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Abstract: Barrier islands span 10% of the world’s coastlines and dominate along the Atlantic and Gulf of Mexico coasts in the USA rou-
tinely exposed to storm surge. These islands serve as buffers between the open coast and the mainland, and protect the mainland from storm
damage. During storms, significant morphological change can occur, including substantial erosion of the islands’ vegetated dunes. In this
study, the focus is on the influence of belowground biomass – namely dune plant roots – and dune topographic characteristics on barrier-
island erosion during storms. The numerical model XBeach was employed to simulate storm-induced sediment transport. A parameter
study was conducted by varying distance from the shoreline to the dune, dune shape, sediment grain size, and sediment mobility as an an-
alogue for biomass. The influence of individual parameters and the collective impact of parameters were analyzed. The results help improve
our knowledge of barrier island dynamics and lay a solid groundwork for future investigations. DOI: 10.1061/JWPED5.WWENG-2047.
This work is made available under the terms of the Creative Commons Attribution 4.0 International license, https://creativecommons.org
/licenses/by/4.0/.

Introduction

Ten percent of the world’s coastlines contain barrier islands (Stutz
and Pilkey 2011). In the USA, for example, barrier islands are a
predominant feature along the Atlantic and Gulf of Mexico coasts.
Barrier islands serve as a buffer between the open coast and inland
regions, thereby providing protection against coastal storms and
creating lower-energy environments for ecosystem growth. By
their nature, barrier islands are dynamic systems. On the open
coast, larger waves and changes in water level work to alter the
nearshore and onshore topography and shoreline position. On the
bay, or sound, side, tidal flows and smaller waves dominate sedi-
ment erosion and deposition. Under more severe storm conditions,
barrier islands commonly undergo significant morphological
change and may be overwashed or breached. Water level gradients
between the ocean and bay sides contribute to breaching, although
it is uncertain under which conditions and from which side of the
barrier island initiation occurs (Hegermiller et al. 2022; Sherwood
et al. 2014).

The role of vegetation, particularly the belowground biomass or
root system, on barrier island dynamics is complex and also not

fully understood. Emergent vegetation is known to build dunes
by trapping sediment transported by aeolian processes. During
storm conditions, vegetated land cover influences morphological
change by increasing friction, thereby reducing velocities and caus-
ing sediment to deposit, potentially burying vegetation under over-
wash fans. Vegetated land cover, or the lack thereof, may also play
a governing role in the location of breaches, ocean versus bay side
breach initiation, or overwash extent. While significant advances
have been made over recent decades, accurate morphological mod-
eling of barrier island change remains difficult (Hoagland et al.
2023 and references therein). Modeling of storm-induced barrier is-
land erosion with the state-of-the-art model XBeach (Roelvink
et al. 2009) can still potentially have considerable error in sediment
erosion and deposition. XBeach-predicted bed-elevation errors,
with respect to observations, of the order of 0.5 m or more, are rou-
tinely reported in the literature (e.g., Smallegan et al. 2016; Sim-
mons et al. 2019). Further, Gharagozlou et al. (2020) used
observed topographic data in North Carolina, USA following
Hurricane Isabel (2003) to assess XBeach model error, reporting
a 28% error in storm-induced overwash deposition volume. Mor-
phodynamic modeling requires accurate representation of land
cover, often parameterized with a spatially varying friction coeffi-
cient, to simulate sediment deposition and erosion (Passeri et al.
2018). Some numerical models resolve the effects of emergent veg-
etation by coupling its physical characteristics, such as density or
stem diameter, with wave models (Yin et al. 2021).

The effects of belowground biomass on morphological change
adds another dimension of complexity to predicting barrier island
dynamics. Belowground biomass is known to stabilize dunes,
with field studies indicating some dune plant species are more ef-
fective than others (Charbonneau et al. 2016; Figlus et al. 2017).
A few studies have been conducted on the explicit, physical rela-
tionships between belowground biomass and dune erosion poten-
tial during storms (some examples include Feagin et al. 2015;
Bryant et al. 2019; Figlus et al. 2017), and most of those studies
show reductions in erosion in the presence of vegetation.
Schweiger and Schuettrumpf (2021) implemented belowground bi-
omass parameterizations in the process-based model XBeach using
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a critical velocity for erosion in the presence of roots, and results
also showed a decrease in dune erosion under different hydrody-
namic conditions. van der Lugt et al. (2019) introduced a dynamic
bed roughness model within XBeach to capture changes in sedi-
ment mobility arising from changes in flow velocity induced by
the removal or burial of dune vegetation. Van der Lugt’s roughness
model accounts for roughness arising from roots exposed during
erosion to a depth below the surface of 0.5 m, where this subsurface
depth was selected based on model calibration to field data. How-
ever, Feagin et al. (2019) isolated the effect of belowground
biomass in a laboratory setting and discovered a complex relation-
ship where belowground biomass reduced erosion by attenuating
wave energy and also increased erosion due to uprooting in clumps.

While a number of questions regarding barrier island dynamics
remain unanswered, here we seek to understand the combined in-
fluence of dune topography and belowground biomass associated
with dune vegetation on storm-induced erosion of narrow barrier
islands (Fig. 1). Specifically, we conducted a parameter study
with the physics-based computational model XBeach (Roelvink
et al. 2009) by varying distance from the shoreline to the dune,
dune shape, sediment grain size, and sediment mobility as an ana-
logue for biomass. In the parameter study, emphasis is placed on
understanding erosion arising during Sallenger’s (2000) storm
overwash and inundation regimes. An in-depth understanding of
these processes will lead to more quantitative measures of coastal
vulnerability and improved methods for increasing resilience in
coastal communities located on barrier islands as well as those
communities located on bay shores, which benefit from the protec-
tion provided by the barrier islands.

