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Abstract Waves and water level setup during storms can create overwashing flows across barrier
islands. Overwashing flows can cause erosion, barrier breaching, and inlet formation, but their sediments
can also be deposited and form washover fans. These widely different outcomes remain difficult to predict.
Here we suggest that a breach develops when the sediment volume transported by overwashing flows
exceeds the barrier subaerial volume. We form a simple analytical theory that estimates overwashing flows
from storm characteristics, barrier morphology, and dune vegetation, and which can be used to assess
washover deposition and breaching likelihood. Our theory suggests that barrier width and storm surge
height are two important controls on barrier breaching. We test our theory with the hydrodynamic and
morphodynamic model Delft3D as well as with field observations of 21 washover fans and 6 breaches that
formed during Hurricane Sandy. There is reasonable correspondence for natural but not for developed
barrier coasts, where traditional sediment transport equations do not readily apply. Our analytical
formulations for breach formation and overwash deposition can be used to improve long-term barrier
island models.

Plain Language Summary Storms can have big impacts on coastlines. Beaches and dunes
can be eroded, their sands can be blown inland, coverings houses and streets. Sometimes, there is so much
erosion that new channels have formed that breach the island and make a new connection between the
ocean and the lagoon. Here, we develop and test a new theory to predict these outcomes ahead of time. We
find that high storm surges along narrow dunes are most vulnerable to breaching.

1. Introduction

Storms can have large impacts on barrier islands. Overwashing flows and waves can move sediment
across barrier islands and result in washover deposition (Figure 1a) or barrier island breaching (Figure 1b)
(Pierce, 1970). These outcomes are strongly sensitive to barrier characteristics and storm intensity (Suter
et al., 1982; Plomaritis et al., 2018). Hurricane (also called “superstorm”) Sandy hit the US East Coast in 2012
and resulted in widespread overwashing and numerous breaches (Figure 1) (Sopkin et al., 2014). Breaching
is likely to become more common as a result of sea-level rise and barrier island flooding (Nienhuis & Loren-
zo-Trueba, 2019a; Passeri et al., 2020). At the same time, washover deposition is a critical landward-directed
sediment flux that can support barrier aggradation and prevent barrier drowning. Reliable predictions of
barrier breaching and washover deposition, whether for long-term models or short-term assessment before
landfall, remain difficult.

In this study, we propose that storms make barrier islands breach when the cumulative sediment flux of an
overwashing flow exceeds the barrier subaerial volume. Conversely, a washover deposit will form when an
overwashing flow does not erode the barrier down to sea level, with increasing washover volumes as over-
washing flows approach the washover-to-breaching threshold.

The objective of this study is to test this theory using Delft3D simulations complemented with observations
from Hurricane Sandy. We systematically explore the effect of barrier island morphology, storm characteris-
tics, and dune vegetation on overwashing flows and the morphologic response of barrier coasts.
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Figure 1. Storm response to Hurricane Sandy, showing (a) the deposition of a washover fan and (b) the formation
of a breach. Inset shows their location in the North East USA. These examples are #24 and #1, respectively, of the
Supporting Data Table. Pre-storm images from Google Earth, post-storm images from NOAA Emergency Response
Imagery (https://storms.ngs.noaa.gov/).

2. Background
2.1. Overwashing Flows

Overwashing flows occur when wave runup and/or water levels exceed the island elevation and produce
a water surface slope across the island (Fisher & Stauble, 1977; Kobayashi, 2010). High water levels often
result from storm winds that generate surges and waves, and their impact is often assessed based on relative
elevation of wave runup and water levels against the dune crest (Sallenger, 2000).

Overwashing flows and sediment transport have been studied in the laboratory and in the field (see Don-
nelly et al., 2006 for a review). They are highly variable over time and space and can flow in both directions
across barrier islands (Goff et al., 2019; Wesselman et al., 2018) depending on storm characteristics and the
(storm and tide-induced) phase lag of lagoon water levels compared to the ocean (Shin, 1996).

Several studies have aimed to determine the relative influence of wind, waves, infragravity waves, and wa-
ter level gradients on water and sediment fluxes transported in overwashing flows. A recent study by En-
gelstad et al. (2018) on an overwashing flow across the Dutch island of Schiermonnikoog showed that
sediment transport was primarily controlled by currents, but that occasional high sediment concentrations
were found on wave infragravity timescales. Wave conditions (McCall et al., 2010) and foredune size (de
Winter et al., 2015) are important controls on foredune erosion and determining locations of overwashing
flows, whereas the water level gradient controlled the amount of overwashing sediment and its deposition
in the back barrier (Engelstad et al., 2018; McCall et al., 2010). The evolution and magnitude of overwash-
ing flows also depend on dune morphology and vegetation patterns (Houser et al., 2008; Kobayashi, 2010;
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Passeri et al., 2018), which can constrict the flow and deepen the throat.
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== Flow acceleration through the throat can also widen the gap (Houser
et al., 2008).

