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Abstract: Coastal communities commonly rely upon foredunes as the first line of defense against
sea-level rise and storms, thus requiring management guidance to optimize their protective ser-
vices. Here, we use the AeoLiS model to simulate wind-driven accretion and wave-driven erosion
patterns on foredunes with different morphologies and ecological properties under modern-day
conditions. Additional sets of model runs mimic potential future climate changes to inform how both
morphological and ecological properties may have differing contributions to net dune changes under
evolving environmental forcing. This exploratory study, applied to represent the morphological,
environmental, and ecological conditions of the northern Outer Banks, North Carolina, USA, finds
that dunes experiencing minimal wave collision have similar net volumetric growth rates regardless
of beach morphology, though the location and density of vegetation influence sediment deposition
patterns across the dune profile. The model indicates that high-density, uniform planting strategies
trap sediment close to the dune toe, whereas low-density plantings may allow for accretion across
a broader extent of the dune face. The initial beach and dune shape generally plays a larger role in
annual-scale dune evolution than vegetation cover. For steeper beach slopes and/or low dune toe
elevations, the model generally predicts wave-driven dune erosion at the annual scale.

Keywords: coastal dunes; aeolian transport; coastal erosion; AeoLiS; nature-based solutions

1. Introduction

Sea-level rise (SLR) and storms pose substantial risks to low-lying coastal communities
through flooding and beach erosion. Climate change will likely exacerbate these coastal
hazards, impacting millions of people living in vulnerable, low-lying coastal areas [1].
There is poor consensus on the magnitude of potential SLR over the coming century, with
estimates for increases in the global water level for 2100 ranging between 0.3 and 2.0 m [2].
Simultaneously, warming sea-surface temperatures and other environmental factors are
likely to contribute to stronger, more intense tropical cyclones and hurricanes in locations
such as the southeastern United States [1], which will bring increased coastal flooding and
storm surge. Though the frequency of tropical cyclones and hurricane events is expected
to decrease in this region [3], the impact of high-magnitude storm events is likely to be
magnified by higher background water levels resulting from SLR. Consequently, an altered
storm climate will likely increase the number of events that damage valuable infrastructure
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in coastal regions. Coastal communities often maintain natural and nature-based features,
such as foredunes, to protect landward infrastructure from these coastal hazards [4]. Dunes
are also valued for providing ecological and socioeconomic services, including habitat for
endangered species, sites of high tourism value, groundwater recharge zones, and coastal
safety maintenance [5]. However, both natural and constructed dunes have been shown
to be highly vulnerable to erosion, breaching, and over-washing [6], thereby reducing the
critical services they provide. Numerous physical and ecological processes, as described
below, contribute to the growth or erosion of dune systems at timescales of hours to
centuries, affecting their present-day and future protective services.

1.1. Wind-Driven Dune Growth

Dune growth is primarily a result of aeolian (wind-driven) sediment transport from
the beach. Wind speeds exceeding the threshold velocity for the initiation of motion are
required to commence saltation and, when there is an onshore-directed component of
the wind vector, subsequent sand transport into the dune can initiate volumetric dune
growth [7]. There are numerous sediment supply limiters related to surface moisture and
sediment texture variability that can impact expected transport rates for given wind condi-
tions and influence the length scale—often referred to as the critical fetch length—to achieve
saturation of sediment concentrations within the saltation layer (e.g., [8]). Considering
that typical field-observed critical fetch lengths required to reach saturation are on the
order of tens of meters (e.g., [9]), wider beach states are more likely to achieve transport
saturation than narrower beaches. As a result, the tidal phase and beach slope influence
the beach width and modulate instantaneous (e.g., hourly) sediment fluxes to the dune.
Previous studies showed that beach width is positively correlated with foredune height
and width [10,11]. The location of the dune toe, which is a morphological or ecological
metric meant to define the boundary where a beach ends and the dune begins, is the typical
reference point for which to calculate sediment fluxes entering the dune and contributing
to volumetric dune growth. The dune toe elevation can vary widely over local to regional
scales (e.g., [12]), with important implications for dune growth and erosion processes.
Although total wind-driven sediment fluxes delivered to the dunes is a primary metric of
interest to understand the resilience of a system, the sediment aggraded across the dune
profile influences the dune shape, and thus has direct implications for future erosion- and
flood-protection functions (e.g., [11]).

1.2. Wave-Driven Erosion

Storm impacts on coastal dunes are highly variable alongshore, reflecting local differ-
ences in beach and dune properties [13]. Storm impacts range from erosion at the dune
toe to foredune inundation and are often quantified (e.g., [14]) based on the local beach
and dune morphology in the context of the expected storm-driven still-water level (SWL)
and total-water level (TWL). The TWL is a statistical quantity representing a measure of
the vertical extent of high-water levels that includes wave setup and swash contributions.
Offshore wave conditions, such as wave height and wave period, influence these swash
zone processes, including the maximum height of the TWL relative to the toe of the dune
(e.g., [15]) and the total volume of storm-driven dune erosion [14,16]. Because higher TWLs
generally enhance event-scale dune erosion, higher background SWLs associated with SLR
and storm surge will thus amplify volumetric dune erosion through increased frequency of
wave collision [17]. However, storms are not necessarily fully erosive agents. For example,
changes in storminess could also alter the speed and direction of winds responsible for dune
growth [3], thereby increasing sediment fluxes to the dunes, and partially counteracting
wave-driven erosion.

1.3. Vegetation Dynamics of Dunes

Shore-perpendicular vegetation density varies across the dune profile and is influ-
enced by the combination of past disturbances and environmental conditions (e.g., [18]).
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These environmental forces result in uneven distributions of plants and spatially varying
vegetation density and species richness across the dune profile [19].

