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Abstract Marine dunes, also known as sand waves, are found worldwide, particularly in shallow shelf seas
where marine renewable energy projects are often located. Due to their size and mobility, it is crucial for such
projects to simulate dune migration and understand interactions with wind turbine foundations. This study
builds upon a validated large-scale openTELEMAC model of the Dunkirk coastal area, which combines 3D hydro-
dynamics with a depth-averaged sediment transport approach. To evaluate the influence of wind turbine fixed
foundations on dune migration, we conducted two-year numerical experiments under two contrasting scenar-
ios: with and without foundations, thereby enabling a direct comparison with the natural baseline. The results
indicate that the monopiles act as morphodynamic magnets, altering dune propagation with changes of up to
a factor of 4 in their lee. We call the underlying mechanism the ‘wake effect’, where reduced flow velocity and
sediment transport down-current of the monopile lead to increased migration rates when dunes approach the
foundation and decreased (or reversed) rates when moving away. The results also highlight the cumulative ef-
fect of monopiles on sediment transport in a scenario with 46 wind turbines, emphasising the need for careful
turbine placement to mitigate impacts on the dune field.

Non-technical summary Marine dunes are found all over the world, notably in shallow shelf seas
where marine renewable energy projects are often located. These dunes are large, highly mobile sedimentary
bedforms, typically ranging from 1 to 5 metres in height, travelling tens of metres per year. Simulating their
migration over time is therefore crucial for these renewable energy projects. To assess the impact of a planned
600 MW wind farm on annual marine dune migration off Dunkirk, France, we applied the large-scale computer
model of the area developed in previous work. By comparing simulations with and without the fixed founda-
tions of the wind turbines, we evaluated how they alter the natural movement of the dunes. The results indicate
that the monopiles act as sediment magnets, altering dune propagation with changes of up to a factor of 4 in
their lee. Consequently, sections of the dunes move closer to the fixed foundations. The results also highlight
the cumulative effect of monopiles on sediment transport in a scenario with 46 wind turbines, emphasising the
need for careful turbine placement to mitigate impacts on the dune field.

1 Introduction
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et al., 1998; Le Bot et al., 2023). This constant remod-

The hydrodynamics of the coastal zone is driven by
tides, winds, and waves. Under their action, the seabed
can be mobilised to form what is collectively known as
’bedforms’. A variety of bedforms have been observed
in nature. In sandy marine environments, these include
sand ripples, marine dunes, and sandbanks (see Table 1
in Knaapen, 2005, for a classification overview). Consis-
tent with the terminology established by the Society for
Sedimentary Geology (Ashley, 1990), marine dunes are
large, flow-transverse bedforms typically ranging from
1 to 5 metres in height, with wavelengths on the order
of hundreds of metres. In the literature, they are some-
times referred to as sand waves.

Marine dunes are highly mobile sedimentary struc-
tures, with documented migration rates of up to tens
of metres per year (e.g., Bartholdy et al., 2002; Katoh

*Corresponding author: noedurand@openbook.team

elling of the seabed is a defining characteristic of ma-
rine dunes. They are frequently observed on the bed of
shallow shelf seas where offshore wind farms (OWFs)
are, or will be, situated. By the end of 2020, approxi-
mately 5,400 offshore wind turbines had been installed
or were under construction in European waters alone
(The Crown Estate, 2020). This figure is expected to in-
crease over the coming decades to help achieve ambi-
tious climate neutrality targets.

Therefore, more research is needed to understand
how wind turbine foundations interact with their sur-
roundings, as this topic has not been extensively ex-
plored yet. The industry has a legitimate interest in
studying scour processes (van der Tempel et al., 2004;
Wang et al., 2024; Whitehouse et al., 2011), which have
the potential to weaken the structural integrity of the
foundations. Little is known about the effects beyond
the immediate vicinity (e.g., on sediment dynamics and
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seabed mobility), which are often dismissed as localised
(e.g., Cooper and Beiboer, 2002; Clark et al., 2014). The
oil and gas industry has dealt with seabed scouring
around platforms or free spanning of pipelines, for ex-
ample, in recent decades. However, the offshore wind
industry faces two unique challenges: first, the large
number of man-made structures in an OWF makes it
more difficult to avoid problematic areas altogether, in
contrast to a single oil platform; second, electric cables
are less robust than pipelines, rendering them more
vulnerable to overburden and damage (Games and Gor-
don, 2014).

To our knowledge, no previous studies in the litera-
ture have systematically investigated the interaction be-
tween immobile structures, such as OWF monopiles,
and a dune field in a marine setting at space and time
scales of the order of kilometres and months, respec-
tively. Here, monopiles refer to large cylindrical piles
driven into the seabed that extend above sea level to
support offshore wind turbines. The closest relevant
work is the study by Couldrey et al. (2020), which used
recurrent multi-beam bathymetric surveys to document
the progression of an isolated crescent-shaped dune as
it migrated past an offshore wind turbine foundation.
The surveys spanned six years, with one survey con-
ducted before the installation of the monopile. Post-
installation surveys focused on the cable route and wind
turbine foundation, thus not covering the full extent of
the dune. However, the authors noted that the dune
was temporarily elongated as it passed the monopile.
This stretching was partly due to natural causes, likely
changes in hydrodynamics, which also affected other
nearby bedforms. It was also attributed to increased
sediment transport rates resulting from erosion at the
dune toe and subsequent deposition a short distance
downstream in the monopile wake, as the dune inter-
acted with the scour hole at the base of the structure.
This process is in accordance with the findings of Chiew
(1984) and Hong et al. (2017). The authors concluded
that there was no lasting impact on the dune morphol-
ogy, based on the observation that transects taken 25 m
on either side of the centre line are comparable pre-
installation and 3 years post-installation.

Using numerical simulations, Margalit (2017) exam-
ined the formation of natural bedforms and evaluated
the impact of offshore wind farms on seabed morphol-
ogy. Although most of his research focused on sand-
banks, one simulation considered a monopile installed
within a linear marine dune field (comprising dunes
measuring 3 m in height and 300 m in length). The mi-
gration rate of the dunes was said to slow as a result of
the presence of the monopile. The author himself ac-
knowledged that this simulation was exploratory. No-
tably, the bed elevation at the upstream boundary ap-
pears invariant, and sediment accumulates from there
to the monopile without passing beyond it, raising ques-
tions about the model setup. Nevertheless, this work
has the merit of initiating a discussion about the influ-
ence of monopiles on their environment.

To address the lack of systematic studies on dune-
monopile interactions at kilometre-scale and multi-year
temporal scales, the complex process-based model of
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the Dunkirk area from Durand et al. (2025) was applied
to simulate these interactions in the Southern Bight of
the North Sea (Figure 1), where large marine dunes
are present. The model couples 3D hydrodynamics
with depth-averaged sediment transport and has been
shown to be capable of simulating the annual migration
rates of these dunes (Durand et al., 2025). The aim of the
current work is to explore the impact of the foundations
of offshore wind turbines on the migration patterns. In
the next section, we present the study area in the South-
ern Bight of the North Sea, the model setup, and vali-
dation. Initial simulations are carried out with a single
monopile and then extended to a realistic OWF layout,
consisting of an array of 46 wind turbines. The results of
these simulations are presented in Section 3, with impli-
cations discussed in Section 4. Section 5 concludes this
work.