Predictions for sediment fluxes during wave overwashing in the absence
of currents have been formulated using laboratory studies (Nguyen
et al., 2009; Williams, 1978). These formulae show reasonable corre-
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Figure 2. Conceptual model of an overwashing flow through a dune gap.
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fluxes. We refer to Donnelly et al. (2006) for a review on overwashing
flows, who note explicitly that the morphologic evolution of overwash
flows and initiation of breaching remain poorly quantified.

-

2.2. Washover Deposition

Washovers form through the settling of sediment transported by over-
washing flows (Woodruff et al., 2008). A compilation from Hudock
et al. (2014) shows large variability in washover area, but many washo-
vers are less than 1 km® Carruthers et al. (2013) report washover volumes

section through the dune gap highlighting the overwashing volume Vow normalized per unit width alongshore and obtain a median of 30 m*/m. A

and the barrier volume Vj,,.

scaling analysis of experimental and natural washover deposits finds that
they are typically longer (cross-shore) than they are wide (alongshore),
with a length/width ratio of ~2 (Lazarus, 2016).

The length and size of washover deposits are controlled by storm characteristics (Morton et al., 2003). Bar-
rier island morphology and land cover such as the type of development or vegetation can affect its response
to storms and the character of its washovers (Hayes, 1979; Leatherman, 1979; Rogers et al., 2015; Sedrati
et al., 2011). Rogers et al. (2015) find a mean of 62 m*/m for natural environments but 38 m*/m and 8 m*/m
for residential and commercially developed islands, respectively. Washovers can compete for flow with their
neighbors, which can result in a characteristic spacing of washover deposits (Lazarus & Armstrong, 2015).

2.3. Breaching

Overwashing flows can also lead to barrier island breaching. Many studies of barrier breaching focus on
the exposed US East Coast, where storm surges from hurricanes and extratropical storms frequently re-
sult in breaches (Kraus & Hayashi, 2005). Ground-penetrating radar images of the North Carolina outer
banks show that at least 24% of the modern barrier island chain has been breached (Mallinson et al., 2010).
Breaching also occurs along barrier coasts elsewhere, including the Ebro Delta (Sinchez-Arcilla & Jimén-
ez, 1994), California (Kraus et al., 2002), and Florida (Morgan, 2009).

Models generated from breaches of sand dikes (Visser, 2001; Tuan et al., 2008) focus on the expansion of
the overwashing throat (or dune gap, Figure 2) and find that breaches originate by head cutting and erosion
of the barrier on the lagoon-side of the throat. Basco and Shin (1999) found that surge level differences be-
tween ocean and bay, and the resulting water level gradients, regulate flow conditions and are an important
predictor of barrier island breaching. The timing and magnitude of surge level differences across an island
are controlled by storm characteristics, bay size, distance to neighboring inlets, and other factors. A large
time lag between ocean and bay surge peaks makes breaching toward the ocean more likely (Shin, 1996;
Smallegan et al., 2016).

Site-specific process-based models of overwashing flows include Delft3D (Deltares, 2014) and XBeach (EI-
sayed & Oumeraci, 2016; McCall et al., 2010; Roelvink et al., 2009; Van Dongeren et al., 2009), and have been
employed to predict breaching. De Vet et al. (2015) applied XBeach to the well-documented “Wilderness”
breach on Fire Island, NY and found that bed roughness, including vegetation roughness, is a sensitive and
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poorly constrained parameter that is important for properly hindcasting the emergence of a breach. Recent
model-coupling between Delft3D and XBeach (e.g., van Ormondet et al., 2020) show promise for forecasting
barrier breaching, but accurate, site-specific process-based simulations of overwashing flows and barrier
breaches remain challenging.

On a conceptual level, Kraus et al. (2002) postulated that breach susceptibility is controlled by the storm
surge water level and is inversely proportional to the tidal range, used as a proxy for barrier island elevation.
A modeling study by Nienhuis and Lorenzo-Trueba (2019a) also showed that breaches are more common in
micro-tidal settings, in their case because low tidal range makes that existing inlets fill in faster, increasing
the potential tidal prism available to new breaches. Their model also suggests that, similar to alongshore
competition for washover flow (Lazarus & Armstrong, 2015), there is alongshore competition for tidal flow
that results in a characteristic spacing of successful breaches.

Models for long-term (decades-centuries) barrier island dynamics have shown that the persistence of
breaches (i.e., lifetime of tidal inlets) is a function of bay size, tidal range, storm climate, and other controls
(Kraus, 1998; Nienhuis & Lorenzo-Trueba, 2019b). They do not represent the effect of storms explicitly but
rely on overwash and breaching parameterizations. There remains a large gap in model studies between de-
tailed, site-specific simulations of overwashing flows during storms, and large-scale barrier island models.

Here, we try to bridge the gap between process-based site-specific models versus conceptual studies of
breaching and washover deposition. We develop an analytical theory of overwashing flows on storm times-
cales (hours-days) that can aid short-term risk assessment and help parameterize storm impact for long-
term morphologic models. We test this theory using an idealized Delft3D model of overwashing flows on
storm timescales combined with observations of washovers and breaches from Hurricane Sandy.