Vegetation plays a particularly important role in modifying wind-driven sediment
transport gradients in natural and managed coastal settings, thus influencing the dune
shape [20] and dune response to coastal hazards [21]. Research linking dune morphology
to local ecological properties has also demonstrated relationships between the dominant
grass species and the style of dune growth [22], e.g., promoting vertical growth versus
dune widening. Both the plant species [23] and density characteristics (e.g., [24]) influence
trapping rates and patterns. For example, using data from wind tunnel studies and
numerical modeling, Dickey et al. [25] showed that vegetation density affected the pattern
and magnitude of sediment deposition, where dense vegetation trapped more sediment
and closer to the first presence of plants within a patch, relative to low-density plant
patches. Many dune vegetation species also respond positively to sand burial [24,26], thus
perpetuating a positive feedback cycle of vegetation growth and expansion, and resulting
in enhanced dune growth. Dune vegetation not only encourages aeolian deposition but
may also reduce erosion during wave collision events [27]. Above-ground vegetation has
been shown to slow wave run-up and reduce wave overtopping and over-washing of the
foredune [28], while below-ground biomass contributes to sand cohesion and internal dune
stability [27]. Both wind- and wave-driven processes, in conjunction with vegetation effects
on modifying sand transport patterns, are ultimately important for the net development
of dune systems at annual and longer temporal scales (e.g., [29]). Dune growth rates
can differ considerably over short spatial scales due to combined effects on management
interventions and local morphodynamic controls on aeolian inputs and exports from the
dune [30].

Nature-based approaches (such as beach nourishment, sand fencing, wrack line man-
agement, and dune vegetation planting) can enhance aeolian deposition and increase dune
stability. Vegetation planting guidelines vary based on plant species (e.g., recommended
plant spacing ranges from 0.46 to 1.44 m [31]). To achieve the maximum dune width,
staggered spacing of species that grow in the prograding zone of the dune is often recom-
mended (e.g., Ammophila breviligulata), such that denser vegetation is planted landward,
with decreasing vegetation density seaward [31], though this is not always the standard
practice. For example, Cape May, New Jersey, applies staggered planting approaches [31],
whereas many communities, such as Duck, North Carolina (NC), do not [32]. Patterns of
planted dune grasses may differ substantially from those found in nature, and these initial
planting conditions have important implications for ecological–sediment interactions [24].

1.4. Previous Modeling Work Synthesizing Physical and Ecological Effects

Optimizing dune management to maximize dune resilience to erosion requires nu-
merical capabilities that synthesize a broad range of scales and processes. This includes
the ability to account for both storm-driven dune erosion, which occurs on the timescale
of hours, as well as dune recovery and growth, which is usually a slower process act-
ing over years to decades, and resulting from comparatively slower, lower magnitude
wind-driven transport [33]. Standalone dune growth models capable of simulating aeo-
lian transport and eco-morphodynamic processes include the Coastal Dune Model [34],
Duna [29], AeoLiS [35], and DUBEVEG [36]. AeoLiS models sediment transport and mor-
phological changes associated with wind-driven sediment transport in coastal systems,
including capabilities to introduce supply limitations associated with moisture and sedi-
ment texture effects, as well as spatial variability in bed shear stress driven by topographic
effects on flow acceleration and by vegetation presence. Recent applications of the AeoLiS
model have demonstrated capabilities to specifically simulate multi-fraction wind-driven
sediment transport [37], barchan and parabolic dunes [38], vegetative effects on sediment
trapping [25], and artificial dune evolution [39]. AeoLiS aims to characterize the domi-
nant processes contributing to wind-driven dune growth in coastal systems, but it has
not directly included marine effects on beach and dune erosion. Conversely, a separate
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class of models aims to resolve the morphologic evolution of wave-driven beach and dune
evolution using either analytical [14,16] or process-based approaches (e.g., XBeach [29]).
Only a few studies have simultaneously resolved marine and aeolian processes in a single
framework, including XBeach–Duna [29] and XBeach–CDM–AeoLiS. While these various
coupled frameworks demonstrate promise for advancing the quantitative skill of nearshore
beach–dune evolution, they are generally computationally demanding, are subject to com-
pounding feedback errors over extended timeframes (>seasonal), and/or do not account
for ecological processes. Continued investment into these technologies can greatly ad-
vance knowledge on, and optimize the implementation and design of, both traditional and
nature-based infrastructure in coastal environments. The need for reliable quantitative
tools to simulate coastal dune evolution and associated hazards is particularly necessary
in the context of SLR and climate change, which together threaten to alter dune stability
and reinforce the desire for ‘hold the line’ strategies as the preferred adaptation strategy for
many coastal communities.

1.5. Study Aims

Coastal foredune evolution represents the aggregation of numerous processes operat-
ing at a broad range of scales. Advancing quantitative capabilities and understanding of
the influence of processes for net landform change is critical for guiding adaptive manage-
ment, especially in the context of non-stationary environmental forcings under a changing
climate. For example, Sweet et al. [2] forecasts a wide range of potential SLR scenarios out
to 2100, and a ~5% change in storm intensity by the end of the 21st century is predicted by
Knutson et al. [3] within the Atlantic Basin. These environmental changes add additional
uncertainty in how dunes may perform in the future, further motivating the need for
quantitative frameworks that synthesize the combination of marine, aeolian, and ecological
effects on net landform dune evolution.

Our study aims to use a process-based dune evolution model to explore the ecological
and morphological properties of beach–dune systems that enhance dune resilience to
storm impacts and SLR. Specifically, we focus on applying improvements to the AeoLiS
model, now including both dune growth and erosion capabilities, to conditions found
along the coast of the Outer Banks, North Carolina, USA. The goals of this study are
to (1) explore the relative roles of environmental forcings, antecedent beach and dune
morphology, and ecological properties on annual-scale dune evolution, (2) assess the
conditions under which dunes are expected to grow and erode, and (3) examine the nature
by which future climate changes may alter present-day behavior. Details of the data inputs
and AeoLiS model methodology are described in Section 2. Results of the hundreds of
modeled simulations are presented in Section 3. Discussions and conclusions are provided
in Sections 4 and 5, respectively.

2. Materials and Methods
2.1. Study Site and Field Datasets

The Outer Banks is a wave-dominated chain of long, linear, and narrow-barrier islands
located off the NC mainland (Figure 1). The region is microtidal (tidal range ~1 m [40]) and
experiences an average significant wave height of about 1 m. High-energy storm events
frequent the region, including tropical storms in the late summer and fall (August through
September), and extratropical nor’easters during the winter (December through March) [41].
The islands of the Outer Banks are net erosional over multi-decadal timescales [42], which
serves as an ongoing threat to landward-situated coastal infrastructure.

