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Abstract

Barrier islands are susceptible to erosion, overwash, and breaching during intense storms. However,

these processes are not represented typically in large-domain models for storm surge and coastal inundation.

In this study, we explore the requirements for bridging the gap between dune-scale morphodynamic and

region-scale flooding models. A high-resolution XBeach model is developed to represent the morphodynam-

ics during Hurricane Isabel (2003) in the North Carolina (NC) Outer Banks. The model domain is extended

to more than 30 km of Hatteras Island and is thus larger than in previous studies. The predicted dune

erosion is in good agreement with post-storm observed topography, and an “excellent” Skill Score of 0.59 is

obtained on this large domain. Sensitivity studies show the morphodynamic model accuracy is decreased as

the mesh spacing is coarsened in the cross-shore direction, but the results are less sensitive to the alongshore

resolution. A new metric to assess model skill, Water Overpassing Area (WOA), is introduced to account for

the available flow pathway over the dune crest. Together, these findings allow for upscaled parameterizations

of erosion in larger-domain models. The updated topography, obtained from XBeach prediction, is applied

in a region-scale flooding model, thus allowing for enhanced flooding predictions in communities along the

Outer Banks. It is found that, even using a fixed topography in region-scale model, the flooding predictions

are improved significantly when post-storm topography from XBeach is implemented. These findings can be

generalized to similar barrier island systems, which are common along the U.S. Gulf and Atlantic coasts.
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1. Introduction

Barrier islands are common coastal features and storm defenses. They line 10% of the world’s open coasts,

with 24% of the total within the U.S., including most of the Gulf and Atlantic coasts [1]. The coastline of

North Carolina (NC) is characterized by barrier islands called the Outer Banks, which stretch 320 km,and
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contain dunes with typical crest elevations of 3 to over 10.5 m [2]. They are highly vulnerable to erosion and5

flooding during tropical cyclones and winter storms [3], which occur frequently in NC [4].

Storm-driven surge and flooding have been studied in coastal NC, often via computational modeling on

region-scales to include the barrier islands, lagoonal estuaries, and inner floodplains [5, 6]. For idealized

storms in this system, the magnitude and extent of coastal inundation are sensitive to the storm’s forward

speed, size, and track angle relative to the coast [7, 8]. For perturbations of forecast storm tracks and10

intensities,accuracy can deteriorate significantly if the storm’s track over the NC sounds and barrier islands

is not predicted correctly [9]. For perturbations of storm forward speed and timing, the storm surge can

interact nonlinearly with the tides, thus increasing and decreasing the total water levels in regions along the

coastline of [10]. All of these storm effects can be represented in a high-resolution modeling system, which

was automated to provide forecast guidance about coastal circulation and flooding [11, 12] and has been15

expanded for storms along the entire U.S. Gulf and Atlantic coast (e.g. https://cera.coastalrisk.live).

However, while these studies considered the storm-driven waves and flooding near the barrier islands, they

did not consider the erosion of beaches and dunes due to overwash and inundation.

Erosion and breaching of barrier islands during storms have an important role on nearshore hydrodynam-

ics, and recent studies have explored these processes by using field and remotely-sensed data and numerical20

models. The Outer Banks vulnerabilities to inlet breaching have been identified at several locations [13, 14].

The opening and eventual closure of the breach at Pea Island due to Hurricane Irene has been characterized

extensively with aerial photography and other remote sensing data [15, 16, 17, 18, 19]. Beach and dune ero-

sion were modeled at cross-shore transects in the northern Outer Banks [20, 21], but the sediment transport

was found to be dominant in the alongshore direction. These predictions were improved with newer models25

to include land cover effects on the dune erosion [22].

We emphasize the difference in scales between models for coastal flooding and erosion. Storm-driven

waves and surge are modeled typically on region-scale domains to represent their interactions with the

complex coastal landscape. Recent studies for coastal NC have applied models on unstructured meshes,

which allow for computational resolution to vary from kilometers in open water, to hundreds of meters near30

the coastline and through the floodplains, and to tens of meters in the small-scale natural and man-made

channels that convey surge into inland regions [23, 9]. Circulation and flooding are predicted at the Outer

Banks with a minimum resolution of 50 to 200 m, thus limiting the representation of cross-shore beach

profiles and alongshore dune crest variations. This resolution is typical of similar studies at global scale [24]

or region scales (e.g. in U.S. [25, 26, 27], Australia [28], and Europe [29]).35

In contrast, erosion of beaches, dunes, and inlets is modeled typically on smaller-scale domains. When

breaches at Pea Island were predicted with a morphodynamic model, less than 1 km of coastline was con-

sidered with a minimum resolution of 1 to 2 m [30]. This resolution is typical of similar studies in other

regions, e.g. Texas [31], Louisiana [32], and Florida [33, 34], although the domains have grown to now include

10 to 20 km of island coastline. While these models can predict accurately the erosion at specific locations,40
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their smaller-scale domains can limit their interactions with waves and flooding throughout the region.

These interactions may be significant. Erosion of beaches, dunes, and inlets will allow changes to circu-

lation on the open coast and behind the island. It has been suggested that Isabel Inlet contributed much

more to the local currents than the water levels [35], but that numerical study did not include waves, dune

overwash, or morphodynamics. For the Chandeleur Islands in Louisiana, their removal could increase surge45

by 0.5 m near New Orleans [36] and wave heights by nearly 500 percent [37], while restored islands could

delay the peak surge by 1 to 2 hr [37]This erosion may have affected significantly the flooding in the region.

However, in these studies, the updated ground surface elevations were taken from remote-sensing data, and

not from model predictions, and thus they could not consider the evolution of these interactions during the

storms.50

This study will explore these interactions via hindcast of Isabel’s effects on Hatteras Island, specifically

the dune erosion along a 30-km portion between the communities of Rodanthe and Avon. Our hypotheses

are that: (a) in regions with relatively-uniform topography, a process-based morphodynamic model can be

coarsened and expanded to a relatively-large domain, without sacrificing accuracy; and (b) the topographic

elevation changes can be further upscaled and passed to region-scale models to allow overwash and inundation55

behind the dunes. This study will require a loose coupling of process-based modeling systems: the ADvanced

CIRCulation (ADCIRC, [38, 39]) and Simulating WAves Nearshore (SWAN, [40, 41]) models, known as

ADCIRC+SWAN, which have gained prominence for simulations of storm-driven waves and surge; and

the eXtreme Beach (XBeach, [42]) model, which was developed explicitly for beach erosion during storms.

Sensitivity tests will explore the relationship between accuracy and structured-mesh resolution in XBeach.60

Dune crest elevations will be passed to the unstructured mesh used by ADCIRC+SWAN, to allow for

inundation of the communities on Hatteras Island and the results will be compared to XBeach prediction

and the observations. This study is a necessary step toward the tight coupling of storm-driven erosion and

flooding on region scales.

