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Preface & Welcome

Welcome to MARID VII, the seventh edition of the Marine and River Dune Dynamics
conference series.

In 2000, a workshop on marine sand wave dynamics was organised by the French Naval
Hydrographic and Oceanographic Office (Shom) and the University of Lille 1 (France) under
the aegis of the North Sea Hydrographic Commission. After the success of this first workshop,
conferences covering marine and river dune dynamics were organised in 2004 (University of
Twente, Enschede, the Netherlands), in 2008 (University of Leeds, United Kingdom), in 2013
(Royal Belgian Institute of Natural Sciences, Bruges Belgium), in 2016 (Caernarfon, University
of Bangor, North Wales, UK) and in 2019 (Bremen, University of Bremen, Germany). Now
known by the acronym MARID, these conferences provide state-of-the-art overviews and
discussions on fundamental and applied knowledge of marine and river bedforms.

Bedforms are ubiquitous and dynamic features on a movable bed, which have been observed
in many subaqueous environments, such as rivers, beaches, estuaries, tidal inlets, shallow
seas, and deep waters. They are active morphodynamic elements which both reflect and
influence hydrodynamic and sediment dynamics processes at various spatiotemporal scales.
The study of their presence, size and movement is directly relevant for a wide range of applied
and fundamental research. The processes governing bedform formation, dynamics and
preservation have still not been unravelled adequately and the MARID VIl delegates will
outline progress derived from field observations, modelling studies and laboratory
experiments across a wide number of disciplines, including earth sciences, oceanography,
engineering, hydrography and biology.

MARID VIl is held in Rennes, France, organised by the Institute of Physics of Rennes and
Geosciences Rennes Laboratory (University of Rennes 1) and the French Naval Hydrographic
and Oceanographic Office (Shom). In keeping with the previous MARID conferences, we
maintain the concept of a small, focused event with only plenary sessions to stimulate
discussion among disciplines and methodology. Scientific sessions are taking place in
Amphitheater TA Beaulieu (P6le Numérique Rennes Bretagne) on 3 and 4 April 2023 including
talks from keynote speakers and oral and poster presentations by delegates. On 5 April the
field trip to the Mont-Saint-Michel Bay will permit convivial exchange between participants
on the sediment dynamics.

We hope that MARID VII will lead to fruitful and productive discussions, which in turn should
help and guide future collaborations to further investigate marine and river bedforms. The
short format of the MARID conferences has proven to be ideally suited for such networking
activities.

We wish you an enjoyable conference!

Alexandre Valance, Thierry Garlan, Alain Crave & Aurélien Gangloff
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KEYNOTE

A unified model of bedforms across the turbulent roughening
transition

B. Andreotti, Laboratoire de Physique de I’Ecole Normale Supérieure

O. Duran, Department of Ocean Engineering, Texas A&M University

A. Fourriére, BGR - Federal Institute for Geosciences and Natural Resources
P. Claudin, Laboratoire de Physique et Mécanique des Milieux Hétérogénes

ABSTRACT The emergence of bedforms as result of the coupling between fluid flow and sediment transport is
a remarkable example of self-organized natural patterns. The size of subaqueous and aeolian bedforms generated
by unidirectional water or wind flows, like ripples, dunes or compound bedforms, have been shown to depend on
grain size, water depth and flow velocity. In the last decade, this variety of morphologies, previously classified
according to their size, has gradually been understood in terms of mechanical and hydrodynamical mechanisms.
Do ripples and dunes form by linear instability or nonlinear processes like pattern-coarsening? What determines
their time and length scales, so different in air and water? What are the similarities and differences between aeolian
and subaqueous patterns? What is the influence of the mode of transport: bedload, saltation or suspension? Can
bedforms emerge under any hydrodynamical regime, laminar and turbulent?

Guided by these questions, a unified description of bedform growth and saturation will be discussed, with
emphasis on the hydrodynamical regime in the inner layer and the relaxation phenomena associated with particle
transport. It provides a physical explanation for bedform formation that disentangles the different regimes and
show that the transition from ripples to dunes is associated, under water, with an anomalous hydrodynamic
response to relief in the range of wavelength exciting the turbulent transition. This anomaly gradually disappears
in the rough regime. The model is tested using a quantitative, yet reductionist, numerical model that couples
hydrodynamics over a modulated bed to sediment transport and resolves both initial and mature bedforms.
Numerical predictions are tested for subaqueous and aeolian bedforms, for which all components of the theory
are independently calibrated. The resulting classification of hydrodynamical regimes provides a new mechanistic
framework to compare ripples and dunes in different environments.

