
1.  Introduction
Morphological changes to barrier islands have long been understood and evaluated within the context of the 
Sallenger (2000) storm impact scale, which identifies regimes of storm-induced changes based on comparison 
of total water levels to the elevations of the dune toe and dune crest. Significant morphological changes to the 
nearshore, beach face and berm, dune, and back-barrier occur as ocean water levels increase through swash, colli-
sion, overwash, and inundation regimes (Sallenger, 2000). During collision, sediment is eroded from the dune toe 
and beach face and transported offshore, often accumulating in shore-parallel nearshore bars. During overwash 
and inundation, sediment transport is primarily directed toward the back-barrier, creating washover fans that are 
critical to barrier island evolution over long time scales (decades to millenia; Donnelly et al., 2006). Modifica-
tions to barrier island topography during hurricanes, for example, breaching, can influence flooding dynamics 
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and post-storm beach recovery, as both water and sediment are exchanged between back-barrier waterways, the 
nearshore, and the inner shelf (e.g., Cañizares & Irish, 2008; Defne et al., 2019; Gharagozlou et al., 2021; Miselis 
et al., 2016).

Barrier island breaching can occur from inundation from either the ocean toward the back-barrier, or vice-versa. 
Several recent studies have discussed the importance of the ocean-back-barrier water level gradient in modulating 
the direction of overwash, inundation, and inlet currents (Coogan et al., 2019; Engelstad et al., 2017; Harter & 
Figlus, 2017; Passeri et al., 2018; Safak et al., 2016; Sherwood et al., 2014; Smallegan & Irish, 2017). The hydro-
dynamic processes that drive elevated ocean water levels include tides, sea level pressure (SLP)-driven inverse 
barometer effect, baroclinic effects (Pringle et al., 2019), wind-driven storm surge and wave run-up. Wave run-up 
consists of a time-averaged component (wave setup) and an oscillatory component (swash). Swash is driven by 
both sea-swell (SS; 0.04–1 Hz) and infragravity (IG; 0.003–0.04 Hz) wave motions. Water levels may become 
elevated in the back-barrier with respect to the ocean as the result of a wide range of processes, including tide and 
surge phase lags, wave-driven fluxes of water into the back-barrier, runoff from upland precipitation, and varied 
response to atmospheric forcing between the back-barrier and ocean, for example, wind-driven setup along the 
back-barrier and setdown in the ocean (Goff et al., 2010, 2019; Harter & Figlus, 2017; Sherwood et al., 2014). 
Extension of the Sallenger (2000) scale to include a regime dominated by seaward flow and sediment transport 
(“storm-surge ebb,” Goff et al., 2010; or “outwash,” Over et al., 2021) allows for further resolution of processes 
that govern long-term barrier island migration. Barriers with large back-barrier bays susceptible to wind-driven 
surge have been recognized previously as sites where these processes can be important.

Observations of hydrodynamics relevant to barrier island breaching during extreme events are often limited to 
long-term deployments of wave buoys (e.g., National Data Buoy Center [NDBC]; ndbc.noaa.gov) and water level 
gages (e.g., National Oceanic and Atmospheric Administration [NOAA]; tidesandcurrents.noaa.gov), though 
rapid deployments of pressure sensors in response to incoming storm forecasts are increasingly prioritized (e.g., 
McCallum et al., 2013). Efforts to observe nearshore hydrodynamics in situ are often limited to a single transect 
in the cross-shore (Engelstad et  al.,  2017; Sherwood et  al.,  2014). Large-scale deployments including multi-
ple cross-shore transects (e.g., Coogan et  al.,  2019) illustrate that substantial alongshore variability in near-
shore hydro- and morphodynamics can occur over small spatial scales during extreme events. Observations of 
active sediment transport or time-varying morphological changes are further limited. Lidar and photogrammetry 
techniques have allowed for rapid assessment of morphological changes following a storm, which integrates 
landward- and seaward-directed transport in time (Sherwood et al., 2018). Thus, linkage between the observed 
hydrodynamic conditions and the time series of morphological change remains difficult. Physics-based numeri-
cal modeling can effectively bridge this gap, and the state of morphodynamic modeling for these types of appli-
cations was recently reviewed in Sherwood et al. (2021).

XBeach-Surfbeat (D. Roelvink et  al.,  2009) has often been used for 1D profile and 2D spatial morphologi-
cal simulations of the nearshore, beach, and dune during storms. Studies have illuminated the mechanisms 
responsible for profile change in the swash, collision, overwash, and inundation regimes of the Sallenger (2000) 
storm impact scale (e.g., Sherwood et  al., 2014; Splinter & Palmsten, 2012) and have identified the primary 
drivers of alongshore variability in morphological change (e.g., De Vet et  al.,  2015; de Winter et  al.,  2015; 
Harter & Figlus, 2017; Passeri et al., 2018; Thiel de Vries et al., 2011). Extensive application and calibration 
of XBeach-Surfbeat has revealed sensitivity to a few key parameterizations representing processes that are 
either not fully understood or not resolvable due to, for example, model horizontal resolution or the wave group 
approach (Callaghan et al., 2013; De Vet et al., 2015; Elsayed & Oumeraci, 2017; Kalligeris et al., 2020; McCall 
et al., 2010; Passeri et al., 2018; Rafati et al., 2021; Schweiger et al., 2020; Simmons et al., 2019; van der Lugt 
et al., 2019; Vousdoukas et al., 2012). XBeach, however, parameterizes cross-shore transport in a depth-averaged 
approach. Further, XBeach-Surfbeat in transect applications does not resolve alongshore variations in hydro- or 
morphodynamics, which are necessary to accurately reproduce observed alongshore variations in time-integrated 
morphological change (de Winter et al., 2015; Kalligeris et al., 2020; Thiel de Vries et al., 2011).