3. Analytical Theory

At the heart of our theoretical model, we compare the volume of overwashing sediments (V,,,, in m*) against
the subaerial volume of the barrier (Vyq,, in m®) (Figure 1). Following Shin (1996), we classify a barrier as
breached when erosion reduces the elevation of the barrier to below sea level and there is no subaerial
barrier left after the storm.

Next, we aim to predict the volume of overwashing sediments for different storm characteristics, barrier
morphologies, and barrier land covers. We make a simplified predictor with two important assumptions.
(1) Overwashes flow from the ocean to the bay. Although our analytical theory is symmetrical and can be
applied also in reverse, with flows toward the ocean, we do not do that in this study. (2) We neglect sediment
input from the shoreface or from alongshore, assuming that overwashing sediments are eroded from the
subaerial barrier directly underneath the dune gap. This makes our theory mostly suitable for short-term
(storm timescale) analysis and not post-storm recovery. Breaches that we predict will form might fill in
or stay open post-storm depending on conditions that are not considered here, such as the tidal prism, or
alongshore sediment transport (e.g., Escoffier, 1940).

We predict the overwashing sediment flux and dune gap erosion using a simple sediment transport-based
predictor. This predictor is based on steady, uniform flow for bed shear stress (e.g., depth-slope product)
and Engelund and Hansen (1967) for the resulting sediment transport. Combining the depth-slope product
(pghS) and Engelund and Hansen (1967) yields the following prediction for overwashing sediment trans-
port through the dune gap Qo (m*s™),

2.5
0.05 hS [ —
Ql)w,t(t) :C—[pg—] D50 : R'g'DSO .wga (1)
f

(Ps—P)'g‘Dso

where C;is a non-dimensional friction factor, p is the density of water (~1,000 kg m™>), o, is the density of

sand (~2,650 kg m™), h is the water depth (m), S is the water surface slope (m m™), g is gravity (m s™2),
Dy is the median grain size (m), R is the relative density of sand [u

,~ 1.65], w, is the dune gap width
P
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(m) and should be considered the alongshore extent of a gap with a dune height gap of h, (m) as its average
elevation.

We include the effects of vegetation on sediment transport by modifying C. Following Baptist et al. (2009),

C ,mDh
the non-dimensional friction factor for emergent vegetation is C, = % + "Tf, where C, (m**s™)isa
b
Chezy-type bed roughness without vegetation, Cy is a plant drag coefficient, m (m™?) is the vegetation stem
density, D (m) is the vegetation leaf width, & is the vegetation height (m), and f'is the fraction of the island

covered by vegetation.

1
We estimate the flow depth h midway through the gap as E(s’"‘” —h, ) which is the average flow depth

between the ocean (syq — hy) and the bay (0), with s, being the maximum surge level (m) (Figure 2b). The
water surface slope during the storm can be approximated as the surge level s(t) (m) as a function of time ¢
(s), divided by the barrier width w;, (m).

Combined, we can simplify Equation 1 to,

2.5 2.5
Q(t)w[Th] [ﬁ] e, @

Cy W R*Dy,

and write a predictive equation for the integrated eroded sediment volume of the barrier V,, (m®),
Tstorm
Vow,f = i[) Qow,l (t)dt’ (3)
where Ty, (S) is the duration of the storm.

2t 1

storm

For a triangular surge time series s(t) = Sy -{1 - } of which the integral is identical to

, Vow, €valuates to,

25 2.5
— 0.05 (slmx — hg ] (Slmx J \/g %T
2

= Wo =Ty 4
ow Cf Wb R2D50 8 7 storm

_r
T,

storm

S(l) = Smax

. . . . 1
We expect the barrier to breach if V;,,, exceeds the subaerial barrier volume V,,, where V,,,, = Ehg Wy W

1
The factor — is included because the barrier profile underneath the dune gap is roughly triangular toward

the beach and the lagoon (Figure 2b). We write the theoretical normalized overwash volume V., as,

25 25
0.05( Smax = hg | [ Sy L-w 2
% 2

ow.t Cf
Vbar 1 .

1% ©)

norm,gt —

where a barrier is expected to breach if V5 > 1.

We expect the subaerial barrier to be maintained if Vo, < 1. If that is the case and the overwashing sedi-
ment flux will deposit as a washover fan, V,,,, will give an indication of the washover fan volume.

3.1. Predictions of Our Analytical Theory

Equation 5 estimates that the overwash volume scales with surge height to the power 5 because it affects the
depth of the overwashing flow as well as the water surface slope. Breaching probability scales with barrier
width to the power —3.5. It predicts that overwash volumes scale linearly with dune gap width, and that
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dune gap width does not affect breaching probabilities. It is relatively straightforward to evaluate and apply
in data-poor environments. Although not applied here, it can be adapted to account for varying water levels
in the lagoon as well, including tides and surges that lead to flow toward the ocean.

Some of the trends in Equation 5 align with observations from Wesselman et al. (2019), who found that
dune height compared to surge elevation is important for sediment fluxes through dune gaps. Other trends
do not align. We predict here (Equations 1-5) that dune gap width is linearly related to overwash volumes,
and thereby do not account for the effect of flow contraction nor the potential effect of neighboring over-
washes that lower water level gradients. Wesselman et al. (2019) found that flow contraction became signif-
icant for smaller widths.