Methods

The numerical model XBeach was used in surfbeat mode to simu-
late storm wave propagation, surge inundation, and sediment trans-
port (Roelvink et al. 2009). XBeach was developed to investigate
morphological change of complex topography during storm events,
and it has been shown to perform with significant skill and accuracy
(McCall et al. 2010; Van Dongeren et al. 2013). In this parameter

study, we used XBeach to simulate storm-induced erosion of the
barrier island over a range of topographic profiles, sediment grain
sizes, and, as an analogue for belowground biomass, sediment mo-
bility conditions (extending the dissertation work of Cheng 2015;
Table 1). Except where noted below, default XBeach model set-
tings were used (readers are referred to Bart (2017) for a summary
of XBeach default settings). In all, the parameter study included
6,444 unique simulations, where real run time was six hours per
simulation for a cumulative run time of more than four years.
The following subsections describe the model setup for topogra-
phy, sediment grain size, sediment mobility, and storm conditions
for this parameter study.

Idealized Topographic Profiles and Computational Grid

To assist in isolating the influence of dune topography and
belowground biomass, we based our simulations on idealized
alongshore-uniform topography. Selection of idealized topographic
cross-shore profiles were informed by characteristics of the barrier is-
lands alongMoriches Bay, NewYork, USA. Ten cross-shore profiles
were created from topographic lidar data (USACE et al. 2022) and
bathymetric ETOPO data (NOAA 2022) in the Moriches Bay region
(Cheng 2015). The lidar topography displayed large variability
alongshore. For example, dune elevations range from approximately
4 to 8 m above mean sea level (MSL), distances from the shoreline to
the dune crest range from 160 to 260 m, and total subaerial barrier
island widths range from 100 to 600 m. In selecting idealized topo-
graphic characteristics, we gave preference to conditions likely to
overwash and inundate during storms.

Fig. 2 provides an example of the idealized initial barrier island
profile. The submerged portions of the initial profile in all simula-
tions was fixed and specified by power laws with an exponent of
0.67 (Dean equilibrium profile) and constants of 0.15 and 0.02, re-
spectively, in the ocean and in the bay. The initial subaerial
profile in all simulations was characterized by a fixed cross-shore
width of xb = 500 m and a fixed subaerial sediment volume of
V = 688 m3/m. The initial subaerial beach and back-barrier topog-
raphy in all simulations was fixed and specified by power laws with
an exponent of 0.50 and constants of 0.15 and 0.10, respectively, in

(a) (b)

Fig. 1. (a) Barrier island erosion from Hurricane Sandy (2012) at Smith Point County Park, New York, USA (image by Robert Weiss); and (b) Barrier
island erosion from Hurricane Harvey (2017) at Port Aransas, Texas, USA. Belowground biomass from the overlying dune grass roots is visible in the
dune cuts (image by Stephanie Patch).
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the transition from 0 m, MSL to a nominal island elevation of
1.5 m, MSL.

The dune was specified within the subaerial region spanning xd
in Fig. 2. While the initial dune volume was held constant in all
simulations, the dune profile takes on different shapes. The dune
profile shape is based on the normal probability density function,
so that different variances result in different shapes: a large vari-
ance corresponds to wider and shorter dunes (light orange in
Fig. 2), while a small variance corresponds to narrower and taller
dunes (dark orange in Fig. 2). The initial subaerial sediment volume
within the region spanning xd is 406 m3/m (59% of total subaerial
island volume V ). Dune elevation, zd , varied from 2.5 to 5.5 m,
with lower heights corresponding to wider dunes and higher
heights corresponding to narrower dunes. Finally, distance from
the ocean shoreline to the initial profile’s dune crest, xc, was varied
from 159 to 249 m (Table 1).

These selected idealized profile conditions fall within the range
of observed topographies along the United States Atlantic and Gulf
or Mexico coasts (e.g., Cheng 2015; Cañizares and Irish 2008;
USACE et al. 2022; NOAA 2022).

The horizontal computational grid resolution varies from 2 to
45 m, where finer resolution is used in areas with larger topo-
graphic gradients.

Sediment Grain Size Distribution

Sediment grain size was represented by a distribution characterized
by the 50th and 90th percentile grain diameters, respectively d50
and d90 (Table 1). To understand the relative importance of
grain size, we considered three different sands varying from fine
(d50 = 0.2 mm) to coarse (d50 = 0.6 mm), which are characteristic
of sandy barrier islands in the United States (e.g., Bocamazo et al.
2011; Feagin andWilliams 2008). In each simulation, the grain size
distribution was held uniform across the entire profile.

Belowground Biomass Simulation Using Equilibrium
Sediment Concentration Factor

We assumed that belowground biomass acts to slow sediment mo-
bility and, as such, can be simulated within XBeach by reducing
equilibrium sediment concentration, Ceq, when biomass is present.
We make use of preexisting XBeach model parameters within
XBeach’s governing equations; no new parameters or modules
are introduced into the modeling framework. This is achieved
within the model by introducing into the two-dimensional
advection-diffusion equation an equilibrium sediment concentra-
tion factor θ (XBeach’s sedcal parameter):

∂hC
∂t

+∂hCu
∂x

+∂hCv
∂y

+ ∂
∂x

Dhh
∂C
∂x

[ ]
+ ∂
∂y

Dhh
∂C
∂y

[ ]
= hθCeq−hC

Ts
(1)

where C is the sediment concentration, u and v are the horizontal
flow velocities in the x and y directions, respectively, h is the
water depth, and Dh is the diffusivity. The factor θ varies from
zero to one, where θ = 1 represents sediment alone (no biomass).
When θ < 1, proportionately less sediment can be picked up and,
thus, transported.