In this work, we present an analysis of barrier breaching using a modeling system that resolves three-dimensional 
variability in the nearshore processes and sediment transport. As part of a collaborative effort to advance event-
based morphological modeling, a recent study by van der Lugt et al. (2019) used XBeach-Surfbeat in 2D spatial 
mode to explore morphodynamics of the same events investigated in the present study. The authors simulated 
breaching with high skill and quantified sensitivity of morphological change to uncertainty in hydrodynamic 

http://ndbc.noaa.gov
http://tidesandcurrents.noaa.gov
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forcing, such as wave height, ocean surge water level, and back-barrier water levels. As in other XBeach-Surf-
beat studies, van der Lugt et al.  (2019) found morphological change was highly sensitive to coefficients that 
modify wave-driven onshore sediment transport and bottom roughness variations with vegetation. As the present 
investigation applies a new model to breach morphodynamics, we also analyzed sensitivity of modeled morpho-
logical change to vegetation, implemented via two methods, one of which is similar to that used in van der 
Lugt et  al.  (2019). We further explored sensitivity to hydrodynamic forcing by quantifying the impact of IG 
waves on morphological change. We investigated the hydro- and morphodynamic processes that created breaches 
on two barrier islands: Fire Island, NY during Hurricane Sandy (2012) and near Matanzas, FL during Hurri-
cane Matthew (2016). These events were chosen because they represent significant breaching events for which 
adequate elevation data are available before and after the storms and for which high-fidelity meteorological 
hindcasts were developed by the Naval Research Laboratory. This paper is organized as follows: Sections  2 
and 3 discuss characteristics of Hurricanes Sandy and Matthew, respectively, and the breaches created during 
those events, within the context of their coastal environments. Section 4 reviews the methodology, including the 
hydrodynamic, SS wave, IG wave, and morphodynamic modeling components. Section 5 assesses the skill of the 
hydrodynamic and wave models using water level and wave observations. We compare observed and modeled 
morphological change and discuss model sensitivity for Fire Island in Section 6. We analyze the processes that 
created the breach at Matanzas in Section 7. Brief concluding remarks are found in Section 8.

2.  Hurricane Sandy and Breaching at Fire Island, NY
Hurricane Sandy was a Saffir-Simpson Category 2 hurricane that impacted the US East Coast in late October 
2012 (Figure  1). Sandy transited the Western Atlantic Ocean relatively far offshore for 5  days until turning 
west to make landfall in New Jersey on 29 October 2012, causing extreme coastal erosion and flooding (Hapke 
et al., 2013) with destruction to residences and infrastructure along the East coast, particularly in the New York 
Bight (NYB). Maximum winds were ∼50 m/s, minimum SLP recorded was 940 mbar (HURDAT2; Landsea & 
Franklin, 2013), maximum observed wave heights were ∼9.5 m at NDBC wave buoy 44025 in 36 m water depth, 
and storm surge was 3.5 m at the Battery (NOAA Tides and Currents). A thorough description of Hurricane 
Sandy and exploration of the storm-driven morphological changes of shoreface connected sand ridges on the 
inner shelf of Long Island, NY can be found in Warner et al. (2017).

During Sandy, barrier island breaching occurred at the site of a historical breach on an uninhabited section of 
Fire Island, NY. Fire Island is a ∼40 km long, 0.25–0.9 km wide barrier island (Figures 2a–2c). This “Wilder-
ness Breach” remains open, with active tidal flow between Great South Bay and the Atlantic Ocean. Significant 
research efforts have characterized the erosion, breaching, and recovery of Fire Island from post-storm topo-
graphic, bathymetric, and sediment observations and modeling efforts (e.g., Hapke et al., 2013; van der Lugt 
et al., 2019; Van Ormondt et al., 2020). Pre- (May 2012; Fredericks et al., 2016) and post-storm (5 November 
2012; Stockdon et al., 2013) LiDAR surveys provided topographic data for model initialization and comparison. 
Reported horizontal and vertical accuracies were 0.194 and 0.147 m, respectively, for LiDAR surveys (Stockdon 
et al., 2013). Offshore and back-barrier bathymetry was supplemented by National Centers for Environmental 
Information (NCEI) Continuously Updated Digital Elevation Model (CUDEM). All elevations are referenced to 
the North American Vertical Datum of 1988 (NAVD88).

3.  Hurricane Matthew and Breaching at Matanzas, FL
Hurricane Matthew was a Saffir-Simpson Category 5 hurricane that impacted the Caribbean Islands and US 
East Coast in early October 2016 (Figure 1). The hurricane paralleled the South Atlantic Bight (SAB) coastline 
within 50 km for 2 days until landfall in South Carolina on 8 October 2016. Extensive flooding and coastal 
erosion due to extreme storm surge, waves, and rainfall were experienced in the SAB during Matthew's close 
transit (HURDAT2; Landsea & Franklin, 2013; Sherwood et al., 2018). Maximum wind speeds were ∼75 m/s, 
maximum observed wave heights were ∼8 m at NDBC wave buoy 41009 in ∼40 m water depth (ndbc.noaa.gov), 
and maximum storm surge was reported to be ∼3 m in parts of Florida. A description of Hurricane Matthew's 
evolution through the SAB, and an investigation of the role of the Gulf Stream in modulating wave heights and 
water levels during this hurricane can be found in Hegermiller et al. (2019).

http://ndbc.noaa.gov
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Breaching of a small barrier separating the ocean from the Intracoastal Waterway south of Matanzas, FL occurred 
on 7 October 2016 (Figures 2d–2f). The barrier is 1.7 km long and less than 0.15 km wide, characterized by a 
sandy beach with houses and a paved road running along parts of the dune crest. The Intracoastal Waterway is 
populated by wetland vegetation and mangroves. The breach location is 2 km south of Matanzas Inlet (Figure 2d), 
through which the tide propagates to the Intracoastal Waterway. Pre-storm topo-bathymetric LiDAR (June 2015; 

Figure 1.  Storm track (black lines) and intensities (minimum sea level pressure; colored dots) for Hurricanes Sandy and 
Matthew. The largest, lowest resolution model domain extends beyond the limits of the figure to encompass the western 
North Atlantic Ocean. Magenta triangles and squares indicate water level gages and wave buoys, respectively, used for 
comparison in the supplemental material. Regional (∼1 km) and sub-regional (∼200 m) model domains for the Hurricane 
Sandy simulations are shown in the dashed and solid blue boxes, and for the Hurricane Matthew simulations are shown in the 
dashed and solid red boxes.
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JALBTCX, 2016) and post-storm topo-bathymetric LiDAR (November 2016; JALBTCX, 2017) and topography 
from 4D structure from motion from oblique aerial imagery (8 October 2016; Sherwood et al., 2018) were avail-
able to capture hurricane-driven morphological changes. Reported vertical accuracy for topographic data was 
0.095 m and for bathymetric data was 0.125 m. Offshore and Intracoastal Waterway LiDAR-derived bathymetry 
were supplemented by the NCEI CUDEM. Elevations are referenced to NAVD88.

