
1.  Introduction
Coastal dunes, lying at the interface between ocean and land, are fragile and complex systems regulated by 
biotic (e.g., plants, animals, biotic crusts, etc.) and abiotic factors (e.g., sediment, wind and nutrient fluxes, 
precipitation, etc.) and their multiple interactions (Brodie et  al.,  2019; Costas et  al.,  2023; Durán Vinent & 
Moore, 2015; Stallins & Corenblit, 2018). Their importance as ecosystem service providers has been widely 
acknowledged, motivating research on the different aspects controlling the evolution of these systems, such as 
vegetation cover (e.g., Talavera et al., 2022), dune shape, beach state (e.g., Garzon et al., 2022) and the processes 
controlling dynamics over distinct temporal scales, from event-scale (e.g., Costas et al., 2020) to multi-decadal 
(e.g., Herrero et al., 2020) changes. Coastal dunes display not only significant morphological variability along-
shore (Houser, 2013; Houser et al., 2018; Moore et al., 2018), but also variable response depending on the shore-
line trends at the adjacent beach (Brodie et al., 2019; Houser et al., 2022). Dune shape (i.e., aspect ratio or ratio 
between the height and width) has been suggested to influence storm-induced dune erosion (Itzkin et al., 2020), 
while dune height has been traditionally used to assess the impact of storms at sandy coasts (Ferreira et al., 2016; 

Abstract  Process-based morphodynamic models can be useful in understanding coastal dune responses 
to disturbances, as well as possible evolutionary patterns. To this aim, we employ Duna, a simplified 1D 
morphodynamic model, to assess the influence of dune morphology (height and slope) on sand transfer and 
deposition across the dune profile for different beach widths and wind incidence angles through idealized 
experiments. Simulations of real conditions show good model performance, both in wind flow reproduction and 
in topographic change along the dune profiles tested. The idealized experiments show that wind speed increases 
and sand accumulation decreases logarithmically with dune height and linearly with stoss slope along the dune 
profile. Fetch and cosine transport limiting parameters are reflected in the sand accumulated windwards from 
the toe, while sand transfer to the dune appears controlled by multiple factors; the higher the dune and/or the 
narrower the beach, the likelier that maximum accumulation occurs under oblique winds. Results point to two 
different types of evolution for high dunes. Either the vegetation is dense enough to maintain the stoss position, 
in which case vertical growth near-ceases and seaward progradation is promoted, or the stoss is eroded and 
landward retreat dominates, in which case sand transfer to the crest and lee continues as a mixture of low input 
from the beach and recycled sand from the stoss.

Plain Language Summary  Coastal dunes are sensitive ecosystems whose survival depends on 
their adaption to changing conditions. Thus, it is important to understand how dune characteristics (i.e., shape, 
vegetation type, and cover) and prevailing conditions (i.e., wind speed and direction, beach width) determine 
where and when sand is deposited onto the dune, promoting growth. This is the result of a complex balance 
between winds that bring sand to the dune from the adjacent beach (main sand provider), the dune topography 
(decelerating winds near the dune toe and accelerating them along the slope, up to the dune crest) and dune 
plants (slowing winds down in their vicinity and trapping wind-blown sand). The main controls on these 
complex interactions have been incorporated into the Duna model for aeolian sand transport. After tuning 
parameters and verifying that simulated results are accurate, Duna is used to assess the impacts of dune shape 
(height and slope), beach width, vegetation coverage and wind angles to wind flow and topographic changes on 
the dune. Results show that both wind speed and sand accumulation vary logarithmically with dune height and 
linearly with slope. The simulated sand distribution along the dune is used as a basis to draw generalized dune 
growth patterns.
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Sallenger, 2000). However, the relative importance of the factors controlling dune shape and their impact on 
foredune growth is understudied (Hovenga et al., 2023).

Durán and Moore  (2013), based on ecomorphodynamic model simulations forced with constant onshore winds, 
introduced the idea that foredunes are scale invariant, with long-term growth being limited by a negative feed-
back between wind flow and topography, and with vegetation type controlling the maximum dune height. Based 
on field data, R. Davidson-Arnott et al. (2018) opposed the hypothesis of an equilibrium dune height and postu-
lated that stoss slope steepness cannot limit sand transfer to a halt as much of the dune vertical growth takes place 
under oblique winds. Recent research by Schwarz et al.  (2021) also highlights the importance of wind direction 
and vegetation cover to foredune growth and recovery. On one hand, this research relates sediment flux limitation 
at the dune toe to fetch-induced sediment availability, which in turn may be controlled by wind direction (Bauer & 
Davidson-Arnott, 2003; Delgado-Fernandez, 2010; Walker et al., 2009). On the other hand, it relates sediment flux 
limitation at the dune crest to transport capacity, which the authors suggest is determined by the wind velocity and the 
distance traveled over vegetation. Wind velocity was found to accelerate from the dune foot to the crest, in particular 
for shore-perpendicular winds (Arens et al., 1995; Schwarz et al., 2021; Walker et al., 2017). Schwarz et al. (2021) 
suggest that dune height and stoss slope, which, together with wind direction, control the magnitude of wind acceler-
ation across the dune slope, could play a critical role in foredune growth and recovery after storm-derived erosion. In 
this regard, and despite having explored only one large dune, the authors suggest that, due to differences in topographic 
steering, growth capacity at the crest differs between low and high foredunes. In the former case, shore-parallel and 
weak oblique winds induce similar growth, while in the latter case, vertical growth is favored during oblique winds.

The complex interactions between ecological and geomorphological aeolian processes and the influence of near-
shore sediment transport governing coastal dune morphodynamics have inspired the development of numeri-
cal models that aim to address these complexities and resolve the dynamics at different spatiotemporal scales 
(Keijsers et al., 2016). The main interactions between wind, sand transport and dune vegetation are described 
in most models, with variable degree of detail (i.e., depending on the focus and the timescale of the simulation, 
processes often can be simplified or omitted), using process-based, semiempirical and/or statistical methods, or 
a combination thereof (Roelvink & Costas, 2019).

In terms of wind flow, computational fluid dynamics (CFD) modeling has enabled to reproduce highly detailed and 
complex airflow patterns and their dependencies on coastal dune morphology (Hesp & Smyth, 2016, 2021; Hesp 
et al., 2015; Jackson et al., 2011; Parsons et al., 2004; Smith et al., 2017). However, the computational cost involved, to 
date, inhibits the use of CFD models for morphodynamics. Instead, coastal morphodynamic models use more simpli-
fied (1D or 2D) wind flow solutions that cannot reproduce all the complexities associated with wind-topography 
interaction. Still, such models appear to fairly represent fundamental processes (Cohn et al., 2019; Costas et al., 2019; 
Roelvink & Costas, 2019) while maintaining the required simplicity to enable longer-term simulations. In fact, models 
that explicitly describe morphodynamic processes when applied at medium to long scales incorporate shorter scale 
changes (e.g., beach erosion and recovery), thus providing a means to integrate transport between scales.

In terms of coastal dune morphological change, categorizing models is not straightforward due to differences 
in model complexity (incorporated processes and interactions) and spatiotemporal scales of change described. 
Still, models can be broadly grouped under two main categories: data-driven and process-based. To simulate the 
complex processes governing coastal dune change, data-driven models often employ statistical and semiempiri-
cal expressions and/or learning algorithms (i.e., genetic, or neural networks), while process-based models employ 
analytic expressions and numerical methods. DOONIES (Charbonneau et al., 2022) is a stochastic, grid-based 
ecogeomorphic community model for coastal dune vegetation, incorporating biological, physiological, and 
geomorphological drivers. Statistical approaches, such as cellular automaton (CA) models or genetic program-
ming (GP), that describe complex interactions using probabilistic rules have also been developed. For example, 
DUBEVEG (Keijsers et al., 2016) uses CA to describe crucial bio-physical feedback interactions for dune growth, 
development and decay and the CA model of Poppema et al. (2022) simulates sediment dynamics around build-
ings and their impacts on dune shape, growth and migration. Goldstein and Moore (2016) used GP to develop a 
simplified 1-D model for coastal foredune height, parameterizing dune growth and erosion by storms. In terms 
of aeolian sediment transport process-based models, Aeolis (Hoonhout & de Vries,  2016) is a multi-fraction 
model that simulates spatiotemporal variations in bed surface properties and sediment availability. Based on the 
work of Durán and Herrmann (2006) and de M. Luna et al. (2011) developed a 2D dune formation model that 
employs a quantitative description of the turbulent wind field over the terrain with a continuum saltation model 
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and vegetation growth. Based on the same work, the coastal dune model (CDM; Durán & Moore, 2013) focuses 
on resolving airflow, sediment transport and vegetation growth.

Models that couple marine and aeolian processes across the beach-dune profile, can integrate a significant level of 
interactions across scales and can be useful tools to explore complex morphodynamic feedback mechanisms (Cohn 
et al., 2019) and the role of vegetation and sediment supply in the development of the shape of foredunes (Roelvink 
& Costas, 2019). Windsurf (Cohn et al., 2019) couples three models which simulate subtidal morphodynamics 
related to waves and currents (XBeach), subaerial morphodynamics related to wind shear and vegetation (CDM), 
and multi-fraction aeolian sediment transport that includes the effects of supply limiters (Aeolis). XBeach-Duna 
(Roelvink & Costas, 2019) couples two process-based (marine and aeolian) models over the beach-dune profile 
and was tested over multidecadal timescales. Duna comprises a wind flow module, a flow-vegetation interaction 
module and a sand transport module and accounts for a wide array of supply limiting conditions (armoring, fetch 
limitation, moisture, slope). For long-term simulations, approaches combining machine learning algorithms with 
morphodynamic models to reduce computational loads, such as the Long Short-Term Memory model paired with 
Windsurf (Itzkin et al., 2022), have also been employed. Similarly, simplified semi-empirical models, such as the 
cross-shore sediment transport (CS) model (Hallin et al., 2019) that solves conceptual morphological models for 
the coupled evolution of beach-dune systems, have been used over decadal to centennial time scales.

Despite recent advances in morphodynamic modelling of coupled coastal processes, simplified approaches 
and reduced complexity numerical models are likely the solution for long-term coastal change simulations 
(Ranasinghe, 2020). A major challenge in using simplified models is assessing whether numerical results accurately 
emulate real world processes (R. Davidson-Arnott et al., 2018), making rigorous calibration and validation essential. 
Still, after appropriate calibration and validation, such approaches could help understanding long-term dune morpho-
dynamics, often constrained by contextual limitations related to spatial and temporal scales (Walker et al., 2017).