2. Hurricane Isabel (2003)65

2.1. Synoptic History

Isabel was the most powerful storm during the 2003 Atlantic hurricane season, and its winds, waves, and

storm surge impacted the NC Outer Banks. Isabel formed as a tropical wave off the West African coast

on 1 September [43], strengthened into a tropical storm by 6 September, into a hurricane by 15:00 UTC

7 September, and became a Category-5 hurricane on the Saffir-Simpson scale by 18:00 UTC 11 September70

with maximum sustained winds estimated at 74 m/s. During the next week, the storm moved northwestward

and weakened, becoming a Category-2 hurricane on 16 September with maximum wind speeds of 45 m/s

(Figure 1). On 17:00 UTC 18 September, Isabel made landfall near Drum Inlet in the NC Outer Banks

as a Category-2 hurricane. The storm continued to weaken as it moved across eastern NC and became a
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tropical storm over southern Virginia. A day later, the storm weakened to extra-tropical and was eventually75

absorbed by a larger baroclinic system at 06:00 UTC 20 September [43].

Isabel produced significant wave heights of about 8.1 m at the USACE Field Research Facility in Duck,

NC. This observation exceeded the previous 27-year record by 1.8 m [44]. Peak storm surge of 1.5 m occurred

in phase with the time of high tide, which resulted in almost equal surge level along the northern Outer

Banks and near the landfall location [45]. The National Oceanic and Atmospheric Administration (NOAA)80

water level gauge at the ocean-side of Cape Hatteras, recorded a water level of 2.05 m before failing during

the storm [46]. A maximum water level of 1.45 m was recorded at the NOAA station at Oregon Inlet, NC,

at 04:00 UTC 19 September, and 1.72 m at Duck station at 18:00 UTC 18 September. These waves and

surge caused damages to infrastructure and permanent changes to the landscape.

2.2. Observed Erosion on Hatteras Island85

Isabel caused erosion at several spots along the Outer Banks. The largest individual erosion event

occurred near the western end of Hatteras Island, about 60 km east of Isabel’s landfall location, where

the island was breached due to extensive erosion, overwash, and flooding. The village of Hatteras was

inaccessible due to the 520 m-wide inlet that connected the ocean and the sound. At this section, the island

was narrowest with a width of about 150 m and the dune crest elevation was lower than other points along90

the island [45]. Elsewhere on the island, dunes were washed away at many locations, leaving sand deposits

behind the dune, on the road, and against homes and other infrastructure. Dune erosion events occurred

between the towns of Avon and Salvo. The town of Rodanthe was also impacted by a very large amount of

erosion and overwash, causing damage to the buildings and road closure.

We select Isabel as a test case because of the extensive observations of morphodynamic changes to the95

topography of Hatteras Island. These changes are described in pre- and post-storm Light Detection and

Ranging (LiDAR) surveys. Experimental Advanced Airborne Research LiDAR (EAARL) [47] surveys were

conducted on 16 September (two days before landfall) and 21 September (three days after landfall), and

cover a width of 200 to 400 m of the beach topography for a 350-km stretch of the Outer Banks [48]. The

vertical and horizontal accuracy of these data are within 0.3 m and 1 m, respectively [49]. These high-100

resolution LiDAR surveys are especially valuable for understanding of the morphodynamic changes on the

barrier island during the storm.

This barrier island is characterized by two parallel dunes, which are not completely continuous, and which

merge into one dune in a few locations. The study area includes 30 km of Hatteras Island between the towns

of Rodanthe and Avon (Figure 2). The peak, pre-storm, dune crest elevation is about 10 m relative to the105

North American Vertical Datum of 1988 (NAVD88), and the average dune crest elevation change due to the

storm was about 1 m (Figure 3). Aerial photos from the EAARL surveys show more than 20 erosion events

with widths of 100 to 300 m in this region. The extent of overwash fans from the shoreline varies between

80 to 200 m, where the sand deposits cover the road. Rodanthe was impacted by overwash and the northern

side was covered by sand deposits with 5 km length and more than 200 m width.110
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3. Methods

3.1. Digital Elevation Model for Hatteras Island

The process-based, numerical models will require information about the pre-storm ground surface eleva-

tions as initial conditions, and about the post-storm ground elevations for validation. Thus, high-resolution

digital elevation models (DEMs) were developed from existing sources. Bathymetric data were derived from115

a state-wide DEM with 10-m resolution that was developed for floodplain mapping studies [50]. This DEM

was then supplemented with high-resolution pre-storm and post-storm LiDAR data for Hatteras Island to-

pography [47]. To obtain high-resolution DEMs for the study area for both pre- and post-storm conditions,

systematic errors were corrected in the raw LiDAR data [51]. Water turbidity, bubbles, and white foam in

the surf zone can cause refraction of the laser beam that is emitted from survey equipment, so unreliable120

points in this region were removed from the dataset. The result point cloud covers 100 to 250 m width of

the island. Each dataset was interpolated with the RST (Regularized Spline with Tension) method [52] into

a 1-m raster. The bathymetry data and the LiDAR-based DEM may not align vertically on the edges of

dataset, and thus a 30-m buffer zone was created to allow for a smooth linear transition between the LiDAR-

based topography raster and the bathymetry DEM. The LiDAR point cloud is much denser on the dunes.125

Therefore, a uniform resolution of 1-m was selected to ensure efficiency and completeness of the raster. The

resulting pre- and post-storm DEMs represent the ground surface elevations throughout the study area.

3.2. Large-Domain Models for Storm-Driven Waves and Circulation

3.2.1. Atmospheric Forcing

For storm simulations on large domains, atmospheric pressure and wind velocities are used as surface130

forcings for waves and circulation. This study uses a re-analysis product from OceanWeather Inc. based

on land-, sea-, air-, and satellite-based observations [53]. For Isabel, the wind fields consist of surface

pressures and wind velocities on a nested set of regular grids. The larger grid spans over 60◦ to 85◦ W

longitude and 15◦ to 48◦ N latitude with a regular 0.125◦ resolution, and the nested sub-grid extends over

74◦ to 78◦ W longitude and 36◦ to 40◦ N latitude with a regular 0.025◦ resolution. Surface pressures and135

wind velocities are interpolated in time and space from these regular grids onto the unstructured mesh used

by the hydrodynamic models.

3.2.2. ADCIRC+SWAN

The large-scale effects of Isabel on nearshore waves and circulation are predicted by using the tightly-

coupled ADCIRC [38, 39] and SWAN [40] models, which are widely-used for storm surge and coastal flooding140

[53, 54, 9]. ADCIRC uses the continuous-Galerkin, finite-element method to solve modified forms of the

shallow water equations on flexible, unstructured meshes. SWAN solves the wave action density equation

for the evolution of wave energy, and it was extended to use unstructured meshes [41]. When coupled

tightly, the ADCIRC+SWAN models can pass information through local memory without the need for
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interpolation between models [55]. The coupled models can provide predictions of water levels, depth-145

averaged currents, and wave parameters (significant height, peak period, etc.) throughout a large domain,

but with focused resolution in the coastal region of interest. ADCIRC+SWAN has been validated for coastal

flooding applications along the U.S. Gulf (e.g., [26]) and Atlantic (e.g., [56]) coasts.

ADCIRC+SWAN predictions were saved at specific locations near Hatteras Island, and then used as

boundary conditions for XBeach. Time series of ADCIRC water levels were saved at two locations offshore150

and two locations in the sound, and then used as boundary conditions at the four corners of the mesh used

by the morphodynamic model (Figure 4). Time series of SWAN wave parameters (significant height, peak

period, and mean direction) were saved at 15 locations at the offshore boundary in XBeach (Figure 4), which

then uses the parameters to generate a JONSWAP spectrum with γ = 3.3 and directional spreading of 20,

which is consistent with similar studies on the U.S. Atlantic [57] and Gulf coasts [34]. The morphodynamic155

model interpolates spatially and temporally the input boundary conditions to generate values along its

boundaries.