Here, we focus on the northern part of the Outer Banks, specifically the stretch from
Nags Head to Corolla, an area in which dunes play an important role in modulating ocean-
side flooding hazards (Figure 1). The average foreshore beach slope within this region is
~0.13 m/m [40], though it ranges from about 0.05 to 0.2 m/m depending on the local grain
size and seasonal wave conditions. Dune toe elevations are generally ~3–4 m relative to
the NAVD88 datum (mean high water (MHW) is 0.36 m NAVD88 and mean sea level is
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−0.13 m NAVD88), though range from about 2.5 to 4.0 m, with dune heights ranging from
6 to 8 m (e.g., [43]).
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Figure 1. (a) Regional map of the study area along the northern Outer Banks, North Carolina, including
the towns of Corolla, Nags Head, and Duck, NC, home of the US Army Corps of Engineers Field
Research Facility (FRF). Images represent dunes located in (b) Corolla, (c) Duck, and (d) Nags Head.

Dune vegetation within this coastal reach is unevenly distributed alongshore and
across the shore-perpendicular dune profile [43]. Alongshore variation in vegetation
density is influenced in part by management interventions carried out by homeowners and
town or county managers. At the dune toe, vegetation is typically sparse, whereas the dune
crest is densely vegetated [19]. The dune face is an intermediate area of the dune profile,
with vegetation densities that vary widely depending on management interventions and
past disturbances [18]. Coastal foredunes of the northern Outer Banks are dominated by
grasses, lianas, shrubs, and forbs, though our modeling framework focuses on dune grasses.
The dominant grass species are distributed across the dune profile in both monocultural
and mixed patches, and include Uniola paniculata, Panicum amarum, Ammophila breviligulata,
and Spartina patens, all of which demonstrate efficient sediment capture and positive growth
responses to burial [44].

Ecological data from White [19] consisted of quadrat surveys across our study area in
the Outer Banks to determine vegetation density. Shore-perpendicular transects (n = 4–16
transects per site, depending on accessibility) were established at seven sites in the northern
Outer Banks in summer 2021. Each transect captured the dune profile from the dune
toe to the dune back. Survey plots (0.25 m2 quadrat) were set along transects in 5 m
increments, and vegetation cover was visually estimated as the percentage of vegetation
obscuring the bare ground. Statistical analysis was performed to find the range, median,
and standard deviation of the vegetation density on the dune face and crest across all sites
in our study area.

While dunes in the region have generally experienced recent short-term (sub-decadal)
growth (e.g., [43,45]), over decadal and longer time periods the dunes have generally
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retreated in response to the cumulative effects of multiple major storms, a retreating
shoreline, and SLR [46,47]. Moreover, these dunes are at risk from the impacts of projected
climate changes: although future storm patterns remain difficult to predict, the northern
Outer Banks lie within the National Oceanic and Atmospheric Administration (NOAA)
Southeast Regional SLR Zone, where one of the following SLR scenarios is predicted by
2100: 0.3 m (low) to 0.5 m (intermediate-low), 1.0 m (intermediate), 1.5 m (intermediate-
high), or 2.0 m (high) [2].

2.2. Numerical Model Description

AeoLiS [35] is a process-based numerical model that simulates spatiotemporally
variable aeolian sediment transport in supply-limited systems. The model uses a Bagnold-
type formulation to predict instantaneous sediment concentrations that are dependent on
local bed moisture and grain-size characteristics through a modified threshold velocity
input. Similar to the Coastal Dune Model of Durán and Moore [34], the implementation of
vegetation–wind interaction is modeled according to the expression by Raupach et al. [48]:

u∗, veg

u∗
=

1√
1 + Γρveg

(1)

where the ratio of the shear velocity in the presence of vegetation (u∗, veg) to the unim-
peded shear velocity (u∗) is a function of a vegetation-related roughness parameter (Γ)
and the vegetation cover within a unit area (ρveg). The implementation of Raupach et al.’s
expression [48] is calculated on each model grid cell based on the local ρveg, where higher
vegetation cover results in a larger decrease in shear velocity relative to sparse vegeta-
tion. Collectively, the implementation of these physical and ecological processes into
AeoLiS enables the simulation of spatial patterns in time-variable sediment transport and
morphological changes from wind-driven processes in coastal environments.

In addition to the capability of solving for subaerial eco-morphodynamics that con-
tribute to the growth of coastal foredunes, an analytical dune-erosion model based on wave
impact theory was also recently incorporated into the AeoLiS framework to account for
volumetric dune volume losses and associated erosional dune profile changes due to wave
impacts. To characterize if waves contact the dune face, an empirical estimate of wave run-
up is first calculated. Wave run-up (R2%), i.e., the elevation exceeded by only 2% of swash
excursions, is first calculated based on model inputs of significant wave height (Hs), peak
wave period (Tp), and beach slope (tanβ), following the approach of Stockdon et al. [15]:

R2% = 1.1(0.35tanβ

(
Hs

gTp
2

2π

) 1
2

+
[Hs

gTp
2

2π (0.563(tanβ)2 + 0.004)]
1
2

2
) (2)

The maximum instantaneous water levels are a function of offshore sea-level fluctua-
tions driven by tides, storm surge, and other non-tidal residual effects, usually summed
together as the SWL, and these wave run-up effects operate at the shoreline. Total water
levels are then calculated:

TWL = SWL + R2% (3)

Ultimately, the amount of sediment removed from the dune during collision is de-
pendent on the force of water making contact with the dune face. The parametric erosion
module calculates volumetric erosion using the formula presented by Palmsten and Hol-
man [14]:

V = 4Cs(TWL − ztoe)
2Nc (4)

where Cs is a dune erodibility coefficient, ztoe is the dune toe elevation, and Nc is the
number of bore collisions making impact with the dune face over a particular time pe-
riod. Volume losses from the dune are calculated at each model time step (1 h in this
application) and removed from the profile at the cell(s) landward of the dune toe contour
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elevation. Avalanching based on an angle of repose criteria is imposed, which here limits
the development of vertical scarps due to these collisional losses.

Validation of this dune-erosion approach has been completed in the northern Outer
Banks [47]. The addition of this capability allows for the inclusion of both relevant marine
and aeolian dynamics of dune erosion and dune growth within a single model framework.
These combined capabilities were used to forecast the future morphological evolution of
foredunes at our study site. Further details of AeoLiS can be found at: https://aeolis.
readthedocs.io (accessed 1 June 2022) and model version 2.1.1 [49] was used in this study.