In our simulations, we made use of ten vertical sediment layers
to approximate the impact of belowground biomass overlaying
sediment. The top nine layers are each 5 cm deep and the tenth
layer encompasses all sediment below the ninth layer. Sediment
mobility was impeded in the top one or two sediment layers span-
ning xd in Fig. 2. In this parameter study, we assumed an impeded
mobility layer thickness range of 5 to 10 cm, based on our own ob-
servations (Fig. 1) that the fibrous roots likely to provide the most
resistance to erosion are more densely packed toward the surface
(e.g., Schweiger and Schuettrumpf 2021). Field observations in
New Jersey, USA (Charbonneau et al. 2016) and North Carolina,
USA (Walker and Zinnert 2022), for example, showed that maxi-
mum root depth of the native American beach grass (Ammophila
breviligulata) prevalent along the US Gulf of Mexico and Atlantic
coasts extended no more than approximately 40 cm below the sur-
face. Charbonneau et al.’s field photographs demonstrate a sparsen-
ing of fibrous roots with depth from the surface and with lateral
distance from the aboveground shoots. However, others reported
deeper Ammophila breviligulata maximum root depth (e.g.,
USDA 2013), and Charbonneau et al. and others have noted that
nonnative grass species can have much deeper root depths. The im-
peded mobility layer thicknessΔgl was held uniform across the pro-
file but varied from 5 to 10 cm, depending on the simulation
(Table 1). In the initial profile’s impeded mobility layer in the bio-
mass region xd , θ was varied from 0.01 to 1.0 (Table 1). Beneath
the impeded mobility layer, θ was initially fixed at 1 (no reduction
in sediment mobility) to represent sand. Outside of the biomass re-
gion, θ was likewise initially fixed at 1. The reduced-θ material ini-
tially in the impeded mobility layer is free to move between vertical
layers during the simulation, as this material is eroded and depos-
ited, or covered up. In this regard, our approach is similar to that of
van der Lugt et al. (2019) in that both approaches facilitate time-

Table 1. XBeach input parameter values

Parameter Name Data Value
(1) (2)

Peak surge (m, MSL) 2.5, 3.0
Dune elevation zd (m, MSL) 2.5, 3.1, 4.2, 4.7, 5.5
Distance from shoreline to dune crest xc (m) 159, 169, 179, 189, 199, 209, 219, 229, 249
Equilibrium sediment concentration factor θ* 0.01, 0.02, 0.03, 0.05, 0.07, 0.1, 0.14, 0.2, 0.3, 0.5, 0.7, 1.0
Grain size (d50 and d90 pairs, mm) (0.2, 0.3), (0.4, 0.6), (0.6, 0.8)
Impeded mobility layer thickness Δgl (cm) 5, 10

Note: *Smaller θ indicates stronger biomass effect.

Fig. 2. (Color) Sample idealized barrier-island profiles and definition
sketch. Island width xb is constant at 500 m and subaerial volume V
is fixed at 688 m3/m. The XBeach equilibrium sediment concentration
factor θ, impeded mobility layer thickness Δgl , and the dune shape are
varied within the belowground biomass region (xd) in orange.
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varying sediment mobility as belowground biomass is eroded or
buried. Fig. S1 presents representative initial, interim, and final pro-
files depicting the redistribution over time of material initially in the
top vertical layers.

While cohesion in the belowground biomass will certainly impact
sediment slumping by avalanching, in our approach, we do not make
any specific adjustments for this process. Here, we used XBeach crit-
ical wet and dry avalanching slopes within the standard range given
in the XBeach manual, wetslp = 0.1 (similar to XBeach BOI value
of 0.15, Rijkswaterstaat 2022) and dryslp = 1.0 (XBeach manual’s
listed default). XBeach model parameter settings related to avalanch-
ing and sediment layers are provided in Table S1.

In using the combined effect of the model parameters θ and Δgl

on sediment mobility as an analogue for the impact of belowground
biomass, we do not claim that the model setup exactly mimics real
belowground biomass properties. From this perspective, the model
parameters θ and Δgl represent belowground biomass calibration
parameters.

Storm Conditions

To assist in isolating the impact of dune shape and belowground
biomass, idealized storm conditions were used in all simulations
(Cheng 2015). Storm surge and wave conditions were selected to
emphasize simulation of the Sallenger (2000) overwash and inun-
dation regimes. This is a purely hypothetical storm that simplifies
both surge height and wave height variation with time. Real storms
may have shorter or longer durations and may exhibit some skew-
ness around the surge peak, for example. In all simulations, storm
significant wave height and peak period at the offshore boundary
(25-m depth) are respectively 8 m and 10 s, where a unidirectional
onshore JONSWAP spectrum is employed. Idealized storm surge
was specified using the positive portion of a sine curve over a
6-hour duration, starting from 1.0 m, MSL then increasing to a
peak of either 2.5 or 3.0 m, MSL before decreasing to 1.0 m,
MSL (Table 1).

Data Analysis

Simulations were planned for all unique input parameter combina-
tions in Table 1 for a total of 6,480 attempted simulations. Of these,
36 simulations (0.6%) failed leaving 6,444 completed simulations
for analysis. For each completed simulation, the final bed elevation
profile was saved for analysis. From these profiles, bed elevation
change with respect to the initial profile is determined then used
to quantify the following.
1. Final dune elevation zd−final

2. Shoreline change Δxo (positive is erosion)
3. Total subaerial eroded volume V (over xb; due to mass conser-

vation, eroded and accreted volumes are of similar magnitude)
4. Overwash extent xow (measured horizontally from initial ocean

shoreline x = 0 m)
These output parameters were examined to determine their sen-

sitivity and trends with respect to model input parameters, with em-
phasis on the influence of impeded sediment mobility. We used
partial correlation analysis to isolate the influence of one input pa-
rameter while controlling for other input parameters. We further se-
lected Spearman correlation to quantify correlation while allowing
for nonlinear monotonic trends. For discussion, we interpret Spear-
man partial correlation coefficients r as follows.
1. Uncorrelated when |r| < 0.25
2. Weakly correlated when 0.25 ≤ |r| < 0.50
3. Moderately correlated when 0.50 ≤ |r| < 0.75
4. Strongly correlated when |r| ≥ 0.75