From the above, it can be deduced that open issues exist in coastal dune morphodynamics and that numerical models 
can potentially provide valuable information, otherwise difficult or impossible to extract from field measurements. 
Among the currently open questions and controversies is the influence of dune shape on dune growth and the 
role of internal and external controlling factors, while the existence of a maximum dune height has been strongly 
debated. The present study aims to elucidate the influence of dune topography (dune height and stoss slope) and 
vegetation cover on wind flow, sand transfer and deposition on the dune for different beach and wind incidence 
conditions. To this aim, a series of idealized numerical experiments are performed using an updated version of the 
Duna process-based model that includes parameterization of the fetch effect, after calibration and validation against 
numerical and field data. The idealized experiments include variable dune morphologies (dune heights: 4–26 m 
and stoss slopes: 0.29–0.5), wind incidence angles (0°–75°), vegetation densities and beach widths. The results are 
used to identify wind flow and short-term sand accumulation patterns with relation to dune shape over the beach-
dune profile and to gain insights on related dune growth/adaptation mechanisms and potential limiting conditions.

2.  Methods and Data
2.1.  Duna Morphodynamic Model

In the present paper, we employ a standalone version of the 1D Duna model (Roelvink & Costas, 2019), a morpho-
dynamic model that simulates the evolution of dunes as a result of input conditions (e.g., wind, vegetation cover) 
and of the dynamic interactions and feedbacks between morphology, flow and vegetation. The computational flow 
in Duna is as follows: (a) calculation of the wind velocity field along the beach-dune topographic profile, (b) reduc-
tion of wind velocity in vegetated areas of the dune due to plant-wind interaction, (c) critical shear stress calculation 
along the profile, accounting for moisture and slope effects for sand transport, (d) definition of instantaneous sedi-
ment concentrations in the domain, accounting for additional transport limiting parameters (fetch and armoring), 
and (e) update of the dune topography (solution of 1D advection and mass balance) and of the vegetation cover.

As Duna model has been thoroughly analyzed in Roelvink and Costas (2019), here we briefly mention the main model 
parameterizations, focusing on recent improvements and providing formulas that are new or pertinent to the present 
work (the reader is referred to Roelvink and Costas (2019) for the extended analysis of model parameterizations).

2.1.1.  Brief Model Description

The variability of wind velocity along the dune profile is based on the Kroy model (Kroy et al., 2002a, 2002b). The 
Kroy wind shear stress model involves two constants, α and β, used to tune the model (calibration parameters). Both 
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constants depend logarithmically on the ratio L/z0, where L is the characteristic length of the dune (i.e., half of the 
width at half-height of the Gaussian heap assumed in the analytic solution) and z0 is the surface roughness length 
(Kroy et al., 2002a, 2002b; Roelvink & Costas, 2019). Using the analytic expression of Kroy et al. (2002a), the values 
of α and β can be estimated, based on dune shape (e.g., values range from α = 5.25 and β = 0.32 for L/z0 = 4 · 10 3 to 
α = 3.5 and β = 0.2 for L/z0 = 4 · 10 6). Given that the Kroy model is applied in Duna to assess the influence solely 
of topography on the bed shear (the influence of vegetation is accounted for separately, i.e., see Buckley formula in 
Equation 1), z0, α, and β can be considered constant throughout portions of the profile with uniform slopes.

The simplified wind model cannot reproduce flow separation at the lee of the dune. To account for that, a condi-
tion of no sediment pickup is applied within the zone of the separation bubble (leeslope effect), which is assumed 
to occupy the zone of the lee (downwind from the crest brink) below an angle equal to the critical slope for flow 
separation (∼14°) and the horizontal (Kroy et al., 2002a).

The interference of vegetation with the flow has been estimated using the simplified formula of Buckley (1987), 
assuming that the damping of the depth-averaged velocity, induced by a patch of plants with coverage CV, is 
(Roelvink & Costas, 2019):

�
�0

|

|

|

|�
= 1 − � ⋅ ��� (1)

In the formula, k is a constant dependent on the plant characteristics. According to Buckley (1987), who tested 
CV values up to 17%, k is 0.018 for typical small erect or spreading herbaceous plants and reaches 0.046 for small 
stemless rounded plants.

The critical shear stress velocity for sand motion is calculated by the Bagnold formula (Bagnold, 1936), multiplied 
by a slope term that accounts for the upslope increase, or downslope decrease, of the shear velocity, compared to a 
horizontal surface. The model also accounts for the influence of moisture on the threshold for the motion of sand 
(i.e., by sea level oscillations and swash, e.g., obtained from XBeach in coupled runs), effects that are omitted 
in the idealized experiments presented, for simplicity and comparability between the results. Transport limita-
tion due to armoring is also included, considering a two-layered structure of the sediment, with the upper layer 
consisting of sand (transportable by winds) and a much coarser underlying layer (essentially non-transportable by 
aeolian events), in a similar but significantly more simplified approach to the one of Hoonhout & de Vries (2016). 
In long-term beach-dune coupled simulations, the armoring effect is frequently removed by “reset” events (e.g., 
due to swash, extreme wind events, or people) in-between aeolian events (Roelvink & Costas, 2019).

The saturated (or equilibrium) concentration, calculated from the Bagnold sediment transport rate formula, is 
used to calculate the instantaneous concentration assuming a relaxation timescale for sediment pickup (∼1 s) 
(Hoonhout & de Vries, 2016) and an empirical upper limit of 2 kg/m 2. Sediment fluxes along the grid are deter-
mined using a 1-D upwind advection scheme and the mass balance in each grid cell is translated to elevation 
change (considering the porosity and density of sand). If the slope of the simulated profile exceeds the angle of 
repose, avalanching occurs, and the sediment is redistributed assuming a post-avalanching slope equal to the 
angle of repose. Simulated topographic changes in each temporal step are used to update vegetation characteris-
tics (height and density) due to sand burial and potential plant mortality due to excessive erosion (i.e., full expo-
sure of the roots and plant die-off occur for erosion exceeding a critical height ∼0.2 m).

2.1.2.  New Parameterizations

The sediment transport module is modified in the present application, adding a parameterization of the fetch 
length influence for sand transport. This is based on the functions proposed by Delgado-Fernandez (2010), reduc-
ing the transport calculated by the Bagnold equation by a factor CFetch:

𝐶𝐶Fetch =

⎧⎪⎨⎪⎩

sin

(
𝜋𝜋

2
⋅

𝐹𝐹

𝐹𝐹𝐶𝐶

)
𝐹𝐹 𝐹 𝐹𝐹𝐶𝐶

1 𝐹𝐹 ≥ 𝐹𝐹𝐶𝐶

� (2)

where FC is the critical fetch length, calculated from the wind velocity magnitude at 10 m from the surface, U10, 
as follows:

𝐹𝐹𝐶𝐶 = 4.38 ⋅ 𝑈𝑈10 − 8.23� (3)

 21699011, 2023, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JF007080 by C

ochrane Portugal, W
iley O

nline L
ibrary on [06/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Earth Surface

KOMBIADOU ET AL.

10.1029/2023JF007080

5 of 28

To account for the combined influence of topography and fetch under oblique wind incidence, the computational 
grid is rotated by an angle, θ, equal to the angle between the initial profile and the direction of the wind. Grid rota-
tion was performed assuming “infinite” and uniform topography alongshore and projecting the profile onto the 
wind direction (Figure S2 in Supporting Information S1). Essentially, this translates to a horizontally stretched 
profile, with a projected computational grid step of

𝑑𝑑𝑑𝑑
′
=

𝑑𝑑𝑑𝑑

cos 𝜃𝜃
� (4)

The projected profile is used throughout the flow and sand transport modules of Duna and morphological changes 
are transferred to the initial profile at the end of each step (aeolian event).

2.1.3.  Model Assumptions and Simplifications

Duna simulates sediment transport by saltation, initiated and sustained by the wind flow (disregarding suspen-
sion flows). Topographic forcing and steering effects, near-surface flow deflection and acceleration patterns and 
local secondary flows that can be important for modeling foredune morphodynamics (Hesp et al., 2015; Walker 
et al., 2006, 2009) are not included in the 1-D flow model. Also, the assumption of a logarithmic wind velocity 
profile, used to calculate the shear velocity, may not hold near the foredune crest (Bauer et al., 2022). In the pres-
ent model applications, we also disregard marine influences (i.e., no armoring or moisture effects) and consider 
one type of non-flexible dune plant throughout the modeled profile for the idealized experiments.

In terms of boundary conditions, infinite sediment supply is assumed at the upwind boundary (theoretical seaward 
limit of dry beach) and an open boundary is applied at the landward limit of the computational grid.

2.2.  Simulations and Data Sets

As already noted in the introduction, the focus of the work is to assess how internal (dune shape and vegeta-
tion cover) and external (beach width, wind angles) factors affect short-term dune morphologic change through 
idealized simulations. Prior to extracting meaningful information and conclusions from numerical results, their 
reliability needs to be determined and verified. Thus, a necessary first step in the analysis is to assess the model 
accuracy and its ability to reproduce dune morphodynamics under different conditions. This is performed in the 
first set of simulations, implemented for calibration and validation of the flow and sediment transport modules 
of Duna. These simulations aim to emulate real conditions, using validated modeling results or field measure-
ments from different coastal dune sites. After calibration and validation, a series of idealized experiments are 
performed, designed to identify the influence of dune shape (height and stoss slope) on wind flow and sand 
transfer along the dune profile under variable wind incidence (onshore, oblique and highly oblique winds). The 
sand transfer experiments were performed for different fetch (limited and non-limited) conditions and vegetation 
densities (low to very high). Below, we outline the characteristics of each experiment and the data used.

2.2.1.  Calibration/Validation Data and Conditions

Four calibration/validation experiments were implemented, two for the wind flow module and two for the sedi-
ment transport modules of Duna, which are hereon referred to as Wind1, Wind2, Morpho1, and Morpho2, respec-
tively. The conditions and data sets used in each simulation are detailed below and summarized in Table 1.

Simulation Wind1 (Table 1) uses the CFD model results of Hesp and Smyth (2016), to calibrate and validate 
the Kroy model (constants α and β), comparing the two model results for variable wind incidence angles. The 
CFD numerical experiments of Hesp and Smyth (2016) were conducted over a foredune stretch on the Green-
wich Dunes of the Prince Edward Islands (Canada), with a crest at 8–9 m above mean water level and a steep 
stoss slope (20°–25°). The CFD simulations were conducted for 2D topographic profiles (horizontal grid step 
of 0.25 m, variable vertical step from 0.1 to 1.36 m from surface to upper boundary) over the foredune, rang-
ing from 0° (onshore) to 70° (obliquely alongshore) winds and varying wind speeds. Here, we used results 
from the set of experiments considering wind storm conditions (wind speed of 10.57 m/s at 1 m from the bed; 
Table 1) corresponding to, and partially validated by, field measurements during a gale event at the site (Hesp 
et al., 2009, 2013).