Our predictions also do not consider other important processes that occur in overwashing flows such as
supercritical flow or wave breaking (Basco & Shin, 1999; Tuan et al., 2008). It neglects the (wave-dominat-
ed) erosion and/or formation of a dune gap. Instead, it follows earlier studies that showed that water level
gradients are a first-order control on overwashing flows, washover deposition, and barrier breaching (Basco
& Shin, 1999; Engelstad et al., 2018; McCall et al., 2010).

4. Methods

We test our theoretical predictions against Delft3D model simulations and observations from hurricane
Sandy for varying storm conditions (Torm, Smax), barrier morphologies (wy, h,), and barrier land cover and
vegetation density (both affecting Cy). Delft3D simulations are not meant to reproduce individual Hurricane
Sandy overwashing flows. Instead, Delft3D simulations should be viewed complementary to Hurricane
Sandy observations. Both serve as a test of our theoretical model. Delft3D provides modeled washover vol-
umes (Vy,q34) and Sandy provides observed washover volumes (V,,,055) that we can compare against the
predicted washover volume (V,,,,). We will also test if breaches occur for Vy,n, > 1 by comparing it to

1% _ V()w,d 3d Vv _ Vnw,(}hS
norm,d3d — and norm,obs — v, .
bar bar

4.1. Delft3D Model Setup

We simulate the morphodynamics of overwashing flows using the hydrodynamic and morphodynamic
model Delft3D (Deltares, 2014). Delft3D couples shallow water equations with sediment transport formulas
to simulate morphologic change. We use idealized barrier island geometries and simulate overwashing
flows through a dune gap. Storm surge levels and durations are represented as a water level boundary on
the ocean side of the domain (Figure 3d).

The model setup is similar to the one used in an earlier study by Nienhuis et al. (2018), who investigated
the morphologic evolution of river levee breaches into avulsions and crevasse splays. A notable difference
in our study here is that there is no sediment supply from the upstream boundary. Crevasses are fed by river
sediments. Our modeled overwashing flows are not fed by sediments from the ocean; our dune gaps there-
fore cannot heal but instead simply stop expanding when the storm recedes.

The initial bathymetry of the domain consists of a 1 km long coastal barrier and an adjacent lagoon. Barrier
widths vary between 150 and 400 m between model runs, with the rest of the 2 km cross-profile modeled
as a 3 m deep lagoon (Figure 3). The domain consists of 172 by 112 cells in the cross-shore and alongshore
direction, respectively. The resolution ranges from 5 by 5 m near the dune gap to 20 by 20 m along the sides
and into the lagoon to speed up the computation (Figure 3c). The dune gap is in the middle of the simulated
barrier island. We vary the height and width of the gap between simulations (Table 1) and use a uniform
0.2 mm sand across the barrier and lagoon.

The effect of vegetation is included using the Baptist et al. (2009) “Trachytope” function, which estimates
an effective bed roughness depending on the vegetation height and density relative to the water depth
(Deltares, 2014). We span a range of values typical for dune grasses (Biel et al., 2017; Cheplick, 2005; Hacker
et al., 2019). Vegetation height is 0.5 m, leaf width is 5 mm, stem density is varied between 0 and 200 m 2,

and the aerial fraction is between 0% and 20% for different model runs. Note that these simulations are not
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Figure 3. Delft3D model domain and setup to study washover deposition and barrier breaching. (a) Initial bathymetry
and barrier morphological parameters, (b) bed roughness (after 8 h of flow to illustrate the model dynamic effects of
overwashing flow), (c) model grid cells, and (d) model boundary conditions across the domain. Model setup files and
model output are available at https://doi.org/10.17605/OSF.IO/3KNXA.

aimed at representing any specific barrier island, the spread between model scenarios is meant to encom-
pass storm characteristics and barrier island morphologies globally.

The water level boundary condition on the ocean side of the barrier is prescribed as a simplified storm surge
lasting 24 h (Figure 3d). We vary the peak surge water level and the duration of the peak between simulation
to represent different storm magnitudes. Note that we use a slightly altered surge time series than what is
assumed in Equation 4. We therefore use Equation 3 to obtain V,,,, for the Delft3D simulations. The water
level at the lagoon is kept constant at 1 m, such that there is no return flow possible through the dune gap.
Breaches and washover fans can only appear on the lagoon side of the barrier. There is no flow possible
through the side boundaries up and down coast from the breach.

As the water level rises on the ocean side, the dune gap becomes wet and a water surface slope appears
across the island. Sediment transport fluxes in Delft3D are calculated following van Rijn (2007), using a
0.1 m water depth threshold for sediment transport for model stability. This is a different sediment trans-
port predictor than what we use in our theoretical model (Equation 1). We choose van Rijn (2007) for our
Delft3D simulation because it is more accurate than Engelund and Hansen (1967). We use the latter for our
theoretical model because it does not require many parameters and combines bed load and suspended load
transport. Dry cells along the edges of the dune gap erode if erosion occurs in the dune gap itself. Delft3D
uses a “dry cell erosion factor,” set here to the default value of 0.9, that distributes the erosion between wet
cells and dry cells. This factor can be viewed as a simple proxy for a critical bed slope for bank failure.