Simulation Results

Bed Profile Change

Fig. 3 depicts simulated bed elevation change along the cross-shore
profile as a function of equilibrium sediment concentration factor θ
for selected dune positions (xc) and elevations zd when peak surge
is 2.5 m, MSL, median grain diameter is d50 = 0.4 mm, and im-
peded mobility layer thickness is Δgl = 10 cm. Fig. 4 likewise de-
picts the same information for the 3.0-m, MSL peak surge case.
Regardless of dune position and elevation, lower θ results in less
sediment movement along the profile, both in terms of magnitude
of vertical change and lateral extent of bed change. With the excep-
tion of the highest dune elevation case (zd = 5.5 m, MSL) during
the lower-surge event, for a given dune elevation, the amount of
erosion at the dune crest is similar for the narrower [panels (a, c,
e, g, and i)] and wider [panels (b, d, f, h, and j)] distance to dune
crest cases. Yet, lateral extent of overwash deposit shifts landward
(to the right) of the order of the difference in distance to the dune
crest. The dune elevation of zd = 5.5 m, MSL during the lower-
surge event varies from predominantly overwash regime to pre-
dominantly inundation regime, depending on the factor θ and dis-
tance to dune crest xc, with the wider xc case exhibiting more
limited dune elevation erosion.

Respectively for the 2.5- and 3.0-m, MSL peak surge cases,
Figs. 5 and 6 depict simulated bed elevation change along the
cross-shore profile as a function of equilibrium sediment concentra-
tion factor θ for each of the three simulated grain size distributions

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) ( j)

Fig. 3. (Color) Elevation change along the cross-shore profile versus
θ when peak surge is 2.5 m. Dune elevation decreases from top to
bottom: (a and b) zd = 5.5, (c and d) 4.7, (e and f) 4.2, (g and h)
3.1, and (i and j) 2.5 m, MSL. Distance to dune crest is (a, c, e, g,
and i) xc = 159 and (b, d, f, h, and j) 229 m. Median grain size is
d50 = 0.4 mm and impeded mobility layer thickness is
Δzgl = 10 cm. Subaerial island is between solid vertical lines
(over xb), belowground biomass region is between dashed vertical
lines (over xd). Horizontal gap in panel (h) indicates missing
simulation.
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and each of the two simulated impeded mobility layer thicknesses
when the initial dune elevation is zd = 4.2 m, MSL and distance to
the dune crest is xc = 159 m. As anticipated, sediment movement
increases with decreasing sand grain diameter. However, a dou-
bling of the impeded sediment layer thickness from 5 to 10 cm

has a less dramatic influence on sediment movement; its influence
is most pronounced for very low θ.

Statistical Analysis of Output Parameters

Table 2 lists Spearman partial correlation coefficients r between
input and output parameters when all 6,444 simulations are consid-
ered. All input–output parameter pairs result in statistically signifi-
cant correlation, with p-values less than 0.05. As anticipated, all
output parameters exhibit moderate to strong correlation with
peak surge, with positive correlation with shoreline change Δxo,
total subaerial eroded volume V , and overwash extent xow and neg-
ative correlation with final dune elevation zd−final.

With respect to the two topographic characteristics, all output
parameters are moderately correlated with initial dune elevation
zd . Because initial subaerial profile volume is held constant in all
simulations, a positive correlation with initial dune elevation also
indicates a negative correlation with dune width, and vice versa.
In contrast, all but shoreline change Δxo are uncorrelated (defined
as |r| < 0.25) with distance to dune crest xc. Shoreline change ex-
hibits moderate positive correlation with xc.

With respect to sediment and sediment mobility characteristics,
output parameters are moderately to strongly correlated with the
factor θ and with sand grain size d50. In contrast, output parameters

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

Fig. 4. (Color) Elevation change along the cross-shore profile versus θ
when peak surge is 3.0 m. Dune elevation decreases from top to bot-
tom: (a and b) zd = 5.5, (c and d) 4.7, (e and f) 4.2, (g and h) 3.1,
and (i and j) 2.5 m, MSL. Distance to dune crest is (a, c, e, g, and i)
xc = 159 and (b, d, f, h, and j) 229 m. Median grain size is
d50 = 0.4 mm and impeded mobility layer thickness is Δgl = 10 cm.
Subaerial island is between solid vertical lines (over xb), belowground
biomass region is between dashed vertical lines (over xd).

(a) (b)

(c) (d)

(e) (f)

Fig. 5. (Color) Elevation change along the cross-shore profile versus θ
when peak surge is 2.5 m. Median grain size increases from top to bot-
tom: (a and b) d50 = 0.2, (c and d) 0.4, and (e and f) 0.6 mm. Impeded
mobility layer thickness is Δgl = (a, c, and e) 5 and (b, d, and f) 10 cm.
Dune elevation is zd = 4.2 m, MSL and distance to dune crest is
xc = 159 m. Subaerial island is between solid vertical lines (over xb),
belowground biomass region is between dashed vertical lines (over
xd). Horizontal gap in panel (c) indicates missing simulation.

(a) (b)

(c) (d)

(e) (f)

Fig. 6. (Color) Elevation change along the cross-shore profile versus θ
when peak surge is 3.0 m. Median grain size increases from top to bot-
tom: d50 = (a and b) 0.2, (c and d) 0.4, and (e and f) 0.6 mm. Impeded
mobility layer thickness is Δgl = (a, c, and e) 5 and (b, d, and f) 10 cm.
Dune elevation is zd = 4.2 m, MSL and distance to dune crest is
xc = 159 m. Subaerial island is between solid vertical lines (over xb),
belowground biomass region is between dashed vertical lines (over xd).