In simulation Wind2 (Table 1), the wind flow calibration was tested against the wind measurements of Schwarz 
et al. (2021), conducted in a steep (21.8°) and high (20 m) dune near Egmond aan Zee, in the Netherlands, over 
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a period of 5  weeks in October 2017. During the experiment, wind direction and magnitude were recorded 
using 3D ultrasonic anemometers (UAs) in 3 locations across the foredune: at the dune toe (UA1, ∼3 m), at the 
stoss slope (UA2, ∼11 m) and at the dune crest (UA3, ∼18 m). Schwarz et al. (2021) used data from a nearby 
offshore station (IJmuiden) as reference for undisturbed wind conditions. This data set was used as forcing wind 
time  series for Wind2 after transforming the input winds (at 10 m from surface) to the measurement elevation of 
the UAs (∼1 m from ground) using the law-of-the-wall.

Regarding morphodynamic simulations (results in Section 3.1.2), runs Morpho1 and Morpho2 were performed 
using field data collected during accretional events in two coastal dune areas (using calibrated Kroy constants 
from Wind1&2). Morpho1 (Table 1) focuses on the dunes at the Field Research Facility (FRF), in the North-
ern Outer Banks barrier islands of North Carolina (USA). Field measurements were conducted on a sandy, 
dune-backed, microtidal, intermediate beach, oriented at around −18° to north, with fine to coarse sand and aver-
age foreshore slope of 1:12 (Brodie et al., 2019). Accretive dynamics for FRF were simulated for the north part of 
the dune (y = 895 m) during a period of Nor'easters between 11 April and 16 May 2016 (Brodie et al., 2019). This 
specific event was selected due to its low impact of marine conditions on the dune. Therefore, only the influence 
of tidal levels (amplitude of 1 m) on the dry beach width was considered in the simulation. Wind data (measured 
at an elevation of 18.9 m and transferred to 10 m using the law-of-the-wall) and LiDAR data were obtained from 
the TDS Catalog (2022), while dune vegetation density (CV) was estimated to range from 0.4 at the dune toe to 
0.75 at the crest, from the data presented in Brodie et al. (2019).

Morpho2 (Table 1) focuses on Praia de Faro, in the westmost barrier of the Ria Formosa (south Portugal), a 
mesotidal, intermediate, coarse sandy beach, oriented at around 127° to north (Costas et al., 2020), and with fore-

Simulation Wind flow Morphodynamics

Name Wind1 Wind2 Morpho1 Morpho2

Type CFD model Field data Field data Field data

Reference Hesp and Smyth (2016) Schwarz et al. (2021) Brodie et al. (2019) Costas et al. (2020)

Site Prince Edward Island, Canada Egmond aan Zee, the Netherlands FRF, Northern Outer Banks, 
USA

Praia de Faro, Ria Formosa, 
Portugal

Dune height 8.75 m 20 m 7.35 m 7 m

Stoss slope 20° 21.8° 30° 7°

Duration Stable model solution 5 weeks (October 2017) 35 days (11 April −16 May 
2016)

1 year (April 2017 –March 
2018)

Input topo RTK-DGPS DEM RTK-GPS profile, 31 October 2017 LiDAR April 2016, TDS 
Catalog (2022)

UAV data, April 2017

Input wind U1 = 10.57 m/s U1 from U10; IJmuiden station U10 from U18.9; CS05, TDS 
Catalog (2022)

U10; Faro Airport station 
(Costas et al., 2020)

CV n.a. n.a. 0.4–0.75 0.2–0.7

Buckley k n.a. n.a. 0.55 Stoss: 0.2

Crest-lee: 0.45

Tidal ampl. – – 1 m 1.5 m

Wave runup – – 0 m Calm: 0.75 m

Storm: 4 m

Marine storms – – – Post-Emma UAV beach profile

Validation data Gridded (dx = 0.25 m) U1; W 
angles 10°–70°

UAs: U1 at toe, slope & crest (at 3, 11 and 
18 m)

LiDAR May 2016, TDS 
Catalog (2022)

UAV data, March 2018

Note. CV: dune vegetation density, given as value range from toe to crest; Buckley k: constant in Equation 1; CFD: Computational Fluid Dynamics; UA: Ultrasonic 
Anemometer; U1, U10, and U18.9: wind speed at 1, 10, and 18.9 m from surface; DEM: Digital Elevation Model; FRF: Field Research Facility; UAV: Unmanned 
Aerial Vehicle.

Table 1 
Data for Calibration/Validation Experiments
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shore slopes of 1:6–1:15. The simulated period is April 2017–March 2018, during which two storms impacted 
the area (Costas et al., 2020). The first one (Ana storm; 10 December 2017) coincided with neap tides and low 
water levels and was essentially a wind event, with westerlies exceeding 9 m/s (10 min average velocities) for 
almost 12 hr. The second one (Emma storm, 28 February–3 March 2018) was an intense wave event, coinciding 
with spring tides and considerable storm surge levels (Ferreira et al., 2019). Combined to the heavy rainfall that 
occurred, this event likely caused limited aeolian transport, despite the intense westerly winds (average veloc-
ities over 9 m/s for circa 74 hr), but it did induce berm erosion and strong flattening of the shore (Kombiadou 
et al., 2021). To account for the morphological impact of the storm to sand availability, the reduction of the beach 
slope after the incidence of Emma was hard-coded to the simulations. Reduction of the dry beach due to tides 
(amplitude of 1.5 m) and wave runup (height of 4 m for storm—i.e., during Emma—and 0.75 m for non-storm 
conditions) was also considered. Topographic profiles (extracted from DEM data) and wind data, collected by a 
nearby station and converted to local winds (Costas et al., 2020), were used as initial and forcing data sets.

2.2.2.  Idealized Experiments Data and Conditions

To assess the influence of dune morphological characteristics on wind flow and sediment accumulation patterns 
over the dune, we designed a set of idealized experiments, assuming a simplified dune profile with varying stoss 
slopes (1/3.5, 1/3, 1/2.5, and 1/2) and dune heights (4, 6, 10, 14, 18, 22, and 26 m). The dry beach has stable slope 
(0.0125) and variable widths to simulate distinct sediment delivery to the dune (fetch-limited and non-limited 
conditions). Results are analyzed by grouping wind incidence in three directional bins: onshore (θ ≤ 15°), oblique 
(15° < θ ≤ 45°) and highly oblique (45° < θ ≤ 75°) winds.

The wind flow experiments (results in Section 3.2.1) are performed with no morphologic changes to the dune 
profile and using the input wind velocity time series from the Wind2 experiment (Schwarz et al., 2021). For the 
sand transport experiments, a synthetic wind velocity time series is compiled, using velocity magnitudes from the 
Wind2 input data set (150 hr, with wind speeds between 5.40 and 22.72 m/s and average of 12.92 ± 2.34 m/s), 
repeated for changing wind directions, so that the same wind magnitudes and frequencies are considered for each 
wind directional bin. The critical fetch length (FC), corresponding to the velocity magnitude of the synthetic time 
series, ranges between 15.4 and 91 m, with an average of 48.4 ± 10.2 m. To ensure that results are comparable 
in terms of morphologic change between the three wind directional bins, dune morphology and vegetation are 
initialized at the beginning of each bin.

In terms of vegetation density, linearly varying values were assumed between the lower stoss (1 m from the 
toe) and the crest and uniform values thereon landwards. Different conditions of vegetation coverage were run, 
including low, high and very high vegetation densities (hereafter LD, HD, VHD, respectively). The density 
ranges, set for these runs, are LD = [0.2 0.6], HD = [0.5 0.7], and VHD = [0.8 1.0], while the Buckley constant 
used was k = 0.7. The impact of dune morphology to sand transfer under different beach conditions and wind 
incidence angles was assessed by the non-limited (NL; results in Section 3.2.2) and fetch-limited (FL; results in 
Section 3.2.3) experiments, considering beach widths of 200 and 50 m, respectively. The characteristics and input 
data of the idealized experiments are summarized in Table 2.

3.  Results
3.1.  Calibration/Validation Simulations

3.1.1.  Wind Flow

The comparison of simulated wind velocities along the dune profile from Wind1 against the CFD model results 
of Hesp and Smyth (2016) (details in Table 1) is given in Figure 1 as values normalized to the incident wind 
speed and for wind directions varying from onshore (0°) to highly oblique (70°) winds. The results were obtained 
for Kroy constants of α = 3 and β = 0.2 over the foredune slope and are given for simulations with and without 
rotation of the computational grid. The difference between the two runs (rotated and non-rotated; R and NR, 
respectively) is plotted in the bottom panels of each wind angle experiment in Figure 1. The same panels show the 
variability of absolute error between each run and the CFD model up to the crest brink and goodness-of-fit indica-
tor (nondimensional velocity root mean square error (RMSE) and Brier Skill Score (BSS); Brier (1950)) values.

Results show good agreement of the Duna rotated grid simulations with CFD along the windward side of the 
dune, with modeled velocities capturing the extension and intensity of the wind reduction in the dune toe and 
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the gradual increase over the stoss slope up to the dune crest, fairly well, for all wind directions. In the leeside of 
the  dune, the velocity drop directly downwind from the crest is accurately captured by the model; however, there 
is high and consistent underestimation of the flow attenuation in the remainder of the dune lee. Given that the 
Kroy model is assessing the influence of topography, and namely the slope of the landform, on flow deformation 
and that the lee slope of the dune tested is lower than the stoss slope, it is expected that the model does not simu-
late a higher flow damping in the downwind than the upwind side of the dune. It is noted that the impacts of the 
inability of the simplified Kroy model to reproduce the flow separation at the lee of the dune to sand transport 
are amended in the morphodynamic module of Duna through the introduction of the leeslope effect (mentioned 
in Section 2.2.1).

Comparing the two versions of the model (R and NR, shown in the lower panels of Figure 1), the two sets of 
results practically overlap for near-onshore winds (≤30°), with little difference in accuracy against the CFD data. 
It is noted that the peak reduction of the velocity at the toe is slightly overestimated by the model for near-onshore 
winds (peak absolute error of 0.19–0.24). As the projected dune stoss slope, used in the R Duna runs, varies 
with the cosine of the wind incidence angle, it follows that the difference between projected and non-projected 
dune topography remains low for low incidence angles (e.g., slope decrease of 13.4% in projected stoss for 30°) 
and increases with wind obliquity for higher angles (e.g., slope decrease in projected stoss from 23.4% for 40° 
to 65.8% for 70°). For higher wind incidence angles (>30°) the NR grid simulation consistently underestimates 
wind speed, while the Duna accuracy improves notably in the R grid simulations. The RMSE of R versus NR 
simulation ranges from 0.047 versus 0.058 (θ = 40°) to 0.036 versus 0.048 (θ = 70°), while in terms of BSS 
values range between 0.95 versus 0.92 (θ = 40°) and 0.78 versus 0.58 (θ = 70°). It follows that the introduction of 
grid rotation to Duna improved the approximation in terms of wind flow and topography interaction.