Finally, the effect of the free surface will be discussed, comparing ripples (downstream propagating transverse
bedforms), chevrons and bars (bedforms inclined with respect to the flow direction) and anti-dunes (upstream
propagating bedforms), and focusing on the mechanisms involved in the early stages of their formation. In the
subcritical regime (Froude number F smaller than unity), the same instability produces ripples or chevrons
depending on the influence of the free surface. The transition from transverse to inclined bedforms is controled
by the ratio of the saturation length Lsat, which encodes the stabilising effect of sediment transport, to the flow
depth H. These results suggest that alternate bars form in rivers during flooding events, when suspended load
dominates over bed load. In the supercritical regime F > 1, the transition from ripples to anti-dunes is also
controlled by the ratio Lsat/H. Anti-dunes appear around resonant conditions for free surface waves, a situation
for which the sediment transport saturation becomes destabilising. This resonance turns out to be fundamentally
different from the inviscid prediction. Their wavelength selected by linear instability mostly scales on the flow
depth H, which is in agreement with existing experimental data.
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KEYNOTE

Tracking the human influence on the modern sedimentary system of
the North Sea

V.R.M. Van Lancker, Operational Directorate Natural Environments, Royal Belgian Institute of Natural
Sciences, Brussels, Belgium

F. Francken, OD Nature, Royal Belgian Institute of Natural Sciences, Brussels, Belgium

L. Kint, OD Nature, Royal Belgian Institute of Natural Sciences, Brussels, Belgium

G. Montereale Gavazzi, OD Nature, Royal Belgian Institute of Natural Sciences, Brussels, Belgium

ABSTRACT Marine ecosystems are affected by a multitude of drivers and pressures, both natural
and anthropogenic. Biodiversity is to a large extent driven by the nature and dynamics of sediments,
making the monitoring of changes of broad habitat types (BHT), such as mandated by the Marine
Strategy Framework Directive (2008/56/EC), a valuable approach. This is linked to safeguarding the
integrity of the seafloor and requires from European Member States to assess physical disturbance and
loss of benthic habitats in a quantitative and spatially-explicit manner. In Belgium, we have taken the
challenge of conducting shelf-wide BHT impact assessments, necessitating new ways of monitoring,
setting-up assessment frameworks, making use of best available data, and promoting collaborative
efforts [1].

Seabed mapping is essential for BHT change assessments. Methodology-wise rapid evolutions take
place, mostly linked to the use of acoustic remote sensing and seafloor classification [2]. Whilst at the
smaller scale, typically linked to case-by-case and/or application-oriented approaches, maps can be
produced with good predictive power, more regional BHT maps have much lower accuracy because of
integration of more fragmented data collected over a wide time span, and consequently also because of
the variety of technologies and gear used over time [3]. Uncertainties in the data chain are amplifying,
and when analysing depth changes, differences are usually within the confidence envelope of the
measurements [4]. However, for some species, typically those associated to gravel beds, centimetric
burial by sands, if irreversible, results in habitat loss.

In this keynote, we go back to the basics, i.¢e., the seabed itself of which diverse bedforms and features
are now unveiled by increasing availability of very-high resolution (e.g., Im) bathymetry. Examples will
be given, mostly from analyses of datasets from Flemish Hydrography (agentschapmdk.be/en) covering
a range of North Sea habitats. Interpretation calls for multidisciplinary cooperation since, apart its
sediments, seabed nature reflects geology, morphology, biology, human influence, and modern-day
processes. To cope with measurement-related error margins in change assessments, new approaches are
being developed: e.g., defining geological markers, analysing pattern and bedform complexity changes.
From this, more advanced workflows will be renewed, ideally based on common initiatives, and
connecting to international networks such as EMODnet.eu, GeoHab.org, and the Geological Service for
Europe (eurogeosurveys.org).

KEY WORDS: bedforms, seabed features, sediments, subsurface geology, geological markers,
anthropogenic activity, sustainability, seabed mapping

III
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KEYNOTE

Bedform dynamics: interaction, attraction and repulsion of dunes

N.M. Vriend, Paui M. Rady Mechanical Engineering, University of Colorado at Boulder, Boulder, USA
K.A. Bacik, centre for Networks and Collective Behaviour, Dpt. of Mathematical Sciences, University of Bath, UK

ABSTRACT In desert landscapes, we observe individual sand dunes of different sizes, with a
characteristic length scale of up to kilometers, which seamlessly interact with each other and their
environment. Can we capture the interaction behaviour of these large objects with simple physical laws?
Processes in the field occur over long times and are difficult to investigate in detail, but we are able to
scale the physics down to the laboratory. During the presentation, we will explore a unique, recirculating
laboratory experiment in which we create and trace aqueous dunes over long times, and investigated
three distinct research questions.

We explore the interaction between two dunes of different sizes, leading to either coalescence
(merging) or ejection (repulsion) of bedforms and present a phase-space diagram outlining the possible
interaction outcomes derived from experiments and cellular automaton simulations [1,2].

An interesting question is what happens in the long-time behaviour [3]: will the system obtain a
perfect symmetry in all configurations, or are there certain initial conditions which produce a stable non-
symmetrical long-time outcome? We find that the secret ingredient is “turbulence”: for slow flows with
a low level of turbulence, the dunes will display fast-slow dynamics before equilibrating symmetrically,
but for high levels of turbulence in fast flows, we find an asymmetric attractor. This indicates that dune-
dune interactions can either stabilize or destabilize the size and spacing of large dune fields.

Lastly, we place objects in the path of our model dunes and explore the outcome. We observe that
both object size and shape matter whether a sand dune is blocked or able to overcome an obstacle and
reform on the other side [4]. We discover that a modal decomposition of the flow field (without sediment
or dunes present!) can predict the collision outcome, which has interesting applications for reducing and
halting dune encroachment.