We vary barrier morphology, dune vegetation, and storm characteristics and run 150 model simulations
(Figure 3, Table 1). These simulations generate overwashing flows through the dune gap from the water lev-
el gradients across the barrier island. Based on this gradient, the barrier width and roughness, and available
subaerial barrier volume, morphologic simulations then form either washover deposits or result in barrier
breaching. We classify a simulation as “breached” when the maximum elevation of the dune gap thalweg
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Table 1

Delft3D Model Simulation Settings

Parameter Value Units Description

Somax 2.4 m Peak surge above MSL

T 0..10 h Surge duration, different from Tstorm

w 150...400 m Barrier width

H, o225 m Gap height above MSL

W, 10...100 m Gap width

Ocean 1(s,T) m Function of storm surge and duration, see Figure 3d
Lagoon 1 m Lagoon water level boundary

Frac. 1 0..0.2 Fraction of the island using Trachytope 153 (Baptist 1)
Frac. 2 1..0.8 Fraction of the island using Trachytope 105 (Bedforms quadratic)
H, 0.5 m Vegetation height

N 0...200 m™? Stem density

M 5107 m Leaf width

Cq 1 Drag coefficient of vegetation

Cy 45 m®*s7! Bed roughness chezy

Cy 49.107..2.9.107 Flow roughness (emergent vegetation)

Dryflc 0.1 m Threshold depth for drying and flooding

EqmBc 0 Equilibrium sand concentration profile at inflow boundaries
SedThr 0.1 m Minimum water depth for sediment computations
ThetSD 0.9 Factor for erosion of adjacent dry cells

RhoSol 2650 kgm™® Specific density

Ds, 0.0002 m Median sediment diameter

CdryB 1,600 kgm™ Dry bed density

Note. Morphological parameters reflect ranges reported by JALBTCX (coast.noaa.gov/dataviewer/) and Mulhern et al. (2017). Vegetation parameters span the
range reported by Cheplick (2005), Biel et al. (2017), and Hacker et al. (2019).

lies below sea level. Reported washover volumes are the sum of post-storm deposition and erosion in the
lagoon, not including any subaerial changes on the island tops. We restrict ourselves to washovers in the
lagoon for a fair comparison with our Hurricane Sandy analysis, Section 4.2. See Table 1 for an overview of
model settings. The supplementary data for the model code and model output to reproduce our findings are
available at http://dx.doi.org/10.17605/OSF.I0/3KNXA.

4.2. Hurricane Sandy Analyses

Hurricane Sandy observations allow us to test our theoretical model and our morphodynamic Delft3D sim-
ulations. Sandy made landfall on the New Jersey coast on October 29, 2012, and resulted in numerous
breaches and washover fans (Sopkin et al., 2014), including the well-documented “Wilderness” breach on
Fire Island (van Ormondt et al., 2020). We analyzed 27 overwashing sites, of which 6 resulted in breaches
and 21 in overwash fans. Six sites were vegetated, 4 were barren, and 17 were developed. We also retrieved
the local storm conditions that led to their formation (Figure 4).

Storm characteristics are determined using the ADCIRC + SWAN hindcast model simulation (Dietrich
et al., 2012) via the Coastal Emergency Risk Assessment (CERA), available at www.coastalrisk.live. AD-
CIRC is a hydrodynamic model that computes time-dependent tide, wind-driven, and pressure-driven surge
(Luettich et al., 1992). Coupling with SWAN (Booij et al., 1999) allows for assessment of wave-driven setup.
We refer to the documentation of CERA for more information. We use these time-explicit surge hindcasts
instead of maximum surge level maps because they allow us to extract water surface slopes.
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Figure 4. (a) Locations of washovers (gray) and breaches (red) overlain on the maximum water levels during hurricane Sandy. (b)-(e) Distributions of storm
and barrier characteristics of the 27 locations.

We extract water levels for the lagoon and ocean sides of the barrier islands at 12, 6, 4, and 0 h before land-
fall. Unfortunately, CERA does not produce water levels post-landfall, so we assume a symmetric surge
event to estimate water levels at 4, 6, and 12 h post landfall. Surge time series are then converted to surge
water level differences across the islands, and we interpolate to find the duration where the surge difference
exceeded 0.5 m (Tyopm)- The hindcast simulations for Sandy show that the maximum water level differences
(Smax) between the ocean and lagoon ranged from 0.8 to 2.6 m between sites (Figure 4d).