The results of simulation Wind2 for the field wind measurements of Schwarz et al. (2021) (details in Table 1) are 
given in Figure 2, considering the calibrated values for the Kroy constants (α = 3 and β = 0.2) from Wind1. Wind 
velocities measured by the 3 UAs in the field are compared to simulated values at the same elevation along the 
foredune profile for onshore to highly oblique wind incidence (0°–75°): UA1 at the dune toe (∼3 m; Figure 2a), 
UA2 at the stoss slope (∼11  m; Figure  2b) and UA3 at the dune crest (∼18  m; Figure  2c). The agreement 
between simulated and measured velocities is good in all 3 measurement points, with RMSEs of 1.01, 1.33, and 
2.03 m/s (values normalized to input wind speed: 0.11, 0.14, 0.22) at UA1, UA2, and UA3, respectively. There is 
a tendency for the overestimation of velocity by the model, which becomes more pronounced with wind obliquity, 
especially at the stoss and the crest (Figure 2). Due to the simplified 1D modeling approach used, influences of 
microtopography and alongshore nonuniformity of the foredune ridge on the flow (i.e., topographic steering) 
cannot be reproduced. Overall, model performance is considered good, confirming that the simplified model can 
reproduce the major trends in wind flux along the profile fairly accurately, even in challenging cases of very high 
dunes.

Parameters Wind flow experiment

Sediment transport experiments

NL FL

SS All All All

DH All All All

beach width 90 m 200 m 50 m

CV – LD, HD, VHD HD, LD

Input wind Same as Wind2 Synthetic: initial 150 hr wind speed from Wind2, repeated for 
onshore, oblique and highly oblique incidence angles

Note. NL: non-limited conditions; FL: fetch-limited conditions; SS: stoss slope (all: 1/3.5, 1/3, 1/2.5, and 1/2); DH: dune 
height (all: 4, 6, 10, 14, 18, 22, and 26 m); LD: low density, CV = [0.2 0.6], HD: high density, CV = [0.5 0.7], and VHD: very 
high density, CV = [0.8 1.0].

Table 2 
Data for Idealized Experiments
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Figure 1.  Results of Wind1, showing the comparison of computational fluid dynamics (CFD) model results from Hesp and Smyth (2016) with Duna model runs (wind 
incidence θ = 0°–θ = 70°) with and without grid rotation (green solid, blue solid and red dashed lines, respectively); the gray curve provides the dune morphology 
(vertical scale is compressed by 1.75/8). The lower panels show the difference in simulated velocity between Duna rotated (R) and non-rotated (NR) runs (orange line) 
and the absolute error of R and NR Duna runs along the windward dune side, with reference to the CFD results (solid light blue and dashed dark red lines, respectively); 
nondimensional velocity root mean square error and Brier Skill Score values are given in each plot. All velocities are normalized to the offshore velocity speed.
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3.1.2.  Morphodynamics

Following the calibration and validation of wind flow in Duna, we proceed with the calibration and validation 
of sand transport during accretional events in two coastal dune areas (using the calibrated wind flow constants; 
see details on experiments Morpho1 and Morpho2 in Table 1). Comparison of measured and simulated morpho-
logical changes for experiment Morpho1, assuming a Buckley constant (k in Equation 1) of 0.55, are given in 
Figure 3. The simulation underestimates sand transfer to the dune by around 7%, with a difference in total volume 
change of −0.12 m 3/m between simulation and measurement. The overall RMSE in the simulated profile eleva-
tion is 0.12 m, with a small overestimation of accumulation at the dune toe (up to x = −55 m; RMSE = 0.1 m) 
and underestimation at the mid-upper stoss (between x = −55 to −52 m; RMSE = 0.16 m). Peak accumulation 
at the dune crest is accurately reproduced (0.16 vs. 0.17 m), with low underestimation along the lee (RMSE of 
0.07 m; total volume error of −0.35 m 3/m). The simulated and measured landward extension of sand transfer in 
the profile overlap (x = −45 m).

The results of the 1-year Morpho2 (see Table 1 and Section 2.2.1 for input data) simulation are given in Figure 4, 
where the morphological impact of the Emma storm to the beach (hard-coded to the simulations) is also shown. 
The Buckley constant (k in Equation 1) was set to 0.2 in the stoss and 0.45 from the crest on landwards. Overall, 
the model captures the total volume change (dVsim − dVobs = −0.37 m 3/m), the areas of sediment accumulation 
and the range of the vertical accretion (RMSE: 0.13 m). At the same time, it does tend to uniformize the profile, 
flattening out small-scale humps, likely due to the non-variable vegetation properties (density and Buckley 
constant) set throughout the entire morphological parts of the foredune. In the crest, where three pronounced 
peaks are found, the total accumulated volume is simulated at 2.24 m 3/m, whereas the corresponding measured 
value is 2 m 3/m. This confirms that accumulated sand is well simulated, while the main disagreement is in micro-
topographic variability, which the model is unable to reproduce because it assumes uniform values, disregarding 
the patchy organization of the vegetation in the field. Along the leeward face of the dune (Figure 4), the accu-
mulation is well reproduced, with higher accumulation simulated directly downwind from the crest brink. The 
RMSE and the total volume difference between modeled and measured accumulation over the lee are 0.18 m and 
0.28 m 3/m, respectively. It follows that the error in the simulation over this zone is low and mainly due to the 
higher sedimentation directly after the crest brink, while the landward extent and total volume of accumulation 
are well represented. It is noted that a test simulation to assess whether assigning spatially varying vegetation 
parameters would allow to maintain microtopographic features was also run. In this test, very high vegetation 
density (∼0.8) was set in the vicinity of the local peaks. The simulated profile (not shown) maintained the initial 
microtopographic features on and around the peaks and reproduced vertical growth in these zones. As the scope 
of the work is to assess the overall model performance, the latter is considered an over-tuned calibration set and, 
thus, was not adopted.

Figure 2.  Results of Wind2, showing the comparison of measured (x-axes; data from Schwarz et al. (2021)) and simulated (y-axes) wind speed (m/s) at the dune 
toe (UA1, in (a)), mid-stoss (UA2, in (b) and crest (UA3, in (c); colors denote onshore wind direction (reference to color bar), perfect agreement is denoted by a 
gray-dashed line and goodness of fit indicators are provided in each plot.

 21699011, 2023, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JF007080 by C

ochrane Portugal, W
iley O

nline L
ibrary on [06/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Earth Surface

KOMBIADOU ET AL.

10.1029/2023JF007080

11 of 28

3.2.  Idealized Numerical Experiments

The idealized numerical experiments are divided into wind flow and sediment transport simulations, investigat-
ing the influence of dune shape parameters on flow deceleration and acceleration patterns (in Section 3.2.1) and 
on sand accumulation along the dune profile, respectively. Sediment transport experiments initially focus on the 
influence of beach width on sand transfer in the domain (NL conditions in Section 3.2.2 and FL conditions in 
Section 3.2.3, assuming HD over the dune), while the impacts of dune vegetation density (LD, HD, and VHD 
runs) and the sensitivity of the parameterization used to describe the interaction of dune plants with sand fluxes 
and the impacts on sediment transport patterns are subsequently analyzed (in Section 3.2.4). Sediment trans-
port modeling results are analyzed by splitting the domain into zones (beach to toe, stoss slope, crest and lee), 
separated at the toe and the windward crest brink. Due to differences in sand transfer toward the lee between 
experiments, the zones of crest and lee are joined in the analysis, for consistency. Regarding wind incidence, we 
separate winds into onshore (θ ≤ 15°), oblique (15° < θ ≤ 45°) and highly oblique (45° < θ ≤ 75°) throughout 
the analysis. Higher angles, corresponding to near-parallel winds, were also tested but were excluded from the 
present analysis as their impact to the flow is minimal (Walker et al., 2017). Details on the inputs and conditions 
of each simulation set are given in Table 2.

It is noted that the new parameterization of the fetch effect in Duna and its ability to reproduce the influence of 
varying fetch lengths on sand transport was verified by testing the impact of beach widths varying from 20 to 
120 m (step of 20 m) on a single dune morphology (height of 8 m, slope of 0.4, density HD). The results of this 
simulation are provided as Supporting Information S1 (Text S1 and Figure S1).

3.2.1.  Wind Flow Experiments

The results of the wind flow experiments for the different dune morphologies (combinations of stoss slope and 
dune height) are shown in Figure 5 as nondimensional velocities (normalized with the input wind velocity magni-
tude). The panels in the plot correspond to the combination of wind direction (shown in rows; from top to bottom: 
onshore, oblique and highly oblique) and location in the domain (shown in columns; from left to right: the toe, 

Figure 3.  Results of Morpho1, showing the comparison of measured (LiDAR; blue dash-dot line) and simulated (red) dune 
profiles for the north Field Research Facility dune (y = 895 m in Brodie et al. (2019)) for 16th May 2016. The initial profile 
(11th April 2016) is given in black, while the green vertical lines indicate vegetation height in the profile at the end of the 
simulation. The inset plot provides a zoom on the area of the measured profile stretch, while goodness-of-fit indicators 
are mentioned in the black box (dV is total accreted volume and “sim” and “obs” denote simulation and observation, 
respectively).
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the mid-stoss and the crest). As expected, the interference of the dune topography with the flow is stronger when 
the dune is higher and/or steeper. Nondimensional velocities at the dune toe (Figures 5a, 5d, and 5g) are below 1 
(flow attenuation) and decrease (stronger attenuation) with increasing dune heights and stoss slopes. The opposite 
trend is observed in the variability at the stoss (Figures 5b, 5e and 5h), with values exceeding 1 (flow accelera-
tion) that increase (stronger acceleration) with height and slope. The same variability in flow speedup is found 
at  the crest (Figures 5c, 5f, and 5i), but with higher values. For increasing wind incidence angles (e.g., at the crest: 
Figures 5c, 5f, and 5i), the model predicts a decreasing influence of topography on the flow and homogenization 
of the variability across the profile (normalized velocities closer to 1).

Analyzing the results further, flow stagnation at the toe ranges between 0.47 and 0.75 for onshore winds 
(Figure 5a). A change in the variability with dune height is noted at the toe as the winds shift from onshore to 
highly oblique winds (Figures 5a, 5d, and 5g). Flow damping shows low variability with stoss slope for onshore 
winds (overlapping points for the same dune height), whereas for highly oblique winds the values diverge more 
between stoss slopes with increasing dune height (e.g., in Figure 5g, variability with slope: 0.87–0.9 for 4-m 
high dunes, vs. 0.6–0.75 for 26-m high dunes). This means that for onshore winds the impact of stoss steepness 
is low and, as wind incidence angles increase, slopes gradually become more important. Even though the rela-
tive balance between the dune height and slope at the toe varies with wind incidence, nondimensional velocities 
increase (less attenuation) with wind incidence angle in all morphologies (height-slope combination).