3.2.3. Unstructured Mesh

This study uses an edited version of the high-resolution NC9 mesh (v9.98) [23], which has more than 90

percent of its mesh resolution in the NC coastal region (Figure 2). The resolution varies from 100 km in the160

Atlantic Ocean to 50 m in the nearshore of NC. The mesh extends inland to the 15-m topographic contour

to allow for storm surge and flooding prediction. Ground elevations at the mesh vertices were interpolated

from several high-resolution DEMs to resolve bathymetric and topographic features such as inlets, dunes

and rivers [23].

The typical mesh resolution on Hatteras Island was about 100 m, and thus the beach and dune system165

was represented with only 1–2 elements in the cross-shore direction. To improve the representation of this

system, the maximum resolution was increased to about 20 m on the Outer Banks between Cape Hatteras

and Oregon Inlet. This resolution was selected partly due to concerns about model stability (i.e. to maintain

an efficient time step under the Courant-Friedrichs-Lewy condition), but it was also informed by the XBeach

mesh sensitivity results, as described in Section 4.3.170

3.3. Process-Based Model for Morphodynamics

3.3.1. XBeach

XBeach [42], is a robust morphodynamic modeling tool for nearshore processes during extreme events.

The model solves the time-varying, short-wave action balance equation and two-dimensional, depth-averaged

shallow water equations of momentum and continuity and includes infragravity wave effect, avalanching, wave175

breaking, dissipation, etc.

For this study, several XBeach settings were calibrated differently from their defaults, but consistently

with other recent studies. Table 1 describes these parameters and their associated values in this study. The

time scale of bed level change is often much longer than for hydrodynamic processes, so XBeach uses an
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acceleration scheme [58] to speed up the morphological evolution by a factor fmor relative to the hydro-180

dynamic time scale. Sensitivity tests have shown an improvement in computation time for fmor up to 20

[32], while the difference in model results was less than 2 percent; this study used fmor = 10. The model

was calibrated using two parameters. One parameter, γua, accounts for the effects of wave asymmetry and

skewness, which can have a significant influence on the sediment transport rate during overwash in the surf

zone [59]. Sensitivity tests have shown an optimal value of γua = 0.3 [57], which was used in this study.185

The other parameter, Smax, is the Shields parameter and limits the returning flow speed during overwash.

It has been shown that XBeach overestimates the erosion of the dunes during overwash, and this limiting

parameter is needed to control the flow speed [33, 31]. Similar to previous studies, the best results were

achieved by using Smax = 0.8. The wetslp parameter defines the threshold for the start of avalanching on

wet nodes. The hmin parameter prevents very strong return flows in very shallow water conditions. The190

values for these parameters were calibrated within their default ranges.

3.3.2. Structured Meshes

XBeach is applied on a large domain with a total length of about 32 km. A high-resolution mesh

was generated to represent the bathymetry and topography of the barrier island (Figure 2). The model

incorporates this curvilinear mesh with 2100 × 420 cells with coverage of the island between the towns of195

Avon to Rodanthe. To allow for development of waves at the boundary, the mesh extends 2 km offshore

and 1.8 km on the lagoon side. Mesh resolution varies locally in cross-shore direction with minimum of 3-m

cell spacing on the beach and on the surf zone, and maximum of 30 m at the offshore boundary. Alongshore

spacing of this mesh is about 15 m.

In addition to the large-domain mesh, smaller meshes with varying resolutions were generated to analyze200

the sensitivity of model accuracy. These smaller meshes cover a 4-km sub-region of the larger mesh, extend

2 km in offshore direction and 1.8km on the lagoon side (Figure 2). The sub-region coincides with the largest

dune erosion of 3 m during Isabel. All XBeach parameters are consistent between region and sub-region,

and boundary conditions were implemented from ADCIRC+SWAN simulation results. In the sub-region, a

‘base’ mesh was constructed to have a constant alongshore spacing of 15 m and minimum cross-shore spacing205

of 3 m (Table 4). Then in sensitivity studies, the mesh spacing in alongshore direction is increased up to

200 m and decreased down to 5 m, and the cross-shore mesh spacing is changed from 3 m to 30 m.

3.3.3. Representation of Dunes on Coarser Meshes

The dune system is an important topographic feature which acts as a hydraulic obstacle and prevents

flooding into the lagoon. We used a method (see Appendix) to represent the dune crest in the models210

(XBeach and ADCIRC). This process informed a method to evaluate the dune crest elevation and is the

basis for the Water Overpassing Area (WOA), a new metric developed for this study. The WOA is calculated

along the dune crest line by integrating the vertical area above the dune crest and below a given elevation,

e.g. the area between the dune crest and an elevation of 4 m. Thus it is an estimate of the available pathway

7



for flow over the dunes and into the back-barrier area. This metric can be calculated for a variety of dune215

crests, as represented at different scales in the DEMs and models, and for a variety of potential water levels,

as represented by different elevations, and thus it can be used to evaluate the upscaling process. If the WOA

matches between the source and target, the potential for water to overpass the dune crest is maintained. In

this study, the WOA was used to assess the accuracy of upscaled dune crest lines in model inputs, to assess

the accuracy of predicted dune crest erosion for a single XBeach simulation, and also to compare results220

between XBeach and ADCIRC.

3.4. Model Accuracy

XBeach model predictions are compared to pre- and post-storm observations, and the model accuracy

is calculated with several metrics. These calculations are performed only on the region that contains the

LiDAR survey data. We use three metrics: the water overpassing area WOA, the bias BMN , the skill score225

SS.

Bias (BMN ) is the mean error between predictions and observations, and it is calculated as a point-

to-point difference. A negative BMN will indicate an overestimation of erosion, while a positive BMN will

indicate an underestimation in erosion. The BMN is computed as:

BMN =
1

N

N∑
i=1

(zp,i − zo,i) (1)

where N is the number of points (described later), zp is the predicted topographic elevation (from XBeach),230

and zo is the observed topographic elevation (from DEM).

Skill Score (SS) is a comparison of the error in predicted bed level change to the variance of observed

bed level change. A SS value of unity indicates a perfect match between predictions and observations, and

lesser values indicate a progressively worse match. The SS is computed as:

SS = 1 −
∑N

i=1(∆zo,i − ∆zp,i)
2∑N

i=1(∆zo,i)2
(2)

where ∆zo is the change in observed elevation (between pre- and post-storm conditions), and ∆zp is the235

change in predicted elevation (again, between pre- and post-storm conditions).