Table 2. Spearman partial correlation coefficients (r) between XBeach
input parameters and the following output parameters: final dune
elevation (xd−final), shoreline change (Δxo), total subaerial eroded volume
(V ), and overwash extent (xow). Partial correlation coefficients calculated
using all 6,444 simulations

XBeach Input Parameter zd−final Δxo V xow
(1) (2) (3) (4) (5)

Peak surge −0.59 0.88 0.60 0.66
Dune elevation zd 0.58 −0.72 −0.71 −0.73
Distance to dune crest xc −0.05 0.58 −0.16 0.17
Equilibrium sediment concentration
factor θ

−0.82 0.48 0.84 0.71

Grain size d50 0.63 −0.78 −0.77 −0.79
Impeded mobility layer thickness Δgl 0.31 −0.15 −0.33 −0.24
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are uncorrelated to weakly correlated with impeded mobility layer
thickness Δgl .

Overall, this Spearman partial correlation analysis on the full
6,444 simulation set suggests that sediment movement under the
overwash and inundation regimes is dominated primarily by sedi-
ment grain size, the factor θ, and initial dune elevation. While
the presence of the impeded mobility layer has a significant impact
on sediment movement, as indicated by strong correlation with θ,
the thickness of the impeded mobility layer Δgl only marginally in-
fluences sediment movement. The results further suggest that for
these two storm regimes, distance to the dune crest does not mea-
surably impact sediment movement.

Next, we investigate the range of output parameter responses as
a function of the commonly accepted primary drivers of sediment
change during inundation and overwash, initial dune height, and
peak surge, while considering all other input parameters as sources
of uncertainty. Fig. 7 depicts box plots of the output parameters
when the simulations are grouped by like initial dune elevation
(642 to 648 simulations per box). Total subaerial volume eroded
V [Fig. 7(e and f)] exhibits the most variation across a range of ini-
tial dune elevations, often varying by an order of magnitude. As an-
ticipated, median V decreases with increasing initial dune height,
exhibiting a stronger trend with initial dune height for the lower-
surge case [Fig. 7(e)].

Shoreline change [Fig. 7(c and d)] likewise exhibits variation
across a range of initial dune elevations though the magnitude of
change of the order of 20 m or less is relatively small with respect
to distance to the dune. Notably, the direction of shoreline change

generally shifts to accretion (negative) for the lower surge case
[Fig. 7(c)] when dune elevation is 4.7 m or higher, corresponding
to cases predominantly in the overwash regime.

Overwash extent [Fig. 7(g and h)] tends to be fairly consistent
across simulations of the same initial dune height, except in the
4.7-m dune elevation case for the lower surge, when simulations
span from being overwash-dominated to inundation-dominated.
Final dune elevation [Fig. 7(a and b)] is likewise constrained to a
small range close to the base island height of 1.5 m in all but the
two highest initial dune elevation cases for the lower surge
[Fig. 7(g)]. As with overwash extent, this wider range in final
dune elevation at the higher initial dune heights reflects simulations
spanning from overwash-dominated to inundation-dominated.

Fig. 8 depicts Spearman partial correlation between input and
output parameters when data are grouped by like initial dune eleva-
tion and surge magnitude. With respect to sediment mobility, re-
gardless of initial dune height, the total subaerial eroded volume
V [Fig. 8(e and f)] exhibits very strong correlation with both sedi-
ment grain size d50 and the factor θ, and is moderately correlated
with impeded mobility layer thickness Δgl . Except for the lower
surge case [Fig. 8(a, c, e, and g)] when dune height is 4.7 m,
MSL or higher, final dune elevation zd−final [Fig. 8(a and b)] and
overwash extent [Fig. 7(g and h)] likewise are strongly correlated
with d50 and θ; these output parameters are moderately to weakly
correlated with Δgl .

Consistently, across initial dune heights, shoreline change Δxo
exhibits strongest correlation with grain size d50 [Fig. 8(c and

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 7. (Color) Box plot of (a and b) final dune elevation zd−final, (c and
d) horizontal shoreline change (positive is erosion), (e and f) total sub-
aerial eroded volume V , and (g and h) horizontal overwash extent
(measured from x = 0 m). Peak surge is (a, c, e, and g) 2.5 and (b, d,
f, and h) 3.0 m. Results shown for all simulations at the indicated initial
dune elevation zd (642 to 648 simulations per zd and peak surge pair).
Orange hatches showmedian result, boxes show interquartile range and
whiskers show data range.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 8. (Color) Spearman partial correlation of initial distance to dune
crest xc, median grain diameter d50, thickness of biomass layer Δgl , and
the factor θ versus (a and b) final dune elevation zd−final, (c and d) hor-
izontal shoreline change (positive is erosion), (e and f) total subaerial
eroded volume V , and (g and h) horizontal overwash extent. Peak
surge is (a, c, e, and g) 2.5 and (b, d, f, and h) 3.0 m. Partial correlation
coefficients r shown for all simulations at the indicated initial dune el-
evation zd (642 to 648 simulations per zd and peak surge pair).
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d)]. Shoreline change mostly exhibits moderate positive correlation
with the factor θ. Yet, for the highest dune and lowest surge case,
shoreline change’s correlation with θ becomes weakly negative. Of
the four output parameters, only shoreline change exhibits consis-
tent dependence on distance to the dune crest xc; here, correlation is
moderate to strong for most initial dune height and storm condition
combinations. Overwash extent’s dependence on xc varies from no
correlation to highly correlated, with the highest correlation corre-
sponding to the overwash-dominated case with low surge and high
dune height. Final dune elevation and total subaerial eroded volume
both exhibit weak to no correlation with xc.

The following sections discuss the nature of the relationship be-
tween the four analyzed output parameters and correlated input
parameters.

Total Subaerial Volume Eroded

Fig. 9 depicts total subaerial eroded volume for the 2.5-m surge
case when distance to the dune crest is xc = 159 m, as a function
of the factor θ and median grain diameter d50; results are shown
for different initial dune elevations zd and for both impeded mobil-
ity layer thicknesses. Fig. 10 provides the same information when
peak surge is 3.0 m. In general, higher and narrower dunes (higher
zd) result in less total erosion, although the initial subaerial island
volume is kept constant.