Onshore wind acceleration over the dune stoss is between 1.1 and 1.3 (Figure 5b), while at the crest the values 
range from 1.3 to 1.8 (Figure  5c), with both areas showing higher variability with stoss slope than the toe 
(Figure 5a). The acceleration is reduced for higher wind incidence angles at both the stoss and the crest. Still, 
the model predicts a strong wind speed-up at the crest, even for highly oblique winds, ranging from 1.15 to 1.42 
(Figure 5i), while the related values along the stoss are around 1.1 (Figure 5h).

Overall, the variability of wind velocity is largely logarithmic with dune height and linear with stoss slope (reduc-
tion at the toe and increase at the stoss and the crest), suggesting that changes to the flow are expected to be 

Figure 4.  Results of Morpho2, showing the comparison of measured (blue dash-dot line) and simulated (red) dune profiles 
for Praia de Faro for March 2018. The initial profile (April 2017) is given in black, and the post-Emma storm flattening 
of the profile included in the simulation is given in light blue, while the green vertical lines indicate vegetation height in 
the profile at the end of the simulation. The inset plot provides a zoom on the area of the measured profile stretch, while 
goodness-of-fit indicators are mentioned in the black box (dV is total accreted volume and “sim” and “obs” denote simulation 
and observation, respectively).
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negligible after a certain dune height, while changes due to slope increase can still be important. However, 
considering that the highest slope tested is close to the angle of repose for sands, this linear increase also has a 
ceiling value and cannot be infinite in natural dune systems. The variability of the flow with dune height and stoss 
slope can be described by an equation of the form:

𝑋𝑋 = 𝑎𝑎 ⋅ ln(DH) + 𝑏𝑏 ⋅ SS + 𝑐𝑐� (5)

where DH denotes dune height and SS is stoss slope. Here X denotes the normalized velocity, while the values of 
coefficients a, b, and c are given in Table 3.

Figure 5.  Variability of wind speed (y axis, nondimensionalized with undisturbed wind speed at the beach) with dune height (x axis), at the dune toe (left, (a), (d), 
and (g)), mid-stoss (center, (b), (e), and (h)) and crest (right, (c), (f), and (i)) for onshore (top, (a)–(c); 0°–15°), oblique (middle, (d)–(f); 15°–45°) and highly oblique 
(bottom, (g)–(i); 45°–75°) winds and for the 4 stoss slopes (SS; legend) tested; y-axis limits and scale are maintained for all experiments.
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3.2.2.  Influence of Dune Morphology on Sediment Accumulation for Non-Limited Conditions

To assess the impact of dune shape (all combinations of dune height and stoss slope) on sand transport under 
non-limited (NL) conditions, the beach width was set to 200 m (see Table 2 for data). Results of total volume 
changes for the High Density (HD) case are given in Figure 6. The plot is organized in multiple panels, with 
the columns showing different areas of the domain: changes to the beach and toe (area windwards from the 
toe) are shown in the left column panels (Figures 6a, 6d, and 6g), changes over the stoss slope are given in  the 
middle  column panels (Figures 6b, 6e, and 6h) and changes within the entire dune (domain landwards from the 
dune toe) are shown in the right column panels (Figures 6c, 6f, and 6i). As for the case of the wind experiments, 
the rows in the plot show increasing wind incidence angles: the first row shows onshore winds (Figures 6a–6c), 
the second row presents oblique winds (Figures  6d–6f) and the third row presents highly oblique winds 
(Figures 6g–6i).

High accumulation at the toe is noted under onshore wind incidence (Figure  6a), ranging between 10.5 and 
27.5 m 3/m and increasing logarithmically with dune height and linearly with stoss slope. At the stoss, accumula-
tion under onshore winds (Figure 6b) decreases with both slope and height, with a shift from accretive to erosive 
conditions around the dune heights of 10 m (for slope of 0.5) to 18 m (for slope of 0.29). The two lowest dune 
heights tested show low variability with slope over the stoss, likely because of the small difference in height 
between them. Given that the experiment corresponds to NL conditions, the total accumulation in the domain is 
stable for each wind bin (28, 24.3, and 14 m 3/m, for onshore, oblique and highly oblique winds, respectively). It 
follows that the accumulation over the dune shows the opposite variability to the one at the toe, as it is equal to 
the total accumulation in the domain (stable for NL per wind direction bin) minus the accumulation at the toe. For 
onshore winds, the sand deposited onto the dune (decreasing with both dune height and stoss slope; Figure 6c) 
ranges from 17 m 3/m (lowest, mildest dune) to 1.7 m 3/m (highest, steepest dune).

Largely the same variability with dune size parameters as the one described for onshore winds is noted for higher 
wind angles in each of the three areas, with a reduction, however, in sand volumes and variability, especially 
for highly oblique winds. At the dune toe the accumulated sand ranges between 9.2 (lowest, mildest dune) 
and 23.5 m 3/m (lowest, mildest dune) for oblique winds (Figure 6d) and between 4.7 and 12 m 3/m for highly 
oblique winds (Figure 6g). For the dune, sand accumulation varies between 14.5 and 1.7 m 3/m for oblique winds 
(Figure 6f) and 9.2 to 2.5 m 3/m for highly oblique winds (Figure 6i). Over the stoss, the shift to erosion takes 
place in higher/steeper dunes as wind angles increase. For oblique winds (Figure 6e), the shift takes place between 
heights of 12 m (for slope of 0.5) and 23 m (for slope of 0.29). For highly oblique winds and over the range of 
dune heights tested, only the steepest slope (0.5) appears erosive for heights above 22 m (Figure 6h). This is due 
to the relaxation of the impact of topography on wind flow for higher wind incidence angles (Figures 1 and 5).

Overall, the results show that increasing wind incidence angles are associated with the reduction of accumulated 
volumes and a decrease in the variability of values within each area. Considering the entire range tested, the 

Exp. Area

Onshore Oblique Highly oblique

a b c R 2 a b c R 2 a b c R 2

Flow Toe −0.14 −0.06 0.93 0.94 −0.16 −0.32 1.10 0.98 −0.11 −0.47 1.20 0.95

Stoss 0.06 0.47 0.87 0.96 0.05 0.33 0.90 0.96 0.03 0.16 0.96 0.97

Crest 0.20 0.75 0.75 0.98 0.17 0.66 0.79 0.98 0.10 0.41 0.87 0.98

NL Toe 7.70 15.85 −4.84 0.99 6.39 15.11 −4.50 0.99 2.90 10.20 −2.72 0.99

Stoss −7.47 −27.43 28.88 0.91 −5.84 −24.49 24.97 0.91 −2.30 −14.74 14.93 0.91

Dune −7.43 −15.73 32.15 0.99 −6.17 −15.31 28.29 0.99 −2.78 −10.87 16.69 0.99

FL Toe 1.65 9.32 −1.37 0.96 1.63 9.94 −1.49 0.97 1.13 8.55 −0.31 0.98

Stoss −6.59 −25.07 24.98 0.91 −5.19 −23.24 22.65 0.90 −2.17 −14.56 14.72 0.89

Dune −5.54 −13.41 25.23 0.99 −5.09 −14.03 24.67 0.99 −2.60 −10.55 16.27 0.99

Table 3 
Values of Coefficients a, b, c and Correlation of the Fit (R 2) to Equation 5 in Each Wind Bin for All Experiments: 
Flow Experiments (Where X Represents Normalized Velocity) and Non-Limited (NL) and Fetch-Limited (FL) Transport 
Experiments (Where X Represents Sand Volume, in m 3/m; Results Correspond to HD Density Values)
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influence of stoss slope appears secondary compared to the impact of dune height, as also noted in the flow 
experiments. Details on the fit of these results to Equation 5, where X denotes sand volume, are given in Table 3.

From the results of the NL transport experiments, it appears that increasing wind incidence angles affect the total 
accumulation at the dune differently for low and high dunes. For example, and considering a stoss slope of 0.33, 
the volumes accumulated in a 4-m dune under onshore, oblique and highly oblique winds are 16.9, 14.8, and 
9.2 m 3/m, whereas the corresponding values for a 26-m dune are 3.8, 4.0, and 4.5 m 3/m (Figures 6c, 6f, and 6i). 
Generally, the results indicate that an increase in wind direction for low dunes results to strong decrease of sand 
transfer to the dune, whereas for high dunes the relative decrease is significantly milder, or even leading to slight 

Figure 6.  Variability of volume change (y axis, in m 3/m) with dune height (x axis, in m), at the beach up to the dune toe (left (a), (d), and (g)), at the dune stoss (toe 
to crest; center, (b), (e), and (h)) and the entire dune (toe to lee; right, (c), (f), and (i)) for onshore (top, (a)–(c); 0°–15°), oblique (middle, (d)–(f); 15°–45°) and highly 
oblique (bottom, (g)–(i); 45°–75°) winds and for the 4 stoss slopes (SS; values in legend) tested for the case of NL conditions (beach width of 200 m).

 21699011, 2023, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JF007080 by C

ochrane Portugal, W
iley O

nline L
ibrary on [06/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Earth Surface

KOMBIADOU ET AL.

10.1029/2023JF007080

16 of 28

increase in accumulation for higher incidence angles. In fact, the difference in dune accumulation volumes in the 
NL simulations between consecutive wind bins increases asymptotically to near-zero and/or low positive values 
for dune heights over 14 m (see differences given in Table S1 of the Supporting Information S1). This points to a 
critical dune height, beyond which a change in wind direction has little to no impact on sand transfer to the dune.

There is little doubt that the simulated deceleration and acceleration of the flow is very important to the morpho-
logical changes that the model predicts. As noted in the Wind2 validation experiment, the wind parameterization 
may tend to overestimate the influence of topography on the flow, especially for higher wind angles. To assess 
the impact of such an overestimation on the results analyzed, the NL simulation was repeated, reducing the 
values predicted by the Kroy parameterization by the error identified in the Wind2 experiment. More specif-
ically, the nondimensional velocity outputs of the Kroy parameterization (initial topography-flow interaction) 
were multiplied by a reduction factor equal to 1 minus the velocity overestimation. The latter was set equal to 
the nondimensional velocity RMSE, assessed in Wind2 (Figure 2), thus varying from 0.11 at the toe to 0.22 at 
the crest, assuming linear variability between the two over the stoss. Windwards from the toe, and over the flow 
deceleration zone predicted by Kroy, the reduction factor was linearly interpolated between the RMSE at the 
toe and a reduction factor of 1, set at the most windward grid cell where Kroy predicted undisturbed velocities 
(nondimensional velocity of 1). Leewards from the crest, the reduction factor was assumed to be 1 at the base of 
the lee and the values between the crest windward limit and the base of the lee were, again, interpolated linearly. 
The results of the simulation are provided in Figures S3 and S4 of the Supporting Information S1 (in Figure S3 
of the Supporting Information S1 as results of the reduced Kroy run and their difference with the initial NL run; 
in Figure S4 of the Supporting Information S1 as difference in simulated elevation change along the dune of the 
initial and the reduced Kroy runs) and show that the changes to the modeled acceleration and deceleration by the 
topography are relatively low and do not affect the previously mentioned patterns and shifts (e.g., stable to erod-
ing stoss takes place at the same dune heights). Even assuming that the difference of the two runs is a systematic 
error of the simplified model, inherent in all simulations, the results show that its influence decreases asymptoti-
cally to 0 with increasing dune height, meaning that it becomes less important the higher/steeper the topography. 
The peak difference in volume change for the NL transport experiment (onshore winds) is 7.4 m 3/m at the toe for 
the lowest/mildest dune and reducing to 0.7 m 3/m for the highest/steepest dune. The related values at the crest are 
from −6.7 to −0.75 m 3/m, while over the stoss the differences range from −2 to +6.7 m 3/m.