For both BMN and SS, we emphasize a difference between our method and previous studies [33, 31],

which calculated SS at the XBeach mesh resolution, i.e. by comparing erosion predictions only at the

computational points. However, our analyses will show that SS is sensitive to the resolution over which

the calculation is performed. Therefore, we will compute BMN and SS with two methods. (1) Similar to240

the previous studies, pre and post-storm DEMs are interpolated onto the XBeach mesh, and then BMN1

and SS1 are calculated over the XBeach mesh vertices. Thus, the number of points (N) depends on the

the resolution of the mesh. (2) Model outputs are linearly interpolated into a 1-m DEM, and then SS2 is

calculated using this DEM and pre- and post-storm DEMs. In this method, the number of raster cells is

constant for all 4-km meshes regardless of their resolution.245
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It is noted that, for the second method, the interpolation of XBeach results onto the 1-m DEM can

add error to the BMN2
and SS2 calculations. To quantify the contribution of this interpolation error,

we calculated an SS2 value by examining only the observed topographic changes, without any XBeach

simulation. The post-storm DEM was interpolated onto the base 4-km XBeach mesh and back onto the 1-m

DEM, and then this double-interpolated DEM was used as the ‘predicted’ post-storm condition in an SS2250

calculation. If the interpolation did not introduce any errors, then this SS2 value should be unity; instead,

we found SS2 = 0.94 for this case. It is noted that this interpolation error does contribute to the overall

error, but it is relatively small compared to the SS2 values computed from the XBeach predictions (Table

4), described in the following section.

4. Results and Discussion255

The ADCIRC+SWAN predictions are validated for waves and water levels during Isabel. XBeach model

performance is analyzed via comparisons with post-storm DEM and aerial imagery. Then, the sensitivity of

XBeach to its mesh resolution is quantified by varying systematically the alongshore and cross-shore mesh

spacings. Finally, the predicted topographic changes are upscaled for use in a repeated ADCIRC+SWAN

prediction, but now representing the lower beach and dune elevations, and thus allowing more flooding into260

coastal communities.

4.1. Predictions of Storm Waves and Surge in Coastal NC

The SWAN predictions are a good match to observations at buoys ranging from deep water to the

nearshore (Table 2, Figure 5). At NDBC buoys 41001 and 41002, which are located in deep water to

the east and south of Cape Hatteras, respectively, the significant wave heights increase to peaks of about265

10 m, although the records are missing data as the storm passed nearby. The SWAN predictions match

the development of the largest significant wave heights at these locations.At NDBC buoy 41025 on the shelf

at Diamond Shoals, close to the storm’s landfall, the observations show a significant wave height of almost

14 m before the buoy failed. The SWAN predictions match the magnitude of this peak, but are delayed by

6 to 8 hr after the buoy failure. At buoys on the shelf but farther from the storm’s landfall, such as the270

NDBC buoy 44056 at the USACE Field Research Facility near Duck and NDBC buoy 41013 at Frying Pan

Shoals near Wilmington, the observed significant wave heights are smaller, with peaks of about 8 m and

6 m, respectively. The SWAN predictions show similar peaks, and they fill the gaps in the observed record

during the storm.

Water levels were observed at NOAA tide gauges along the NC coast, and they show variations in the peak275

water levels (Figure 6). At gauges to the south of the storm’s landfall, the observed peak water levels are not

much larger than the tide range. At NOAA station 8658120 at Wilmington, there is no observed storm peak,

while at NOAA station 8656483 at Beaufort, the observed peak water levels are about 1 m, and are matched

within 0.1 m by the ADCIRC predictions. At gauges in the northern part of the coast near Oregon Inlet and
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Duck, which are closest to our study area on Hatteras Island, the peak water levels were observed as large280

as 1.5 to 2 m. The ADCIRC predictions show the timing of these peaks, and they match their magnitudes

within 0.1 to 0.25 m. Although the Oregon Inlet station is located on the sound side of the Outer Banks,

the ADCIRC predictions match the observed water levels. On the ocean side, the predictions agree with

the observations at the buoy and gauges, thus giving confidence in the ADCIRC+SWAN predictions. The

accuracy of predicted significant wave heights and water levels at the stations near the study area is acceptable285

for the purposes of this study, and the extracted boundary conditions from ADCIRC+SWAN will be used

for the XBeach simulations.

4.2. Erosion of Beach-Dune System on Hatteras Island

Model simulations can predict the timing and evolution of the erosion events, relative both to each other

and to the incoming waves and surge during the storm. Furthermore, the extent and volume of erosion and290

deposition of sediments, and the growth pattern of the overwash fans relative to time-varying water levels,

are investigated via analyses of the model predictions. Along the 30-km portion of the island, the beach

and dune systems are in the swash regime at the start of the storm. Increasing wave height and water level

initiate collision regime and the dune face gets eroded gradually. Inundation occurs in several locations where

the dunes are lowered. To better understand and describe these morphodynamic changes, three locations295

that contain erosion events are selected (Figures 7a and 8a).

In the northernmost part of the domain near Rodanthe (Figures 7b-c), the water level starts to increase

at 11:00 UTC 18 September, or 6 hr before landfall. About 6 hr later, the water levels reach their maxima,

and the beach undergoes its maximum inundation. Relatively-low dune elevations, as well as dune and

beach erosion (Figures 8b-c), lead to inundation at this region. XBeach predicts peak water levels that300

inundate much of the island. This is an overestimation; the aerial photos show evidence of overwash fans

and inundation, but only in specific locations. However, extensive deposition of sand in this region implies

relatively larger flooding, and it is noted that the predicted peak water depths are only about 10 cm over

much of this region. Additionally, our XBeach implementation does not include effects of land cover and

vegetated areas, which would likely limit the flooding area behind the dune system. Dune removal and305

inundation, followed by dune face erosion, are visible in the beach profiles as they evolve in the XBeach

predictions (Figure 9a). By 17:00 UTC 18 September, the dune has been removed completely, and the peak

ground elevation is within 0.5 m of the observed peak in the DEM. The volume of sub-aerial erosion between

11:00 and 21:00 UTC 18 September is 0.58 · 105 m3, and, during this time, the maximum erosion rate of

5.9 · 103 m3/hr has occurred at this section of the beach. Observations show more than 3 m of erosion on310

the beach, and sand was moved onto the road behind the dunes. Predicted erosion on the beach and dune is

close to the observations. Although XBeach predicted the overwash fans behind the dunes, the extent and

amount of sand deposition is underestimated. The total predicted deposition volume is 72 percent of the

observed deposition.
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Erosion and overwash were similar on the primary dune in the middle part of the domain, but the315

inundation was slowed by a secondary dune. The overwash started at 13:00 UTC 18 September or 4 hr

before landfall, as the water crossed the primary dune. However, the secondary dune prevented flooding in

the road and back-dune. The extent of overwash fans and flooding in this region were much smaller than

in the northern region near Rodanthe, likely because the relatively higher dune crest acted to hinder the

flooding (Figure 3). Maximum flooding coincided with the highest surge level at 17:00 UTC 18 September.320

In this portion of the island, the predicted overwash extent and the flooded wet areas in the aerial photos

are represented well by the model. The erosion events and the extent of eroded dunes are also predicted

accurately in XBeach (Figures 7d-e and 8d-e). In this region, the maximum erosion rate was 3.54 ·103 m3/hr

between 11:00 and 21:00 UTC 18 September, with a total dune and beach erosion of 1.11 · 105 m3 ,which is

close to observation (1.21 · 105 m3). But the amount of deposition on the road is not predicted accurately.325

The dunes in this region have generally higher elevation and are not removed completely, however, local

erosion is predicted well. Figures 8d-e show the amount of erosion and deposition on the beach and behind

the dune system. The maximum of 4 m dune crest elevation change occurred at this section where the dune

is removed.