4.  Model Setup
The Coupled Ocean-Atmosphere-Wave-Sediment Transport modeling system (COAWST; Warner 
et al., 2008, 2010, 2019) was used to explore breaching at Fire Island and Matanzas during Hurricanes Sandy 
and Matthew. For each storm, a suite of model grids with increasing horizontal resolutions represented the ocean 
basin, regional, sub-regional, and local scales. At the ocean basin, regional, and sub-regional scales, the Regional 
Ocean Modeling System (ROMS; version 3.8) and Simulating WAves Nearshore model (SWAN; version 41.31) 
were two-way coupled and forced with one-way coupling by an atmospheric reanalysis using the Coupled Ocean 
Atmosphere Mesoscale Prediction System-Tropical Cyclone (COAMPS-TC). At the local scale, ROMS, an 
IG wave driver (InWave), and the Community Sediment Transport Modeling System (CSTMS) were coupled. 
COAWST has been used extensively to simulate hurricane atmospheric conditions, oceanic response, wave fields, 
and sediment dynamics. The reader is referred to Warner et  al.  (2017) and Hegermiller et  al.  (2019), which 
explored aspects of Hurricanes Sandy and Matthew, respectively.

Figure 2.  (a) The sub-regional model domain encompassed Great South Bay and the Atlantic Ocean offshore of Fire Island, 
NY. A local domain (blue box) resolved hydro- and morphodynamic processes over a small section of Fire Island during 
Hurricane Sandy. (b) Inset of the local domain and pre-Sandy bathymetry and topography. (c) Inset of the local domain and 
post-Sandy National Oceanic and Atmospheric Administration (NOAA), National Ocean Service, National Geodetic Survey 
(2013) Emergency Response Imagery (ERI) showing Wilderness Breach. (d) The sub-regional model domain encompassed 
the Intracoastal Waterway, Matanzas Inlet, and Atlantic Ocean offshore of Matanzas, FL and local domain (red box) over the 
barrier during Hurricane Matthew. (e) Inset of the local domain and pre-Matthew bathymetry and topography. (f) Inset of the 
local domain and post-Matthew NOAA ERI showing Matanzas Breach.
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4.1.  Ocean Model

ROMS is a three-dimensional, free surface, terrain-following hydrodynamic model that solves finite differences 
approximations of the Reynolds-Averaged Navier Stokes equations on an Arakawa C grid assuming hydrostatic 
equilibrium and Boussinesq approximations (Haidvogel et al., 2000, 2008; Shchepetkin & McWilliams, 2005; 
Warner et al., 2008). For each hurricane, a suite of nested grids telescoped from the ocean basin scale to the 
sub-regional scale (Figure 1). For Hurricane Sandy, simulations were performed for 25–30 October 2012 on a 
curvilinear grid extending over the US East and Gulf (USE) coasts at ∼5 km horizontal resolution, a regional 
NYB grid at ∼700 m resolution, and a sub-regional grid at ∼100–200 m resolution, with 16 terrain-following 
vertical layers. For Hurricane Matthew, simulations were performed for 1–9 October 2016 over the USE grid, 
a regional SAB grid at ∼1 km horizontal resolution, and a sub-regional grid at ∼100–200 m resolution, with 
16 terrain-following vertical layers. The sub-regional domains resolved interactions between tides, wind and 
SLP-driven surge, and wave dynamics in coastal and back-barrier waters (Figure 2). Further details on model 
implementation, including boundary conditions, time stepping, turbulence closures, and advection and mixing 
schemes, can be found in Warner et al. (2017) and Hegermiller et al. (2019).

Bulk wave parameters from SWAN, described below, were exchanged with ROMS every 15  min to account 
for wave contribution to the circulation through the vortex force formalism (Kumar et  al.,  2012; Uchiyama 
et al., 2010), which includes the transfer of momentum from waves to currents, Stokes flows, and turbulence 
injected into the surface ocean via wave breaking. Wave rollers were also generated from wave breaking and 
were dissipated following Reniers et al. (2004). Half of the energy dissipated during breaking was used in the 
generation of rollers.

4.2.  Wave Model

SWAN is a third-generation spectral wave model that solves the evolution of wave action through wave propaga-
tion, shoaling, and refraction over bathymetry and currents, wind wave growth, dissipation due to whitecapping, 
bottom friction, and depth-limited breaking, and nonlinear triad and quadruplet wave-wave interactions (Booij 
et al., 1999). SWAN simulations were performed over the same nested grids used for ROMS. Wave spectra were 
resolved with 6° directional resolution and 24 frequency bins ranging logarithmically from 0.04 to 1 Hz. SWAN 
was implemented with default formulations for wind-wave growth, dissipation due to whitecapping, and dissipa-
tion due to bottom friction. Spectral redistribution of energy by nonlinear quadruplet wave-wave interactions was 
calculated using the discrete interaction approximation. An implicit, first order, backward space, backward time 
marching scheme was used to solve the wave action balance equation. SWAN was initialized with a stationary 
computation for the wind fields at the beginning of the simulations. ROMS exchanged current velocities and 
water levels with SWAN to resolve wave-current interaction and the enhancement or reduction of depth-limited 
breaking and bottom friction with tidal fluctuations or storm surge.

4.3.  Atmospheric Forcing

COAWST simulations were forced by COAMPS-TC atmospheric fields reanalyzed to best capture the hurricane 
track, minimum SLP, and radius of maximum winds (Doyle et al., 2014). Atmospheric forcing included longwave 
and shortwave radiation, SLP, wind velocity at 10 m above the ocean surface, precipitation rate, air temperature, 
and relative humidity at 4 km horizontal resolution and 3-hr temporal resolution. Air-sea heat, fresh-water, and 
momentum fluxes were calculated following COARE 3.0 parameterizations (Fairall et  al.,  1996, 2003), with 
inclusion of surface wave roughness following Taylor and Yelland (2001) and a limit on the roughness length 
following Davis et al. (2008).