2.3. Modeling Management Strategies
2.3.1. Baseline Scenario

The model was applied to representative conditions for the coastline of the northern
Outer Banks to isolate environmental, morphological, and ecological controls on dune
volume changes due to both marine and aeolian processes. For simplicity, we chose a one-
year time period over which to simulate and assess magnitudes and patterns in volumetric
dune changes, as this is a timescale over which both storm-driven erosion and aeolian
transport into the dune complex are relevant. Within the Town of Duck, tanβ has been
shown to average about 0.1 m/m and typical ztoe was 3.0 m NAVD88. However, considering
the wide range of measured beach properties in the region of interest (e.g., [50]), subsequent
simulations were run for seven values of tanβ ranging from 0.05 to 0.2 m/m. Similarly,
available morphological datasets (e.g., [45]) from the Outer Banks also demonstrate wide
variability in ztoe; thus, nine values of ztoe, ranging from 2 to 4 m NAVD88, were assessed
in this work. Together, this provided a matrix of 63 total combinations of tanβ and ztoe.
Because these beach state and dune toe conditions have important implications for wind-
driven dune growth and wave-driven dune erosion [15,33], use of these wide ranges of
pre-existing morphologies allows us to further generalize our findings beyond the short-
term conditions observed along the northern Outer Banks. Synthetic beach–dune profiles
with a grid size (dx) resolution of 0.5 m were generated with these properties, assuming
linear beach and dune slopes and a flat dune crest elevation at 6 m NAVD88. For simplicity,
the initial dune top was assumed as a constant elevation that extended 20 m landward from
the dune crest. To leverage gradient lateral boundary conditions to account for alongshore
wind effects, 2D AeoLiS simulations, including three alongshore cells with alongshore
uniform topography, were generated from each of these synthetic profiles.

Each of the models was forced with waves, tides, wind speed, and wind direction.
Locally measured SWL were sourced from a NOAA tide gauge located at the end of a
pier that extends into the Atlantic Ocean at the US Army Engineer Research Development
Center (ERDC) Field Research Facility (FRF) in Duck. A continuous hourly time series of
SWLs was generated for the period from 1 January to 31 December 2019, which included
Hurricane Dorian, a recent storm of record to impact this coast. To develop a generic
framework representative for the region, an offshore wave time series for the same annual
timeframe for input to AeoLiS was sourced from the Wave Information Studies (WIS)
hindcast (Node 63218). The Hs, Tp, and calculated TWLs were used by the model to
(1) account for time-varying exposed (dry) beach for aeolian transport calculations and
(2) for inclusion in the AeoLiS dune-erosion module [15]. A continuous 10 m elevation wind
time series was sourced from WIS. Wind directions were transformed into a shore-normal
coordinate system assuming a shoreline angle of 67.7◦ relative to north. Offshore-directed
winds and any associated seaward sediment fluxes were not considered and were removed
in the time series by setting the wind speed for these time periods to below the threshold
velocity. The resulting environmental conditions, henceforth referred to as modern-day
conditions (Figure 2, black), were run for each of the 63 morphological cases. This matrix of
runs was repeated for a number of ecological configurations based on field observations
(Section 2.1) to better understand the importance of vegetation densities and distributions
on sediment trapping and dune resilience to erosion at the annual timescale. For the
“baseline” set of conditions, we assumed a uniform ρveg of 30% at all grid cells above ztoe.

https://aeolis.readthedocs.io
https://aeolis.readthedocs.io
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Figure 2. Model inputs (i.e., (a) wind direction, (b) wind speed, (c) significant wave height, (d) peak
wave period, and (e) still-water level) modified to create modern-day (black), low-risk (yellow), and
high-risk (red) climate states, including an example of an intensified storm (g,f).

To focus on exploration in trends, model defaults for AeoLiS were primarily assumed
(with limited exceptions), and local model tuning was not conducted. We applied the
default aeolian transport coefficient (Cb) of 1.5 for the Bagnold equation for instantaneous
sediment concentrations, an hourly model time step, and the Raupach et al. [48] vegetation
shear coupler. A spatially and temporally constant grain size of 0.3 mm was applied,
corresponding to typical sediment textures for dunes in this region (e.g., [51]). The Cs dune
erodibility coefficient, found for a previous application of the Palmsten and Holman [14]
dune-erosion model to the Outer Banks by Cohn et al. [47], was used for the erosion module
in AeoLiS. For this application, the shear module accounting for flow acceleration over
dune topography was not utilized due to exceedance of the low-slope assumptions for
these dune morphologies. The bed elevation was output at hourly intervals across the
whole grid. The net dune volume change was calculated from bed elevation changes above
the dune toe to the landward extent of the grid across the entire one-year simulation period.

In the following subsections, we describe additional simulations, in which ecological
properties (Section 2.3.2) and environmental conditions (Section 2.3.3) were modified to
account for future potential climate conditions, and these are schematized in Figure 3. In
total, 1323 AeoLiS simulations were run to replicate these various morphological, ecological,
and environmental properties.
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2.3.2. Modeling Dune Grass Planting Strategies

All baseline model runs used a constant 30% ρveg on the dune face, as previously
described. However, natural dune vegetation densities vary spatially and temporally
(e.g., Figure 1b,c), while artificially planted dunes often have even sparser vegetation (e.g.,
Figure 1d). To characterize the range of potential dune grass configurations, as observed
from field data from White and described in Section 2.1, additional representations of
vegetation in the model were included. First, uniform ρveg grids of 10%, 50%, and 90%
were generated to represent a range from low vegetation density cases that might be
representative of recent planting of dune grass sprigs (ρveg = 10%), to a mature dune system
where grass has reached high densities (ρveg = 90%). Each of the 63 morphologic simulations
were repeated with these new, uniform, 10%, 50%, and 90% ρveg grids.

