, and areas with high impervious surface coverage are most sus-
ceptible to flooding driven by precipitation. Data collected through the
iFlood app could be incorporated into studies about the effects of
impervious surfaces on flooding patterns. Flooding also can occur via
inundation from the ocean if sea levels are elevated enough to overtop
the dune. Although no incidences of ocean-side inundation occurred
within the study area, roadways were inundated farther south near
Ocracoke, and landfall of a major hurricane could cause overtopping
and inundation. Even when groundwater is not the primary driver of the
flood, the position of the water table will affect flood recovery times, and
thus understanding compound effects between these different mecha-
nisms will be important for managing coastal flood hazards.

5.3. Management of groundwater-flooding on the Outer Banks

The results suggest that the storm-driven groundwater pulse could
flood more than 10% of the ocean-side of the Outer Banks during an
event with a 2.25 m increase in shoreline water level (e.g., 1.00 m storm
surge and 6.25 m waves) without precipitation (Fig. 11). This estimate is
conservative because the initial water-table distribution was designed to
represent the aquifer under calm ocean conditions. The extent of
flooding across the barrier would be more severe if the water table had
not recovered from a prior storm or rainfall. Additionally, groundwater-
driven flooding is likely to increase as the water table increases with
rising sea levels (Bjerklie et al., 2012). Global sea level is predicted to
rise between 0.5 and 1.4 m by 2100, and sea level rise along the Atlantic
Coast is predicted to outpace the global estimate (Sweet et al., 2017,
Sweet et al., 2020). Consequently, owing to sea level rise and the
increasing intensity and duration of North Atlantic storms (Patricola and
Wehner, 2018; Knutson et al., 2020), coastal groundwater-driven
flooding is expected to present a persistent coastal management
challenge.

Structural protections, such as seawalls, jetties, and dikes have been
the preferred approach to coastal flood prevention (Dugan et al., 2008;
Gittman et al., 2015). Although these protections are effective at miti-
gating surface water inundation driven by surge, waves, and tides, they
do not impede flooding driven by groundwater (Rotzoll and Fletcher,
2013). Additionally, the presence of hardened structures can block the
groundwater discharging to the ocean, prolonging the post-storm re-
covery of the water table (Lee et al., 2019). Flood recovery time is
important for assessing the duration of impairment of infrastructure and
the vulnerability to future flooding (Chisolm and Matthews, 2012; Lu
et al., 2015; Abboud et al., 2018) and should be addressed in future
studies.

By understanding the processes contributing to flooding, coastal
managers can assess the effectiveness of different flood mitigation
strategies. In the town of Nags Head, the iFlood project has reinforced
the importance of groundwater levels for flood management. Ground-
water flooding is an emerging issue the town has focused on in recent
years, and several groundwater-surface-water management projects are
being implemented to reduce the frequency and extent of flooding in the
town, including a groundwater pumping system used to reduce the
water table level in advance of major storms.

5.4. Use of phone apps for research and increasing community awareness

iFlood reports extended the scope of the study from a single site, to a
70 km stretch of the Outer Banks between Duck and Rodanthe, NC.
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Fig. 11. Maps of flood vulnerability for the extreme storm case (2.25 m shoreline water-level increase) a) from northern Duck to Nags Hag and b) close-up of Nags
Head region (black box in panel a), and c) flooding in Nags Head for the moderate storm case (0.9 m shoreline water-level increase).

Although survey responses and photos are used to exclude cases with
surface ponding on impermeable surfaces, in some cases the ground
surface is difficult to determine. In addition, the phone GPS did not al-
ways update automatically, and sometimes it was necessary to use the
photo to refine the report location. In cases where photos were not
submitted by the user it was more difficult to evaluate the reliability of
the flood report. However, the flooding reports and photos provided by
the application users enabled evaluation of the model for a large region
of the Outer Banks.

The iFlood interface was designed to be simple (i.e., minimal buttons
and menus) and accessible (large font, screen reader compatible) to
reduce barriers to participation and to help minimize likelihood of
accidental submission of inaccurate data. The town managers and
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USACE FRF personnel were active users of the app and provided a
reliable source of flood reports. Nags Head was the region with the
highest number of flood reports submitted to iFlood and was one of the
partners involved in designing and advertising the iFlood app. Working
directly with the town offices enhanced both the quantity and quality of
the data received through the app.

Additionally, the citizen-science app increased community aware-
ness of coastal flooding issues and helped town managers identify re-
gions in their communities where there are recurrent flooding issues.
The app also enables citizens of the Outer Banks to understand the risks
associated with living in a flood-vulnerable environment and to engage
with a persistent issue in their communities. Approximately 70 residents
attended a public presentation regarding groundwater-induced flooding
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and the app, which has been installed over 100 times by users presumed
to be local residents. Similar citizen-science approaches could be applied
to address other issues related to coastal flooding, and the town of Nags
Head plans to use iFlood as a reference to expand the methods the town
uses to engage its citizenry and to bring awareness to emerging issues