4.4.  Infragravity Wave Driver and Sediment Transport Formulations

ROMS and CSTMS (Warner et  al.,  2008) were two-way coupled with an IG wave driver (InWave; Olabar-
rieta et al., in prep) at the local scale to resolve nearshore hydro- and morphodynamics (Figure 2, Text S1 in 
Supporting Information S1). InWave is a phase-averaged, group-resolving numerical model that functions like 
XBeach-Surfbeat, in which wave groups are generated statistically from frequency directional SS wave spec-
tra at the offshore boundary of the domain. InWave resolves the SS waves with a characteristic frequency and 
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full directional resolution using the wave-action balance equation, which accounts for refraction and shoaling, 
wave-current interaction, and energy dissipation due to wave breaking and bottom friction. InWave accounts for 
wave group variations of SS wave action density, causing wave forces and breaking to vary at the wave group 
scale. Consequently, hydrodynamic forces varying at the wave group scale can create variations in sediment trans-
port at these scales as well. IG waves bound to the wave groups are solved analytically following Van Dongeren 
et al. (2003) and imposed on the offshore ROMS boundary as variations in the free surface and currents. IG waves 
driven by breakpoint forcing are generated within the domain as stress is exerted from breaking wave groups (J. 
A. Roelvink, 1993) to surfzone currents via the vortex force formalism (Kumar et al., 2012). The primary equa-
tions solved in InWave are detailed in Text S1 in Supporting Information S1.

The local-scale ROMS and InWave domains were oriented orthogonal to the coastlines and extended from the 
20-m depth contour to the back-barrier, and alongshore for several kilometers (Figure 2). Horizontal resolution 
at Fire Island varied in the cross-shore from 2.5 m at the dune crest to 25 m offshore and, in the alongshore, was 
5 m. Horizontal resolution at Matanzas varied in the cross-shore from <2 m at the dune crest to ∼10 m offshore 
and toward the back-barrier. Horizontal resolution in the alongshore was 10 m. Alongshore resolution at Fire 
Island was higher than at Matanzas due to a priori expectation of the importance of small-scale dune crest varia-
tions in breach initiation (Hapke et al., 2013). Simulations at this scale were one-way nested into the sub-regional 
simulations described above and resolved hydro- and morphodynamics during the 24 hr around the peak of the 
storms. Initial and boundary conditions for free-surface elevations and barotropic velocities were interpolated 
from the sub-regional simulations on all open boundaries of the local domain, including those boundaries in 
back-barrier waterways. Note, this indicates that the simulations were not periodic in the alongshore. Frequency 
directional wave spectra from sub-regional ROMS/SWAN simulations output every 15 min at the center points 
of the offshore boundary of the local domains were used to force wave groups and bound IG wave generation. 
The models were run with seven vertical levels and a 0.1 s timestep for the baroclinic mode. Wetting and drying 
of grid cells was activated. Nesting from the ocean basin scale allowed for representation of relevant physical 
processes in the hydrodynamic forcing at the local scale, including tides, wind- and SLP-driven surge, wave setup, 
and other circulation features.

The CSTMS suite of sediment transport and morphodynamic formulations were used to simulate morphological 
changes in the nearshore, beach, dune, and back-barrier, including bar migration and washout, beach and dune 
face erosion, dune lowering, washover deposition, and channel scouring. The SANTOSS formulation (Van der A 
et al., 2013) for bedload transport under waves with velocity skewness and acceleration asymmetry was recently 
implemented in COAWST (Kalra et al., 2019). The nonlinear wave shapes are related to the Ursell number and 
sand transport over each portion of the wave cycle is calculated. In the COAWST implementation, two parame-
ters αw and αc modify the relative magnitude of the bedload transport associated with wave-driven transport and 
current-driven transport, respectively. These parameters perform the same function that the coefficient facua does 
(for both wave- and current-driven transport) in XBeach-Surfbeat, although the bedload transport formulations 
are different. van der Lugt et al.  (2019) and Rafati et al.  (2021) referred to the wide range of values for this 
parameter, indicating that these formulations may not physically represent the processes (e.g., wave shape). We 
used values of αc = 0.65 and αw = 0.35 that attenuate transport calculated by the published formulae and pref-
erentially favor current-driven transport, but extensive calibration of these parameters is not within the scope of 
this work. Sediment slumping routines were implemented to account for avalanching at the wet-dry interface and 
underwater. Sediment slumping is governed by user-defined critical slopes for dry and wet sand, and dry and wet 
scaling parameters for the transport associated with this process. Model results were somewhat sensitive to these 
parameters, and they were adjusted to provide the best qualitative results for each case individually.

Lastly, landcover characteristics such as vegetation and infrastructure can affect sediment erosion, transport, and 
deposition from the dune crest (e.g., grasses, low bush, and paved surfaced) to the back-barrier waterways (e.g., 
mangroves and woody vegetation) and marsh platforms (Passeri et al., 2018; van der Lugt et al., 2019). Vegeta-
tion can influence morphodynamics by reducing sediment erosion, modifying transport, and increasing sediment 
deposition through compaction or stabilization of sediment by root masses and reduction in current velocities 
and modification of the vertical current structure. We implemented the effect of landcover on sediment erosion 
through three approaches (Table 1). Method 1 used a spatially uniform, constant value of bed roughness length 
(z0) = 0.0025 m. Methods 2 and 3 incorporated variability of landcover classification derived from pre-storm 
National Agriculture Imagery Program (NAIP, 2018) images. A detailed explanation of the classification process 
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can be found in van der Lugt et al. (2019). In Method 2, we implemented a 
spatially varying z0 related to landcover type in pre-storm imagery. z0 was 
translated from Manning's n guided by Smart (2004), assuming a water depth 
of 1 m. In Method 3, we activated the vegetation module within COAWST 
(Beudin et al., 2017; Kalra et al., 2017) to account for the effects of three-di-
mensional drag (momentum extraction) and enhanced vertical mixing on 
hydro- and morphodynamics. Vegetation properties, including diameter, stem 
density, height, and thickness, were related to landcover type in pre-storm 
imagery and guided by previous applications (Beudin et al., 2017). However, 
this is the first application of the vegetation module to subaerial vegetation. 
As a result, these values were somewhat arbitrary, but were selected to reflect 
the characteristics of the varied vegetation on barrier islands. For this proof 
of concept, plant diameter was uniform and constant at 0.03 m, and density 
at 10 stems/m 2, while height and thickness were varied. A scale factor was 
applied to the vegetation effects based on local bed elevation change versus 
plant height. If accretion occurred to the plant elevation or if the bed eroded 
to 0.5 m, the vegetation effects linearly diminished to zero, following van 
der Lugt et al. (2019). We explored sensitivity of the morphological change 
to landcover effects at Fire Island because the dunes and back-barrier marsh 

platform were vegetated (Figure 2c). We implemented Method 1 and did not explore sensitivity to landcover 
effects at Matanzas because the barrier was primarily sandy (Figure 2f).