Beyond these initial vegetation model runs, in which vegetation density is constant
across the dune face, we included additional cases simulating non-uniform gradients in
ρveg to more accurately replicate real-world conditions in which dune vegetation is spatially
gradational. Statistical analysis of ecological data from northern Outer Banks dunes [19]
found a median dune crest ρveg value of 35% (SD = 22%). Gradient cases assume a local
ρveg of 0% at ztoe that linearly increases to ρveg of 35% at the dune crest and any location
landward of the crest (Figure 4). Recognizing that the 35% ρveg value is a median, and
that there is wide variability in dune ecological characteristics in the region of interest, the
same gradient methodology was repeated for one standard deviation above (ρveg = 67%)
and below (ρveg = 3%) the median-value dune crest ρveg (i.e., 35%). Similar cross-shore
gradients in ρveg were established for each case, and each run for all 63 morphologies.
Together, these seven ecological configurations (10%, 30%, 50%, and 90% uniform ρveg, and
3%, 35%, and 67% gradient ρveg) resulted in 441 different cases run under the 2019 (modern)
environmental time series.
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2.3.3. Exploratory Climate Change Scenarios

Lastly, to better constrain how time-evolving environmental conditions may alter dune
morphodynamics, additional simulations were conducted in which we modified the 2019
(modern baseline) environmental time series. Specifically, to assess possible changes in
storminess, the approach of Santos et al. [6] was implemented to modify the strength of
storm events. All energetic wave events were first selected based on a criterion of daily peak
significant wave height. The maximum wave height, SWL, and wind speed for each such
event were increased by 5% to mimic a possible future climatic response that includes some
amplification of storm characteristics. A triangular function was used to taper these 5%
increases to the baseline conditions 6 h before and after the peak conditions. An example of
these changes for a single storm are shown in Figure 2f,g. The 5% storminess increase was
paired with a 0.5 m SLR increase to represent a possible environmental state experienced
by these dunes in the future. In this case, a uniform 0.5 m increase was added to the SWL
time series input to AeoLiS. All the aforementioned morphologic and ecological conditions
were re-run for the low-end climate change condition, henceforth referred to as the low-risk
scenario. An additional, more extreme, possible climate change case was included that also
increased the storminess by 5% but instead used a 1.5 m increase in sea level, henceforth
referred to as the high-risk scenario.

2.4. Model Outputs

During AeoLiS model simulations, data were stored in a netCDF file every 1 model
hour, with each of our model runs totaling 1 year. Post-processing steps included inter-
polating cases presenting model instabilities (6 simulations across all 1323 model runs),
calculating dune volume change, comparing pre- and post-model dune profiles, and con-
trasting the normalized deposition distance and height for each vegetation pattern. Dune
volume change (∆Vdune) was based on the difference in pre- and post-run dune profile
elevation (z) above the toe elevation (ztoe), calculated across the center alongshore grid. The
maximum deposition distance and height for each run were first normalized against the
baseline case simulations and then averaged across the respective vegetation pattern.
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3. Results
3.1. Baseline Case

The AeoLiS model was used to simulate profile evolution at an annual scale, with
morphologic responses dependent upon both the environmental conditions and initial
morphology. Under the 2019 offshore environmental time series, the 63 different combina-
tions of dune toe elevations and beach slopes resulted in ∆Vdune ranging from +5.5 m3/m
to −71.1 m3/m over the year-long simulation (Figure 5a). Under modern-day condi-
tions, dunes with lower toe elevations and steeper beach slopes experienced more erosion
than dunes with high toe elevations and gentle beach slopes (Figure 6b). For example,
a profile with a higher dune toe elevation (ztoe = 4 m), fronting a relatively steep beach
(tanβ = 0.2 m/m), experienced the greatest degree of erosion, while a lower dune toe and
shallower beach slope (ztoe = 2.5 m; tanβ = 0.075 m/m) resulted in the highest accretion
among the set of simulated baseline scenarios. Approximately 65% of the morphologi-
cal pairs of ztoe and tanβ simulated for these baseline cases yielded net dune accretion
(Figure 6). These accretional dunes exhibited a range of morphologic responses depend-
ing on the total volumetric change experienced at the annual scale, which was largely
controlled by the relative contribution of marine (scarping and retreat) and aeolian (dune
growth) processes aggregated across the simulation. Numerous simulations that resulted
in scarping due to wave collision with the dune face also showed net total dune growth.
This was associated with wind-driven sediment accumulation on the upper portion of the
dune that compensated for losses along the marine margin. A subset of the scenarios that
had high dune toe elevations and/or gentle beach slopes did not experience erosion events
and only experienced accretion.Sustainability 2024, 16, x FOR PEER REVIEW  12  of  24 
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Figure 5. Range of net annual dune volume change (∆Vdune) for all uniform (left of dashed line) and
gradient (right of dashed line) vegetation scenarios under: (a) modern-day conditions, (b) low-risk
climate change conditions, and (c) high-risk climate change conditions. Negative values indicate net
loss of volume.
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Figure 6. Simulated annual dune volume change (∆Vdune) for various combinations of dune toe
elevations (ztoe) and beach slopes (tanβ) with varying ρveg after modern-day climate (a–g), low-risk
climate (h–n), and high-risk climate (o–u).

3.2. Environmental Forcings

Incorporating potential climate change effects by modifying the environmental time
series input into the model can lead to a considerable shift in the annual dune volume
change. Dune volume change for the low-risk climate scenario ranged from +5.7 m3/m to
−80.0 m3/m, and for the high-risk climate scenario ranges from +5.7 m3/m to −91.6 m3/m
(Figure 5b–c). For some morphologies (e.g., ztoe = 3.5–4.0 m and tanβ = 0.05 m/m), increased
storminess in conjunction with an increased sea level led to enhanced accretion (Figure 6i),
as compared with modern-day conditions. Altering climate conditions largely led to a
greater magnitude of net erosion associated with more frequent dune collision and scarping
(Figures 5b,c and 7) and led to more morphologies experiencing net erosion (Figure 6h–u).
The low-risk and high-risk climate conditions, respectively, more than doubled and tripled
the percent of dune morphologies that are net erosional (Figure 6). Under the high-risk
climate condition, most cases resulted in substantial dune volume losses and, in some cases,
even erosion of the entire dune to the landward extent of the model domain (e.g., Figure 7).
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3.3. Vegetation Influence
3.3.1. Uniform Vegetation Cover