2 Materials and methods

2.1 Studyarea

Dunkirk, situated in the Southern Bight of the North
Sea near the French-Belgian border (Figure 1), was se-
lected as a suitable site for an offshore wind project
during France’s third call for tenders in 2016. The lo-
cation benefits from excellent resources, with average
wind speeds between 9 and 9.5 m/s at elevations of 100
to 140 m above sea level, favourable water depths shal-
lower than 30 m up to 20 km from the coast, and ac-
cess to a robust electricity grid that is capable of han-
dling the OWF output (Parc éolien en mer de Dunkerque
website). Furthermore, Dunkirk is home to a promi-
nent industrial port complex: the Grand Port Maritime
de Dunkerque. With construction works anticipated to
start in late 2026, the offshore wind farm is projected to
be operational by early 2029.

A comprehensive metocean data set has been col-
lected to support the Dunkirk OWF project and for re-
search purposes. Site-specific meteorological and hy-
drodynamic campaigns have been conducted for up
to six months (open-access data: Shom, 2017a) (pro-
prietary data: FEM, 2021a; EMD, 2022). In addition,
long-term metocean observations are publicly available
from the Flanders Marine Institute (VLIZ) at the West-
hinder measurement station (VLIZ, 2022a,b). These
records provide information on wind velocity, atmo-
spheric pressure, water level, current and wave condi-
tions.

The region is characterised by a macro-tidal regime,
with a spring tidal range equal to 5.5 m. The tide
rises faster than it falls, an asymmetry that is also re-
flected in the tidal currents. The flood current is gen-
erally stronger than the ebb, resulting in a net cur-
rent trending east-northeast. In the navigation chan-
nel (FEM, 2021a, Figure 1b), for example, peak depth-
averaged speeds reach 1.22 m/s during the flood com-
pared to 0.85 m/s during the ebb. This predominance
is reversed in the gullies between the offshore sand-
banks (FEM, 2021a). The near-bed currents (approxi-
mately 1 m above the bed) can reach 0.70 m/s at the
peak. The offshore wind and wave climate is charac-
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A: navigation‘channel
B: Binnen Ratel sandbank
~C: Dyck Oriental sandbank
% D: Breedt sandbank

Figure1l (a) Generallocation map. The footprint of the proposed offshore wind farm is marked by a dashed black line; the extent of the numerical model
by a dashed coloured line. (b) Location of metocean (filled diamonds) and bathymetric (polygons) survey data in relation to known bathymetric features,
with accompanying rose diagrams for wave height and depth-averaged (dav) current speed climates. Source of the background data: Shom (2015), Open-

TopoMap, and European Environment Agency (EEA) coastline, version 3.0.

terised by the prevalence of south-westerly events from
the English Channel. However, significant events also
occur from the northwest to the northeast, originating
from the North Sea (Figure 1b). The wave condition with
a return period of 1 year is estimated to have a signifi-
cant wave height (H,) of 4.4 m and a mean period (7,)
of approximately 7 s, as determined by an extreme value
analysis of data from VLIZ (2022a). It is noteworthy that
56% of the waves are less than 1 m high.

The seabed consists primarily of non-cohesive sand
with median grain sizes (d5;) ranging from 240 pm to
450 pm and d;, averaging 210 ym (FEM, 2020). These
sediment properties favour the development of marine
dunes, as confirmed by high-resolution (0.5 m) bathy-
metric surveys conducted between 2016 and 2021. Two
full-coverage surveys mapped the wind farm footprint
(black dashed outline in Figure 1): an open-access cam-
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paign from 2016-2017 (Shom, 2017b) and a proprietary
survey in June 2021 (EMD, 2021). Eight additional sur-
veys were performed between 2019 and 2021 in three
representative areas, capturing diverse bedform fea-
tures at the same 0.5 m resolution (FEM, 2021b, black
circles/polygons in Figure 1).

These surveys reveal marine dunes with heights of
between 1 and 4 m (7-20% of the local water depth)
and wavelengths of 150-200 m. The dunes display dis-
tinct morphological patterns across the study area. The
majority are sharp-crested and strongly asymmetrical,
with a gentler side and a steeper side, reflecting a dom-
inant current direction (Figure 2). This asymmetry sys-
tematically decreases towards sandbank crests, where
dunes transition to symmetrical forms, reflecting re-
working during both flood and ebb tides. Notably, dune
fields are well-developed on sandbank crests and flanks
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Figure 2 For Case IA (a) and Case IB (b): Location of the monopile, indicated by a coloured triangle, to scale, relative to the OWF project and local dune
field, with cross-dune seabed profiles (November 2019 vs. June/July 2021). Current ellipses characterise the local depth-averaged (dav) hydrodynamic

conditions.

(e.g., sinuous dunes with frequent bifurcations domi-
nate the flanks of the Dyck Oriental sandbank) but be-
come sparse or absent in the deeper gullies between
banks. The repeated surveys have allowed the annual
dune migration rate to be quantified (Le Bot et al., 2023).
Overall, they have been observed to travel at a net rate
of approximately 30 m/yr towards the northeast.

2.2 Model set-up and pre-construction vali-
dation

This study builds upon the openTELEMAC model of
the Dunkirk coastal area, which was originally devel-
oped to investigate meteorological controls on a marine
dune field (Durand et al., 2025). The computational do-
main extends from Calais to Ostend in Belgium, cover-
ing approximately 80 km of coastline. Its offshore ex-
tent varies between 15 km in the Dover Strait and 75 km
in the east (dashed coloured line in Figure 1a). An un-
structured finite element mesh with spatially varying
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resolution is used. The size of the triangular elements
varies gradually from 10 m (covering between 2.5 km?
and 44 km? around offshore wind turbine infrastruc-
ture, providing 10-20 grid points per dune wavelength)
to a maximum of 3000 m in distant areas, ensuring
both adequate resolution of the dunes where interac-
tions with structures are of interest and computational
efficiency. Digital terrain models (DTMs) of the seabed
throughout the computational domain have been con-
structed from a range of data sources, with the most
recent and detailed data given precedence over data of
lesser quality.

The hydrodynamic module, TELEMAC-3D, is coupled
with the sediment transport and bed evolution module,
GAIA, to consider the interactions between tidal flows,
weather and sediment transport processes. The influ-
ence of waves is omitted in this model since Durand
et al. (2023a) suggested that waves are of secondary im-
portance in waters deeper than approximately 15 m be-
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Table1l Modelling parameters and processes used in openTELEMAC (TELEMAC-3D+GAIA modules)

Vertical discretisation
Horizontal discretisation

Bathymetric data sources

3D with 5 irregularly spaced sigma planes

At least 10 grid points per dune wavelength

0.5-1m resolution: EMD (2021); FEM (2021b); Shom (2017b); Shom - ROLNHDF (2022)

20-100 m resolution: Shom (2015, 2016); Flemish Hydrography (2022)

Tidal constituents

Wind & sea level pressure
Friction

Horizontal turbulent diffusion
Vertical turbulent diffusion

Dynamic pressure

34 harmonic constituents at 1/16 resolution (FES2014; Lyard et al., 2021)
Hourly data at 1/40 resolution (AROME 30-hour forecast; Bouttier, 2007)
Nikuradse roughness k, = 2.5xdy, (Soulsby, 1997)

Constant kinematic viscosity = 10 m?/s

Tsanis mixing length model (Tsanis, 1989)

Yes

Hydrodynamic model Relative Mean Absolute Error (MAE) < 3% for water levels and < 18% for currents
performance

Sediment type One class of non-cohesive sediment; d;, = 345 um (FEM, 2020)

Transport mechanism Bedload; suspended load discarded (P> 5; Durand et al., 2023a)

Sediment transport predictor
Slope correction
Morphological factor

Morphodynamic model
performance

Soulsby-van Rijn total load predictor (Soulsby, 1997)
No (Durand et al., 2023b)
No

Root Mean Square Error (RMSE) < 0.34 m,
Anomaly Correlation Coefficient (ACC) > 84%

low mean sea level (mMSL), which is mostly the case
in our areas of interest. TELEMAC-3D solves the 3D
Reynolds-Averaged Navier-Stokes equations without a
hydrostatic pressure assumption (Hervouet, 2007, see
Supplementary Materials). The hydrodynamics were
calibrated and validated by comparing the model pre-
dictions with site-specific water level and current data
at 7 locations across the computational domain (EMD,
2022; FEM, 2021a; Shom, 2017a; VLIZ, 2022b), achiev-
ing ‘excellent’ performance according to the Sutherland
et al. (2004) classification scheme (see Table 1 for key
metrics).