4.5.  Morphological Change Assessment

Modeled morphological change was compared to observed morphological change derived from pre- and post-
storm LiDAR surveys. We quantified model skill with mean bias, root-mean square error (RMSE), and Brier 
Skill Score (BSS) for four variables: bed elevation change, post-storm dune crest elevation, volume of sediment 
eroded, and volume of sediment deposited, all determined on cross-shore transects with spacing defined by the 
model grid. BSS was calculated as:

BSS = 1 −

1

𝑁𝑁

∑𝑁𝑁

𝑖𝑖=1
(𝑦𝑦𝑖𝑖 − 𝑥𝑥𝑖𝑖)

2

1

𝑁𝑁

∑𝑁𝑁

𝑖𝑖=1
(𝑏𝑏𝑖𝑖 − 𝑥𝑥𝑖𝑖)

2
�

where x and y are observed and modeled variables, i is cross-shore transect 1:N, and b is the assumption of no 
morphological change (e.g., in the case of the variable bed elevation change, b = 0 (Sutherland et al., 2004)). 
Qualitative assessment of skill scores followed Table 11 in Sutherland et al. (2004). Statistics were calculated for 
the primary dunes on each barrier and excluded the back-barrier marsh platform and waterways.

5.  Local Water Levels and Wave Heights
We assessed model skill for water levels and bulk wave parameters by comparing model output with observa-
tions at tide gages and offshore wave buoys (Text S2 and Figures S1–S4 in Supporting Information S1). RMSE 
ranged from 0.18 to 0.36 m in comparisons of water levels during Sandy and from 0.10 to 0.26 m during Matthew 
(Figures S1 and S3 in Supporting Information S1). RMSE of significant wave heights ranged from 0.57 to 1.04 m 
during Sandy and from 0.31 to 0.70 m during Matthew. The models generally overestimated peak water levels 
and wave heights during Sandy and slightly underestimated peak water levels and wave heights during Matthew 
(Figures S1 and S3 in Supporting Information S1). Overall, we concluded that the models reproduced the impor-
tant water level and bulk wave characteristics with sufficient skill to provide accurate forcing for downscaled 
simulations of morphological changes.

During Sandy, wave conditions offshore of Fire Island grew from 3.5 to 8 m wave heights with peak wave periods 
growing from 11 to 17 s (Figure 3). Waves approached from the southeast then rotated to the southwest after 
the peak of the storm. Time series of water levels were output in the nearshore (purple dot in Figure 4d) at 2 Hz 

Manning's N Method 1 Method 2 Method 3

VDL19 Uniform z0 (m) Varying z0 (m) Vegetation

0.02 0.0025 0.002 None

0.03 0.0025 0.02 None

0.045 0.0025 0.06 Height = 0.5 m

Thickness = 0.01 m

0.05 0.0025 0.08 Height = 1.0 m

Thickness = 0.05 m

Note. The effect on morphological change was explored through three 
methods: spatially uniform and constant bed roughness length (z0), spatially 
varying z0, and implementation of the vegetation module of COAWST. For 
reference, we include the Manning's N for landcover classes used by VDL19.

Table 1 
Landcover Characteristics Were Classified Following van der Lugt 
et al. (2019; VDL19)
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for 1 hr and the energy spectrum at IG wave frequencies (frequency <0.04 Hz) was calculated. During peak SS 
energy, IG significant wave height was 1.10 m (Figure 3g).

Waves were less energetic offshore of Matanzas during Matthew, and grew from 2 to 6 m wave heights with peak 
wave periods of 14 s (Figure 3). Waves rotated from the east to the southeast during the storm and were nearly 
orthogonal to the beach during peak wave conditions. Time series analysis of modeled water levels output in the 
nearshore (purple dot in Figure 6d) indicate that during peak SS energy, IG significant wave height was 0.40 m.

6.  Fire Island Breach
6.1.  Morphological Change

Before Hurricane Sandy, the barrier island near the breach had continuous high dunes on the western end and 
broken, lower dunes backed by washover deposits on the eastern end (Figures 2b and 2c, 4a). After Sandy, beach, 
dune face, and dune crest erosion (∼1–2 m) were observed along the length of the barrier island (Figures 4b, 4c 
and 4m). The continuous, high dunes on the western end were eroded, but were less incised because overwash 
rarely overtopped these higher dune elevations and inundation did not exceed the dune crests. In contrast, on 
the eastern end, lower dune faces and crests were significantly eroded and overwash transported sand across the 
island and deposited it on the back-barrier. The breach developed at a narrow location in the barrier island, a 
historical breach location, and a local low spot in the dune crest (Figures 4b, 4c and 4m). Nearly 4 m of sediment 
were eroded at the breach location.

Figure 3.  Imposed time series of (a and d) significant wave height (Hs), (b and e) frequency spectra, and (c and f) directional spectra for Hurricanes Sandy and 
Matthew. White lines on panels (b and e) are the peak wave period, and on panels (c and f) are the incident mean wave direction. (g) Infragravity wave energy spectrum 
at the peaks of Sandy (blue) and Matthew (black), indicated on panels (a and d) by the gray boxes, at the nearshore location indicated on Figures 4d and 6d.
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Modeled change from the Method 1 simulation (uniform, constant z0) broadly reproduced observed morphological 
response to Sandy, including substantial dune and beach erosion, washover deposition, and breaching. Modeled 
change matched the spatial gradients in the observations. Dune erosion was predicted at the western end of the 
domain (Figures 4d, 4e and 4m), but the model also produced washover channels that cut the western dune crests 
and deposited sediment in the back-barrier, which was not observed. Additionally, the model predicted substantial 
dune crest lowering in locations where observations indicate that dune crests were preserved (Figure 4m: along-
shore distance 500–800 m). On the eastern end, significant overwash was predicted. Modeled washover deposits 
were located further in the back-barrier than observed, indicating that modeled inundation may have been greater 
than what occurred or that “runaway” channelization occurred in the model, where lateral erosion of channel 
banks was limited by model resolution and channel scouring was exacerbated (Baar et al., 2019). Excess modeled 
inundation was likely driven by modeled wave heights, which overestimated observed wave heights by more 