At the southern part of the domain, the overwash starts at 16:00 UTC 18 September or 1 hr before330

landfall. Similar to the middle section, high dunes (Figure 3) prevent flooding until the maximum surge

reaches the coast. In this region, two parallel dunes protect the rest of the island from erosion and overwash.

In Figures 7f-g, the primary dune has eroded, but the secondary dune has blocked and trapped the flood

waters between the dunes. The accuracy of XBeach in predicting the locations of the erosion events and

overwash fans in this region is encouraging. Figure 7 shows the extents of maximum flooding during the335

simulation at different locations on the beach. A qualitative comparison of these results and post-storm aerial

photos confirms that XBeach captured these events. The extents of erosion and deposition at the southern

region is provided in Figure 8f, and comparison to Figure 8g confirms that the predictions are very close to

observations. The total amount of deposited sediment behind the dunes is underestimated in XBeach by

15% (Figure 8 and Table 3). The volume of erosion computed from observed DEMs (0.94 · 105 m3) is close340

to the prediction (0.88 · 105 m3).

The predicted erosion and deposition are compared to observations of topographic elevation changes

(Figure 8), and the corresponding volume of sediment transported is calculated over the extents of available

LiDAR observations (Table 3) and also the rate of erosion and deposition for each region is computed over

time (Figure 10). As the waves and water levels increase, the erosion rate also increases. The maximum345

rate of sediment transport occurs between 11:00 and 21:00 UTC 18 September during the overwash and

inundation regimes. Figure 9 shows the beach profile evolution at several time steps. The evolution of the

profile is in agreement with the regimes that occur on the beach. The erosion on the dune face happens

during the collision regime, and, after 11:00 UTC 18 September as the water levels and wave heights increase,

the overwash and inundation regimes start and sediment transport reaches its maximum rate. After 02:00350
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UTC 19 September, with water levels receding and the wave heights decreasing, the erosion slows down and

deposition rate goes to zero. The final profile matches the post-storm DEM, and the shape of the dune is

predicted well in cases that the dune is eroded partially or removed entirely.

The accuracy of morphodynamics predictions can be quantified via the SS1 and BMN metrics, which

were computed for topographic elevation changes in more than 92,000 model cells. For the overall study355

domain, the BMN = 0.03 m and SS1 = 0.59, which can be categorized as ‘Excellent’ [60, 61]. When the

observed and predicted elevation changes are compared (Figure 11), areas of high observed erosion are slightly

under predicted by the model, however, most changes are near the 1-to-1 line. The good agreement between

predicted and DEM-observed elevation changes can also be seen in the final XBeach profiles and the post-

storm conditions. In most regions, XBeach represents well the dune erosion and removal. These predictions360

are promising for implementation of XBeach for morphodynamics on larger domains. In this large-domain

modeling approach, the general behavior of the beach and dune erosion is more important than small-scale

changes, and we will use the response of the beach to improve the flood prediction in larger-domain models.

Dunes are the primary hydraulic barriers to prevent flooding from extending over the island. Thus,

predictions of the dune crest elevation change will be critical for coupling to larger-domain flooding models.365

To quantify the accuracy of XBeach predictions of dune crest elevation change, the WOA parameter is used

to estimate the pathway for water to overpass the dune. As mentioned in 3.3.3, WOA uses the dune crest

shape and the water level to calculate the available area for the overpassing flow. In large-scale models like

ADCIRC, the mesh resolution is coarser than what is needed to capture the shape of the dunes. WOA

provides the required information for mapping the hydraulic barrier elevation from XBeach to ADCIRC.370

Additionally, it is a useful error metric for comparing the accuracy of predicted and observed dune crest

elevation. The result analysis indicates that prediction of post-storm WOA is close to observed condition

(Figure 12a). For water levels of up to 1.5 m, predicted WOA is zero. This means that the dune crest

elevation is high enough to block the water below this level. The predicted WOA, however, starts to

increase gradually as the water level exceeds 1.5 m and reaches 28 · 103 m2 for water level of 6 m. The375

predicted WOA is very close to post-storm plot (Figure 12a) and the error is less than 10 percent for water

levels above 4 m. To identify the source of this error, WOA was computed for every 5-km sub-sections in

the domain. The analysis shows that the prediction of dune crest elevation is very good for the southern-half

of the domain and there are some inaccuracies in the northern part where the town of Rodanthe is located.

4.3. Sensitivity of Erosion Predictions to Mesh Resolution380

The XBeach simulations in the previous section are critical steps toward predictions of storm-driven

morphodynamics on large domains. However, for these predictions to be useful during real-time forecasting,

they will need to be expanded to even larger domains (such as the entire 80-km of Hatteras Island) and then

be coupled to models for storm surge and overland flooding (such as ADCIRC+SWAN). For both of these

goals, it may be necessary to coarsen the XBeach mesh resolution to improve its computational efficiency.385
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In this section, we explore the sensitivity of the XBeach prediction accuracy to changes in mesh resolution,

by varying systematically the along-shore and cross-shore mesh spacings in a section of Hatteras Island.

Instead of using the full XBeach domain from the previous section, the resolution sensitivity tests were

run on a smaller domain (described in Section 3.3.2). This mesh covers a sub-region that includes processes

such as local dune removal and flooding, and the variation in dune shape and height can be representative of390

the larger domain. The 4-km base mesh was initialized with the same resolution as the larger 30-km domain

mesh; the resolution has a minimum of 3 m in the cross-shore and a constant 15 m in the alongshore directions.

The base mesh has coverage of a major erosion event where the washover sedimentation blocked the NC 12

Highway. On this smaller domain, the XBeach predictions were validated with the BMN = −0.06 m and

SS1 = 0.68, which can be categorized as ‘Excellent’ [61, 60]. In addition, the predicted dune crest shape and395

WOA are a good match to the post-storm profile (Figure 12).

This small-domain model was then used to investigate the effects of mesh resolution variation on accuracy.

The alongshore and cross-shore mesh spacings were varied separately, by developing suites of meshes (Table

4). For each new mesh, the WOA metric and the additional pre-processing step (Section 3.3.3) were used to

ensure that the pre-storm topographic condition as the initial setup in XBeach was similar for all meshes.400

Therefore, the differences in the XBeach predictions for each mesh are only influenced by mesh resolution.

For a range of alongshore mesh resolutions (Table 4), if SS is calculated at the mesh resolution, then

it is not sensitive to alongshore spacing. The SS1 values are relatively constant between SS1 = 0.67 and

SS1 = 0.69 even for alongshore spacings up to 200 m, thus indicating that XBeach is predicting well the

erosion at its mesh nodes. However, when the erosion predictions are evaluated on the higher-resolution 1-m405

raster, and thus closer to the resolution of the observed topography, the SS2 values are decreased as the

mesh spacing is coarsened. From an ‘Excellent’ value of SS2 = 0.72 for an alongshore spacing of 5 m, the

predictions are decreased to a ‘Good’ value of SS2 = 0.44 for an alongshore spacing of 200 m. The largest

dropoff in accuracy occurs at alongshore spacings of about 50 m. These findings quantify the relationship

between XBeach mesh resolution and predictive accuracy, and they provide an upper limit on alongshore410

mesh resolution for use in future models.