Notably, the changes in topography identified in the lower dunes (height 4 and 8 m; Figure S4 in Supporting 
Information S1) show an overestimation of the topographic change throughout the profile, whereas all other dune 
heights show overestimation at the dune toe, underestimation at the crest and overestimation leeward from the 
crest brink. Considering that we used the RMSE from a 20-m dune (Wind2) in all dune morphologies and that 
the results of the Wind1 experiment (8-m height) showed lower errors than the ones assumed here, the actual 
overestimation of the influence of topography is probably exaggerated, especially for low dunes. Though it is 
likely that the actual sediment transfer to high dunes is overestimated by the model, given that the shifts between 
erosive and stable conditions over the dune stoss and the variability of volumes change with dune dimensions and 
wind directions remained consistent with the NL experiments, the patterns identified remain valid.

3.2.3.  Influence of Dune Morphology on Sediment Accumulation for Fetch-Limited Conditions

To assess the influence of the fetch effect on the sand accumulation patterns identified for NL conditions, the 
simulations were repeated considering reduced beach width (FL experiments; see Table 2 for data). The results of 
FL transport are given in Figure 7, using the same structure and axes limits as the NL run (Figure 6), to allow for 
direct comparisons. The reduction of total accumulation in the domain compared to the NL case (not shown) dissi-
pates with increasing wind incidence angles due to increasing projected beach widths. The total sand deficit of FL 
relative to NL transport ranges from 38.5% to 68% (for lowest dune height and slope to highest, respectively) for 
onshore winds, from 29.7% to 60.4% for oblique winds and from 5.2% to 28.9% for highly oblique winds.

Accumulation along the beach and toe (Figures  7a, 7d, and  7g) shows very little variability with wind inci-
dence, with values between 3.5 and 8.4 m 3/m. Compared to NL conditions (Figures 6a, 6d, and 6g), volumes 
at the toe are strongly reduced, on average by −68.6% ± 3.4% for onshore, −62.4% ± 4.1% for oblique and 
−29.7% ± 8.8% for highly oblique winds. Volume changes over the stoss range between −11 and 6.2 m 3/m for 
onshore winds (Figure 7b), −7.6–6.9 m 3/m for oblique winds (Figure 7e) and −0.5–7.1 m 3/m for highly oblique 
winds (Figure 7h). These values are very close to the ones simulated for the NL conditions (peak deficit values 
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for FL: 1.8, 1.2, and 0.3 m 3/m for onshore, oblique and highly oblique winds), with the differences dropping to 
near-zero for high/steep dunes. Similarly, the volume changes predicted over the dune (Figures 7c, 7f, and 7i) are 
close to the NL case (Figures 6c, 6f, and 6i). The sand deficit (FL relative to NL) over the dune is therefore also 
low, with peak volume reduction of −4 m 3/m for onshore winds, −2.1 m 3/m for oblique winds and −0.4 m 3/m for 
highly oblique winds. The highest deficit is noted for low dunes, while for dune heights over 14 m the changes 
are negligible.

Essentially, the results show a bimodal dune response to fetch limitation with increasing dune height, with the 
shift from one mode to the other occurring around the height of 10–14 m. In low dunes, the sediment deficit 
is distributed to the entire dune, while in higher dunes, the deficit is noted only near the toe and the rest of the 
dune shows little change between the two conditions. The latter is due to the sediment eroded from the stoss and 
transferred to the crest and lee (sand recycling) for high dunes, occurring even in conditions of maximum input 
from the beach. The influence of increasing wind incidence angles on sand transfer to the dune, noted in NL 
conditions, is also present for the FL case (see differences given in Table S1 of the Supporting Information S1). A 
change from onshore to oblique winds induces low reduction only to very low dunes of 4–6 m, with the remaining 
morphologies showing near-zero to low positive values. An increase in wind angle from oblique to highly oblique 
winds results in reduced sediment transfer to dunes lower than 10–18 m. Therefore, comparing the FL and NL 
results, fetch limitation appears to draw the critical dune height (beyond which sand transfer to the dune does 
not change with wind incidence) toward lower dunes, compared to non-limited transport conditions. In terms of 
variability with the dune shape parameters, details on the fit of the FL results of Figure 7 to Equation 5 are given 
in Table 3.

3.2.4.  Influence of Vegetation on Sediment Accumulation

Both the NL and FL experiments identified erosive conditions along the stoss, with the shift from accumulation to 
stoss erosion occurring at the same dune dimensions (e.g., for onshore winds, between height of 10 m with slope 
of 0.5, to height of 18 m with slope of 0.29; Figures 6b, 6e, and 6h and Figures 7b, 7e, and 7h). This shift leads to 
enhanced sand transfer toward the crest and lee by recycled sand from the stoss and a landward migration of the 
crest in both cases. This is demonstrated in the indicative profiles given in Figure 8, showing strong differences 
in accumulation areas between a low/mild dune (4 m/0.29; Figures 8a–8c) and a high/steep dune (14 m/0.5; 
Figures 8d–8f). It is noted that the height of 14 m was selected to facilitate visualization of vertical change and 
that higher dunes show similar changes. Given that vegetation density is a critical factor in determining if and 
when erosive conditions and landward migration of the dune take place, profiles considering low, high and very 
high density (LD, HD, and VHD; see Table 2 for data) are shown. It is noted that a reduction from HD to LD 
results to changes in accumulation within the dune (e.g., Figure S5 in Supporting Information S1 shows volumes 
of LD NL and HD NL at toe and dune are unaffected; similar volume differences are obtained comparing LD FL 
and LD FL).

For the low dune morphology (Figures 8a–8c), all densities and beach width conditions tested predict stable 
conditions of growth (vertical accretion at the crest and progradation of the stoss slope). As indicated previously, 
the changes due to fetch limitation are very high at the dune toe and lower stoss, with small but noticeable differ-
ences in the reduction of transport distributed to the rest of the profile for onshore and oblique winds (e.g., FL HD 
vs. NL HD in Figures 8a and 8b). The influence of density becomes most important near the crest, where higher 
values retain more sand along the stoss slope and the crest and transport less toward the lee (e.g., NL VHD vs. NL 
LD in Figures 8a–8c). The influence is more pronounced for onshore than for highly oblique winds.

For the high dune (Figures 8d–8f), beach widths affect accumulation along the toe and the lower stoss, with no 
changes between NL and FL profiles near the crest. Among the densities considered, only the VHD predicts a 
stable stoss slope, with LD and HD to simulate stoss erosion, sand transfer toward the lee and landward migration. 
A density reduction from HD to LD causes more erosion of the stoss and higher landward migration, whereas 
an increase from HD to VHD manages to stabilize the stoss, with negligible accumulation at the crest and lee. 
The landward sand transfer and migration rates decrease with increasing wind incidence angles (Figures 8d–8f).

As expected, the simulated morphological changes within the dune are highly linked to the considered vegetation 
density. Given that the change due to the fetch effect had little impact to the sand transport over the stoss and 
the crest and lee, we further analyze the impacts of vegetation density focusing on the NL case, assuming that 
FL conditions have similar behavior. The influence of vegetation coverage (VHD, HD, and LD) on the modeled 
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sand distribution within the dune (stoss and crest-lee) for NL transport conditions is summarized in Figure 9. 
Volume changes over the stoss slope for the three densities considered are given at the top panels of the plot 
(Figures 9a–9c; see legend). The related changes over the crest and lee are given in the lower plots, with LD 
shown in Figures 9d–9f, HD shown in Figures 9g–9i and VHD shown in Figures 9j–9l. These changes are given 
as “total” and “new” sand, with the latter corresponding to matter originating from the beach. In cases where the 
stoss slope is stable, the two series overlap, whereas in cases where the stoss is erosive, the two series diverge, 
with their difference (total-new) being equal to the amount of sand recycled (eroded) from the stoss. As in previ-

Figure 7.  Variability of volume change (y axis, in m 3/m) with dune height (x axis, in m), at the beach up to the dune toe (left, (a), (d), and (g)), at the dune stoss (toe to 
crest; center, (b), (e), and (h)) and the entire dune (stoss crest and lee; right; (c), (f), and (i)) for onshore (top, (a)–(c); 0°–15°), oblique (middle, (d)–(f); 15°–45°) and 
highly oblique (bottom, (g)–(i); 45°–75°) winds and for the 4 stoss slopes (SS; legend) tested for the case of FL conditions (beach width of 50 m). The axes limits are 
the same as the NL transport experiments (Figure 6) to facilitate comparisons.
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Figure 8.  Profile changes for two different dune morphologies and for non-limited (NL) and fetch-limited (FL) conditions and considering very high, high and low 
vegetation densities (VHD, HD, and LD; legend): top panel ((a)–(c)) shows the case of a low (4 m) and mild-sloped (0.29) dune and bottom panel ((d)–(f)) the case of 
a high (14 m) and steep (0.5) dune; a zoom of the profiles near the crest is given at the top of each panel (green and blue curves and red and yellow curves overlap for 
the high dune case; the axes scales of the zoomed plots are the same). Changes are shown for onshore (left; (a) and (d)), oblique (middle; (b) and (e)) and highly oblique 
(right; (c) and (f)) winds.
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ous multipaneled plots, columns from left to right correspond to increasing wind incidence, from onshore to 
highly oblique winds.

Expectedly, the results show a reducing ability to maintain the position of the stoss with reducing plant density 
(Figures 9a–9c; VHD to HD to LD; filled triangles, non-filled squares and filled stars, respectively). Only the 
VHD experiments maintain the position of the stoss (net accumulation for all morphologies) under onshore 
winds, while stoss erosion increases with reducing density (HD to LD). As wind angles increase, the modeled 
stoss erosion attenuates, with only very high/steep dunes with LD (height over 14 m for slope of 0.4 and over 
18 m for slope of 0.5) to show erosion for highly oblique winds (Figure 9c).