Slow dune

N E S w N
4@3 Angular position

Figure 1: Two equal size dunes, placed 45 degrees apart, drift to
antipodal positions over long times.

v
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The central mystery of this research topic is the interplay between small-scale granular physics and
large-scale landscape features. The fascinating observation is that certain length-scales change by an
order of magnitude or more, but the underlying physics remains the same.

KEY WORDS: subaqueous dunes, sediment transport, dune interactions
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Morphology and dynamics of subaqueous dunes geteuaider
unidirectional flow

|. AbrougNormandie université, UNICAEN, UNIROUEN, CNRS, UB1R3 M2C, 14000 Caen, France —
iskander.abroug@unicaen.fr

P. Weill Normandie université, UNICAEN, UNIROUEN, CNRS, UB1R3 M2C, 14000 Caen, France —
pierre.weill@unicaen.fr

N. AbchaNormandie université, UNICAEN, UNIROUEN, CNRS, UB1R3 M2C, 14000 Caen, France —
nizar.abcha@unicaen.fr

ABSTRACT: The flow velocity over mobile sancdunes subject¢ to unidirectional currenwas
investigated using a UB-Lab 2C, an acoustic veyopibfiler newly developed by UBERTONE. A
space-localized wavelet approach was used in ¢toddgtect the temporal evolution of the main dune’s
wavelength. The acoustic tool has provided promgisiesults concerning the flow and sediment
dynamics over migrating dunes.

longer storm waves or extreme events, and to
1 INTRODUCTION understand h_ow waves modlf_y the dune
morphology, in comparison with current-
Dunes in natural marine environments areonly dynamic equilibrium morphology.
subject to various, complex and unsteady

hydrodynamic forcings. Understanding and o, heriments of a study which aims at
forecasting their morphology and dynamICSunderstanding, using physical experiments,

s an important task, especially when o resnonse of dunes to wave-current
interacting with marine structures, as theinteractions We report the development
bedform-related ~ roughness  strongly o ilibrium morphology and flow structure
influences sediment transport. In shallowof dunes under unidirectional current. a
waters and intertidal  environments in simple flow condition which will serve as a

particular, subaqueous qlunes are Stro.ng%omparison for future experiments using
influenced by waves which combine with combined  flows. Dune growth and

unidirectional or reversing currents. Their equilibrium morphology was surveyed
morphology can also be strongly modified by y, s t6 a laser distance meter, and a space-

ﬁxtreme events. Physical experlm(;nts r']nlocalized wavelet approach was used in order
umes constitute a common approach to &, yeect the temporal evolution of the main

) ) Shune’s wavelength. Quantitative information
independently the influence of each forcing ,, iy structure and sediment transport was
occurring In nature. To date, most of the obtained by deploying the UB-Lab 2C, a new
physical experiments conducted on marine,. stic Doppler profiler manufactured by
dunes in flumes have been performed unde BERTONE, which provides high spatial

unidirectional steady current (Blom et al.
_ ' and temporal measurement of both two-
2003; Boguchwal and Southard, 1990; component flow velocity and sediment

Bridge and Best, 1988; Kleinhans, 2004; : . :
: ’ ’ .’ concentration profiles over the entire water
Nagshband et al., 2014), or under Iong-penodcolumn_ P

oscillating flows in tunnel flumes (Perillo et

al., 2014). Thus, there is still a need to The  information  of  sediment
exp|ore how dunes grow in the presence oﬁ:oncentration can be derived from the UB-
currents interacting with short-period waves, Lab 2C backscatter intensities following the

In this paper, we present preliminary
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-

methodology of Hurther et al. (2011). This E-Laser surfac profile
offers the ability to explore sediment flux UbLab 2C
profiles in the suspension layer. The L T

inversion from intensity to concentration iS | Honeycomb T

done by iterating downdwards from the [ Crexent digection | Siimen
emitter while accounting for the signal = — = /i
attenuation occurring along the water depth, e 75 i

as described in detail by Figure 1. A schematic showing the experimentalpsetu
Batteridge et al. (2008) and in the test section of the water flume.

Thorne and Hurther (2014). The  The flow velocity was measured with the
interpretation of the acoustic backscatterista|ly submerged UB-Lab 2C. The UB-Lab
intensity requires calibration of the system. Inoc g110ws to acquire co-located two (2C)
this study, dimensionless concentrationinstantaneous velocity profiles with three
results will be given as to date, the calibrationy snsducers (2 emitters and 1 receiver). The

system is still under development. two instantaneous velocity components are
denoted ,v) along the directions x(2)
2 MATERIAL AND METHODS respectively. Figure 2 shows a comparison

' o between a velocity profile u(z) given by the
The present data were acquired within theyp- ap 2C and a velocity profile given by

MOdelling of marine DUnes: Local and the two well established instruments, the PIV
Large-scale EvolutionS in an OWF context gnd the ADV.

(MODULLES) project. The tests have been .
carried out in the wave and current 0PI measurements

o
circulating flume of the M2C laboratory g
located in Caen (France). The flume is 16 m
long, 0.5 m wide and 0.5 m deep, and is -
equipped with a piston type wave maker and
o) o

@® UB-Lab1MHz

Water depth (m)

a centrifugal pump for water recirculation.