We use Google Earth images to estimate the pre-storm width and land cover of the overwashing sites. Land
cover is categorized as either developed, bare, or vegetated. Roughness coefficients (Cy) for bare and devel-
oped land are estimated as 1.6107! and 51073, respectively (Passeri et al., 2018). Vegetated Cy is estimated
using Baptist et al. (2009) using bed roughness C, = 45 m®® s, stem drag coefficient C; = 1, stem density
m = 20 m~2, leaf width D = 5 mm, vegetation height & = 0.5 m, and an island fraction covered of f = 0.2,
resulting in Cy = 11072

Dune gap elevations are retrieved from the USGS dune crest elevation data set, which provides mean and
standard deviations of dune crest elevation for 1 km alongshore segments (Birchler et al., 2015). Dune gaps
are (by definition) lower than these mean elevations. We estimate dune elevations to be Gaussian (follow-
ing Birchler et al., 2015) and choose the dune gap elevation (k) to be the lowest 5% (mean minus 2 SD) of
a 1-km alongshore section. Dune gap widths (w,) are also 5% of the same alongshore segment, here 50 m.

Based on the post-storm NOAA Emergency Response Imagery (https://storms.ngs.noaa.gov/) we charac-
terize each overwashing site as either a breach (e.g., Figure 1a) or a washover deposit (e.g., Figure 1b). We
use these same images to measure the subaerial surface area of each washover deposit, contrasting it with
pre-storm images. Unfortunately, there is no readily available data to extract washover volumes for the 21
fans in our data set. We use the washover fan data compiled by Lazarus (2016), where field-scale washover
volume/area ~ 0.3 m, to estimate washover volume (V). For barrier breaches, which do not leave a wash-
over deposit, we set Vyonmops > 1. This does not affect our analysis.

5. Results
5.1. Mechanics of Overwashing Flows

We use an example Delft3D simulation of a 300-m wide barrier island to illustrate the model dynamics (Fig-
ure 5). In this case, a breach developed in response to a 3 m peak surge that lasted 2 h. Water flowing across
the gap resulted in high shear stresses, primarily at the back of the dune gap into the lagoon where the water
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Figure 5. (a) Snapshots of water levels and bed elevation across a dune gap at 0, 6, 12, 18, and 24 h of a 24 h storm surge event that resulted in a breach. (b)
Bed shear stress and sediment transport through the dune gap. (c) Time series of water level differences and velocities across the barrier, resulting in a high
normalized barrier overwashing flux (V,,omm 434) of ~2.4. This indicates that the barrier is likely to be breached.

surface slope is greatest. This agrees with model experiments from Visser (2001). Water level gradients in
the lagoon are negligible compared to gradients across the barrier, reflecting the relative flow roughness of
both environments (Figure 5c).

Peak shear stresses of ~50 N m 2 are observed in the modeled overwashing flows (Figure 5b). Critical shear
stress for sand movement, ~0.15 N m™?, is negligible compared to these peak stresses. High concentrations
of sediments are suspended and high gradients of sediment transport cause erosion. Suspended transport
magnitude greatly exceeds bedload transport, which could be because the Delft3D implementation of Van
Rijn (2007) separates bedload and suspended load based on a reference height above the bed. Observations
of overwashing flows show that these flows are thin and that sheet-flow conditions are likely, which are
usually considered bed load (Shin, 1996).

Simulated overwashing time series show that the greatest transport occurred after the storm surge peak
(Figure 5c). Continuous erosion and deepening of the overwash throat led to increasing sediment transport
during the event; ~80% of the overwashing sediments were transported in the second half of the storm. The
barrier was breached after approximately 20 h.

Comparing the cumulative sediment transported across the barrier island (V,,q34) with the subaerial vol-
ume of the barrier under the overwashing throat (Vj,,) for our example Delft3D simulation also shows
that breaching is likely (Figure 5c). The overwashing flow transported approximately 6010° m® of sedi-
ment across the barrier. The subaerial barrier is, on average, 1.67-m high, 300-m wide, and the gap extends
50-m alongshore, comprising a volume of 2510° m>. The result is a normalized barrier overwash Viopmasd
(Vowdzdl Vpar) of about ~2.4 at the end of the storm.
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5.2. Breaching Versus Washover Deposits

We contrast the event from Section 5.1 that resulted in a breach with another simulation where a washover
was deposited (Figure 6, bottom panel). The washover formed following a 2.2-m, 2-h long storm surge.
Water discharge and suspended sediment transport across the dune gap develop in tandem, and erosion
primarily acts on the back of the dune gap. A small, 1,700 m® washover fan develops (Figure 6, top panel).

We find similarities between the initial development of the barrier breach and washover deposit: a wash-
over fan also appears in response to the breach, although it is more dispersed spatially (Figure 6, at 12 h,
bottom panel). This is intuitive, sediment eroded from a breach must deposit somewhere. Under natural
conditions, these deposits could end up being part of a flood-tidal delta, or be transported oceanward during
areturn flow through the breach (Basco & Shin, 1999).

5.3. Predicting Breach and Washover Events

In 150 simulations we varied storm characteristics and barrier morphologies (Table 1) to better understand
controls on washover and barrier breach development. Across all simulations, we find that the overwashing
sediment transport fluxes (V,,,q3¢) range from 0 (no overwash) to 3.310° m?®. Barrier subaerial volumes (Vjq,),
in comparison, range from 2.610° to 5.2'10* m>. Normalized overwashing fluxes (V},orm.q34) Vary between 0
and 12.7.