Regarding sand transfer to the crest and lee (Figures 9d–9l), the new sand, introduced from the beach, follows 
the overall trend of reduction with dune height, stoss slope and wind incidence angle, for all density experiments. 
The transfer of new sand to the crest and lee between the HD and LD experiments is very similar and appears to 
be mainly controlled by wind flow. The series of new and total sand for HD and LD begin to diverge around the 
dune height of 10 m (Figures 9d–9f and Figures 9g–9i) with the introduction of remobilized sand from the stoss. 
For lower dunes, all density runs show accumulation along the stoss (Figures 9a–9c), with low differences over 
the crest-lee between density experiments. For higher dunes, the total sand transfer to the crest and lee under the 
LD scenario is around double the volume simulated under the HD scenario (Figures 9d–9f vs. Figures 9g–9i). 
For the VHD run, the strong retention of sand along the stoss translates to decreased volumes reaching the crest 
in all morphologies, dropping to near-zero values for dunes over 10 m. Compared to the new sand delivered to the 
crest from the HD runs, the VHD volumes are reduced by −0.6 to −6 m 3/m (−14% to −98%; Figures 9g and 9j) 
for onshore winds and by −0.75 to −2.5 m 3/m (−22% to −99%; Figures 9i and 9l) for highly oblique winds. The 
results and behavior noted by the HD and LD runs for high dunes (here exceeding 10 m) are consistent with the 
expected response of a moderately to sparsely vegetated dune, showing signs of landward migration, while the 
VHD run can be paralleled to the growth patterns of a densely vegetated, fixed dune.

The shift from a fixed dune to a landward migrating dune is highly linked to the presence of vegetation and 
therefore to the damping of the flow by vegetation considered (see Equation 4). As expected, the sensitivity of 
the model to the considered wind flow attenuation along the vegetated dune is high. Sensitivity experiments were 
performed to assess the variability of simulated elevation change along the vegetated dune, induced by a change 
of ±20% of the flow damping, relative to the HD run (Figure S6 in Supporting Information S1). Reduced damping 
causes peak reduction of accumulation of −0.6 m at the upper stoss and corresponding increase of +1.2 m at the 
crest brink (for SS = 0.5 and onshore winds). Conversely, increased damping translates to maximum increase of 
accumulation at the upper stoss of +0.4 m and reduced accumulation at the brink of −0.7 m. In terms of volume 
change (Table S2 in Supporting Information S1), the variability over the stoss is within −44.03% ± 7.02% and 
+23.30% ± 4.72% (onshore winds, peak dune height and averaged stoss slopes), with related changes in the crest 
and lee between +44.66% ± 7.10% and −23.62% ± 4.74%. Changes in the beach and toe (and over the dune as a 
whole) are negligible (below 2%).

4.  Discussion
The reproduction of wind flow along the windward side of the dune profile, as shown by the calibration (against 
CFD model) and validation (against field data) experiments, was improved after grid rotation for angled wind 
incidence, and projection of the profile onto the rotated grid. Given the good agreement between model results 
and the field data from Schwarz et  al.  (2021), simulated flow patterns along the foredune slope are aligned 
with their findings. Building on this, the idealized experiments conducted allowed to identify flow acceleration 
and deceleration patterns related with wind incidence and dune characteristics (height, stoss slope). Overall, 
wind speed-down at the toe and speed-up at the stoss and the crest varies logarithmically with dune height 
and linearly with stoss slope. Results show that the highest topographically forced flow acceleration occurs for 
directly onshore winds, with peak acceleration near the foredune crest, as also observed by Hesp et al. (2015). 
The attenuation of the influence of dune topography on the flow with increasing wind incidence angles and the 
related acceleration and deceleration patterns are also in agreement with previous works (Arens et al., 1995; Hesp 
et al., 2015; Schwarz et al., 2021; Walker et al., 2009). Results also align with previous findings that dune height 
is perhaps more important than stoss slope in controlling near-surface flow response over dunes, and particularly 
at the crest (Hesp et al., 2015; Parsons et al., 2004).
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Figure 9.  Comparison of volume change within the dune between vegetation density runs for non-limited conditions: volume change at the stoss slope for VHD, HD 
and LD ((a)–(c); filled triangles, non-filled squares and filled stars, respectively), and total and new (from the beach) sand volumes delivered to the crest (non-filled 
circles and filled squares, respectively) for LD ((d)–(f)), HD ((g)–(i)) and VHD ((j)–(l)). From left to right the columns show variability for onshore ((a), (d), (g), and 
(j)), oblique ((b), (e), (h), and (k)) and highly oblique winds ((c), (f), (i), and (l)); note that even though the vertical axes limits are different between volume changes at 
the stoss (top panel) and at the crest (three lower panels), the axis scale is maintained.
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Field data by Arens et al. (1995) show a maximum speed-up increase at the crest from 1.1 to 1.5 for an increase 
in foredune height from 6 to 10 m (and stoss slope of 1:12 to 1:4), values that compare well with modeled accel-
eration from the idealized experiments. At a 15-m-high, steep (∼30°), unvegetated dune slope (Salmon Hole, SE. 
Australia), Davidson et al. (2022) measured an increase of 1.83 for near-onshore winds and of 1.54 for oblique 
winds at the crest, values close to the simulated speed-up of 1.65 and 1.58 for these conditions. Near the middle of 
the stoss slope, their data show acceleration between 1.25 and 1.13, again comparing well with simulated values 
between 1.26 and 1.2. At the toe they report a reduction of 0.77–0.81, while modeled values are around 0.5 for 
both wind incidence angles. Garès and Pease (2015) measured maximum acceleration at the crest of a foredune 
ridge (of 7.5 m height and 0.45 stoss slope) between 1.65 and 1.4 for onshore to oblique incidence angles. The 
corresponding modeled acceleration at the crest is 1.5 and 1.43, respectively. Walker et  al.  (2009) measured 
average acceleration at the foredune crest (height 8.7 m, stoss slope 0.49) of 1.57 during a highly oblique wind 
event and of 1.61 during a period of oblique and onshore winds. The corresponding modeled results are 1.3 and 
1.48 to 1.55, respectively. Given the degree of alongshore non-uniformity and the strong deviations from the 
simplified modeled profile in some of these sites—for example, the transect of Davidson et al. (2022) is backed 
by a blowout with a landward depositional lobe; the measurements of Garès and Pease (2015) were adjacent to a 
blowout trough -, the agreement with modeled results is considered highly satisfactory.

The main patterns in aeolian sand accumulation (dV, plotted on y-axes) with dune morphological parameters, 
wind incidence and potential limiting conditions, identified from the results of the numerical experiments, are 
summarized in Figure 10. The top panel shows the influence of fetch length on sand accumulation on the beach 
(windward of the dune toe) and on the dune (leeward of the dune toe) and its variability with dune height, stoss 
slope (plotted on x-axes) and wind incidence (shown as lines in plots). The bottom panel outlines the influence 
of vegetation density on the volume changes within the dune parts, for variable dune heights and wind incidence. 
Essentially, the variability of volume gains within the dune of the top panel (dashed rectangles in Figure 10) is 
split here into the zones of stoss slope and dune crest and lee, for sparse and densely vegetated dunes. These 
patterns are explained and discussed in the following paragraphs.

Overall, the sand transport experiments indicate the presence of a logarithmic relation between accumulation and 
dune height and a linear relation with stoss slope, increasing at the dune toe and decreasing at the dune stoss and 
crest-lee. Differences in volume changes between onshore and oblique winds were low (reduction of ∼14%) in all 
experiments, in agreement with the observations of R. Davidson-Arnott et al. (2018) over the stoss for different 
beach conditions. Sand transfer at the toe under NL conditions and highly oblique winds (∼60°) is reduced by 
around 50%, compared to onshore wind incidence. The latter is in accordance with the cosine effect (Bauer & 
Davidson-Arnott, 2003; Delgado-Fernandez, 2010), showing successful reproduction of the effect by the model, 
indirectly parameterized by the grid rotation approach. Under FL conditions, the cosine and fetch effects can both 
affect the accumulation at the toe. There is a tendency for overlapping accumulation volumes at the toe between 
the different wind bins for low beach widths (Figure 10). Under such conditions, fetch limitation dominates the 
onshore winds and cosine limitation dominates the highly oblique winds. This is in line with previous research, 
supporting that even though sand transport may be reduced by the cosine effect for highly oblique winds, the 
actual transport in narrow beaches may be greater than for onshore winds (Arens, 1996; R. Davidson-Arnott 
et al., 2018; Delgado-Fernandez, 2010). As beach widths increase, there is increasing separation of accumulation 
at the toe between wind bins, until NL transport is reached for onshore winds, with reduced accumulation by 
around 50% (cosine effect) for highly oblique winds (Figure 10).

Regarding the accumulation at the dune (landwards from the dune toe), the results show a relation between the 
dune morphological characteristics and the wind incidence angles. The difference induced to the sand transfer 
to the dune by an increase in wind obliquity is smaller when the dune is higher and/or steeper. For low dunes, 
maximum sand transfer to the dune takes place under shore-normal winds, while beyond a critical dune height, 
that depends on the considered wind (speeds between 5.40 and 22.72 m/s and average of 12.92 ± 2.34 m/s) and 
beach conditions (∼14–18 m for NL; beach width of 200 m), the balance flips to highly oblique winds. It follows 
that, above a critical dune height (DHcr,ext in Figure 10), highly oblique winds appear to transfer more sand to the 
dune than onshore winds. Beach width is also relevant to this pattern, with a tendency to lower the critical dune 
height value (DHcr,ext) as the beach width decreases (i.e., from NL to FL conditions). For example, and assuming 
a mean value for the stoss slope, the critical dune height value for NL conditions (Figure 6) is around 18.5 m and 
it reduces to 14.6 m for FL conditions (Figure 7; beach width of 50 m). Therefore, the balance in sand transfer 
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to the dune between wind incidence angles is highly influenced by both the dune height and the beach width: (a) 
the higher the dune and/or (b) the narrower the beach, the more likely that the highest sand transfer takes place 
under high incidence angles. These general trends agree with the statement by R. Davidson-Arnott et al. (2018) 
that sediment can be transferred from the beach to the foredune, even with a steep foredune stoss slope, primarily 
because much of the sediment transfer takes place under oblique rather than onshore winds. The importance of 
variations in beach width in controlling rates of sediment supply to the foredune has been stressed by R. G. D. 
Davidson-Arnott and Law (1996), who postulated that in cases of narrow beaches (widths below 50 m) it exceeds 
that of wind climate. The trade-off between transport reduction by the cosine effect and transport enhancement 
by increasing fetch lengths under increasing wind incidence is well documented by previous works (Bauer & 
Davidson-Arnott, 2003; Delgado-Fernandez, 2010), resulting in transport enhancement across the dune line as 
the angle of wind approach becomes oblique in narrow beaches.