GAIA solves the sediment continuity equation (Exner
equation) to compute the seabed evolution from empiri-
cal sediment transport rate predictors (Tassi et al., 2023,
see Supplementary Materials). A single, representative
sediment class (d5, = 345 ym) was adopted, reflecting
the in situ surficial bed samples that showed a domi-
nant unimodal distribution without spatial or seasonal
trends. For this grain size, shear velocities during peak
flows (u, ~ 3.9 cm/s) remain below the settling veloc-
ity (wy ~ 4.4 cm/s; Soulsby, 1997). A Rouse parame-
ter analysis (P > 5; Durand et al., 2023a) further con-
firms bedload dominance in the area. These findings,
consistent with the presence of marine dunes, justify
excluding suspended load from the model. In keep-
ing with the model developed in Durand et al. (2025),
the Soulsby-van Rijn predictor (Soulsby, 1997) was used,
without slope correction, which was found to cause un-
realistic dune decay (Durand et al., 2023b). This choice
was based on preliminary tests showing it to be as ef-
fective as other shear-stress-based formalisms at re-
producing annual dune migration. Although a depth-
averaged approach, its energy-based formulation scales

5

bedload transport rates with flow kinetic energy, inher-
ently capturing transport maxima over dune crests and
enabling realistic migration without resolving near-bed
flow. A scaling factor was applied in the original appli-
cation, which successfully reproduced observed dune
migration patterns (FEM, 2021b), thereby validating the
model (Durand et al., 2025, Table 1 for metrics).

2.3 Simulated scenarios and analysis of re-
sults

To assess the impact of turbine foundations on the evo-
lution of large marine dunes, we have simulated a two-
year period. A baseline simulation was initially per-
formed to model the hydrodynamic and sediment trans-
port processes naturally occurring offshore Dunkirk,
without any monopiles influencing them. We then
adopted a sequential modelling strategy, beginning
with exploratory single-monopile scenarios in well-
characterised, data-rich environments where baseline
morphodynamics were validated, before progressing
to realistic full-array simulations of the actual Dunkirk
OWTF layout. This sequential methodology allowed us to
analyse foundation effects across scales, from isolated
to array-wide interactions.

In all cases, we remove the triangular mesh elements
corresponding to each monopile location, specifically
one element per foundation, where the effective ob-
struction is determined by the horizontal resolution of
the mesh. This approach is more practical and efficient
to implement than the alternative of parameterising the
monopiles as additional drag, which requires estimat-
ing the undisturbed upstream flow. It accurately cap-
tures their physical role as full water-column obstruc-
tions by creating a vertical null-flux boundary (through
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Table2 Characteristics of monopiles in the exploratory and OWF scenarios.

Scenario Number Position Water depth  Average edge
monopiles (Latitude,Longitude) (mMSL) length (m)
Exploratory: Case IA 1 (5103.830'N, 215.801’E)  -20.1 10.7
Case IB 1 (5109.239'N, 222.644’E)  -15.6 10.3
OWF: Case IT* 46 - -10.6 t0 -28.8 9.0 to 14.7 (10.6)
Case [IA* 24 - -10.6t0 -28.4 9.6 to 12.5 (10.8)
Case IIB 22 - -10.9t0 -28.8 9.0 to 14.7 (10.5)

t Monopile diameters ranging from 7.0 m to 11.5 m are planned for the Dunkirk OWF

* Excluding 2 monopiles placed at the edge of the refined zone (outside the dune field)

element removal) that enforces free-slip flow condi-
tions and zero sediment flux across all depths. This
implementation choice aligns with Rivier et al. (2015,
2016), who used a 3D hydrodynamic and sediment trans-
port model to explore potential differences arising from
monopile representations (either a resistance term in
the momentum equation and a source term in the tur-
bulence equation, or mesh-resolved structures) and ob-
served minimal impact on near-field flow velocities.

Since the wind farm is not yet constructed, no field
data exist for flow conditions with turbine foundations
at our study site, preventing a full calibration of the
hydrodynamics with monopiles. Nevertheless, confi-
dence in the model adaptation is supported by a realis-
tic prediction of the monopile hydrodynamic wake (see
Supplementary Materials, Figures S1-S2). The results
show an elongated wake structure consistent with the
bidirectional tidal currents. This wake decays over a
spatially consistent scale, with surface velocity recover-
ing to 80% within approximately 900 m downstream and
reaching 95% recovery by 2.0 km. This recovery length
aligns with observational findings from the Donghai
Bridge offshore wind farm (Li et al., 2014) and numeri-
cal simulations of the planned Courseulles farm (Rivier
et al., 2016). Furthermore, the model captures an ex-
pected dependency on the flow incidence angle relative
to the removed triangular mesh element. This depen-
dency is seen not in the overall length of the wake, but
in the rate of velocity recovery and the detailed struc-
ture of the near-wake region.

2.3.1 Exploratory scenarios

To investigate the fundamental interactions between
annual marine dune migration and a fixed founda-
tion, we developed hypothetical scenarios with only
one monopile as a first step; a later step will consider
the impact of an OWF array as a whole. We selected
the repeat survey areas, in the Dunkirk Port naviga-
tion channel and near the proposed transformer station
(Figure 1), for these exploratory simulations because
their well-documented bed evolution provides validated
baseline conditions for natural dune evolution under
hydro-meteorological forcing (Durand et al., 2025). No-
tably, no foundations are planned in these areas under
the actual OWF layout.

In Case IA, we placed a monopile approximately 90 m
ahead of the second large crescent-shaped dune (3 m
high) in the navigation channel, ensuring a sufficient
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distance to avoid initial disturbance to the dune, and be-
fore the following sinuous dune. In Case IB, we placed
a monopile on the slope on the Binnen Ratel sandbank,
ca. 50 m ahead of an approaching 2 m high sinuous
dune. There, the seabed topography does not constrain
the flow as is the case for Case IA, leading to a broader
range of directions (Figure 2).

These two cases are complementary and illustrate the
range of possibilities. The first location (Case IA) is rep-
resentative of a monopile sited in a gully between sand-
banks, subjected to bidirectional flows that switch di-
rection with the tidal phase, hence bidirectional sedi-
ment transport pathways. The second location (Case IB)
is representative of a monopile installed on the slopes
of a sandbank, in open conditions with a wider spread
of directions. Table 2 and Figure 2 summarise the
monopile positions and characteristics for both cases.

2.3.2 OWTF scenario

Following these initial scenarios, we modelled the en-
tire array of 46 monopiles projected for Dunkirk OWF
first scenario. The foundations will support wind tur-
bines with 220 m rotor diameters, while the monopiles
themselves are expected to have 7-11.5 m diameters.
The array spacing will maintain a minimum of 1 km
between monopiles and 10 km from the coastline, cov-
ering an area close to 50 km? (Parc éolien en mer
de Dunkerque website). The precise location of the
monopiles was not available at the time of our work
and we georeferenced the map for the 'OWF project
off Dunkirk and its electrical connection’ published on
http://parc-eolien-en-mer-dunkerque.geophom.info/ (last
updated on March 17, 2022) to extract approximate lo-
cations. Figure 3a shows this layout, including the ma-
rine dunes identified in preliminary site studies (Shom,
2017d) to provide some context. It is clear that dunes
are not uniformly distributed throughout the OWF foot-
print. They are predominantly associated with the
sandbanks, with relatively fewer dunes in the gullies be-
tween them.