Regardless of storm surge intensity and initial dune elevation, a
lower θ results in less volume of total erosion. Decreasing
sediment mobility has a greater impact on total volume eroded
when sediment size is small; volume eroded is more variable
with θ when median diameter is smaller and less variable when di-
ameter is larger. In other words, the largest gradient in total volume

generally occurs when both θ and d50 are small while the smallest
gradients are associated with higher θ and larger d50. The magni-
tude of these gradients increase with decreasing initial dune eleva-
tion, indicating that the impact of impeded mobility is more
significant when the dune is narrower and wider, or alternatively,
is more deeply inundated. The pattern of total eroded volume in
the θ-d50 space for the lower surge and highest dune elevation
case [Figs. 9(a and b)] differs from the other surge and dune eleva-
tion cases, where in most simulations, the higher dune sufficiently
protected against full inundation (i.e., simulations were overwash-
dominated). Here, volume eroded approaches a linear trend with
sediment size.

Finally, as indicated by the correlation analysis, total eroded
volume is marginally impacted by impeded mobility layer thick-
ness Δgl . Comparing panels (a, c, e, g, i) (Δgl = 5 cm) and panels
(b, d, f, h, j) (Δgl = 10 cm) in Figs. 9 and 10 reveals that the rela-
tionship between eroded volume and θ and d50 is very similar.

Final Dune Elevation and Overwash Extent

The influence of sediment mobility and sediment size on final dune
elevation zd−final and on overwash extent xow are similar, as in Figs.
11 and 12 for simulations with initial dune height zd = 5.5 m, MSL
and distance to dune crest xc = 169 m. This similarity is expected,
given that more dune erosion means more sediment is available to
be moved into the back-barrier region. Our simulation results yield
a Spearman correlation coefficient of r = −0.93 between these two
output parameters.

Simulations depicted in Figs. 11 and 12 range from those that
are predominantly overwash-regime dominated [panels (a and b)]
to those that are predominantly inundation-regime dominated

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) ( j)

Fig. 9. (Color) Total subaerial eroded volume versus median grain di-
ameter d50 and the factor θ when peak surge is 2.5 m and distance to the
dune crest is xc = 169 m. Dune elevation decreases from top to bottom:
(a and b) zd = 5.5, (c and d) 4.7, (e and f) 4.2, (g and h) 3.1, and (i and j)
2.5 m, MSL. Impeded mobility layer thickness is Δgl = (a, c, e, g, and
i) 5 and (b, d, f, h, and j) 10 cm.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

Fig. 10. (Color) Total subaerial eroded volume versus median grain
diameter d50 and the factor θ when peak surge is 3.0 m and distance
to the dune crest is xc = 169 m. Dune elevation decreases from top
to bottom: zd = (a and b) 5.5, (c and d) 4.7, (e and f) 4.2, (g and h)
3.1, and (i and j) 2.5 m, MSL. Impeded mobility layer thickness is
Δgl = (a, c, e, g, and i) 5 and (b, d, f, h, and j) 10 cm.
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[panels (c and d)]. Panels (c and d) in these figures depict that when
the island is unindated, the influence of the factor θ on zd−final and
xow is limited to very small θ, of the order of 0.1 or smaller. For
larger θ, zd−final and xow are nearly constant for a given sediment
grain diameter, and variation with grain diameter is limited to a rel-
atively small range.

In contrast, Figs. 11(a and b) exhibit strong variation in zd−final

across all values of θ. The zd−final is most sensitive to d50 when θ is
larger, being close to constant when θ is less than approximately
0.2. The 4.0–4.3 m, MSL contour interval represents the transition
from overwash-dominated to inundation-dominated conditions, ex-
hibiting a much stronger dependence on grain diameter as the dune
lowers below 4.3 m, MSL. This threshold flow condition is also ap-
parent in Figs. 12(a and b), where overwash extent likewise rapidly
increases with decreasing d50 and increasing θ. Prior to reaching
this threshold, overwash extent is limited to the vicinity of the dune.

Shoreline Change

While the shoreline’s position is seaward of the belowground bio-
mass region, shoreline change exhibits sensitivity to the presence of
the impeded mobility layer, as seen in Fig. 13 when the initial dune
elevation is zd = 5.5 m and impeded mobility layer thickness is
Δgl = 10 cm. Simulations shown for the lower surge case in
Figs. 13(a and b) are generally overwash-regime dominant. The

resulting shoreline response is accretion, as a result of mobilized
sediment being redeposited seaward of the dune. In contrast, for
inundation-dominant simulations, as is the case for the high
surge [panels (c and d)], the resulting shoreline response is erosion
and indicates a net loss of sediment from the region seaward of the
dune.

Decreasing θ in the biomass region leads to less shoreline ero-
sion during inundation events and less accretion during overwash
events – reflecting an overall reduction in mobile sediment with
lower θ. While increasing sediment grain size d50 likewise leads
to less shoreline erosion during inundation events, increasing
grain size leads to more shoreline accretion during overwash
events.

Of the output parameters we considered, shoreline change is
most sensitive to initial dune position. As distance from the shore-
line to the dune crest xc increases from narrower [panels (a and c)]
to wider [panels (b and d)], less sediment is deposited at the shore-
line during overwash events while more sediment is removed from
the shoreline during inundation events.

Discussion and Conclusions

Significance of Results

While our results reinforce that initial dune elevation, hydrody-
namic forcing, and sediment grain diameter remain dominant fac-
tors driving barrier-island change during storm overwash and
inundation, our results also demonstrate that impedance of sedi-
ment mobility, as is the case in the presence of belowground bio-
mass, can play a significant role in barrier-island change. Over
the parameter ranges considered herein, the factor θ is potentially
as important an indicator of eroded volume, dune elevation change,
and overwash extent as is initial dune elevation and grain diameter
(Table 2). The practical engineering significance of this result lies
in quantitatively demonstrating the importance of designing and
maintaining vegetation elements in conjunction with traditional
beach nourishment topographic parameters.