0.2

In order to ensure the uniformity of the
flow, a 20 cm-high honeycomb was installed 5. by ° °
at the entrance of the flume, followed by a 1 %o
m-long pebble bed to ensure the fast (">‘ ® UBLab TRz
development of a turbulent boundary layer. A

) i 0.05 1
sediment trap was also installed at the end of
the flume to collect the bedload sediment. o ThaUbLab edier |
The longshore coordinatewas defined as 0 s B
@O

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Velocity[m/s]

at the beginning of the sandy bed (Figure 1),
increasing toward the other end of flume and

0.2

Water depth (m

the still water depth was 0.3 m. For present 025

tests, a coarse sand of median diameter o bEEEREEn @ 00V e nume bottom |
Dso=0.6 mm and relative  density o0 or  os or or os ol

S =plps=2.65 is selected based on the Veaitg

bedform phase diagram (Southard andrigure 2. comparison between velocity profilél)
Boguchwal, 1990). given by the UB-Lab 2C and (a) PIV measurements

(b) ADV. The averaging time for the two acoustic
tools is 2 minutes and 30 s for the optical todieT
sampling frequency is 20 Hz for UB-Lab 2C, 100 Hz
for the ADV and 200 Hz for the PIV.
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The experimental procedure was  obtained where the dunes migrated
conducted as follows. First, the sandy bedthrough the flume with a relatively constant
installed over 9 m was flattened to reach aspeed. Figure 3 shows 20 selected maps of
thickness of 10 cm (around 0.8rof sand).  the bed evolution in time along the effective
The uniform currentJ = 0.65 m/s was then measuring section of the flume. Quasi
generated in the flume and UB-Lab 2C flow equilibrium state is here defined as the
and concentration measurements weremoment when  dunes  morphologic
performed. Experiments were stopped everycharacteristics (mean wavelength and height)
15 minutes to collect the sand trappeddoes not change substantially.
downstream and to reinject it upstream, as the
sediment was not recirculated automatically.

. . oV
The overall duration of the experiment was
around 300 min.

Topographic instantaneous profiles are

erlaid chronologically at regular time

intervals (i.e., 15 min) in order to plot the

space-time diagram (Figure 4) which was
The 9m-long sandy bed topography wasused to calculate the dune velocity

surveyed every 15 minutes along 5 parallel(U ~ 2 m/h) at equilibrium.

longitudinal transects, using a laser distance-

> — Ay - -
meter mounted on a carriage. The 2 -
longitudinal profiles were then interpolated - ¢ ¢ | B
to obtain maps of the bottom topography. £ . \-. M.
- o
3 RESULTS AND DISCUSSION . - o
3.1 Topography evolution of dunes < i AN < : 2 '
Starting from plane bed, ripples appeared Py 1. -
instantaneously as the flow was introduced in

Time[min]

the flume. Dunes subsequently developed

X . Figure 4. The space-time diagram which reflects the
and finally a steady state condition was topography along time.
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Figure 3. Bed temporal evolution along the flume.
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3.2 Wavelet analysis selected scale factor was: 0.0005, giving a

Wavelet analysis was used to study spatiafOtal of 382 wavelengths. The space sampling

series bed elevation profiles acquired everyand_the number of_points were, respeptively,
15 min. The objective is to be able to accountdX = 0-005 m and\ = 2000. The selection of

for the variability of the signal frequency at the mother wavelet was made ba§ed on
the different positions along the study several tests performed in the data. Finally, a

section. The continuous wavelet transformOmMPIex Morlgt mother wavelgt was used,Nin
WT(as) of the topography spatial signal, accordance with the suggestion by Catafno-
Xn(t), is defined as a convolution integral of Lopera et al. (2909) and with the feS“'tS
xn(t) with a mother wavelety’ . that is obtained by Gutierrez et al. (2013) in the

translated and scaled along the signal: analysis of the capability of different mother
' wavelets to retrieve ripple periodicities from

synthetic signals. The ¢bmplex Morlet
wavelet can be interpreted as a sine wave
where the asterisk indicates the complexmultiplied by a gaussian envelope.

conjugate, y(a,r) represents the mother
wavelet function dilated by a factar and
scaled by a factaa, anddx the spacing. The
mother wavelet can be dilated by a factor
and scaled by a factar Scales can be written
as fractional powers of two:

WT(a, 1) = f_-t: Xn Yoo dx (1)

The wavelet transform WT @, is here
displayed as a 2D colour plot (Figure 5)
showing wavelength versus space (distance
along the flume), with the colours
representing the magnitudes of |V&F)>2.
Initially, between 30 and 75 min, the
evaluated wavelengths corresponded to

@ =a2"%i=123..M (2)  wavelengths ranging betwe@h 1 m and 1.4 m,
) At which is a currently accepted length criteria
M = 3log:(77) 3 to define dunes @) in the

literature (Ashley, 1990). Figure 5 shows that

the most energetic wavelengths vary

Where a=0.005 is the smallest temporally. From 30 to 200 min, the extremes
resolvable wavelength, M the largest correspond to wavelengths of around 1.2 m
wavelength, ands the scale factor. The and 1.6 m. With increasing time (t> 200
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Wave length [m]
| |l
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Figure 5. Wavelet magnitude for dunes resultingifsieady current during the 285 min of experiments
and their corresponding mean wave power for eactelwagth.
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min), a noticeable energetic band centred atelative root-mean-square backscatter signal
L =1.8 m appears. Figure 6 summarizes thé/ms is shown in Figure 7. The first 0.09 m
temporal evolution of thé — distance along data are not shown because this part of
the flume relation. It is found that at measurements is contaminated by the
t>200 min, no noticeable changes arecrosstalk between the transmitter and the
observed in the dune’s main wavelength andeceiver during the acquisition. Figure 7
height (~ 9.5 cm). shows a decreasing trend of the backscattered
2 signal with depth due to the®rterm in
19 Equation 4.