We applied the same approach to represent
monopiles as in exploratory scenarios, where cer-
tain elements were removed from the computational
domain to define obstructions. For this simulation, the
mesh was uniformly refined to a horizontal resolution
of 10 m in the OWF area, covering approximately
44 km? (the baseline was rerun with this updated mesh
discretisation for consistency). The exact size of the
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Figure 3 (a) One of the proposed layouts for the Dunkirk OWF; the geo-
graphical footprint and cable corridor are indicated by dashed black lines;
marine dunes inventoried in Shom (2017d) are represented by sinuous
brown lines. (b) Predicted sediment transport pathways for the baseline
simulation, coloured by directional quadrant, also highlighting 3 zones of
interest. Source of the background data: Shom (2015), OpenTopoMap, and
European Environment Agency (EEA) coastline, version 3.0.

triangular elements varies, which in turn affects the
size of the monopiles between different locations, as
detailed in Table 2.

To specifically assess the influence of turbine place-
ment, we also simulated an array comprising only half
the number of wind turbines (Cases ITA and IIB). In
these scenarios, turbine locations were selected to en-
sure that their individual effects remained spatially dis-
tinct, avoiding any a priori overlap.

The wind farm is located within a sandbank system
where the prevalence of flood and ebb flows varies spa-
tially, also influenced by meteorological conditions. As
a result, sediment transport patterns and dune mobil-
ity vary spatially, as illustrated in Figure 3b. We focus
our analysis on 3 morphological behaviour zones: 1) in
the gully between the Binnen Ratel and the Dyck Orien-
tal sandbanks, where the marine dunes travel towards
the southwest, contrary to the general trend, 2) on the
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slopes of the Dyck Oriental sandbank, and 3) in a rela-
tively flat and featureless area situated in the northern
corner. These zones are indicated in Figure 3b.

2.3.3 Assessment of monopile influence

The presence of a wind turbine impacts the surround-
ing environment in various ways. Above sea level, it cre-
ates an atmospheric wake, which refers to a reduction
in wind speed downstream of the blades. Although this
can influence hydrodynamic conditions, it is usually not
considered in morphodynamic modelling. Below sea
level, the turbine foundation obstructs the flow, causing
a downstream reduction in current speeds, known as
the hydrodynamic wake. Additionally, turbulent wakes,
such as horseshoe vortices near the seabed immediately
upstream of the monopile and downstream vortex shed-
ding, are generated. At the seabed level, the presence
of the foundation alters the seabed morphology, with
areas of erosion and accretion. This morphodynamic
wake is linked to the hydrodynamic wake, as sediment
transport processes respond to the changes in hydrody-
namics caused by the monopile. Throughout this study,
the term ‘wake’ without a qualifier refers to the ‘hydro-
dynamic wake’.

To visualise the area of influence of the monopile(s)
on sediment dynamics and morphological processes,
the first-order moment is used as a proxy for the hydro-
dynamic wake (i.e., the velocity deficit). This connec-
tion follows from the formulation of the sediment trans-
port predictor used in the model (Soulsby, 1997), which
is based on depth-averaged velocity. Since flow veloc-
ities are locally reduced downstream of the monopile,
sediment transport capacity is directly lowered in those
regions. The first-order moment, which reflects the
magnitude of sediment transport over time, captures
this reduction. Consequently, areas of reduced first-
order moment correspond spatially to the wake zones,
providing a meaningful and morphodynamically rele-
vant representation of the wake influence.

To compute this, the sediment transport rate (a vec-
tor) is extracted at hourly intervals from simulations
conducted both with and without wind turbine founda-
tion(s). At each spatial point and time step, we calculate
the vector difference between the two scenarios. The
norm of this difference is then assigned a sign: a posi-
tive value indicates an increase in transport magnitude
due to the monopile, while a negative value indicates a
decrease, regardless of the direction of transport. This
sign convention is intended to reflect the intuitive veloc-
ity deficits observed in the wake of monopiles, where
transport may be reduced during one tidal phase (e.g.,
flood), even if net transport over the full cycle is en-
hanced. The use of a 360-day averaging period ensures
that the moment calculation captures longer-term mor-
phodynamic trends. Higher-order moments (variance,
skewness, and kurtosis) were also calculated, but are
not discussed here.

2.3.4 Assessment of annual dune migration

The impact of monopile(s) on seabed evolution, particu-
larly on the propagation of marine dunes, is assessed by
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Figure 4 Bathymetric changes one year after the implementation of Case IA, calculated by subtracting the baseline seabed levels (without the monopile)
from the levels with the monopile, both predicted after one year. The monopile location is shown as a filled triangle to scale. Shades of blue indicate lower
seabed levels relative to the natural state, and shades of brown indicate higher levels. The greyed-out zone indicates an area of potential model uncertainty.

Source of the background data: Shom nautical chart 7057.
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Figure 5 Bathymetric changes one year after the implementation of Case IB, calculated by subtracting the baseline seabed levels (without the monopile)
from the levels with the monopile, both predicted after one year. The monopile location is shown as a filled triangle to scale. Shades of blue indicate lower
seabed levels relative to the natural state, and shades of brown indicate higher levels. The greyed-out zone indicates an area of potential model uncertainty.

Source of the background data: Shom nautical chart 7214.

comparing the (predicted) baseline DTM for the natural
state with the (predicted) DTM including monopile(s).
This analysis focuses on the first year of simulation. The
resulting difference maps (e.g., Figures 4 and 5) high-
light areas of seabed lowering and rising resulting from
changes in bedform migration patterns. In these repre-
sentations, white areas indicate regions where the pres-
ence of the monopile(s) shows no statistically signifi-
cant deviation from natural erosion/accretion patterns.

To complement this analysis, the temporal evolution
of specific transverse profiles is plotted through the
monopile(s) for the entire simulation period (e.g., Fig-
ure 6). This representation allows for a synthetic visu-
alisation of dune propagation as a function of time. A
comparison of the predicted time evolution without and
with monopiles gives insight into their effect.

In parallel, the dune crestlines are extracted to assess
more precisely the impact on dune planform (for exam-
ple, distortion and direction changes). For this, a spline
is fitted to the seabed levels predicted by the model to

add the resolution lacking from the model mesh (from
10 m to 1 m resolution). The resulting DTM is smoothed
(SAGA 7.8.2 square ’simple filter’) and is then used to ex-
tract local maximum values of seabed levels along tran-
sects spaced 0.5 m, applying a threshold to exclude sec-
ondary bedforms. This analysis is restricted to a few
subset areas and times due to its high demands on com-
puter time and disk space.

3 Results

3.1 Exploratory scenarios: Cases IA and IB

The predicted changes to the seabed one year after in-
stalling a single monopile within the dune field are de-
picted in Figure 4 (Case IA) and Figure 5 (Case IB). These
changes are calculated as the difference in seabed levels
with the monopile compared to the baseline scenario
without the monopile. Each colour step represents a
0.5 cm variation, with lighter tones denoting smaller
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changes. Shades of blue indicate lower seabed levels
than baseline and shades of brown indicate higher lev-
els than baseline. The colour scale is designed to em-
phasise changes in the propagation of marine dunes,
though local variations may exceed these limits (e.g., in
the immediate vicinity of the foundation).