The WOA metric (Figure 12) also can vary as the resolution changes. For an alongshore mesh spacing

of 5 m, the WOA is very close to the post-storm condition, and as the spacing increases to 100 m, the graph

slightly deviates from post-storm and shows less WOA. This trend indicates that the dune crest is eroded

less with the larger alongshore spacing, and thus there is less WOA to allow overwash and inundation.415

However, the L200 mesh does not follow the same pattern, and its higher WOA is a good match to the

post-storm conditions. When the WOA for the L200 mesh is considered alongside the SS2 = 0.44 in Table

4, it is clear that this mesh resolution is insufficient to represent the erosion elsewhere in the beach and dune

system. The WOA analysis of dune crest shape reveals the difference between each mesh resolution, where

the dune crest in finer meshes is very close to post-storm. Even for an alongshore mesh spacing of 100 m,420

the predicted crest line is a good representation of the larger-scale high and low points on the crest.
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These results suggest that very coarse meshes with alongshore spacing of more than 50 m are not ideal

for capturing the morphology and dune crest erosion. Although individual values of SS and WOA may

seem to be acceptable, their combined usage can reveal inaccuracies in the results. It is critical to examine

the accuracy of the erosion predictions for both the dune crest and the entire beach and dune system, at the425

same resolution as the observations.

The XBeach model accuracy is more sensitive to mesh resolution in the cross-shore direction (Table 4).

The SS1 and SS2 values both decrease as mesh spacings are coarsened, and they drop to almost 0 for the

C30 mesh. The prediction of WOA also diverges from post-storm observations (Figure 12) as the mesh is

coarsened. For the Base and C5 meshes, the WOA shows that XBeach predicts the dune crests to be eroded430

close to the post-storm observations, whereas for the C30 mesh, the WOA shows no difference between the

post-storm predictions and pre-storm observations. To better illustrate the effect of cross-shore mesh spacing

on the predicted dune crest, modeled cross-shore beach profiles for each mesh are depicted in Figure 13. It

can be seen that the dune erosion is not modeled correctly in coarser meshes, which fail to predict the

removal of the primary dune. However, in the finer meshes, the first dune removal is predicted, and erosion435

is also seen at the second, higher secondary dune.

Interpolation and coarse representation of topographic features, in both the alongshore and cross-shore

directions, can contribute to decay in predictive accuracy. The beach and dune erosion must be represented

with sufficient resolution for XBeach. Otherwise, the model physics are impacted and consequently alter the

results. For example in the C30 mesh, the beach and dune are represented with only 3 vertices, and thus the440

model cannot predict the erosion. For the alongshore variability, the decrease in WOA for the L5 to L200

meshes is less than what we observe in cross-shore resolution sensitivity. The dune crest elevation does not

vary rapidly along the island, and thus the WOA has smaller changes as the alongshore mesh resolution is

coarsened.

Coarsening the mesh will change the slope of the beach and dunes that are represented in the mesh and445

consequently hinder the avalanching and erosion. In order to investigate the effects of slope and to find the

optimal performance for each mesh, the wetslp parameter is changed for each mesh separately. It should be

noted that the impact of this parameter is more significant when the mesh spacing is changed in cross-shore

direction. Calibrating the wetslp parameter for each mesh (Table 5) improved SS1, and even for a very

coarse C30 mesh we obtained SS1 = 0.92. However, SS2 decreases for higher cross-shore spacing (similar450

to the pattern observed when we used a constant wetslp for all meshes), and the WOA plots (Figure 14)

for these tests show that the modeled dune crest is significantly lower for coarser meshes than the observed

dune crest. Thus, calibrating with wetslp can improve accuracy in SS1, but the other metrics show the

model performance is still sensitive to the mesh resolution. We expect these findings to be similar for other

storms in other coastal regions.455

Thus, the XBeach predictions are sensitive to its alongshore and cross-shore mesh spacings, with sig-

nificant changes in accuracy as represented by SS and WOA. The trends in SS depend on the resolution
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at which this metric is calculated. While SS1 is in ‘Excellent’ range for alongshore-coarsened meshes, SS2

drops to 0.44 for the L200 mesh. However, the SS is more sensitive to cross-shore spacing, and both SS1

and SS2 decrease to zero for the C30 mesh. The erosion predictions deviate from post-storm conditions460

with coarsened resolution. These findings can provide guidance for the development of meshes to optimize

accuracy and efficiency. Additionally, understanding the impacts of mesh resolution is the preliminary step

toward upscaling the XBeach results to large-domain flooding models like ADCIRC.

4.4. Upscaling Eroded Topography to Larger-Domain Wave and Surge Models

Lastly, XBeach outputs are used to update the topographic features in ADCIRC+SWAN and to in-465

vestigate the improvement of flooding predictions in region-scale models. We examine ADCIRC+SWAN

simulations in which the island topography has been represented in three cases: (1) from a pre-storm DEM,

(2) from a post-storm DEM, and (3) from the post-storm XBeach predictions.

Using the findings on mesh resolution in Section 4.3, the operational ADCIRC+SWAN mesh was refined

in our study area on the Outer Banks. This refined mesh has a minimum resolution of 20 m on the study470

area, which is finer than its original resolution of 50 − 100 m but is still coarser than the minimum cell size

of 15 × 3 m in the XBeach mesh. In Cases 1 and 2, pre- and post-storm DEMs are interpolated onto the

ADCIRC mesh. And in Case 3, the XBeach-predicted post-storm topography is used to update the island

in the ADCIRC mesh. Then the large-scale model is run on each mesh to hindcast Hurricane Isabel, and

the results are compared. To better focus the discussion, we analyze three regions, that include differences475

in the results of each Case (Figure 15); a section near Rodanthe, a section near the middle, and a section at

the south part of the study area with discrete erosion events.

Near Rodanthe, ADCIRC+SWAN simulations for Cases 1 and 2 illustrate how the updated topography

can impact the flooding prediction. The largest difference in flooding occurred at the northern part of the

study area. Figures 15b-d show the maximum water elevation near Rodanthe, where extensive erosion allowed480

for dune removal and overwash from ocean to lagoon. In Case 1 with the pre-storm observed topography,

the surge is pushed onto some parts on the beach, but the static dunes protect the back-barrier region and

no flooding is observed on the island. However, in Case 2 with the post-storm observed topography, the

dunes are fully eroded and flooding has occurred in this region. In the town of Rodanthe, the ocean and

the lagoon are connected due to flooding (Figure 15c). This prediction was also observed earlier in XBeach485

(Figure 7b) as well as in post-storm aerial photos (Figure 7c). The results indicate that flood prediction can

be improved considerably by integrating the topographic changes due to erosion in the model. In Case 3,

the flooded area has even larger extents compared to Case 2 and it has a better match to flooding extent

predicted in XBeach (Figure 15c). When the dune erosion and low-lying topography are updated from the

XBeach results into the ADCIRC predictions, then there is a good match between the flooding predictions.490

The models also provide information about how the flooding evolved during the storm. We consider

transects at each of the three regions (with locations in Figure 15 and results in Figure 16a-b). At 11:00

UTC Sep 18, the ADCIRC water level exceeds 1 m on the ocean side of the island and initiates the flooding.