1.05

¢ x=0
1 The UbLab emitter

=)

0.95

0.85

Wavelength [m]
E &

w

0.8

[N

0.75

Relative backscatter signal

0 50 100 150 200 250 300 350 400 07

Time [min]
0.65

Figure 6. Temporal evolution of dune’s wavelengths.

0.6
0 002 004 006 008 01 012 014 016 018 0.2

3.3 Flow and concentration analysis Range ]

The UB-Lab 2C probe was placed Figure 7. Typical measurements of the relative
downward-looking ak = 7 m and the dunes backscatter signal with range in the flume.
migrated underneath it with a relatively Bed elevation were extracted from the
constant velocity. The acoustic tool providesUB-Lab 2C backscattered signal intensity.
flow velocity and sediment concentration One example of the bed detection is shown in
profiles of 23 cm length and pulse repetition Figure 8. The sudden and large increase of
frequency (PRF) of 900Hz at high spatial the backscattered signal intensity
(3 mm) and temporal resolution (20 Hz). corresponds to the bottom echo, and agrees

The sediment concentration estimation iSweII with the location of zero-velocity on the

based on a statistical model of the recordecj1 orizontal velocity profile.
squared voltage (Equation 4). It is derived
from semi-theoretical and experimental
determinations of the acoustical
backscattering and attenuation properties and |

0.1 0.15 0.2 0.25 0.3 0.35

0.6

0.4

Velocity [mis]

0.2

it is valid under incoherent scattering Walsr depth m]
conditions (Thorne and Hurther, 2014). i
2 = ‘2
€ = (£%) Vinser(@atas @

1 1

r is the range from the emitter which o1 015 02 025 0 o
varies between 0.05m —and 0.3 my igure 8. Example ofwlj:(;pm(;meJtection based on mean
represe_nts .th¢ departure from the. SlgnaEagckscat.tered sri)gnal intensity profile (bottom) and
spreading within the transducer nearfield and o4, streamwise velocity profile (top).
R is the system constars represents the
sediment backscattering propertiesijs the
attenuation due to suspended sedimentigure 9a shows the contour map of the mean
scattering and,, is the sound attenuation due streamwise flow velocityii evolution with
to water absorption. A typical example of the time. The position of the dune topography is

5
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detected thanks to the UB-Lab 2C®*™
backscattered signal and is represented by >
solid black line. The flow is from right to left.

From Figure 9a, we can distinguish three
main flow features over the migrating dune.
The first feature concerns the presence of ¢
zone of deceleration in the lee side zone.
Negative streamwise velocities (counter-® e smmeen =
currents) are localized in the through region, == § A T O
and associated to the recirculating cell. The &=
second feature is the presence of ar g
acceleration zone in the stoss side region o0 §°=
the dune with high streamwise velocities. The # =2
third feature is the development of a = : : :
millimetric internal boundary layer on the «© . —
dune crest. These results are qualitatively « ..
similar to those found in £
Nagshband et al. (2014).

Figure 9b shows the contour maps of the
mean verticalv flow velocities along the
migrating dune. The main feature in this ™ ;

figure is the presence of positive vertical _. .
.. . . . Figure 9. (a) Contour map of the mean streamwise

velocities almost along the entire migrating flow velocity #. (b) Contour map of the mean vertical

dune. flow velocity . (c) Contour map of the mean

Figure 9c represents the contour ma Ofdimensionless sediment concentration. The solickbla
g. . P . p. line shows the dune profile.
the dimensionless sediment concentration

along the migrating dune. Two zones of high
sediment concentration are observed. Thesé CONCLUSIONS AND PERSPECTIVES

are associated to (1) the lee side of the dune, This paper presents a study of the

where significant sediment deposition occursmorphology, dynamics, flow structure and
by avalanching from the crest, and by settlingsediment concentration over a migrating
in the decelerating recirculation zone; (2) thedune under unidirectional current, using
boundary layer reattachment point, wherephysical experiments. The wavelet approach
significant erosion occurs during turbulent was used to quantify the mean dune
bursts. wavelength and its evolution with time. It
takes into account the variability of the
wavelengths along the flume extension, and

so, it permits the identification of the dune

wavelengths in different sections. This study

strengthens the utility of the UB-Lab 2C

acoustic tool in detecting flow and

concentration features over migrating dunes.

For the near future, we plan to perform the

calibration of the backscattered signal in

order to obtain quantitative results

concerning the concentration and the flux

above the migrating dune. Morever, in order

to expand results found in this study, new

tests involving the presence of regular and

irregular waves propagating on the

Distance from the emitter [m]

°
al

I Ad3
o2 [ !