As observed by van der Lugt et al. (2019) and Schweiger and
Schuettrumpf (2021), our findings demonstrate the significance of
belowground biomass in reducing the severity of erosion and its po-
tentially important role in the transition between overwash and inun-
dation regimes. Though our approach differs from van der Lugt
et al.’s (2019) in that we impede sediment mobility rather than re-
duce flow velocity through roughness, both approaches allow for

(a) (b)

(c) (d)

Fig. 11. (Color) Final dune elevation zd−final versus median grain di-
ameter d50 and the factor θ when initial dune elevation is zd = 5.5 m
and distance to the dune crest is xc = 169 m. Peak surge is (a and b)
2.5 and (c and d) 3.0 m. Impeded mobility layer thickness is Δgl =
(a and c) 5 and (b and d) 10 cm.

(a) (b)

(c) (d)

Fig. 12. (Color) Horizontal overwash extent (measured from x = 0 m)
versus median grain diameter d50 and the factor θ when initial dune el-
evation is zd = 5.5 m and distance to the dune crest is xc = 169 m.
Peak surge is (a and b) 2.5 and (c and d) 3.0 m. Impeded mobility
layer thickness is Δgl = (a and c) 5 and (b and d) 10 cm.

(a) (b)

(c) (d)

Fig. 13. (Color) Shoreline change Δxo (positive is erosion) versus me-
dian grain diameter d50 and the factor θ when initial dune elevation is
zd = 5.5 m and impeded mobility layer thickness is Δzgl = 10 cm.
Distance to the dune crest is xc = (a and c) 179 and (b and d) 229 m.
Peak surge is (a and b) 2.5 and (c and d) 3.0 m.
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time-dependent variation in sediment erosion and deposition as a re-
sult of differing bed characteristics. While dune height remains a
dominant driver of when and whether the flow regime transitions
from overwash to inundation, this bed-characteristic time depen-
dence is important. When total water level coincides with dynamic
dune elevation, belowground biomass may well become the domi-
nant factor in determining whether flow remains within the over-
wash regime or transitions to the inundation regime, particularly
when threshold conditions occur near the water-level peak.

This study represents the first attempt to quantify barrier-island
morphological response over a range of impeded mobility, grain di-
ameter, and dune elevation. Our results show that the interplay be-
tween impeded sediment mobility and grain diameter is complex
(Figs. 9–13). Yet, in nature, both dune vegetation and sediment
characteristics vary not only at regional scales but also at local
scales of the order of our finest model grid resolution (2 m) and
less. Vegetation in particular varies over time as well. Such local-
scale observational data are not readily obtained or available,
though initiatives like the citizen-science sand grain project SandS-
nap (e.g., McFall et al. 2022) show promise for the future. In the
meantime, our results may best be employed to quantify aggregate
uncertainty in expected morphological response and in ensemble
simulation applications (e.g., Monte Carlo) to characterize the
range and likelihood of various morphological responses.

Modeling of Vegetation in XBeach

As is introduced in the Methods section, the belowground
biomass-induced mobility reduction factor θ is a scaling factor ap-
plied to the equilibrium sediment concentration. Lower θ values re-
duce the equilibrium concentration within the top layers of bed
sediment of specified thickness Δgl, and thereby limit the amount
of sediment picked up by the flow. Our results show a strong de-
pendence on θ, but a relatively weak dependence on Δgl . This rel-
atively weak influence of changes in Δgl on morphological
response is surprising. To further explore our finding regarding
the relatively low importance of the impeded mobility layer thick-
ness Δgl , we conducted a computational sensitivity analysis for the
zd = 4.2 and xd = 159 m dune case when d50 = 0.4 mm and
θ = 0.05, 0.1, 0.2, 0.3, and 0.5. We varied Δgl at 5-cm increments
from 5 to 45 cm, with the deepest case being in the range of van der
Lugt et al.’s (2019) somewhat arbitrarily selected belowground bi-
omass XBeach calibration depth. Results for these 45 simulations
are in Fig. 14. Of the four outputs, total subaerial eroded volume
is the most sensitive to Δgl , where its influence is most pronounced
for θ ≤ 0.1. For θ ≥ 0.2, the interquartile range of eroded volume is
relatively small, within ±13m3/m (13%) of the median result.
Likewise, final dune elevation zd−final and overwash extent xow
are only impacted when θ ≤ 0.1. When θ ≥ 0.2, respectively for
zd−final and xow, the interquartile ranges are within ±0.10 and
±10 m of the median result; these differences are of the order of
the numerical error and thus can be considered negligible. Variabil-
ity in shoreline change Δxo across all values of θ is likewise negli-
gible, with changes of no more than 5 m falling within the range of
numerical error. Under the assumption that fibrous root density
thins with depth below the surface, this sensitivity analysis largely
supports our earlier finding that results are relatively insensitive to
impeded mobility layer thickness Δgl. However, in cases where
very dense, fibrous roots extend deep into the dune, impeded mo-
bility layer thickness could become important.

It should be noted that θ and Δgl are not the only parameters in
XBeach that affect vegetated flow and sediment transport. Instead,
there is a whole group of parameters to define very detailed vege-
tation characteristics that influence vegetated flow, such as,

vegetation stem diameter, vegetation density, and vegetation height
per vegetation layer, to name a few. Using these parameters will
lead to damping of waves which, in turn, will affect sediment trans-
port (Van Rooijen et al. 2015).

The dissipation of waves mentioned above only applies to sta-
tionary vegetation and does not account for any vegetated sediments
entrained by the flow. In comparison, a lower-than-one value for the
factor θ not only affects erosion, but it will accelerate the deposition
of sediment in the flow as well. In reality, the effect of vegetation on
sediment transport is much more complicated and our knowledge is
currently too limited to be able to fully model vegetated sediment
transport as a process. For instance, the shape of vegetation itself –
both its belowground root system and aboveground stem and leaf
system – is a challenge for transport modeling; vegetation could cap-
ture flowing sediments, and vegetation could greatly alter the prop-
erties of surrounding sediments by making them cohesive and
increasing the effective grain size (Feagin et al. 2019).