6. Conclusions

Three years of groundwater level measurements spanning the 550-
m-wide barrier island near Duck, NC were used to evaluate an analyt-
ical model to predict the response of the water table to surge, wave
setup, and precipitation during coastal storms. The groundwater
elevation near the ocean increased more than 1 m during storms with
large waves and surge, nearly double the magnitude observed in prior
studies, resulting in inland-directed head gradients. The bulge of
groundwater moved inland causing up to a 0.5 m increase in ground-
water levels 310 m inland from the dune. A linear, analytical theory (Li
et al., 2004) (without recharge) for the propagation of storm pulses in
shallow aquifers reproduces the amplitude attenuation and phase
change observed across the island for 26 storm events with minimal
rainfall. Nash Sutcliffe Efficiency coefficients are greater than ~0.7 and
errors in the modeled maximum water table are less than 0.1 m from the
dune to 160 m inland. Infiltration of precipitation results in approxi-
mately a threefold increase in the groundwater level relative to the
amount of rainfall. The model with recharge reproduces the maximum
water table levels within 0.15 m for the single ocean storm with sig-
nificant rainfall (Hurricane Matthew, Oct 2016).

Citizen-science reports of flooding submitted with a smartphone app,
iFlood, were used to evaluate a regional application of the analytical
model with recharge along 70-km of the Outer Banks of North Carolina.
Between Sept 2019 and Feb 2020, 25 reports on the ocean-side of the
island associated with 7 storms showed flooding on natural (pervious)
land surfaces between Corolla and Rodanthe, NC. Flooding occurred
after storms with large ocean surge and waves, with and without sig-
nificant rainfall. The analytical model with recharge predicted flooding
events that were consistent with the timing and location for 19 of these
reports. Additionally, the iFlood app provides a new tool for evaluating
groundwater-flooding processes across the North Carolina Outer Banks,
and is a framework that can be modified to address a broader range of
scientific objectives (e.g., the role of land surface coverage on flooding,

Appendix A. Analytical groundwater pulse model
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sound-driven flooding processes).

The analytical model provides a simple and computationally efficient
framework for predicting flooding risk along the ocean-side of the bar-
rier island. For a hypothetical storm with a 2.25 m increase in shoreline
water level, the analytical model suggests that more than 10% of the
ocean-side of the Outer Banks could be inundated by coastal-
groundwater flooding in the absence of rainfall (precipitation would
increase the flooding extent).
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The spatial and temporal evolutions of the storm-driven groundwater pulse are simulated using the analytical solution (Li et al., 2004):

h(x,t) = 72AB/:°°(8 - tp)exp[ —B(e— tp)z}erfc

X e
V/D(t—¢€)

(A1)

where h is the groundwater level (m), x is the cross-shore position (m, positive inland from the x0 well), tis time (d) after the start of the storm (defined
as the local minima in head level at x0 preceding the storm), A is the amplitude of the x0 fluctuation (m), B is a time factor (d’z, B~ 12 represents the
duration of the elevated water level at x0), t, is the time of the storm peak at x0 relative to the preceding local minima, and D is aquifer diffusivity (m?%/
d). The analytical solution assumes a homogeneous and isotropic aquifer, consistent with the results of the slug tests that were performed across the
barrier island. The analytical solution also assumes a shallow aquifer, unidirectional (horizontal) flow, negligible capillary effects, small pulse
amplitude relative to aquifer depth, and a vertical beach.

In addition to time series comparisons, the analytical solution is evaluated by comparison with the observed amplitude A;j and time of peak water
level t,; (the local maxima in head after time ty, which ranged from 1 to 9 d) at inland locations j. The observed 36-hr averaged groundwater fluc-
tuation h; at each location is fit using least squares to a pulse function

Ry (1) = hy, +A,-exp{ —B; <t - t,,/) } (A2)

where hyg, is the pre-storm head level and A; and B; are the pulse amplitude and time factors, respectively. Only the increasing portion of the
groundwater level time series is used in the fit because the temporal asymmetry of the draining relative to the filling of the unconfined aquifer often is
not consistent with the Gaussian pulse assumed by the analytical solution (Cartwright and Gibbes, 2011). The resulting squared correlations (R2) for

12



R. Housego et al. Journal of Hydrology 603 (2021) 126920
the fits are greater than 0.9 for all storms at all locations. Hurricane Matthew is excluded from the pulse propagation analysis because groundwater

changes owing to rainfall of 0.2 m obscured the groundwater fluctuation driven by the increase in shoreline water level.
To estimate analytically the pulse amplitude and time lag as a function of inland position, Equation (A1) is non-dimensionalized as:

K ) = 72/7:0 € exp| — (ew)z]erfc [\/ti?}de (A3)

in which the non-dimensional amplitude attenuation (a), time lag (A¢+), time (¢t*), and cross-shore location (x*) at inland locations j computed relative
to the x0 well are given by Li et al. (2004):

a=- (A4)

The aquifer diffusivity is estimated by determining the value that yields the best fit of the analytical solution (Equation (A1)) to the observed water
table fluctuation and to the observed non-dimensional amplitude attenuation and phase lag (Equations (A4) and (A5)) as a function of non-
dimensional distance (Equation (A7)) for the 26 storm events without heavy rainfall (both estimates give similar values for D).

The effects of rainfall are accounted for in the pulse model assuming linear superposition to yield the analytical model with recharge:

!
de + & (A8)

h(x, 1) :hoJ—ZAB/ N ol

—o0

(e— t,,)exp{ —B(e - tp)z]erfc
where the amount of rainfall during the storm R is assumed spatially uniform and n, is the effective porosity estimated from observations.
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