20 25

5
Time [min]
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: : At robust spline filters and wavelet trans-forms:
yet been flume experiments investigating Methods and application to synthetic signals and
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Dune orientation controlled by estuarine circulatim the Outer
Weser estuary, German Bight, North Sea
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ABSTRACT: Several years of monthly bathymetric surveys in\thheser estua, Germanyshow
how the local effect of discharge on dune shapeoaietitation varies along the estuarine channel. Up
stream located dunes are flood oriented duringd@eharge and ebb oriented during high discharge.
The opposite is observed in the outer estuary durigh discharge conditions, despite an increase of
the depth-averaged ebb current velocity all aldregadhannel. Model results suggest that this behavio
is due to discharge related changes of the sailtsioin, and the related displacement of the brackis
zone. During high discharge, estuarine circulatien alters the velocity structure in the outeuast,
then changing the bed load transport balance and duentation.

the Weser estuary. They indicated that dis-
1 INTRODUCTION charge has an impact on dune asymmetry also

While the emergence and migration of in the outer estuary and suggested to explore

subaqueous dunes in unidirectional flow arethe underlying mechanisms. o
well understood, much less is known about_ | Nne Weser estuary does not exhibit a tidal-
the dynamics of tidal dunes. This is especiallyfluvial transition zone but is characterized by
the case for estuarine systems, where the vdlcreasing tidal range from roughly 2.5 m in
locity structure is complicated by baroclinic the outer estuary to more than 4 m at the weir.

processes and asymmetries in mean tidaf "€ Wweir is located 10 km upstream of
flow velocities. river km 0, as used in the figures below. See

For example, Hendershot et al. (2016)Lefebvre et al. (2021) for a more detailed de-

studied the shape of low-angle dunes on thescription of the dune distribution along the
tidal timescale, looking specifically at lee €Stuary.

side angles and bedform height. On a longer

timescale, Prokicki et al. (2022) found duney pyNE PARAMETER EXTRACTION
orientation to change in response to a dis-

placement of the fluvial-tidal transition zone  Parameters describing the dune shape
in the Lower Columbia River, US, during low were determined based on an extensive bath-
discharge conditions. Lefebvre et al. (2021)ymetric data set, acquired approximately
described significant seasonal changes ogfvery month by the local waterway and ship-
steep slip face angles in the lower reaches oping administration (WSV).
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Available data cover the years from 2008 Gaps in bathymetric data also exist spa-
to 2018. Altogether, 2190 grid files were pro- tially, in along-channel direction, meaning
vided and processed. The spatial resolution ighat at a certain point in time not all locations
2x2m. To generate bed elevation profilesalong the estuary were measured. Mean or
(BEPs) grids were interpolated along the median dune parameters were determined us-
thalweg and along several profiles parallel toing an along-channel distance of 500 m. This
the thalweg. The lateral distance between thesteps still preserves the spatial variability of
parallel profiles is 10 m. The number of pro- dune shape on the estuarine scale, but also
files was defined to laterally cover the meas-preserves gaps, which can then be specifi-
ured across-channel width. cally treated in the analysis, such as for gaps

Dunes in BEPs were identified by zero up in time.
and down crossing, roughly following Van  Since each individual dune may be repre-
der Mark et al. 2008. Bed elevations fluctua- sented by many of the parallel BEPs, a mini-
tions smaller than 10 m were removed apply-mum number of 250 values per 500 m was
ing an appropriate low pass filter. A length defined in order to determine median or mean
scale of 250 m was used for detrending. Dunedune parameters. In case of a channel width
height was calculated as the distance of thef 250 m, 25 parallel BEPs are processed.
crest to a straight line connecting the two If dunes crests reach across the entire
troughs. Not all trough-crest-trough succes-channel, the same dune is found in all lines,
sions represent valid bedforms. Those are reand a minimum of 10 dunes must be located
moved, using only feature heights betweenalong the 500 m river stretch. Dunes in the
0.3 m and 5 m, feature length between 15 m\Weser are irregularly distributed. Smaller
and 250 m, and a height to length ration be-dunes are abundant and should not be ne-
tween 0.01 and 0.2. glected in the analysis. As a result, the thresh-

These steps work well for regular dunes.old of 250 values yields along-channel inter-
In case of irregular dunes, not all shapes arevals to exhibit dunes, which are not typical
favorably detected and the zero crossingdune fields, but may only contain a stretch of
method introduced some typical cases of missmaller dunes at the side of the navigation
identified dunes, e.g. those with two local el- channel.
evation maxima closer to the crest, or super-
imposed dunes. It is assumed that the use g
parallel BEPs and the depiction of the same DUNE ORIENTATION

dune by several instances leads to statistically Here, changes in dune shape are more im-
r_epresentative dune dimensions and direcportant than changes in length and height.
tions. o _ _ This is because dune asymmetry is related to
Each grid is then associated with the datehe respective face angles, certainly depend-
of acquisition, and each dune retrieved fromijng on the direction of net bedload transport
BEPs is associated with an along-channel lognd therefore on the regime of the tidal flow,
cation in terms of river km. It occurred that often characterized as ebb or flood dominant
the same location was measured twice Wlthby basic features of the tidal flow, such as

only a few days in between the two measureepth averaged or peak ebb and flood veloci-
ments, often as a result of overlaps betweeRjes.