Wind turbine monopiles, like bridge piers, locally al-
ter hydrodynamics, creating a complex 3D flow struc-
ture (e.g., Melville, 1988; Sumer and Fredsge, 2002;
Whitehouse, 1998). The increased turbulence can lead
to the formation of a scour hole around the structure.
It is important to note that these physical processes re-
quire much finer (horizontal and vertical) resolution
than what is used here to model the large-scale propaga-
tion of marine dunes. Therefore, it cannot be expected
that the local wake and other near-field processes are
adequately represented in our model. To explicitly ac-
count for this limitation, we introduce a model uncer-
tainty zone with a 50 m radius, five times the dominant
mesh size of 10 m. This zone, indicated by a greyed-out
area in all relevant figures, identifies the region where
local seabed changes should be interpreted with cau-
tion.

As expected, the most significant morphological
changes occur along the tidal axis and immediately
around the monopile. Their spatial extent stabilises af-
ter an initial period of 90 to 180 days (not shown), but
their magnitude increases with time. After one year,
bed level variations greater than 0.25 m extend to 830 m
west of the monopile and 900 m east of the monopile for
Case IA (Figure 4). The largest predicted bed level varia-
tions (on the tidal axis, outside the greyed-out zone) are
-1.6/+2.8 m west of the monopile and -1.4/+2.5 m east
of the monopile. These variations, where bed changes
approach full dune height, combined with the charac-
teristic erosion-accretion patterns around the baseline
crest locations (marked with grey lines), indicate signif-
icant dune migration.

There is a gradual accumulation of sediment in the
streamwise direction in front of the monopile, particu-
larly on the west side (+5.0 m in height after one year).
This accumulation is consistent with the natural direc-
tion of sediment transport from west to east in Figure 4,
due to the dominance of the flood currents. However, it
appears to be exaggerated and is likely an artefact of the
mesh resolution near the foundation, which limits the
model ability to fully resolve local sediment processes.
Over time, this leads to wave-like sediment deposition
patterns close to the monopile, as shown in Figure 6b.
In nature, these accumulated sediments might be ex-
pected to be drawn towards the scour hole and passed
around the structure (Hong et al., 2017). To avoid misin-
terpretation from these numerical artefacts, we restrict
our analysis to the first year of simulation.

One year after the installation of the monopile, the
seabed changes are less pronounced for Case IB than
for Case IA when compared to the baseline simulation
without the monopile. Consistent with the lower dy-
namics observed in this area, the spatial extent of the
seabed changes is also reduced compared to Case IA
(approximately 500 m in each direction). The largest
predicted changes in bed level (on the tidal axis, out-
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side the greyed-out zone) are -0.3/+1.2 m southwest of
the monopile and -0.6/+1.4 m northeast of the monopile
(Figure 5).

The temporal evolution of the seabed, extracted along
the tidal axis through the monopile, is illustrated in Fig-
ure 6 for Case IA (and in Figure S3 of Supplementary Ma-
terials for Case IB), where the dune crests naturally ap-
pear as lighter-coloured features. These figures corrob-
orate our earlier observations that the navigation chan-
nel area is very dynamic (migration speed of 40-59 m/yr
in the natural state), while the slopes of the Binnen Ra-
tel sandbank are relatively less active (comparatively
slower migration speed of 20-40 m/yr). The propaga-
tion is directed eastward, which is explained by stronger
flood than ebb currents in these regions. The flow per-
turbation and initial bedform response begin immedi-
ately after the monopile is introduced in the model,
but the distortion of the dune planform evolves steadily
over time, consistent with the long-term linear progres-
sion shown in Figure 6.

Figure 6¢, showing tracked crest positions from in
situ measurements (crosses), the baseline (brown), and
the monopile scenario (orange), clearly indicates that
the seabed changes in Figure 4 correspond to the con-
vergence of the dunes towards the monopile. The prop-
agation is accelerated in areas where the general sedi-
ment transport was already directed towards the struc-
ture in the natural state (namely west of the monopile).
Conversely, a reduction (Case IB, Figure S3) or even a re-
versal (Case IA) of the propagation is predicted in areas
where the general direction of sediment transport was
away from the structure (east of the monopile).

The displacement of the crests of the large marine
dunes (Table S1, Supplementary Materials) quantifies
this convergence after one year. The analysis uses a
2000-metre transect (as in Figures 6 and S3), so the
table includes more dunes than shown in the seabed
profiles of Figure 2. Displacement values are comple-
mented by the acceleration rate, defined as the percent-
age change in dune migration speed (with vs. without
the monopile) relative to the baseline speed. Negative
values indicate deceleration (slower migration than the
baseline), with values below -100% corresponding to a
reversal of the migration direction. Table S1 reports
that for Case IA, dunes west of the monopile accelerate
by 73% on average, whereas those to the east decelerate
severely (-164%), indicating a complete reversal of mi-
gration. In comparison, the effect is less pronounced
for Case IB, with acceleration rates of 17% to the west
and -73% (deceleration without reversal) to the east of
the monopile.

3.2 OWF scenario: Caselll

The changes to the seabed resulting from the imple-
mentation of the OWF offshore Dunkirk are illustrated
in Figure 7 for Case II. The same colour scale as that
used for Cases IA and IB is used to facilitate compar-
isons. In this representation, shades of blue indicate a
decrease in seabed levels from the baseline levels with-
out monopiles, and shades of brown indicate an in-
crease in seabed levels at the end of one year.
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Figure 6 Temporal evolution of bed levels extracted along the tidal axis through the monopile (a) from the baseline simulation and (b) from the Case IA
simulation, where the monopile is marked by the red line and the greyed-out zone indicates an area of potential model uncertainty. (c) Tracked dune crest
positions, with crosses marking measured data from the bathymetric surveys conducted between November 2019 and July 2021 (FEM, 2021b).

Numerical instabilities are apparent on the steep
slope of the Dyck Oriental sandbank (centre of Fig-
ure 7a), an area of high natural dynamics and steep
gradients. These artefacts appear in both simulations
with and without monopiles, confirming they are not
induced by the foundations. They manifest early in the
simulation, with bed-level oscillations typically ranging
between 42-3 m after one year (approximately 10-15%
of the local sandbank height). Although the magnitude
of these oscillations increases with time, the instabili-
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ties remain localised and do not propagate to other ar-
eas of the computational domain. Outside this region,
the most notable changes in seabed levels occur in the
western part of the OWF, particularly between sand-
banks (e.g., in Zone 1, Figure 7b) and on the Dyck Ori-
ental sandbank (e.g., in Zone 2, Figure 7c).

In Zone 1, the wind turbines are placed in the gully
between the Binnen Ratel and the Dyck Oriental sand-
banks. The currents are channelised and very much
bidirectional. Large marine dunes migrate in a south-
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Figure 7 (a) Bathymetric changes one year after the implementation of Case Il, calculated by subtracting the baseline seabed levels (without monopiles)
from the levels with 46 monopiles, both predicted after one year. The 3 morphological behaviour zones defined in Figure 3b are identified by rectangles.
Close-up views are presented for Zone 1 (b), Zone 2 (c) and Zone 3 (d), where each monopile is located at the centre of its greyed-out zone. Source of the
background data: Shom nautical chart 7214.
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westerly direction, contrary to the prevailing trend (Fig-
ure 3b). The area is dynamic, and the monopiles exert
a significant influence on the surrounding environment
(over more than 1 km), with the morphodynamic wake
extending to adjacent wind turbines (Figure 7b). The
rhythmic succession, in space, of seabed lowering and
rising is testament to the impact on the marine dunes.
The largest predicted variations in bed level (on the tidal
axis of the monopiles, outside the greyed-out zone) are
-1.8/+3.6 m west of the monopiles and -0.9/+3.3 m east of
the monopiles. Variations of this magnitude indicate a
significant difference in the position of the dunes with-
out and with the monopiles, given that dunes in Zone 1
reach heights of 3 to 4 metres.