Variable uniform vegetation densities showed little influence on the morphology cases
run under all modeled climate conditions (Figures 5 and 6). Under modern-day conditions,
dunes with 10%, 50%, and 90% ρveg experienced +5.0 to −71.6, +5.5 to −65.3, and +5.0
to −65.2 m3/m of growth/erosion over the simulation period (Figure 5). These findings
indicate that the medium (50%) ρveg case trapped the most sediment, whereas in the low-
vegetation-density (ρveg = 10%) scenario, more sediment was transported landward by
wind (e.g., Figure 8a). In the high-vegetation-density (ρveg = 90%) scenario, a substantial
proportion of sediment was retained in the lower portion of the dune and subject to marine
forcing (e.g., Figure 8a). In the case of large wave-driven erosion of the dunes, cases with
the lowest values of ρveg lost the most sediment, whereas the model indicates that the 90%
ρveg cases lost comparatively less sediment overall.
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Under low-risk conditions, dunes with 10%, 50%, and 90% ρveg experienced +5.2 to
−80.3, +5.6 to −79.9, and +5.3 to −79.9 m3/m of growth/erosion, while high-risk conditions
led to ranges of +5.2 to −91.8, +5.6 to −91.6, and +5.3 to −91.6 m3/m. Though the altered
climate conditions increased maximum net accretion, the overall percentage of net erosive
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dunes doubled and tripled under low- and high-risk conditions (Figure 6). Regardless of
climate state, dunes with 50% ρveg showed the most aggregation overall, as compared with
10% and 90% (Figures 5 and 9).
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3.3.2. Gradient Vegetation Cover

Modeled dunes incorporating vegetation gradients showed little variation from those
with uniform vegetation cover. Similar to the uniform vegetation cases, the median ρveg
value (35%) accumulated the most sediment (Figure 9). Under modern-day conditions,
dunes with ρveg gradients of 3%, 35%, and 67% experienced dune volume changes of
+2.7 to −71.5, +5.9 to −66.5, and +5.8 to −66.4 m3/m (Figure 5a). When crest ρveg = 3%,
dunes with accretional morphologies experienced small amounts of aggregation across
the whole dune face. In contrast, when crest ρveg = 35% and 67%, dunes with accretional
morphologies aggraded the most sediment, but only at lower elevations (e.g., Figure 8b).
Low-risk climate shifted the dune volume changes for dunes with the same ρveg to +2.8 to
−80.3, +6.1 to −80.3, and +5.9 to −80.2 m3/m (Figure 5b), while high-risk conditions led
to ranges of +2.8 to −91.7, +6.0 to −91.6, and +6.0 to −91.6 m3/m dune volume change
(Figure 5c).

When all variable-vegetation cases were compared to the baseline morphology sce-
nario under modern-day conditions, we found that the greatest differences were in those
with lower dune toe elevation and steeper beach slopes (Figure 10). Under modern-day
conditions, dunes with higher dune toes fronted by shallower-sloping beaches, with ρveg of
uniform 50% and 90% and ρveg gradients of 35% and 67%, experienced a higher magnitude
of deposition than the baseline case (Figure 10b,c,e,f). However, dunes with the same
morphologies and ρveg of 10% (uniform) and 3% (gradient) displayed a lower magnitude
of deposition than the baseline case (Figure 10a,d). Comparatively, differences in dune
erosion/accretion for low-risk cases mostly deviated closer to the erosion/accretional
threshold (Figure 10g–l).
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4. Discussion
4.1. Morphologic Controls

Dune erosion is typically influenced by the frequency and duration of exceedance of
TWL over the dune toe elevation. This varies based on offshore wave conditions [15], dune
toe elevation [52], beach width, and slope [11,53]. Dunes with higher toe elevations often
experience decreased wave collision and, therefore, less erosion and loss of lower dune
volume [14]. Beach width also imparts a primary control on dune erosion: wider beaches
create a dissipative system, decreasing wave run-up and the resultant impact on the lower
dune [15,53]. These general trends have also been observed at Duck, with sites of localized
high rates of dune retreat often observed in areas with anomalously steep beaches, low
dune toes, and/or deep offshore bathymetry [54].

Consistent with both the literature and local observations, the AeoLiS model runs for
the baseline, modern-day environmental forcings indicated that initial dune and beach
morphology play an important role in annual dune volume changes (Figure 6). Simulated
dunes with net accretive behavior are those fronted by beaches with a gentler beach
slope, while dunes fronted by a steeper beach slope only experienced net annual erosion
(Figure 6). Model results, which integrated both aeolian and marine processes, indicated
that locations with steep beach slopes and low dune toe elevations are unlikely to maintain
stable foredunes in the long term (decades) without active management to either rebuild
dunes or add sediment to the beach. This may point to a rationale for why low-elevation
dune toes (below 2.5 m) were rare in this study region; that is, they may reflect a transient
morphologic state. These low dune toes are likely to naturally increase in elevation over
time through avalanching of the scarped dune face and negative morphodynamic feedback
that may serve to prevent runaway erosion. We found the potential volume losses from
wave collision were much higher than the potential dune volume gains from wind-driven
sediment transport processes (Figure 6) among the morphological conditions simulated.
Thus, episodic erosion events could also serve to shallow beach slopes through rapid lateral
retreat of the dune toe during major erosional storms and through transfer of some subset
of those eroded dune sediments onto the beach.



Sustainability 2024, 16, 3460 16 of 23

Beach properties also play an active role in modifying aeolian dynamics in coastal
systems. Wider beaches (generally those with shallower slopes) are unlikely to be fetch-
limited in terms of transport saturation (e.g., [8]). Terrestrial lidar mapping of beach–dune
systems found that beach slopes similarly play a role in controlling dune volume change
in the United Kingdom [55] and the Netherlands [10]. In this present AeoLiS application,
modeled dune growth rates upward of 5 m3/m/year along sites with low-gradient beach
slopes are consistent with field observations from the Outer Banks [45]. Interestingly, a
relatively major storm, such as Hurricane Dorian (2019), was insufficient to drive substantial
erosion for most combinations of beach slope and dune toe elevation, and in some cases
resulted instead in dune accretion. Therefore, while dune growth rates may be modest at
the annual scale, the aggregation of these sediment fluxes over a decade or longer, in the
absence of any catastrophic collision events, can contribute to the growth of entirely new
foredune systems, as has been observed at the FRF in recent years by Brodie et al. [43] and
are common along progradational beach systems (e.g., [56]). This highlights the degree to
which natural processes can aid dune resilience over time. This is particularly important to
consider from a coastal management lens, considering that dune stability and growth are
likely to be impacted under evolving climate conditions (e.g., Figures 6, 7, and 10).