adjacent areas to be mapped, which could not The spatial and temporal variability in

be _covered on the same day. Then, some loqyne asymmetry is shown in Figure 1. Asym-
cations were not measured for several weekgnetry is given in terms of the face length
or even months, generating gaps in the preasymmetry, which is the ratio between up-
sumably monthly time series for each loca-stream and downstream face length. A re-
tion. Choosing a time interval of roughly one markable number of dunes is in fact more
week (quarter month) combines data col-symmetric than ebb-directed, as originally
lected closely in time, but preserves the MeNexpected, especially in the regions up to

tioned gaps, which allows specific treatmentkm 10 and between km 55 and 105.
of these in the subsequent analysis.
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Figure 1. Median face length asymmetry in relatmdischarge. Values are given in terms of th@matupstream
versus downstream face length (FL). Symmetricabdwexhibit a value of 1. Values exceeding 1 areddtdzted.
Encircled are examples of the occurrence of maedfldirected dunes. River km increase downstream.
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Figure 2. Face length asymmetry versus dischaogesgich hydraulic year. Discharge is averageddor weeks
preceding the date associated with each data pbiiaice length asymmetry. Results from km 25 (kré)1ére
shown in black (red). The typical discharge peakissing in 2014, and dunes in the inner estuagypaedomi-
nantly symmetric throughout the year. Note thatowelation line is given for km 25.

Mainly flood directed dunes are found be- change from symmetric or flood-directed to
tween km 10 to 20. In the region betweenebb-directed shapes. The opposite behavior is
km 20 and 35, changes in dune asymmetryfound e.g. around km 107, where dunes de-
are related to discharge peaks, causing aelop an ebb-directed shape during periods of
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low discharge. The response of dune shape teanges from 8 (far upstream) to 52 (outer es-
discharge variations therefore depends on théuary).
location within the estuary. Such spatial var- The model was validated with respect to
iations of dune shape response are expectedariations of the salt intrusion and the vertical
to occur in a funnel-shaped, partially-mixed density stratification, based on ship-based
estuary with a strong barotropic tide. The measurements during the simulation period
tidal asymmetry might vary along the chan- and data from several stations of salinity, dis-
nel and in time, and it is presumed, as said{ributed along the estuary. Parameters used
that dune shape reflects the effect of that tidahere, as obtained from model results, are the
asymmetry on residual bed load transport. near-bed residual velocity, the salt flux, strat-
Dune parameter and discharge are correffication, and the tidal velocity asymmetry.
lated for each hydraulic year separately. Fig- The near-bed residual velocity was deter-
ure 2 shows an example of two different mined as the minimum value of the residual
along-channel locations. The slope of the cor-velocity profile. This profile is based on tidal
responding linear regression is a first estima-velocities projected with respect to the ebb
tion of the dune response to discharge variacurrent direction. A negative, upstream-di-
tions, neglecting lag effects. rected near-bed velocity should indicate an
The correlation coefficient in Figure 2 is estuarine exchange flow to effect the residual
consistently higher in the inner compared tovelocity profile, probably somewhere along
the outer estuary, indicating the control of the brackish zone.
discharge on dune asymmetry to decrease The salt flux was decomposed using the
downstream. Regression slopes determinedlux decomposition method of Becherer et al.
for different hydraulic years are interpreted as(2016), there used to decompose fluxes of
the response of a parameter to change witlsuspended sediment, here applied to salinity.
discharge and averaged at each location. Th&o perform the decomposition, salinity and
regressions show the oppositional behaviowelocity were interpolated vertically on a
of dune asymmetry in the inner and in thesigma grid and corrected for the tidally vary-
outer estuary. ing vertical layer spacing, to preserve conti-
Clearly, low discharge causes dunes to denuity of the flux. The decomposition then
velop flood-directed shapes in the inner andsplits the subtidal or net salt flux into three
ebb-directed shapes in the outer estuary. Theomponents, taking into account intratidal
contrary seems to occur during high dis-variations of the vertical profiles of current
charge conditions. It remains to determine invelocity and salinity.
which particular way hydrodynamics change It is arguable if the salt flux components,
in response to high discharge in the outer esresulting from this decomposition, can be ad-
tuary. dressed as to represent the influences of dis-
tinct mechanisms, which would be the tidal
pumping flux, the barotropic flux, and the
4 HYDRODYNAMIC MODEL contribution due to exchange flow (Becherer