In Zone 2, the wind turbines are placed on the slopes
of the Dyck Oriental sandbank. There, the prevail-
ing currents align with the coastline but exhibit a wide
range of directions corresponding to the turning of
the tide. The morphodynamics of the area are com-
plex, characterised by sediment transport directions
that change by more than 90° within a short distance
around buoy DY3 (Figure 3b), and dune morphology
that transitions from 3D and northwest to southeast ori-
entation to 2D and north-south orientation down the
sandbank slope towards the gully. The bed changes
shown in Figure 7c reflect these patterns. In this active
area, the impact of the monopiles is again far reaching
(more than 1 km). The largest variations are -1.5/+2.4 m
either side of the monopile.

In Zone 3, in the northern corner of the OWF, the
wind turbines are placed in a relatively flat and fea-
tureless area. The structures produce localised erosion
on the sides of the monopiles due to vortex shedding
and deposition along the flow axis (Figure 7d). These
patterns typically develop in flat-bed tidal settings, as
observed experimentally by Whitehouse and Stroescu
(2023) and Wang et al. (2024). During one phase of the
tidal cycle, the sediment that has been mobilised at the
front of the monopile by the downflow and added turbu-
lence is transported and deposited to the rear. With the
reversal of the current in the subsequent tidal phase, the
pattern is mirrored, with sediment from the new front
side transported to the new rear side, resulting in sedi-
ment accretion on either side of the monopile. These
depositional areas (indicated by brown shades in Fig-
ure 7d) grow steadily over time, reaching distances of
150-325 m after one year.

Zone 3 is excluded from further analysis due to the
absence of large bedforms, which are the focus of
this study. Instead, we concentrate on Zones 1 and
2. The temporal evolution of the seabed along tran-
sects passing through the monopile marked ‘M’ in Fig-
ure 7 is shown in Figures S4 and S5 of the Supplemen-
tary Materials, and the predicted displacement of ma-
rine dune crests is quantified in Table S2. The pres-
ence of monopiles alters the natural propagation of the
dunes, which typically follows a west-southwest direc-
tion (Zone 1), causing them to converge on the struc-
tures. In Zone 2, this effect is superimposed on natu-
rally variable migration directions. The influence of the
monopile diminishes with distance: in Zone 1, for ex-
ample, dune migration is redirected towards the struc-
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ture only for the first 2 dunes west of the monopile
(< 210 m), with acceleration rates as low as -171%. Fur-
ther away, migration slows but does not reverse, with
deceleration ranging from -55% to -89%. As a reminder,
negative values indicate deceleration, and values below
-100% a reversal of dune migration. In comparison, in
Zone 2, the structure is predicted to have no impact on
the furthest dune in the profile, west of the monopile
(distance of ca. 800 m).

4 Discussion

4.1 Influence of OWF monopiles on annual
dune migration

The impact of monopiles on hydrodynamics has been
the subject of extensive investigation. The existence
of distinct wake patterns in the lee of monopiles that
disturb currents (Li et al., 2014; Miles et al., 2017,
Rivier et al., 2016) and stratification (Cazenave et al.,
2016; Schultze et al., 2020) has been demonstrated by
field data, experimental data and numerical simula-
tions. The streamwise extent of these patterns is de-
pendent on the strength of the current and the size of
the obstructing structure. While some studies have in-
dicated a return to background levels by 10 pile diame-
ters (Miles et al., 2017), satellite radar (SAR) imagery has
revealed kilometre-scale surface current wakes down-
stream of offshore wind turbines (Li et al., 2014).

Questions remain about the impact of monopiles on
sediment transport processes, in particular in live-bed
regimes (characterised by sufficient flow velocities to
continuously mobilise the seabed sediment). In the pre-
vious section, we demonstrated that the presence of
monopiles creates a morphodynamic wake along the
tidal axis, causing the dune planform to distort and con-
verge towards the structure. We will now explore the
underlying mechanisms responsible for this effect.

Consider a monopile placed in an environment with a
steady current fast enough to support dune movement.
In the downstream wake of the structure, the flow veloc-
ity is lower compared to the surrounding areas (e.g., Li
etal., 2014; Rivier et al., 2016). Since sediment transport
depends on flow velocity, the dune moves forward more
slowly in the hydrodynamic wake than in other regions.

Now, consider that the current changes direction with
the following phase of the tide. The downstream be-
comes the new upstream and vice versa; the sedimen-
tary process is mirrored. If the currents are stronger
during one phase of the tidal cycle than during the
other, the dune naturally travels in the direction of the
net flow (Fredsee and Deigaard, 1992; van Gerwen et al.,
2018). The downstream wake created in turn by each
tidal phase causes the section of the dune on the flow
axis to converge towards the structure, while the rest of
the dune moves at its natural speed in other areas.

This mechanism, which we introduce as the ‘wake ef-
fect, is illustrated schematically in Figure 8. The pre-
dominance of the flood (directed to the right in this
sketch) is materialised by a brown net sediment trans-
port vector outside the monopile wake. As a result, the
dunes travel to the right, and the position of the dune
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shows the natural state without a monopile, and orange the modified state due to the inclusion of a monopile (area of influence indicated by shading). The

natural direction of dune migration is from left to right.

crest after some time is indicated by a dashed brown
line. In the hydrodynamic wake, however, shown as a
shaded area, the net sediment transport vector is mod-
ified (orange). It becomes stronger to the left of the ob-
stacle due to the reduction of the opposing ebb sediment
transport vector, and weaker to the right of the obsta-
cle due to the reduction of the dominant flood sediment
transport vector. These changes cause the dune migra-
tion to accelerate as the dunes approach the monopile
and to slow or even reverse as they migrate away. The
resulting position of the dune crest in the monopile
walke is indicated by a solid orange line.

The wider the tidal ellipse at the site, the less focused
the impact of the monopile. The further the monopile
from the dune, the less pronounced its impact. Simi-
larly, a streamlined structure is expected to reduce the
hydrodynamic wake (Aly and Dougherty, 2021), thereby
minimising the ‘wake effect’ on dune propagation.

This ‘wake effect’ differs from the mechanism de-
scribed by Hong et al. (2017) for linear dunes approach-
ing a monopile with an already formed scour hole un-
der steady currents. Based on experimental observa-
tions, such as those by Chiew (1984), the authors indi-
cate that the dune section upstream of the monopile is
drawn into the scour hole. The increased turbulence at
the base of the structure then picks up and transports
the sediment, resulting in a higher transport rate com-
pared to the areas around the monopile. This leads to a
stretched, elongated planform in the streamwise direc-
tion.

It is conceivable that both mechanisms coexist in re-
ality. However, the seabed changes documented in Sec-
tion 3 cannot be attributed to scour processes alone.
This conclusion (that local scour is an incomplete ex-
planation) is consistent with the observations made by
Couldrey et al. (2020), who found that large-scale hy-
drodynamic variability contributed to the stretching of
an isolated crescent-shaped dune off the east coast of
the UK. While their study did not report far-field attrac-
tion of dunes towards the foundation, it supports the no-
tion that mechanisms beyond local scour may influence
bedform evolution.

Not shown in Figure 8 for clarity, the presence of the
monopile not only creates a hydrodynamic wake but
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also causes the flow to deviate and increase around the
sides of the structure (e.g., Rivier et al., 2016). This lo-
calised flow acceleration may enhance sediment trans-
port and lead to a corresponding increase in dune mi-
gration rates in these areas; however, such effects are
spatially limited and not the focus of the present analy-
sis.