4.2. Ecological Controls

The presence of vegetation is generally recognized from field studies as reducing
wave-driven erosion [27,28]. Over short timescales (i.e., minutes), the density of vegetation
can serve to reduce erosion [57]. While the influence of vegetation on dune collision
dynamics was not included in our modeling framework, vegetation did play a role in
modeled accretional dune eco-morphodynamics. Dune vegetation reduces wind velocity
and allows sediment to fall out of suspension [31,58], thus amplifying aeolian deposition
over time. Considering the inclusion of the Raupach et al. [48] equation into AeoLiS, we
expected dunes with higher vegetation cover to experience overall greater annual net
accretion within the model simulations. We found an increase in accretion as uniform
ρveg was changed from 10% to 50%, and as gradational ρveg increased from 3% to 35%
(Figures 6, 8, and 10). However, our results indicated that intermediate vegetation densities
(i.e., 50% and 35% ρveg) yielded the greatest net accretion over a single-year period under
modern-day conditions (e.g., Figure 9), suggesting the existence of an idealized threshold
of vegetation cover to promote dune growth.

Maximum accretion at intermediate densities may be explained by the modeled
distribution of vegetation across the dune: in our model runs, the lowest elevation with
vegetation present was located at the prescribed dune toe, encouraging accretion principally
at the toe through vegetation-induced sediment trapping. In this vegetation distribution,
sediment flux to the stoss slope and crest is subsequently hindered. Keijsers et al. [59] ob-
served a similar process, where maximum sedimentation occurred at the highest vegetation
density (at lower elevations) and decreased landward. Figure 10b indicates that cases with
the highest (90%) ρveg values resulted in 15% more aggradation at the zone of maximum
deposition, relative to the 30% ρveg case. Conversely, a lower ρveg resulted in sediment
spread over a wider cross-shore area and a lower maximum height of sediment deposition
than a higher ρveg (Figure 11). These model results are consistent with field observations
that have demonstrated that sparse dune vegetation allows more sand to be transported
landward [60]. We overall found that vegetation gradient cases led to a greater distance of
deposition from the dune toe (Figure 11a), while uniform vegetation cases led to a greater
deposition height (Figure 11b).
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High ρveg at the dune toe served to concentrate sediment deposition at lower elevations
(Figures 8 and 11a), where it could subsequently be eroded during elevated TWL events
if TWLs exceeded the dune toe elevation. This concentrated zone of deposition near the
beach–dune boundary contributed to the slightly lower rates of net dune volume change
for many simulations relative to moderate ρveg cases, where sediment could be transported
by wind further into the dune complex and was, therefore, not eroded during high-energy
events. These aggregate results suggested that planting strategies could be optimized to
either encourage (1) dune widening by facilitating a narrower zone of deposition near the
dune toe, or (2) aggradation of the entire dune profile, thereby promoting dune heightening,
through the use of sparser planting. Our results overall showed that dunes with a cross-
shore gradient of vegetation with an intermediate density close to the dune crest may have
the highest potential for annual progradation.

Our observation of lower rates of accretion on modeled dunes with high vegetation
densities could also be explained by the default ecological parameterization of AeoLiS. Ae-
oLiS assumes vegetation dies instantaneously after interacting with wave run-up; however,
live vegetation can sustain some level of seawater inundation depending on the species.
Because vegetation growth and expansion were turned off for these exploratory simula-
tions, if storm surge occurred early in the simulation, the plants were no longer accounted
for, negating any accretional capabilities contributing to dune rebound. Nonetheless, our
results align with published dune manuals and guides encouraging planting of sparse
vegetation at the dune toe and increasing vegetation densities closer to the dune crest
and at higher elevations to optimize sediment trapping [61]. Additionally, Hesp et al. [26]
demonstrated, with artificial vegetation and a wind tunnel, that deposition of wind-driven
sediment does not necessarily occur at the immediate front of a vegetation patch. Using the
wind experiments of Hesp et al. [26] and additional field measurements from the Oregon,
USA coast, Dickey et al. [25] also showed that using a far-field vegetation shear coupler im-
proved the simulation of deposition patterns relative to the approach of Raupach et al. [48]
in coastal dune fields with sparse vegetation. Incorporating any far-field deposition ef-
fects from both dense and sparse vegetation into the results of this present study could
translate sediment deposition even further into the dune complex and similarly reduce
the likelihood of wave-driven erosion of those sediments. While vegetation is an effective
agent for sediment trapping under modern conditions, climatic changes are likely to shift
dune systems toward net erosion under a broader set of morphological conditions (e.g.,
Figure 6).
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4.3. Future Dune Vulnerability under Variable Environmental Forcings

Future climate changes are likely to lead to enhanced coastal hazards, including
increased storm surge, flooding, and beach erosion, resulting from the combined forces of
rising sea levels and increased storminess. Incorporation of multiple forcings into numerical
models is needed to gain realistic projections of coastal change and help identify evolving
best management practices (e.g., [62]). For example, higher background water levels
amplify storm surge and will result in wave run-up exceeding the dune toe more frequently,
leading to an increase in the duration and magnitude of wave-driven dune erosion [63].
Simultaneously, higher TWLs decrease aeolian transport of beach sand by reducing the area
of dry, exposed sediment available for transport, which ultimately reduces wind-driven
sediment inputs to the dune [64].

The instantaneous increase in SWL applied in our models did not fully capture the
intricacies of coastal change associated with a gradual rise in SLR. Further, many uncertain-
ties remain regarding the nature of how storm patterns will shift in the future [3], which
cannot be accounted for in our approach. Nonetheless, this numerical modeling approach
does allow for an assessment of (1) hypothetical scenarios and (2) insight into potential
challenges in maintaining the status quo of dune resilience even a short time into the future,
while trying to maintain the current seaward extent of the shoreline.

In our simulations, the number of beach and dune morphology combinations that ex-
perienced net accretion decreased by 20−25% under low-risk climate conditions and further
decreased by 30−37% under high-risk climate conditions, relative to the baseline (modern)
conditions. However, in the low-risk scenario, dunes with the highest toe elevations and
fronted by dissipative beach slopes showed a slight increase in modeled accretion for both
climate scenarios (Figures 5 and 6), reflecting the possible positive contribution of increased
storminess to dune accretion through increased aeolian activity driven by higher peak wind
velocities during energetic storms. Considering that foredunes along developed coasts
generally cannot migrate landward [65], these added wind-driven sediment fluxes under
future climate forcings may help to offset some losses associated with more extreme marine
forcings (i.e., wave erosion) in the future. Whether a particular dune experiences accretion
or erosion during a specific event can be highly dependent on sub-tidal sequencing of tides,
peak storm surge, peak wave characteristics, and peak wind characteristics, complicating
our ability to associate any single instance of aeolian, storm-driven dune growth with
climate change.