Figure 4.  (a) Observed pre- and (b) post-storm and (d, g, j) modeled post-storm topography and bathymetry for Fire Island, 
NY after Hurricane Sandy. Contours indicate 0:4 m depth in 0.5 m increments. The two points in panel (d) indicate where 
water levels were extracted to calculate cross-barrier gradients. (c) Observed and (e, h, k) modeled change during the storm. 
(f, i, l) Difference (modeled – observed) in change. (m) Pre- and post-storm observed and modeled dune crest elevations.
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than 1 m at nearby NDBC buoy 44025. The predicted breach was created ∼250 m to the west of the observed 
breach (Figures 4f and 4m). The model overestimated total bed erosion, dune crest lowering, and volume eroded 
(Table 2). The model underestimated the volume deposited for the area of the primary dunes because washover 
deposits were predicted to extend further toward the back-barrier than observed and were outside of the area 
analyzed. The BSS for all variables indicated good model skill.

6.2.  Sensitivity to Landcover Effects

We explored the sensitivity of the modeled morphological change to the effects of landcover classification, specif-
ically vegetation. Modeled morphological change for the Method 2 simulation (variable z0) was characterized by 
increased erosion of the western dune crest compared to the Method 1 simulation (Figure 4m). Model predictions 
deviated further from observations (Figures 4g–4i), with larger negative Bias, RMSE, and poorer skill across all 
variables (Table 2). Implementation of Method 3 (vegetation module) resulted in improved overall predictions of 
bed elevation change, with a BSS of 0.59 (Table 2), despite increased erosion of the western dune crest relative to 
the other simulations (Figure 4m). The spatial extent of back-barrier deposition was greatly reduced, resulting in 
greater skill for eroded volume, but washover channelization across the dunes was similar to the other simulations 
(Figures 4e, 4k and 4l). Breaching occurred in the same location as Method 1.

Taken together, results suggest that the model performed well for erosion during the collision regime, but that 
morphological change during the overwash regime, particularly washover channelization in the back-barrier 
requires further study. Imposing spatially variable roughness resulted in poorer skill. Vegetation reduced flow 
across the back-barrier, but did not substantially hinder dune crest erosion or overwash. These sensitivity studies 
indicate that further development of the vegetation module to subaerial vegetation applications has potential to 
improve predictive skill of morphological models (Passeri et al., 2018; van der Lugt et al., 2019; Zheng et al., 2013).

6.3.  Breaching Dynamics

We analyzed the hydrodynamics that drove breaching at Fire Island by extracting modeled water levels from a 
location in Great South Bay and a location at 2 m depth in the nearshore along the cross-barrier transect through 
the breach (Figures 4d and 5a). The sampling locations were separated by 470 m in the cross-shore. Note that the 
water-level time series in the nearshore is subject to setup by SS wave groups and water-level variations due to 
IG waves. We averaged these gradients over 30 min to remove wave fluctuations. Positive gradients indicate that 
ocean water levels were higher than back-barrier water levels, driving flow toward the back-barrier (Figure 5b). 

Fire Island, NY Matanzas, FL

Method 1 Method 2 Method 3 Baseline No IG waves

Total Change (m) Bias −0.11 −0.14 −0.01 −0.41 0.37

RMSE 0.79 0.80 0.71 1.03 0.96

BSS 0.48 0.46 0.59 0.08 0.21

Crest Elevation (m) Bias −0.27 −0.40 −0.56 −0.61 0.83

RMSE 0.91 1.01 1.35 1.03 1.30

BSS 0.72 0.65 0.37 0.38 0.01

Eroded Volume (m 3) Bias −116.73 −157.19 −64.41 −378.84 443.88

RMSE 493.08 495.85 375.44 518.76 573.01

BSS 0.45 0.44 0.68 0.23 0.06

Deposited Volume (m 3) Bias −19.84 −23.48 49.10 −83.73 −122.62

RMSE 160.89 172.21 176.93 188.58 215.69

BSS 0.49 0.41 0.38 0.27 0.04

Table 2 
Bias, Root Mean Square Error (RMSE), and Brier Skill Score (BSS) for Modeled Total Bed Elevation Change, Crest 
Elevation, Eroded Volume, and Deposited Volume Compared to Observations
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Incident significant wave heights were extracted from the model at the offshore boundary and averaged over 
30 min (Figure 5c). Onshore and offshore volume flux of water across the dune crest was calculated and inte-
grated in the alongshore (Figure 5d).

As ocean storm surge and wave height increased in the early stages of the storm, the model suggests that back-bar-
rier water levels were falling as tides ebbed in Great South Bay (Figure 5). Nearshore water levels were ∼2 m, 
but wave heights were 7 m, and total water levels were likely sufficient for dune erosion in the collision regime. 
During low tide in the back-barrier, the water-level gradient across the barrier was at its maximum. However, 
dunes had not eroded enough for vulnerable low spots to experience inundation. Instead, modeled overwash 
increased with increasing nearshore water levels and wave conditions, which both peaked at high tide in the 
ocean. Substantial overwash occurred following maximum nearshore water levels and continued despite a weak-
ening ocean-back-barrier water-level gradient, indicating that dunes were eroded and some locations were inun-
dated. The water-level gradient approached zero and became negative as storm surge receded, ocean tides ebbed, 
and back-barrier water levels approached high tide. Model results suggest that this negative gradient drove weak 
flows through the breaches toward the ocean, causing further erosion of the new inlet channels.

Figure 5.  Time series of Hurricane Sandy (a) water levels in the nearshore (solid) and back-barrier (dashed) for the Method 
3 model simulation, (b) The cross-barrier water level gradient over ∼470 m, averaged over individual wave groups, where 
negative indicates an offshore-directed water level gradient, (c) incident significant wave height (Hs) at the wave group scale 
(gray) and averaged (black). (d) Onshore (thick lines) and offshore (thin lines) volume flux over the dune crest integrated in 
the alongshore. Blue vertical lines indicate the approximate time of breaching.
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7.  Matanzas Breach
7.1.  Morphological Change

Before Hurricane Matthew, the barrier near the breach at Matanzas was characterized by continuous, high dunes 
exceeding 4 m toward the southern end and low dunes of ∼2 m toward the northern end (Figures 6a and 6j). A 
shallow, lagoonal offshoot of the Intracoastal Waterway backed much of the barrier, though its connection to 
the Waterway had been modified by the US Army Corps of Engineers. Dune erosion and dune crest lowering 
(∼1–2 m) were observed along the entire length of the barrier after Matthew (Figures 6b and 6c). Small washover 
deposits were also observed just landward of the dune crest along much of the southern and central sections of the 
barrier (Figure 6c). Sediment eroded from the beach face, dune face, and dune crest was deposited in a shore-par-
allel bar. A breach developed where the barrier island was backed by the lagoon (Figures 6b and 6c). Nearly 4 m 
of sediment was eroded at the breach location, with deposition evident in the nearshore.