The ‘wake effect’ on annual dune propagation is de-
picted in Figure 9 for Case IA and for Case II in Zone 1.
In Case IA, a monopile was placed in the navigation
channel to Dunkirk. During the flood phase, currents
trend east-northeast, while during the ebb phase, they
trend west-southwest. The natural sediment transport
pathway and the progression of the dune, driven by
the stronger flood, are directed east-northeast (Durand
et al., 2025; Le Bot et al., 2023). The presence of the
monopile modifies the velocity and consequently the
distribution of sediment transport along the tidal axis.
Green shades indicate a decrease in the first-order mo-
ment of sediment transport (see Section 2.3.3 for cal-
culation), attributed to a reduction during one of the
tidal phases. This distorts the dune planform by draw-
ing the dunes towards the monopile (Figure 9), as previ-
ously explained. Atthe same time, while the heights re-
main mostly unchanged, the dune cross-sectional pro-
file is modified with steep slopes facing the monopile
on either side (not shown). Green shades are associated
with convergence. In contrast, pink lobes indicate an
increase due to flow acceleration around the sides, re-
sulting in an accelerated migration of the dune. Pink
shades are associated with divergence.

In Case IB (not shown), a monopile was placed on the
slope of the Binnen Ratel sandbank. The natural sedi-
ment transport pathway and dune progression are also
directed east-northeast, but the seabed there is less mo-
bile (Durand et al., 2025) - likely due to weaker currents
and a wider tidal ellipse. Consequently, the ‘wake ef-
fect’, while still apparent, is less pronounced.

Interpreting dune behaviour in Case II is consider-
ably more difficult due to the number of monopiles in
the array and the competing ‘wake effect’ each monopile
exerts on different sections of the dunes. This complex-
ity is illustrated in Figure 9b (note the different colour
scale) for monopiles located in the gully between the
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7057 and 7214.

Binnen Ratel and Dyck Oriental sandbanks, in the area
we refer to as Zone 1. For clarity, not all dune crests are
shown in this figure. Orange arrows identify sections
that are drawn east-northeast (because the dominant
flow is reduced in the monopile wake) and others that
are drawn west-southwest (because the opposing flow
is reduced) in comparison to the natural progression of
the dunes.

It is important to recognise that the first-order mo-
ment of sediment transport alone may not fully capture
the impact of hard, immobile structures like monopiles
on dune migration. Changes in the kinetics of dune
propagation are observed beyond the coloured areas of
influence. Forinstance, in Case IA, the second and third
crescent-shaped dunes north of the wakes (Figure 9a)
migrate at a slightly slower speed when the monopile is
in place compared to the baseline. This would be con-
sistent with increased sediment transport around the
monopile during ebb flows (we might expect two lobes
either side of the tidal axis similar to the flood), but this
is not reflected in the first-order moment, even with a
finer colour scale.

4.2 Impactinrelation to the natural variabil-

ity of sedimentary processes

It is useful to consider the impact of monopiles in the
context of natural variability in sedimentary processes.
Dune migration, in particular, is influenced by mete-
orological conditions (Campmans et al., 2018; Harris,
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1991; Le Bot and Trentesaux, 2004). Offshore Dunkirk,
Durand et al. (2025) have suggested a 36% increase in
dune migration rate in winter compared to the entire
year. This seasonal variability is reflected in the tempo-
ral evolution plots presented in Figure 6 and the Sup-
plementary Materials, which show periods of accel-
erated and decelerated migration, as well as periods
of reversed migration. For example, dune positions
remained stable between month 4 (17-Mar-2020) and
month 7 (17-Jun-2020), a period marked by an unusual
spring. While winds from the southwest prevail annu-
ally, the proportion of northeasterly winds typically in-
creases in spring due to cold fronts from Scandinavia,
reaching approximately 20%. In spring 2020, however,
this proportion rose to nearly 50%, explaining the sta-
bilisation observed between mid-March and mid-June.

Durand et al. (2025) calculated the natural migra-
tion speed of the crescent-shaped dune nearest to the
Case IA monopile, for each time step in a one-year sim-
ulation of the baseline. We conducted a similar anal-
ysis for the period from December 2019 to November
2020, in the OWF area for dune (sections) just west of
the Case Il monopiles labelled ‘M’ in Zones 1 and 2. The
monthly variability in migration speed can be evaluated
from these hourly data. The results are shown in Fig-
ure 10 as brown lines for the natural state (without tur-
bine foundations). Since we use calendar months, the
careful reader will note a slight discrepancy with the
data presented in Figures S4 and S5, where the zero time
is the start of the simulation, i.e., 17-Nov-2019.
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Figure 10 Seasonal variability in the dune migration speed in Zones 1 and 2 of the OWF area (Figure 3), comparing the natural state (brown) and the
modified state with an array of monopiles (orange). The upward triangles (4) track a dune located just upstream (u/s) of the monopile; the downward

triangles (V) track a different dune located just downstream (d/s).

These results indicate significant variability in the mi-
gration speed of the dunes. Such variability is not un-
usual; for example, Lanckneus and de Moor (1991) doc-
umented a case on the northern Kwintebank (Belgian
continental shelf) where dunes migrated 28 m in one
direction over 4 months, followed by 29 m in the op-
posite direction over the next 5 months (resulting in a
net annual migration close to zero). Some variability is
also observed in the direction of migration, particularly
in Zone 2, identified earlier as an area where the sedi-
ment transport vectors were turning. The dune selected
for the analysis there travels towards the east-northeast
during winter (positive speed according to our conven-
tion) but towards the west-southwest for the remainder
of the year.

For the Case II simulation with monopiles, we cal-
culated the migration speed for both the same down-
stream dune section (v) tracked in the natural state,
and for a new, adjacent dune located immediately up-
stream/east of the monopile (4). Averaged over a year,
dune migration accelerates upstream of the monopile,
with increases of 102% and 343% in Zones 1 and 2,
respectively. Conversely, migration direction reverses
downstream of the monopile, evidenced by annual
rates < -100%, with values reaching -161% in Zone 1
and -460% in Zone 2. These results, shown in Fig-
ure 10 as orange lines, demonstrate a significant impact
of monopiles, with modified migration speeds clearly
falling outside the range of natural (seasonal) variabil-
ity in proximity to the structures. The magnitude of this
impact, up to a factor of 4 close to the monopile, extends
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several hundred metres (see Table S2), but decreases
with increasing distance from the structure.

4.3 Implications of turbine placement (cu-
mulative effect)

Strategic placement of wind turbines within an array is
crucial for several reasons. Firstly, it ensures that the
turbines are not positioned in the atmospheric wake
of the upstream units (Frandsen et al., 2006; Stevens
and Meneveau, 2017), thus maximising the efficiency
of the wind resource. Typically, turbines are spaced
8-10 times the rotor diameter in the prevailing wind
direction and 3-5 times in the perpendicular direction
(Bhattacharya, 2019). Furthermore, careful placement
aims to reduce construction and installation costs, par-
ticularly by optimising the electrical system and min-
imising the length of intra-array and export cables (Hou
et al., 2019). Separately, micro-siting of wind turbines
plays an important role in minimising the environmen-
tal impact on marine life and seabed ecosystems. By
carefully selecting turbine locations, the overall region
of hydro- and/or morphodynamic influence of the OWF
can be reduced, and sensitive areas avoided.

Elongated monopile wakes are predicted in Case IA
(Figure 9a, single monopile), with lengths consistent
with recent observations of kilometre-scale sediment
plumes by Li et al. (2014) in the East China Sea, and
by Vanhellemont and Ruddick (2014) and Forster (2018)
at offshore wind farms in the southern North Sea (UK).
To investigate cumulative effects of multiple monopiles,
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Figure 11 Area of influence of monopiles considered (a) individually in two half-array configurations: Case IIA (monopile locations shown as black circles)

and Case 1B (red circles), or (b) collectively in a full offshore wind farm array (Ca

se Il), illustrating the cumulative effect of the turbine placement. The first-

order moment of sediment transport rate is used as an indicator of the ‘wake effect.’

we modelled a full array of 46 turbines in Case II, with
a relatively dense spacing of approximately 1000 m. In
this configuration, wake interference is anticipated as
the wakes associated with the first-order moment of
sediment transport are predicted to exceed the spac-
ing between neighbouring wind turbines, potentially af-
fecting upstream units.