15



At 17:00 UTC Sep 18, the water level reaches its maxima of 2.1 m and subsequently the flooding extent

grows. At the same time on the lagoon side, the wind pushes the water away from the island. The water level495

gradient between the ocean and the sound lets the water flow into the lagoon. The water level predicted

by ADCIRC is discontinued near the shoreline because its mesh resolution does not allow the water line

to extend to the true beach profile. Comparing the profiles at the northern section shows than the sand

dune in Case 1 blocks the water flow ,however, in Case 3, the elevation of the dune is low enough to let the

maximum surge at 17:00 UTC Sep 18 overtop the crest and flood the island. This result is very promising,500

and ADCIRC has shown a significant improvement in flood prediction with updated topography.

In the southern and middle sections with discrete erosion events, ADCIRC does not allow the overland

flooding, even with the updated topography on the beach and dune system. In the middle section, ADCIRC

predictions for Cases 1, 2 and 3 are very similar (Figure 15e-g), while the observation and XBeach prediction

shows local flooding at this locations. Even in Case 3, ADCIRC could not capture the flooding in this region505

and the dunes prevented the flooding. The cross-section profiles (Figure 16c-d) show that the maximum

water level exceeds 2.1 m at the coast, but the flooding is limited to the beach, and the water does not flow

past the lowered dunes. ADCIRC does not represent the extra wave runup on the beach, and therefore the

water level on the beach is slightly lower and water cannot cross the island. In the southern section, the

dune is not fully eroded and is able to prevent flooding (Figure 16e-f) . These findings are encouraging, but510

more work is needed to upscale accurately the overwash and erosion processes to the region-scale models.

5. Conclusions

In this study, we explored the coupling of storm-driven erosion on beach and dune scales, with storm

waves and flooding on region scales. ADCIRC+SWAN and XBeach models were developed for the impacts

of Hurricane Isabel (2003) on Hatteras Island. Time series of offshore waves and water levels were predicted515

by ADCIRC+SWAN, and then used as boundary conditions for simulations of morphodynamics by XBeach.

Overwash and inundation predictions were validated on a portion of the island including the towns of

Rodanthe, Salvo, and Avon, and then the sensitivity of the erosion predictions was explored relative to the

XBeach mesh resolution. Lastly, island topography in the ADCIRC mesh was updated by using the XBeach

predictions. The major findings of this study are:520

1. XBeach was extended for predictions on a 30-km-wide domain, larger than any previous study. Us-

ing default model settings and high-resolution pre-storm topography, we developed and validated an

extensive model for storm-driven overwash and inundation. The accuracy with SS = 0.59 is in the

‘Excellent’ range [60]. There is a good match between the predicted inundation extents and erosion

events to the post-storm observation, and the general behavior of dunes during various stages of the525

storm was modeled correctly.

2. The Skill Score SS metric is sensitive to the mesh resolution. This metric is used widely to assess the

performance of morphodynamic models including XBeach, but it has considered differences between
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observations and predictions only at the computational points. In our sensitivity study, we showed

that SS should be computed at the same resolution as the observations.530

3. The XBeach accuracy is highly sensitive to its mesh resolution. In the alongshore direction, the

relatively-uniform dune crest along Hatteras Island allows for larger mesh spacings, and we did not see

a decrease in model accuracy until the mesh was coarsened to an alongshore spacing of 50 m or larger.

However, in the cross-shore direction, the accuracy was decreased significantly for mesh spacings larger

than 5 to 10 m. These findings will have implications both for future studies with XBeach, as well as535

for coupling of XBeach predictions with other models.

4. Even using a fixed topography in ADCIRC+SWAN, the flooding predictions are improved significantly

when using post-storm topography from XBeach. The differences in model prediction for each case are

proof that accounting for morphodynamics in large-scale flooding models is critical. In island sections

with extensive overwash, the updated topography can allow predictions of flooding across the island540

and through the coastal communities. However, more work is needed to represent the flooding allowed

by discrete erosion events in the region-scale models.

These results are encouraging, especially given the relative simplicity of this XBeach model setup without

vegetation or variability in sediments and other physical properties (i.e. bed friction, sand size, etc.). This

level of simplification allows for transition of our findings to other regions. These finding may be specific to545

this region, however, the methodology can be applied in similar studies in other regions. Using a coarser

mesh can improve the computational time, however, the SS2 shows a significant reduction. Additionally, the

prediction of the dune crest and WOA is very sensitive to the cross-shore resolution. Therefore, the optimal

resolution depends on the purpose of the modeling and the accuracy and efficiency metrics that are of more

interest and future testings will be necessary in other regions.550

In this large-scale modeling approach, focus is on the general behavior of the beach and dune erosion,

rather than small-scale changes. These findings will be used to provide a method for updating the topographic

data in large-scale models based on the morphodynamic model results. This is a preliminary step toward

two-way coupling of region-scale coastal flooding models such as ADCIRC and morphodynamic model such

as XBeach. We explored the resolution requirements in each model, and the next goal is to find an optimal555

way of updating the topography, which may include correction or calibration of topographic data in order to

accurately model the flooding. The findings of this study, including the morphodynamics of the beach and

resolution requirements, can be used for bridging the gap between region-scale and dune-scale models and,

therefore, improving the flooding predictions during storms.
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Appendix: Mapping the Dune Crest on the Mesh

To represent the dune crest line in our models (XBeach and ADCIRC), the dune crest elevations were570

assigned in an extra step after interpolation of topographic data on to the mesh. For all of the meshes

in our study, the ground surface elevations at all computational points were interpolated (upscaled) from

fine-scale sources to a coarse-scale target. The source could be either a pre-storm DEM, post-storm DEM,

or XBeach model result, while the target could be either XBeach or ADCIRC meshes. Interpolating the

data with IDW or cell-area averaging method can cause smoothing of the dune crest elevations, which are575

then too low in the initial model topography. To preserve the dune crest in the model, we implement an

additional post-interpolation process to correct the dune crest on the mesh. First, for each row in the DEM

(perpendicular to the shoreline), we find the cells with the highest elevation (shown as white squares in

Figure 17b). Then, for each row in the XBeach mesh (again, perpendicular to the shoreline), we find the

vertices with the highest elevations assigned from the interpolation (shown as dark-red dots in Figure 17c).580

Finally, the elevations from the nearest DEM cells are averaged onto each of the dune-crest vertices (Figure

17d). This method has the benefit of maintaining the dune crest as a hydraulic obstacle to flow over the

dune and island, while still being fully automated.
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Table 1: Settings for XBeach input parameters in this study.

Input Parameter Typical Value(s) This Study

Morphological acceleration factor, fmor, morfac 1 to 10 [33, 32] 10

Maximum shields parameter, θmax, smax 0.8 to 1.2 [33, 31] 0.8

Wave asymmetry and skewness, γua, facua 0.1 to 0.3 [59, 57] 0.3

Critical avalanching slope under water, wetslp 0.1 to 1.0 [33, 62] 0.2

Threshold water depth to include Stokes drift, hmin 0.001 to 1.0 [33, 62] 0.05

Table 2: Locations near NC where observations were collected during the study period. Significant wave heights were observed

at four buoys operated by the NOAA National Data Buoy Center (NDBC) and at a directional waverider operated by the

USACE Field Research Facility (FRF) in about 17 m depth offshore of Duck. Water levels were observed at four stations

operated by the NOAA National Ocean Service (NOS).