In 26 simulations the storms resulted in barrier breaches, defined as an open water connection between the
ocean and the bay at mean sea level (Figure 7a). For the large majority of the simulations, the threshold
Viormaza = 1 separates storm conditions that lead to barrier washover deposition and barrier breaching.
For one simulation we find that a breach occurred despite the normalized overwashing flux Vymmaza < 1
because erosion across the dune gap was not uniform and resulted in a narrow breach. Similarly, for three
simulations, internal redistribution of sediments made that the barrier remained intact despite V,opm.d3q > 1.

Comparing the Delft3D storm impacts (Viom,a3q4) against predicted storm impact (Vyomm,» Equation 5) we
find that the predictor explains a significant amount of the variation between the model runs (R* = 0.81,
Figure 7b). Washover volumes of Delft3D simulation (V,,,434) increase for increasing predicted overwashing
flux (V,,,0). The majority of storms result in barrier breaches when V, > 1, and 80% of all simulations
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Figure 7. (a) Time evolution of overwashing sediment transport for 150 simulated storms, normalized by the subaerial
barrier volume. Red lines indicate simulations where storms led to barrier breaching. Blue lines are simulations
resulting in a washover fan. (b) Simulated overwashing sediment flux (V;,om,434) compared to the predicted sediment
flux (Vuorm,)- (¢) Fraction of simulations resulting in breached barriers as a function of predicted storm impact (Vyom,)-

result in barrier breaches if V., > 4 (Figure 7c). There are inaccuracies as well. 10% of the breaches were
in simulations where V., predicted a washover deposit.

Predicted storm impacts V., vary across four orders of magnitude whereas our simulations (V,,o;m q3q) vary
across five orders of magnitude, indicating nonlinearities that our (linear) predictor has missed. One non-
linear effect evident in the simulations results from the influence of the dune gap width (w,) on overwash
fluxes. The vertical stacks of experimental results in Figure 7b arise because the dune gap width affects
the simulated overwash volumes (V,,nm.434) but is canceled out when calculating V., (Equation 5). Our
Delft3D simulations show that a linear increase in gap width results in a supralinear increase in overwash-
ing sediment fluxes. The decrease in flow friction for larger gaps outweighs the effect that flow constriction
has to increase flow for small gaps. Our simulations are different from findings by Wesselman et al. (2019),
who found that flow constriction leads to a relatively large flux for small gaps.

5.4. Comparison Against Observations From Hurricane Sandy

How do the observations from Hurricane Sandy fit within the variability of the Delft3D simulations? First,
we find overwash volumes from Hurricane Sandy occupy a narrow range compared to our simulated vol-
umes from Delft3D (Figure 8). This range in observed volumes is also much narrower than what we predict
using our analytical model (Equations 4 and 5), and indicates a (relatively) low sensitivity to storm char-
acteristics and barrier morphology. Earlier studies have also noted this and resorted to using a sediment
transport limiter (e.g., McCall et al., 2010).

A closer inspection into the Sandy observations shows a large difference between natural and devel-
oped coasts. We find that the overwash volumes for developed coastlines are smaller than those along
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undeveloped coasts (mean of 200 and 370 m>, respectively), although there is a risk of selection or observa-
tion bias introduced by post-storm cleanup (e.g., Lazarus & Goldstein, 2019). Other studies have also found
a large effect of development on overwash dynamics. Rogers et al. (2015) found a 40% decrease in overwash
volumes comparing residential to natural environments. Structures block flow and pavement limits erosion
(Lazarus et al., 2021; Rogers et al., 2015).

The magnitudes and trends of Hurricane Sandy overwashes and breaches that formed on natural (undevel-
oped) coasts are similar to our Delft3D observations (Figure 8). This general agreement highlights the im-
portance of the parameters in our predictor (barrier width, barrier height, and storm surge height) on barri-
er morphologic response. Two (out of three) breaches were predicted correctly (Vyom,> 1 and Vigm,ops > 1).
All of the seven observed washovers were correctly predicted (Viom,ops < 1 and Vyom < 1), but there is no
statistically significant correlation between the predicted and observed overwash volumes (Vo ops VS. Vow,)-

In contrast to our observations for natural coasts, we do not observe any trends in the breaches and over-
wash fans that formed along developed coasts (Figure 8). Some of the developed coast breaches had a very
low breaching probability (V,,o;m = 0.4), whereas observed overwash fans along developed coastlines formed
despite a predicted breach (Vo = 43).

6. Discussion

In this study, we developed and tested an analytical theory for the development of washover fans and barrier
breaches. In general, the simulations and predictors are simplified compared to the natural dynamics of
overwashing flows, which allowed us to present an analytic formulation that is integrated over the duration
of the storm.