To isolate and better understand these interactions,
we introduced two additional scenarios: Cases IIA and
IIB, each representing half-array configurations. These
subsets were designed to avoid overlapping effects a pri-
ori, allowing clearer attribution of individual monopile
impacts. The cumulative effect of these two half-array
casesis shown in Figure 11a, and compared with the im-
pact predicted for the entire array in Figure 11b. The
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difference between these configurations highlights the
non-linear nature of wake interference and sediment
redistribution across the array.

Wake effects are associated with areas where mobile
bedforms, such as marine dunes, are present. These re-
gions are more susceptible to morphodynamic changes
than areas with a stable or featureless seabed. The
wider stripes of change observed in Figure 11b under
the full-array scenario are a result of wake interference,
where overlapping wakes from closely spaced turbines
interactlaterally. Thisis particularly evidentin the gully
between the Binnen Ratel and Dyck Oriental sandbanks
(Figure 7b), where the row-wise arrangement of the
wind turbines amplifies sediment transport changes.
Another area where significant changes are predicted is
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the region southwest of Zone 2 (Figure 7a). The darker
shades of green in this region indicate increased mor-
phodynamic change when all structures are considered
collectively rather than individually. This suggests that
the placement of wind turbines must be carefully con-
sidered to minimise impacts on sediment dynamics,
dune propagation, and more generally, on marine life
and seabed ecosystems (Isaksson et al., 2023).

4.4 Remarks about the design of the study

This study employed a 3D hydrodynamic model cou-
pled with a sediment transport and bed evolution model
to investigate interactions between large marine dunes
and offshore wind farm fixed foundations (monopiles).
While the approach successfully reproduced natural
dune propagation patterns (Durand et al., 2025), several
methodological aspects merit discussion, particularly
given the absence of field data for direct validation of
dune-monopile interactions.

A key aspect of the model is the use of the Soulsby-van
Rijn predictor (Soulsby, 1997), which relies on depth-
averaged velocity rather than bed shear-stress. The for-
mulation is grounded in energy-based transport prin-
ciples (Bagnold, 1966; van Rijn, 1984), where bedload
transport rates scale with flow kinetic energy. Under
current-dominated conditions (without waves), it sim-
plifies to van Rijn’s (1984) parameterisation, incorpo-
rating logarithmic boundary layer scaling. This depth-
averaged approach inherently captures transport max-
ima over dune crests, enabling realistic migration with-
out requiring explicit near-bed resolution. Its effec-
tiveness has been demonstrated in the Dunkirk area
to simulate the migration of marine dunes over a 13-
month period (Durand et al., 2025). This is further sup-
ported by Lokin et al. (2023), who showed that a differ-
ent depth-averaged predictor (Engelund and Hansen,
1967) was able to simulate river dune propagation, rein-
forcing the general capability of mean-flow-based pre-
dictors for bedform migration.

The influence of local seabed slope on bedload trans-
port (both in magnitude and direction) was disabled to
focus on advective migration processes. Although this
simplification omits a known balancing mechanism in
natural dune systems (Borsje et al., 2014), the only
theoretically compatible slope correction introduced a
second-order bed elevation derivative (acting as diffu-
sion), which led to unrealistic dune decay in the natural
state (Durand et al., 2023b).

Another pragmatic design choice was the vertical res-
olution of the model, limited to 5 layers for computa-
tional efficiency. While standard practice typically sug-
gests >20 layers to resolve finer-scale circulation affect-
ing, for example, dune growth, our focus on migra-
tion and the energy-based framework justified a more
streamlined representation (Durand et al., 2023b). The
model does not aim to fully resolve near-foundation pro-
cesses or the full complexity of natural dune systems, as
mesh resolution limits the representation of local sedi-
ment dynamics. Future work could incorporate stress-
based predictors, slope-induced transport, and sensitiv-
ity analyses of vertical resolution to better capture recir-
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culation mechanisms. Nonetheless, the current setup
offers a computationally efficient framework aligned
with the study objectives.

Validation remains a challenge in the absence of field
data, as construction at Dunkirk has not yet begun.
To our knowledge, no extensive, recurrent bathymet-
ric surveys exist for offshore wind farms with compara-
ble conditions (sandy seabed, ~20 m water depths, cur-
rents up to 1.25 m/s) and monopile foundations. Post-
construction surveys typically prioritise scour moni-
toring (Couldrey et al., 2020) or cable integrity rather
than dune propagation. Given the lack of repeated site-
specific data at Dunkirk, a sequential modelling strategy
was implemented: initial simulations focused on single-
monopile scenarios in well-characterised, data-rich en-
vironments where baseline morphodynamics could be
validated; subsequent simulations incorporated the full
turbine array of the Dunkirk OWF. While the differing
locations reflect practical constraints, the design pro-
vides complementary insights into dune-foundation in-
teractions.

The model was not applied to long-term (decadal)
morphodynamic evolution. Results are shown after one
year of simulation to highlight persistent large-scale ef-
fects, such as dune migration speed and bedform reor-
ganisation. By design, the model reliability decreases
near the monopiles due to unresolved fine-scale pro-
cesses. Consequently, local predictions of scour depths
and immediate wake effects should be interpreted as in-
dicative, a limitation visualised by the greyed-out areas
in the figures. The model is best suited for broader-scale
process understanding, and the results lay the ground-
work for future studies once field observations from op-
erational wind farms become available.

5 Conclusions

Alarge-scale numerical model, using the process-based
openTELEMAC system, combines 3D hydrodynamics
with a depth-averaged sediment transport approach to
investigate the impact of offshore wind foundations on
annual dune migration. This model is applied to a large
coastal area in the Southern Bight of the North Sea,
where a 600 MW offshore wind project is planned. The
area is subject to strong tidal flows and winds originat-
ing from the Atlantic Ocean and the North Sea. Marine
dunes and sandbanks are present within the wind farm
area, with dune migration rates of up to 30 m/year.

Our findings indicate that monopiles significantly af-
fect their environment, causing sections of the dunes
along the tidal axis to converge towards the monopile,
while those outside of the wake continue moving at
their natural speed. In a realistic scenario with 46 wind
turbines, each monopile in the array exerts a competing
impact on sections of the dune.

We have termed this convergence towards the
monopile ‘wake effect’, which refers to the down-
current velocity deficit and subsequent reduction in
sediment transport during a tidal phase. This results
in increased migration rates when dunes approach the
monopile and decreased rates (or even reversal) when
migrating away from it.
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Although there is considerable natural variability in
seasonal dune migration due to meteorological influ-
ences, the impact of the monopiles is predicted to ex-
ceed this variability. Dune propagation is either accel-
erated or reversed, with changes reaching up to a factor
of 4 close to the foundation.

The cumulative impact of the monopiles on the first-
order moment of sediment transport, which we use as
an indicator of the ‘wake effect’, underscores the need
for careful placement of the wind turbines in the array
to avoid or, at the very least, mitigate the effects on the
dune field.

These results contribute to our understanding of the
interaction between fixed offshore wind foundations
and marine dunes at an intermediate scale that fits be-
tween the broader wind farm level and the more lo-
calised monopile level. While not intended for long-
term morphodynamic predictions, they help to bridge
the gap between these two commonly considered ap-
proaches.
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