Figure 10.  Schematic representation of dependencies between sand volume change (dV; all y-axes), dune morphology 
(DH: dune height, SS: stoss slope; in x-axes) and wind incidence (line colors; see legend). The top (yellow) panel shows 
the influence of beach width (narrow to wide beach conditions; left to right) on the variability of dV with stoss slope 
(SS) and dune height (DH), for the zone windward of the dune toe (beach to toe) and for the dune (toe to lee). The bottom 
(green) panel shows the impact of vegetation density (sparsely to densely vegetated dunes; left to right) on the distribution 
of sand volumes within the stoss and the dune crest and lee as a function of DH (splitting the variability of dV with DH in 
the dune, shown in the top panel and marked with dashed rectangles, into stoss and crest to lee; changes of dV with stoss 
slope are omitted due to low variability). Critical dune heights noted on the plots are explained in the legend (bottom left); 
note the negative (erosion; orange-shaded area) volumes for sparsely vegetated dune stoss and DH > DHcri,int, that increase 
accumulation at the crest and lee (sand recycling).
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Changes within the dune itself are highly linked to the conditions of the upwind zone, as well as by wind acceler-
ation and vegetation cover and characteristics (e.g., Cohn et al., 2019; Costas et al., 2023; Durán & Moore, 2013; 
Hovenga et al., 2023). Simulated high/steep and moderately vegetated dunes show a high degree of sand recy-
cling within the dune (from the stoss slope to the crest and lee; Figure 9). The dune plant parameters considered 
(density and constant for plant characteristics) vary only slightly along the profile for each experiment. This 
choice was made to minimize cross-shore variability of the considered vegetation parameters, to avoid localized 
influences and spurious effects that could potentially skew the results and complicate the comparison between 
runs and areas and the extraction of general trends. Even though the simplified wind module used may slightly 
overestimate the impact of topography to the flow for high dunes, sensitivity experiments (Figures S3 and S4 in 
Supporting Information S1) showed that the accumulation patterns and shifts identified were not impacted. As 
expected, however, the sensitivity of simulated morphological change within the vegetated part of the domain 
to the vegetation parameters considered is rather high, as shown by targeted sensitivity experiments (Figure 
S6; Table S2 in Supporting Information S1) and by the different density values considered in the experiments 
(Figure 8). So, on one hand, we recognize that whether, and to what extent, sand recycling takes place within 
the dune is highly dependent on the considered values for the flow attenuation offered by the vegetation. Given 
that the model performed well in the sand transport calibration experiments, we can say with a high degree of 
certainty that the vegetation parameterization can be adequately tuned to fit field experiments and reproduce 
profile changes at event to annual timescales and to reproduce the influence of plant type (i.e., dune build-
ers and burial tolerant and intolerant stabilizers) and growth pattern on the morphology of the dune (Ruggiero 
et al., 2018) over long-term scales. On the other hand, the aim of the numerical experiments is to investigate dune 
morphodynamics, and not some form of “universal prediction.” Thus, the focus is not on pinpointing a specific 
dune height beyond which sand recycling occurs (which would be highly reliant on local conditions) but rather 
to explore its dependences and impacts on dune adaptation. Keeping this in mind, we note that the experiments 
show the presence of a second critical dune height (DHcr,int in Figure 10), beyond which the sand transferred to 
the crest and lee either reduces to near-zero due to high retention over the (non-erosive) stoss, or it is mixed with 
remobilized sand from the (erosive) stoss. The latter case maintains a significant sand transfer to the crest and lee 
from the beach, even though volumes also reduce with height and steepness. Lower dunes (<DHcr,int) continue to 
grow, irrespective of the considered density.

Thus, the above point to two different types of evolutionary patterns for high dunes: (a) in cases of densely 
vegetated (enough to maintain the position of the stoss) dunes, the vertical growth practically ceases and the 
dune progrades seawards; (b) in cases of sparser vegetation the dune retreats landwards, with high sand transfer 
to the lee. This finding is in agreement with Schwarz et al. (2021), who report decrease in sand flux across the 
foredune (20 m height, slope 1:2.5), down to 99% at the dune crest compared to the toe, and with similar obser-
vations by Arens (1996). Bauer et al. (2022) also reach similar conclusions, after exploring a densely covered 
dune under oblique moderate winds, stating that sediment transport across the beach leads to deposition at the 
foredune toe and lower stoss slope, with virtually no sedimentation on the upper stoss or crest (∼9 m). The 
sand transfer from the stoss slope to the crest and lee is in line with the long-term observations of Ollerhead 
et al.  (2013) over a coastal stretch of 5 km in the Greenwich Peninsula (NE coast of Prince Edward Islands, 
Canada), documenting a landward migrating foredune. Similarly, the morphological evolution of a 4-km long 
and around 20-m high coastal dune system in Truc Vert (SW France), showing quasi-steady vertical growth and 
landward migration of the foredune crest between 2011 and 2019, promoted during high-energy wind storms 
(Laporte-Fauret et al., 2020), is also aligned with the idea that continued sand transfer to a high dune is partially 
through recycled sand. The experiments showing dune landward migration can be directly related to longer-term 
dune adaptation schemes, such as the landward dune migration in response to SLR, described by Robin's Rule (R. 
G. D. Davidson-Arnott, 2005; R. G. D. Davidson-Arnott & Bauer, 2021). Measurements of long-term accretion 
rates in the Skallingen barrier foredunes (∼8 m; SW Denmark) showed sand volume gains on the crest and lee 
slope that were comparable to beach volume increase by bar welding (Aagaard et al., 2004), similar to the simu-
lated growth pattern for low dunes.

The findings of the analysis regarding the gradual decrease of vertical growth with dune height appear to align 
with the idea of a “steady-state foredune height”, put forward by Durán and Moore (2013), which they attribute 
to the presence of a negative feedback between topography and wind flow. R. Davidson-Arnott et  al.  (2018) 
oppose this hypothesis, stating that “the rate of growth in foredune height per unit volume increase will decrease 
over time, which gives the perception of an equilibrium height having been reached asymptotically.” Further-
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more, they criticize the Durán and Moore (2013) model for using only onshore winds, postulating that a very 
large proportion of annual total transport into most foredunes takes place under oblique and alongshore winds. 
Our experiments simulated variable wind directions and the results, expressed in sand volumes (and not vertical 
change rates), suggest that there is an asymptotic reduction of sand transfer to the dune and of sand reaching land-
wards from the crest with dune height. As mentioned before, the contribution of highly oblique winds can indeed 
be higher than that of onshore winds in high dunes; however, the asymptotic reduction with height persists.

Even though our experiments focus on significantly shorter timescales than those of Durán and Moore (2013) 
and consider a pre-existing vegetated dune, the main drivers and controlling processes are comparable. The use of 
perpetual winds in both cases raises the question if some form of equilibrium is not pre-conditioned to occur. In 
our short-term experiments, we opted for using the same wind (moderate to strong) time series to obtain compa-
rable sand transfer conditions from the beach. Still, it can be argued that the work needed to transport the same 
amount of sand from the beach to the crest should increase with dune height; therefore, an asymptotic behavior 
is, to some extent, expected. Schwarz et al. (2021) also postulated that the sediment flux at the dune crest is ulti-
mately limited by the wind velocity and the distance traveled over vegetation. These considerations are in line 
with the remarks of Houser et al. (2022) that the repetition and recurrence of surf and aeolian processes lead to the 
observation of similar beach-dune profiles, while individual foredune topographies can deviate from what may 
appear as an equilibrium profile due to site-specific and scale-dependent controls and history.

5.  Conclusions
The work presented focuses on investigating dune wind flow and sand transport patterns over simplified foredune 
morphologies, utilizing recent advances (fetch effect and grid rotation) to the simplified 1-D Duna morphody-
namic model. Calibration and validation tests showed that the model: (a) accurately captures the variability in 
wind flow evolution over the windward side of the dune (stagnation at the toe, gradual acceleration along the 
stoss slope and peak speed-up at the windward crest brink) for variable wind directions (against both CFD model 
results and field data); (b) tested against field data from two dune sites (FRF and Praia de Faro), over shorter 
(35 days for FRF) and longer (1 year for Praia de Faro) timescales, reproduced the vertical changes along both 
profiles with reasonable accuracy.

Based on the idealized numerical experiments conducted, we can conclude that:

1.	 �There is a generalized pattern of logarithmic change with dune height and linear change with stoss slope, in 
both wind flow and sand accumulation along the beach (up to the toe), over the dune as a whole (toe to lee) 
and within dune zones (stoss, crest to lee). Overall, dune height appears as a more important morphological 
parameter than slope, while its influence on wind speed and elevation change along the profile decreases with 
increasing wind incidence.

2.	 �Under non-limited fetch conditions, the reduction in sand accumulation by oblique winds, relative to onshore 
winds, is low (∼14%). Comparing highly oblique and onshore winds, sand volumes are reduced by around 
half, consistently to the cosine effect.

3.	 �Accumulation at the toe (increasing with dune height) is also highly influenced by beach width and wind 
incidence. For narrow beach widths, accumulated sand varies little with wind incidence as transport is limited 
by the fetch effect for onshore winds and by the cosine effect under high incidence angles. As beach widths 
increase, there is increasing separation of accumulation volumes at the toe between incidence angles, until 
maximum accumulation at the toe (non-limited transport) is reached for onshore winds.

4.	 �Sand transfer to the dune (toe to lee) reduces with dune height, while the balance between wind incidence 
angles is also influenced by beach width. For low dunes, maximum sand transfer to the dune takes place under 
shore-normal winds, while beyond a critical dune height (depending on beach width) the balance flips to 
highly oblique winds. Overall, the higher the dune and/or the narrower the beach, the less sediment is trans-
ported to the dune and the more likely it is that maximum accumulation takes place under high wind angles.

5.	 �Even though sand transfer to the crest for high dunes (higher than the critical) may continue (i.e., under high 
incidence angles), the sand volumes are significantly reduced, compared to lower dunes. The variability with 
dune height asymptotically tends to zero (near-cessation of vertical dune growth), thus supporting the concept 
of a maximum dune height, which is however inextricably linked to the specific forcing/limiting conditions 
of each site.
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6.	 �Results point to two different types of evolutionary pathways for high dunes: either the dune is vegetated 
enough to maintain the position of the stoss, in which case vertical growth near-ceases and progradation is 
promoted, or the vegetation is not dense enough and dune retreats landwards, with high sand transfer to the 
crest and lee, as a mixture of sand transport from the beach and recycled sand from the stoss.

Data Availability Statement
The Duna model is written in Matlab and the code is available under GNU Lesser General Public License v2.1 
at https://github.com/danoroelvink/duna. The model outputs presented in the article are provided in the Zenodo 
repository (Kombiadou et al., 2023): https://doi.org/10.5281/zenodo.8120830.
Data used for calibration/validation are cited in Section 2.2 (and listed in Table 1) and are as follows: UA data and 
topography for wind flow experiment Wind2 and input coastal wind time series from Schwarz et al. (2020); topo-
graphic profiles and input wind time series for experiment Morpho1 were obtained from TDS Catalog (2022).
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