6.1. Analytical Predictor Strengths and Weaknesses

Tests of our theory against Delft3D simulations and Hurricane Sandy observations showed mixed results.
Delft3D simulations corresponded well, but natural and developed barrier response to Hurricane Sandy
differed from theoretical expectations. Along natural barrier coasts, one observed breach was predicted to
be a washover (#10 of Table S1). This occurred near Stone Harbor Point, NJ, on a wide sand flat close to an
existing inlet. Likely the tidal conditions created overwashing flow dynamics to behave differently than our
theoretical model. Detailed, site-specific simulations with more accurate pre-storm morphology (e.g., van
Ormondt et al., 2020) are likely to be better suited to study these individual cases. Comparison against more
field data, comprising different storms and different barrier islands, would also help to expand the range of
observations and potentially improve the fit to predictions.
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Disagreement between developed barrier response and theoretical expectations could indicate that impor-
tant variables are missing in our model. Perhaps it is the erodibility of pavement or surface heterogeneity
that funnels or disperses overwashing flows (Lazarus et al., 2021; Rogers et al., 2015) that dominate the
response to storms for developed coasts. Many coasts are developed, so the poor performance of our (fairly
traditional) sediment transport predictor indicates a need for morphodynamic formulations and models
better suited for these environments.

6.2. Implications for Paleo Environmental Reconstructions

Washover fan deposits are often used to reconstruct storms and climatic conditions (Mulhern et al., 2019;
Shaw et al., 2015; Woodruff et al., 2008). Fan size and internal stratigraphy can record storm tracks, but
bracketing paleo-storm intensity remains challenging. Our storm impact predictor (Equation 5) can be used
as an inverse model to reconstruct paleo-storms where detailed models might not be appropriate because
accurate boundary conditions and initial conditions are difficult to obtain. For example, our predictor could
indicate a minimum storm intensity that would result in the formation of a washover fan with a certain
observed volume or thickness. The presence of a preserved washover fan might also be used as an indication
for a maximum storm intensity because the storm did not breach the barrier.

6.3. Implications for Morphodynamic Barrier Island Models

The landward sediment transport of barrier overwashing flows is important for the long-term survival of
barrier islands facing sea-level rise (Nienhuis & Lorenzo-Trueba, 2019a; Storms, 2003). Models have been
developed to investigate overwashing fluxes and long-term barrier dynamics (Ashton & Lorenzo-True-
ba, 2018; Nienhuis & Lorenzo-Trueba, 2019b), but scale discrepancies still exist between our understanding
of individual storms and barrier island transgression.

Current state-of-the-art barrier island models (Lorenzo-Trueba & Ashton, 2014) are reliant on empirical
concepts that estimate washover deposition based on a distance function away from the current shoreline
(Storms et al., 2002) or a certain critical barrier width (Jiménez & Sdnchez-Arcilla, 2004; Leatherman, 1979;
Rosati & Stone, 2007). This latter concept suggests that washover deposition into the lagoon only occurs if
the barrier width is below a certain (critical) width. The overwash flux is then estimated based on how much
the barrier width deviates from the critical width, and sometimes is also limited below a certain maximum
flux (Lorenzo-Trueba & Ashton, 2014). The shape and limits of these overwash functions are important
parameters that affect barrier model persistence under sea-level rise.

Our predictor could help quantify expected overwash fluxes for different storm climates and for future sea
levels. The maximum overwash flux concept (Lorenzo-Trueba & Ashton, 2014) is not supported by our
Delft3D simulations. That said, a possible maximum (storm-integrated) flux could be the subaerial barrier
volume (V) itself, as any additional flux would result in a breach. We do find a strong relationship between
barrier width and overwashing volume (Equation 4), which, as suggested by the critical width concept, sup-
ports a negative feedback that would help barriers retain a certain width (Figure 9a). However, assuming no
additional influx from the shoreface or from adjacent dunes, overwash flux exceeding the barrier volume
would breach the barrier (Figure 9b) and potentially result in seaward sediment transport through a return
current (e.g., Basco & Shin, 1999). The suggested negative feedback that maintains barriers facing sea-level
rise through landward transport (Lorenzo-Trueba & Ashton, 2014) may therefore not always hold.

7. Conclusions

In this study, we proposed that barrier islands breach when the cumulative sediment flux of an overwashing
flow exceeds the barrier subaerial volume (Equation 5). Washover volumes increase as overwashing flows
approach the washover-to-breaching threshold: the largest washover fans likely appear when storms were
very close to creating a breach. Tests against idealized Delft3D simulations show good agreement. We find
reasonable agreement with observations of natural coastline response to Hurricane Sandy, and no agree-
ment for overwashing across developed coasts. This could be because of the complex erodibility and surface
roughness heterogeneity of the built environment.
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Our study demonstrates the sensitivity of barrier width and storm surge height on barrier breaching and
washover deposition. Increasing storm surge height raises the water depth and water surface slope of over-
washing flows. Increasing barrier width reduces the water surface slope and increases the barrier subaerial
volume. Barrier height and barrier vegetation reduce the likelihood of barrier breaching, whereas storm
duration will increase it. Our predictor could be useful for estimates of barrier landward sediment fluxes in
the face of sea-level rise, as well as paleoenvironmental studies of (extra) tropical cyclone dynamics.
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