Figure 6.  (a) Observed pre- and (b) post-storm and (d and g) modeled post-storm topography and bathymetry for Matanzas, 
FL after Hurricane Matthew. Contours indicate 0:4 m depth in 0.5 m increments. The two points in d indicate where water 
levels were extracted to calculate cross-barrier gradients. White lines indicate cross-barrier transects where hydro- and 
morphodynamics are further evaluated in Figure 9. (c) Observed and (e and h) modeled change during the storm. (f and i) 
Difference (modeled – observed) in change. (j) Pre- and post-storm observed and modeled dune crest elevations.
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Modeled morphological changes were characterized by widespread dune face and dune crest erosion and lowering 
(Figures 6d and 6e). Although the overall magnitude of erosion was overpredicted, modeled gradients in erosion 
magnitude from north to south matched observed gradients (Figure 6j). Deposition of sediment in washover fans, 
most notable along the southern extent of the barrier, and growth of the alongshore bar were well-represented. 
The model predicted a breach ∼100 m north of the observed breach location and the elevation change associated 
with the breach matched observations. Modeled sediment eroded during breaching was deposited in the nearshore 
in a delta, as observed (Figure 6e). Overall patterns in differences between modeled and observed morphological 
change indicate that erosion of the dune crest was overpredicted in the model and that a large extent (∼300 m) of 
the central part of the barrier was inundated (Figure 6j). Model skill for total bed level change was poor, with a 
BSS of 0.08. However, model skills for crest elevation, eroded volume, and deposited volume were reasonable to 
good, with BSSs of 0.38, 0.23, and 0.27, respectively.

7.2.  Breaching Dynamics

The Matanzas breach developed uniquely, as elevated water levels in the Intracoastal Waterway and back-bar-
rier lagoon ultimately breached the eroded barrier from the landward side. To analyze the hydrodynamics, we 
followed a similar model analysis as described for Fire Island. We sampled modeled water levels from a location 
in the back-barrier lagoon and from a location at 2 m depth in the nearshore along the cross-barrier transect 
through the breach (Figures 6d and 7a). The locations were separated by 70 m in the cross-shore. Negative gradi-
ents indicate that back-barrier water levels were higher than ocean water levels, driving flow toward the ocean 
(Figure 7b). To assess morphodynamics, at each of three cross-barrier transects (Figure 6), bedload sediment 
transport was separated into the onshore and offshore directions and was integrated in space over three profile 
zones: the nearshore, subaerial beach, and dune crest landward to the back-barrier (Figure 8). Suspended load 
transport was of equal magnitude to bedload transport in the nearshore, but nearly zero landward of the waterline. 
To quantify the importance of IG waves in breaching, we performed an additional model experiment in which 
we did not impose an incoming bound IG wave and suppressed IG wave generation and wave rollers within the 
model domain.

Model results suggest that incident wave heights were 2-m high at the beginning of the storm on 7 October 2016 
at 0600 UTC, it was high tide in the ocean, and water levels in the back-barrier and in the nearshore were roughly 
equal at ∼1 m so there was no cross-shore gradient (Figure 7). Predicted offshore-directed bedload transport 
along the entire barrier was associated with erosion of intertidal sediments and beach berms during the early 
stages of the collision regime, which accumulated in an alongshore bar (Figure 8). Due to a phase lag in the tide 
between the ocean and the back-barrier, which is 2 km south of the inlet where Intracoastal Waterway and ocean 
waters exchange, an offshore-directed (negative) water-level gradient began to develop immediately. As wind- 
and SLP-forced surge increased on the ocean side, those water-level anomalies propagated to the back-barrier via 
the Intracoastal Waterway.

As waves became larger, near 0800 UTC, modeled water levels in the nearshore became increasingly modulated 
by SS wave groups and IG waves (Figures 7a and 7c). At the northern transect, low initial dune heights resulted 
in overwash and subsequent erosion of the dune early in the event, from 0800 UTC to 1200 UTC (Figure 8a). 
Negative water level gradients rapidly increased in magnitude as incident wave heights reached 4–5 m after 1200 
UTC due to substantial overwash at the northern transect, which transported sediment and water to the back-bar-
rier (Figures 7d, 8a and 9a). Interestingly, offshore-directed bedload transport remained large despite episodic 
overwash. At the central and southern transects where dunes were higher, bedload transport continued to be 
offshore-directed due to dune erosion during collision, until these locations transitioned to the overwash regime 
when incident wave heights peaked. Though not shown, water level gradients at this time were substantial, but 
the dunes were not sufficiently lowered to enable flow.

Onshore-directed bedload transport during overwash became significant at ∼1500 UTC at the breach transect, 
and ∼1600 UTC at the southern transect when ocean water levels reached 2 m and incident wave heights reached 
7 m (Figures 7, 8b, 8c, 9b, 9e and 9h). Fluxes of water into the back-barrier during overwash were evident in the 
back-barrier water level time series (Figure 7a). By ∼1700 UTC, the barrier from the central to northern transect 
was inundated. Vertically resolved cross-shore currents indicate that flow was toward the back-barrier over the 
inundated barrier, and that wave-driven onshore surface currents and return flow at depth persisted seaward of the 
dune crest despite inundation (Figures 9b, 9e and 9h). Bedload transport in either direction was small along the 
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inundated barrier. At the southern transect, model results suggest that overwash remained the dominant mecha-
nism for sediment transport and water fluxes (Figure 8c).