Agency ID Name Longitude Latitude Waves Water Levels

NDBC 41001 East of Cape Hatteras 72.617 W 34.625 N X

NDBC 41002 South of Cape Hatteras 74.840 W 31.760 N X

NDBC 41025 Diamond Shoals 75.403 W 35.005 N X

NDBC FPSN7 Frying Pan Shoals 77.590 W 33.485 N X

FRF 44056 Offshore of Duck 75.700 W 36.168 N X

NOS 8658120 Wilmington 77.953 W 34.227 N X

NOS 8656483 Beaufort, Duke Marine Lab 76.670 W 34.720 N X

NOS 8652587 Oregon Inlet Marina 75.548 W 35.795 N X

NOS 8651370 Duck 75.747 W 36.183 N X

Table 3: Total Volume (105 m3) of erosion and deposition for each section on 30-km domain compared to observation. The

area of computation is limited to each section and the extent of available LiDAR data

Prediction Observation Area (103 m2)

Section Erosion Deposition Erosion Deposition

North 1.36 0.51 1.45 0.70 320.6

Middle 1.11 0.43 1.21 0.53 309.5

South 0.89 0.39 0.95 0.46 301.7
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Table 4: Details of mesh resolution and model performance for the sensitivity tests on the 4-km mesh.

Spacing (m) Performance

On Mesh On Raster

Mesh Alongshore Cross-shore SS1 BMN1
N1 SS2 BMN2

N2

Base 15 3 0.68 -0.06 15423 0.68 -0.06 641893

C5 15 5 0.6 -0.05 9260 0.58 -0.06 641893

C10 15 10 0.51 -0.03 4620 0.34 -0.04 641893

C15 15 15 0.27 -0.03 3086 0.21 -0.03 641893

C30 15 30 0.07 0.334 1521 -0.03 0.2 641893

L5 5 3 0.68 -0.06 46299 0.72 -0.07 641893

L10 10 3 0.69 -0.07 23134 0.7 -0.07 641893

Base 15 3 0.68 -0.06 15423 0.68 -0.06 641893

L20 20 3 0.69 -0.06 11556 0.68 -0.06 641893

L30 30 3 0.69 -0.06 7706 0.65 -0.05 641893

L50 50 3 0.67 -0.05 4603 0.6 -0.05 641893

L100 100 3 0.69 -0.03 2279 0.53 -0.02 641893

L200 200 3 0.69 -0.03 1159 0.44 -0.02 641893

Table 5: Optimum “wetslp” value and model accuracy for each mesh

On Mesh On Raster

Mesh Alongshore Cross-shore wetslp SS1 BMN1
SS2 BMN2

Base 15 3 0.2 0.68 -0.06 0.68 -0.05

C5 15 5 0.15 0.71 -0.04 0.68 -0.05

C10 15 10 0.1 0.79 0.02 0.64 -0.03

C15 15 15 0.1 0.73 -0.02 0.48 0.04

C30 15 30 0.05 0.92 0.01 0.25 -0.05
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Figure 1: Hurricane Isabel (2003) track (colors show the storm intensity), with successive insets to show coastal NC and Hatteras

Island. The extents of available pre- and post-storm LiDAR surveys (red line), and the locations of wave buoys (black squares)

and water level stations (white triangles) are also shown.
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Figure 2: Comparison of meshes for ADCIRC+SWAN and XBeach. The region-scale ADCIRC+SWAN mesh is shown with

contoured bathymetry/topography (right) and as black triangular elements in the first inset (center). The 30-km (red box) and

4-km (green box) extents of the XBeach mesh are shown in the first inset (center), with a maximum resolution shown in the

second inset (left).

Figure 3: Observed and predicted dune crest profiles along the 30-km study area, for alongshore distances starting from north

of Avon and ranging from south to north. The largest dune elevation change of about 4 m occurs near town of Salvo (at

an alongshore distance of about 10 km), and the lowest dunes and extensive overwash were located near Rodanthe (at an

alongshore distance of about 25 km). The red boxes correspond to the location of the three regions specified in Figure 7.
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Figure 4: Boundary conditions extracted from ADCIRC+SWAN and used in XBeach. The water levels are interpolated from

ADCIRC to the four corners of the XBeach mesh; the left sub-figure shows the time series used for the 30-km XBeach mesh.

During the peak of the storm, water levels are set to zero at the sound-side boundary to maintain a positive water depth in

XBeach. The wave parameters (significant height, peak period, mean direction) are interpolated from SWAN at 15 points along

the offshore boundary; the right sub-figure shows the time series for significant wave heights at three locations in the 30-km

XBeach mesh.

Figure 5: Time series of observed and predicted significant wave heights (m) from simulations at 5 stations with locations

described in Table 2 and Figure 1.
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Figure 6: Time series of observed and predicted water levels (m) (NAVD88) from simulations at 4 stations with locations

described in Table 2 and Figure 1.
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Figure 7: XBeach-predicted peak water levels on the (left column) full, 30-km domain and (middle) at selected locations, with

comparisons to (right) aerial photos. In the aerial photos, the XBeach-predicted flooding extents are shown in a cyan line, and

match well with the observed overwash fans. The red lines in panels b, d and f show the location of beach profiles in Figures 9

and 16.
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Figure 8: Erosion and deposition predicted by XBeach on the entire computational domain (left). XBeach prediction at the

selected locations and only to the extent of available LiDAR data (middle) with comparison to observed erosion and deposition

(right) extracted from LiDAR. Red and blue colors indicate erosion and deposition, respectively.
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Figure 9: Beach profile at different time steps compared to the LiDAR post-storm profile at the locations specified in Figure 7.
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Figure 10: Volume (solid) and rate (dashed) of erosion (red) and deposition (blue) on 30-km domain.

34



Figure 11: Scatter plot comparing observed and predicted elevation changes for the XBeach simulation on the 30-km domain.
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Figure 12: Water Overpassing Area (WOA) for the 30-km domain (left) and for meshes with varying spacing in alongshore

(middle) and cross-shore (right) directions.

Figure 13: Effect of mesh resolution on predicted topographic elevations at the Middle profile with location shown in Figure 7e.
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Figure 14: Water Overpassing Area (WOA) for meshes with varying spacing in cross-shore directions and with different wetslp

– refer to Table 5

37



Figure 15: Maximum water levels from ADCIRC+SWAN for Cases: (1) pre-storm topography (b, e, h), (2) post-storm

topography (c, f, i), and (3) XBeach predicted topography (d, g, j). The top, middle and bottom row correspond to the red

boxes. In the last column, the red lines show the extents of the XBeach-predicted maximum flooding, and the black lines show

the locations of profile transects in Figure 16.
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Figure 16: bed profile and predicted water levels in Case 1 (left column) and Case 3 (right column) at sections shown in Figure

15. Sub-figures at top, middle and bottom correspond to the north, middle and south sections.
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Figure 17: Schematic representation of the post-processing steps toward correcting the dune crest elevation: (a) the DEM, (b)

finding the highest points (dune crest) on the DEM, (c) finding the highest cells in the XBeach mesh, and (d) assigning the

average of the nearest highest points from the DEM onto the XBeach mesh.
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