Practical application of the model parameters θ andΔgl to model
specific belowground biomass necessitates calibration to field and
laboratory data. There is currently no method for direct mapping
of certain θ and Δgl values to a specific combination of vegetation
species, maturity, and health. However, such relationships can be
established, given sufficient field or experimental data of vegetation
characteristics, flow conditions, and sediment transport. van der
Lugt et al. (2019) demonstrated successful regional-scale calibra-
tion of their dynamic bed roughness model using initial roughness
specified using spatially variable land cover classification and using
field observations of overwash and breaching during hurricanes in
Florida and New York, USA. A calibration exercise similar to that
undertaken by van der Lugt et al.’s (2019) is a logical next step in
mapping the parameter θ to land cover classification for practical
application.

(a) (b)

(c) (d)

Fig. 14. (Color) Box plot depicting variability with impeded mobility
layer thickness Δgl for (a) total subaerial eroded volume; (b) final dune
elevation zd−final; (c) overwash extent xow measured from x = 0; and (d)
shoreline change Δxo where erosion is positive (accurate to 5 m).
Boxes are interquartile range, orange lines are median, and whiskers
are total range. In all simulations, peak surge is 2.5 m, initial dune el-
evation zd = 4.2 m, distance to dune crest xd = 159 m, and median
grain diameter d50 = 0.4 mm. Results shown for all simulations at
the indicated equilibrium sediment concentration factor θ (nine simula-
tions per box).
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As performed by Schweiger and Schuettrumpf (2021), con-
trolled laboratory experiments may likewise be used to constrain
or calibrate model parameters. For example, as shown in Fig. 15,
the recent work of Bryant et al. (2019) reveals that our simulations
fall within the range of their belowground biomass laboratory re-
sults. The gray shaded area in the figure spans the range of Bryant
et al. (2019) dune erosion results for the case where artificial below-
ground biomass is introduced uniformly throughout the dune and
the dune overwashes. Our simulations suggest that setting the fac-
tor θ between 0.1 and 0.3 would lead to reasonable XBeach results
for this experimental case.

In summary, our use of θ and Δgl to represent belowground bio-
mass is an intuitive approach that works within XBeach’s existing
governing equations and settings to approximate the impact of
dense, fibrous roots on sediment mobility (see Methods section).
Yet, this is a rather tentative approach to simulating the influence of
vegetation on sediment transport. As such, this approach is currently
difficult toverifyandvalidate.Nonetheless, its simplicity allowsus to
represent the influence of belowground biomass in an intuitive way
with just two model parameters, θ and Δgl , which makes possible a
general parameter study that involves many other variables.

Parameterization of Dune Shape

In this study, we construct different dune shapes based on the prob-
ability density function of normal distributions. This approach al-
lows the change of dune shape (height and width) while retaining
a constant volume within the dune. However, a drawback of this
approach is that for larger initial dune elevations (zd), the actual
dune width is smaller than the defined belowground biomass region
width xd . For example, the transition from the berm to the dune
(dune toe) is typically determined by slope and would thus result
in a narrower dune width. Our assumption that the biomass region
xb is constant regardless of zd leads to impeded sediment motion
outside of the actual dune width when zd is large.

Outlook

This study is the first parameter study aimed at investigating the im-
pact of belowground vegetation biomass on barrier island response
during storms. We have considered parameters including dune
elevation, distance to the dune crest, sediment grain size, and

belowground biomass-induced sediment mobility reduction. Our
simulation results have demonstrated how each individual parame-
ter affects subaerial erosion and deposition, and more importantly,
revealed the complex interplay between parameters. Our results can
also be employed in barrier island storm hazard prediction and pro-
tection efforts. Furthermore, our approach of implementing the in-
fluence of belowground biomass using existing XBeach model
settings and governing equations may be readily adopted by prac-
titioners, as it negates the need to implement new modules that are
potentially more computationally intensive. Additional insights can
be gained by expanding the number of input parameters (six) con-
sidered along with expanding the number of distinct values consid-
ered for each parameter. Such an expanded parameter study needs
to take into account variations in, for instance, horizontal and ver-
tical distribution of belowground biomass and aboveground stems
and leaves, dune volume, elevation of berm and back barrier, and
storm conditions (wave height, surge magnitude, and duration) –
to include inducing conditions leading to Sallenger’s (2000) colli-
sion regime. Again, the purpose of this study is not focused on re-
producing any specific storm case at any location, but to provide
coastal engineers and scientists with a tool to better understand
the sediment transport on vegetated barrier islands during storms.
For dune design and restoration efforts, our results help point out
the locations where most work is needed, and to what extent, if veg-
etation is involved in the dune design. This study has laid a solid
groundwork for future studies, with the ultimate goal of improving
our understanding of barrier island dynamics and better protecting
the coastal communities from storms.

Data Availability Statement

XBeach is an open-source model made available by Deltares (https:
//oss.deltares.nl/web/xbeach/). Initial and simulated final profiles,
final dune elevation, total subaerial eroded volume, shoreline
change, and overwash extent generated and used during the study
are available online in the Virginia Tech Data Repository in accor-
dance with funder data retention policies (Irish et al. 2024, http://doi
.org/10.7294/23739405).
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Fig. 15. (Color) Volume eroded within the dune region xd versus the
factor θ, reported as percent of volume eroded within the dune region
when θ = 1. Data shown are for simulations classified as in Sallenger’s
(2000) overwash regime, when peak surge is 2.5 m, initial dune eleva-
tion is zd = 5.5, and distance to dune crest is xc = 229 m. All three me-
dian grain diameter and both biomass layer thicknesses are shown (72
simulations). The gray shaded area shows the range of Bryant et al.’s
(2019) laboratory results.
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