We found that the threshold for net accretional versus erosional conditions (dashed
black line in Figure 6 subpanels) shifted toward higher dune toe elevations and gentler
beach slopes for both low-risk and high-risk climates. In other words, more combinations
of beach and dune morphologies will be vulnerable to erosion under modeled climate con-
ditions. The percentage of beach and dune morphology combinations experiencing erosion
shifted from ~35% under modern-day conditions to ~60% under low-risk conditions, and
to ~90% for high-risk conditions (Figure 6). This indicates that the accretional abilities of
increased storminess did not offset subsequent erosion caused by elevated background
TWLs from higher SLR for the vast majority of beach and dune morphologies found along
the northern North Carolina Outer Banks. Our model results indicate that a wider variety
of dune morphologies are susceptible to erosion when subjected to compound effects of
higher SLR and increased storm intensity (high-risk climate scenario; Figure 6). Dunes in
the modeled high-risk climate also experienced a greater magnitude of erosion. Consider-
ing the singular difference between low- and high-risk conditions is the SLR scenario, SLR
may be a more predominant environmental forcing with regard to dune volume loss, as
compared to enhanced storminess, in the coming century. This finding is consistent with
Ranasinghe et al. [66], who used a multi-scale Probabilistic Coastline Recession model to
determine the relative impact of SLR and storm erosion on sandy coastlines.

Increases in both sea level and storminess led to greater variation in volume change for
dunes fronted by gently sloping beaches, while dunes fronted by steeper beaches showed
similar volume losses between modern-day and altered climatic conditions (Figure 6). This
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unexpected result may reflect the predisposed vulnerability of dunes fronted by steeper
beaches to overtopping under modern-day conditions [15], or the decreased opportunity
for wave-energy dissipation while traveling up steeper beaches [67]. In the coming decades
and century, we will likely see decreased annual dune stability (and accelerated erosion)
along beach–dune systems with attributes similar to those in the northern North Carolina
Outer Banks.

4.4. Numerical Approach

Previous approaches to modeling dune evolution at annual scales have either neglected
erosive marine processes (e.g., [35,56]) or attempted to fully simulate feedback between
the subaqueous and subaerial zones using coupled modeling tools (e.g., [29]). This model
effectively pairs the process-based aeolian sediment transport model AeoLiS [35] with
a dune-erosion module derived from Palmsten and Holman [14]. AeoLiS was used to
efficiently simulate annual-scale dune evolution on timescales of minutes to hours, as
compared with models requiring high computational power and large amounts of time to
complete simulations (e.g., XBeach–Duna and Windsurf).

It is important to note that this model application makes assumptions that limit its
realistic representation of real-world dune processes, including defining beach and dune
shapes by an initial planar morphology and simplifying vegetation–sediment interactions,
accounting for only a single species. Vegetation effects on marine processes were also not
directly included in the modeling exercises presented here; however, incorporation of the in
situ shear strength of the vegetated dune into the dune erosion solver (following methods
of Ajedegba et al. [68]) could allow for this additional morphodynamic feedback to be
resolved. Ongoing work is also being carried out to couple AeoLiS with DOONIES [69], a
photosynthesis-based ecological model developed for coastal settings, to create a more com-
prehensive tool to study short-term coastal dune evolution, including dynamic vegetation
growth and expansion effects.

Furthermore, our methodology assumes a constant beach slope through time, and
that dune collision always results in erosion (following the framework of Palmsten and
Holman [14]), thus neglecting the possible role of swash deposition at the base of the
dune. Our approach to modifying meteorological and oceanographic forcings by fixed
percentages for TWL over 3 m is also likely overly simplistic: global climate models
typically include rigorous statistical analyses, incorporation of storm climatology, and
detailed offshore hydrodynamical modeling, all of which this methodology lacks [70]. Our
climate assumptions, along with inherent limitations in process-based morphodynamic
models in representing the full suite of real-world physical processes acting on dune–beach
systems, should be considered when interpreting the model results.

Nevertheless, our approach is illustrative of potential changes to the state of dune
systems under broadly more energetic conditions. We stress that the primary aeolian and
marine drivers of coastal foredune change are included in AeoLiS, and that these results
can, therefore, provide valuable insights into the potential ecomorphodynamic controls on
present and future dune evolution. Additional work is needed to understand the long-term
combined effects of changing static (sea level) and dynamic (winds, waves, and surge)
environmental conditions on dune processes at multidecadal to centennial timescales.
Further modeling should also be performed to assess the potential offset of dune volume
change under climate conditions for varying management strategies. Possibilities include
varying vegetation species within the model, introducing sand fences, or varying the
beach width to represent (for example) artificial beach nourishment, along with detailed
validation of these behaviors against field data.

5. Conclusions

This study used numerical modeling to investigate potential shifts in erosional versus
accretional behavior of coastal dunes in response to ecological spatial variability and
changing climate conditions. The results indicated that annual dune evolution is highly
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dependent on the pre-existing morphology of the beach and dune. Consistent with field
observations, we found that the most resilient dunes were those characterized by high-
elevation dune toes, fronted by shallow-sloping beaches, and with a cross-shore gradient of
vegetation with an intermediate density close to the dune crest. Sites with shallow-sloping
beaches and/or higher dune toe elevations are likely to be less vulnerable to dune erosion
and more likely to experience dune growth from aeolian inputs, as compared with steeper
beaches and/or lower-elevation dune toes, even under high-risk climate scenarios. As
such, we found that dunes with low toe elevations fronted by steep beaches were the
most vulnerable to changes in environmental conditions. Furthermore, the resilience of
dunes with high toe elevations fronted by gentle sloping beaches can be improved by dune
vegetation distribution changes more than dunes with low toe elevations fronted by steep
beaches because of their predisposed accretional capabilities. Under all altered climate
conditions, our modeling revealed that, while dune vegetation can enhance dune growth,
the precise vegetation strategies (e.g., spatially varying planting densities) play the primary
role in the spatial distribution of sediment deposition. For example, planting vegetation
gradients could lead to more sediment deposition across the dune face, while planting
uniform vegetation may lead to more deposition at the dune toe. These results show how
even exploratory numerical models can inform or optimize coastal management actions,
such as assessing tradeoffs for different dune designs or planting strategies.
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