Recession of ocean water levels and decreasing incident wave energy accelerated the development of the negative 
water level gradient between the back-barrier and ocean (Figure 7). Inundation by ocean water levels receded and 
overwash became less frequent. By 1900 UTC, surface cross-barrier currents over the dune crest were ocean-di-
rected, though small, and bedload transport was directed offshore. At this time, dune crests along the central 
and northern sections of the barrier island were predicted to have been lowered by ∼3 and ∼1.5 m, respectively. 
Further recession of ocean wave levels continued to build a pressure head over the vulnerable dune crest, until 
the model predicted breaching the back-barrier toward the ocean at 2000 UTC with 5 m/s currents, associated 
with offshore-directed bedload transport rates of nearly 300  kg/m/s that eroded the barrier island across the 
central transect (Figures 8b, 9c, 9f and 9i). Deposition of sediment in the nearshore occurred where the breaching 
currents met the nearshore environment.

Figure 7.  Time series of Hurricane Matthew (a) water levels in the nearshore (solid) and back-barrier (dashed) for the 
baseline model simulation and a simulation without infragravity waves. (b) The cross-barrier water level gradient over 
∼70 m, averaged over individual wave groups, where negative indicates an offshore-directed water level gradient, (c) Incident 
significant wave height (Hs) at the wave group scale (gray) and averaged (black), and (d) Onshore (thick lines) and offshore 
(thin lines) volume flux over the dune crest integrated in the alongshore. Blue vertical lines indicate the approximate time of 
breaching.
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Though the ocean-directed water level gradient across the barrier ultimately formed the breach, IG waves were a 
dominant process leading to breaching. In the simulation without IG waves, the beach face and dune were nearly 
completely preserved, except for a small breach at the northern transect (Figure 6). Though nearshore water levels 
in this simulation were similar on average to those in the baseline simulation, back-barrier water levels were 
different, despite the same boundary conditions (Figure 7). Without IG waves, dune crests were not lowered and 
overwash did not occur. The lack of volume flux of water over the dune crest yielded lower back-barrier water 
levels, and a back-barrier directed water level gradient briefly formed at 1400 UTC. When the back-barrier surge 
reached its peak, a stronger gradient existed between the back-barrier and ocean because major breaching and 
outwash did not occur, and the low-lying dunes near the northern transect were weakly breached. The importance 
of oceanside processes during a back-barrier breaching event illustrates that the temporally varying co-evolution 
of the morphodynamics and hydrodynamics is critical to resolve.

Figure 8.  Time series of bedload sediment transport along three cross-barrier transects: (a) northern, (b) breach, and (c) southern (Figure 6). Transport in the onshore 
(negative) and offshore (positive) directions was spatially integrated over the nearshore (blue), subaerial beach (magenta), and dune crest landward to the back-barrier 
(green) for each transect. Onshore and offshore transport integrated over the entire transect is shaded in gray. Note. Limits on the ordinate differ for each subplot.
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van der Lugt et al. (2019) analyzed the evolution of the Sallenger regimes for this location and event and similarly 
described alongshore differences in the morphological change. Overall, results found in this work are consistent 
with their analyses and model skill is comparable, despite differences in the forcing, model physics and parame-
terizations, and calibration. van der Lugt et al. (2019) explored sensitivity of the modeled morphological changes 
to uncertainty in the incident wave height, surge, and back-barrier water levels. Near the Matanzas breach, they 
found sensitivity to the offshore surge and to the back-barrier water levels; however, breaching occurred in all 
simulations. We argue that uncertainty in the magnitude of the IG waves, which can drive total water levels during 
extreme conditions, is another factor to consider.

8.  Conclusions
Understanding of barrier island breaching has historically been limited by: (a) sparseness of in situ observations 
of hydro- and morphodynamics during extreme events, (b) cross-shore transect based frameworks for evaluating 
observed or modeled hydrodynamic processes, which ignore alongshore variations in hydro- and morphodynam-
ics, and (c) 2D horizontal modeling approaches, which do not resolve the vertical structure of nearshore currents 
or sediment transport. In this work, we used a coupled ocean-wave-IG wave-sediment transport model to simulate 
hydrodynamic processes that drive barrier island morphological change over ocean basin to local spatial scales. 
Morphodynamics were simulated at the highest resolution (O [2 m]) at Fire Island, NY during Hurricane Sandy 
and at Matanzas, FL during Hurricane Matthew. Back-barrier breaching occurred at Matanzas, driven by highly 
localized hydrodynamics, including alongshore variations in wave overtopping and development of an ocean-di-
rected water-level gradient across the barrier. Breaching at Fire Island was driven by elevated ocean water levels 
and wave attack and overwash.

Observed alongshore and cross-shore variations in morphological response were modeled with good skill and 
modeled breaches developed in locations nearby observed breaches at Fire Island and Matanzas, despite differ-
ences in the physical processes that caused change. At Matanzas, the breach was predicted 100  m north of 
the observed breach, and at Fire Island, the main breach was predicted 250  m west of the observed breach. 
Modeled morphological response tended to be larger than that observed at both locations. Morphological change 

Figure 9.  Cross-shore velocity at three instances in time—(a), (d), (g) early storm characterized by dune collision, (b), (e), (h) mid-storm characterized by episodic 
overwash, and (c), (f), (i) at the moment of breaching—along three cross-barrier transects: northern, breach, and southern (Figure 6). Onshore velocities are negative 
(green) and offshore velocities are positive (red). Black lines indicate profiles at the instance in time, whereas gray lines indicate the initial profile.
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at Fire Island was sensitive to landcover effects, represented by the vegetation module of COAWST. Interestingly, 
morphological change was not sensitive to, or improved by inclusion of landcover characteristics by only modi-
fying the bed roughness length, though this method has been demonstrated to be effective in XBeach-Surfbeat 
modeling (Passeri et al., 2018; van der Lugt, 2019). Modeled morphological changes were similar to modeled 
changes presented in van der Lugt et al. (2019), namely extensive back-barrier channelization and deposition, and 
breach locations. This may indicate that models do not properly represent controlling processes, such as lateral 
erosion, bed stratigraphy, and vegetation effects. Introduction of new models to represent physical processes 
can reveal gaps in knowledge, weakness of model physics and parameterizations, and different sensitivity to 
hydro- and morphodynamics. This work underscores the importance of resolving the complexity of nearshore 
and back-barrier systems when investigating or predicting barrier island breaching during extreme events.

Data Availability Statement
Model data can be found at https://www.sciencebase.gov/catalog/item/609bf69ed34ea221ce39b261. Figure 
colormaps are from Thyng et al. (2016).
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