The analysis of changes of the velocity €t al. 2016). These flux components have
structure in response to discharge is based oReen addressed differently across literature
results from a 3D numerical model (UN- (e.9. Geyer etal. 2001, Burchard et al. 2017,
TRIM2, BAW). The simulation period is Diikstra et al. 2022). Here only the contribu-
from 2019 May to 2020 April. Model results tion due to the exchange flow is used.
are available for 16 cross-sections, located Stratification is quantified by the potential
along the channel between km 30 andeénergy anomaly (Simpson et al. 1978,
km 105, in along-channel steps of approxi-Burchard and Hofmeister 2008), as deter-
mate'y 5 km. The vertical resolution is 0.5 m. mined from the vertical denS|ty d|St.r|b.Ut|0n
Across-channel horizontal resolution and@and subsequently used to show variations of
corresponding mesh cell size are variable Stratification in response to changes of dis-
The number of across-channel mesh cellsharge.
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Figure 3. Stratification, discharge, tidal rang&dy and surge during the simulation period. Sficatiion is plot-
ted in terms of the potential energy anomaly. k& tip panel, wind speed is color coded with respeetind
direction, red colors indicate westerly winds. Thege was determined by harmonic analysis, subitathe
reconstructed tidal signal from the measured elevgPawlowicz, 2002). Wind and water level elewatitidal
range) are as measured in the Outer Weser, ahtighe (LT) Alte Weser. Salinity at isohalines idigated by
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Figure 4. Salt flux due to exchange flow, velo@gymmetry and near-bed velocity between the peiR@and
P4. See text and Figure 3 for explanation of tireods. The exchange flow component of the salt #ugiven as
its deviation from the annual average, normalizedhat annual average. To show the along-channéltians
during the simulation period, the annual averagk the respective deviations are determined for éaadtion
along the river. Arrows point to two distinct diselge peaks during P4. Black vertical lines indidate storm
surges, which affected water levels in the GermightBand occurred during the main increase of disgh.
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The tidal velocity asymmetry was calcu- cannot be interpreted as to indicate any favor-
lated as follows. For each tidal phase the veable direction of bed sediment transport. The
locity was depth and cross-sectionally aver-deviation between the dominant directions
aged, in the same flux-preserving way alonginferred from the velocity asymmetry and the
sigma layers as applied to determine salt fluxnear-bed residual current are due to the nature
components. The average ebb velocity waf the estuarine tidal shear flow, which is
then related to the sum of the ebb and floodshown to effect also the salt flux, by the ex-
velocity, which yields an asymmetry estimate change flow component. Here it is not ana-
around the value of 0.5. Values exceeding 0.9yzed, which particular process would then be
indicate ebb velocity dominance responsible for the changes of the residual

Figure 3 shows the salt intrusion and strat-flow profile. Processes involved are complex
ification along the variations of environmen- and their understanding underwent substan-
tal conditions during the simulation period. tial corrections in the past decades (e.qg.
Stratification is based on the along-channelDijkstra et al. 2020).
profile and averaged over two tidal cycles. However, results show a spatial correla-
Isohalines indicate how the salt intrusion tion between the along-channel location of
changes on various time scales, mainly in rethe salt intrusion and stratification on one
sponse to changes of the discharge. hand, and the change of the velocity structure

on the other hand. Note that also the maxi-

mum along-channel density gradient is dis-
5 DISCHARGE AND CIRCULATION placed downstream, accordingly. This indi-

The time series is split into periods, eachcates that the exchange flow profile, emerg-
characterized by a certain stratification, dis-ing in the outer estuary during high discharge,
charge and salt intrusion. The maximum ofiS_controlled by processes related to and
stratification is located around river km 70 driven by the estuarine along-channel and
during low discharge. Stratification increases Vertical density structure, e.g. by the subtidal,
during neap tides, certainly in response togravitational circulation, by tidal straining
lower than average tidal current velocities @nd by associated tidal asymmetries in strati-
and less mixing. Stratification increases sig-fication and mixing. _ _ _
nificantly during times of high discharge in ~ The reversal of dune orientation requires
March 2020, during P4 and P5. Then, the salfit least a change of the bed load transport bal-
intrusion decreases and the brackish zone ignce. Certainly, this change would be in-
displaced further downstream, such as the loduced by the altered direction of the near-bed
cation of maximum stratification. residual velocity, as it is found in model re-

Figure 4 presents evidence for the changeults during high discharge conditions.
of the vertical velocity structure in the outer ~ Both the reversal of dune orientation as
estuary, which occurs in response to the inWell as the change of the near-bed velocity
creased discharge. While the mean velocityoccur downstream of km 85. It is concluded
asymmetry indicates increased ebb-domi-that effects due to estuarine circulation, or ra-
nance, the near-bed velocity is flood-di- ther the displacement of its effective location,
rected, downstream of km 85. In addition, thedetermine the shape of dunes in the outer We-
effect of the exchange flow on the salt flux Ser estuary. Similar conclusions were drawn
increases substantially in the outer estuaryPy Berne et al. (1993) for the Gironde estu-
especially during the two discharge peaks.ary, Who suggested that the migration direc-

The implications are discussed, as follows. tion of large dunes was influenced by estua-
rine circulation. Following up on the Gironde

case, van der Sande et al. (2021) applied an
6 DISCUSSION analytical model of estuarine flow and linear
stability analysis, diagnostically imposing an
along-channel salinity gradient, which intro-
duced the development of gravitational circu-
lation in their model. There, a relatively low

To start it is noted that the mean velocity
asymmetry downstream of km 85 does not
reflect the velocity structure close to bed, and
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eddy viscosity and low river flow was re- estuary. It is expected that bed load transport
quired to induce upstream dune migration.responds relatively quickly to a change in dis-
They, however, note that the migration direc-charge and the corresponding change in cur-
tion of dunes was not necessarily the same agent velocity.
the direction of net sediment transport. Inthat How the new bed load transport then leads
sense, several aspects remain to be exploretb a change in dune asymmetry and ulti-
The simulated bed shear stress and bed loachately in dune direction depends on the pre-
sediment transport have not been analyzedexisting dune shape. This defines the mass of
such as along-channel variations of the propsediment required to be transported, which is
erties of bed sediments. Lateral processes akssentially Allen’s "intrinsic resistance of in-
fecting the along-channel velocity structure dividual bedforms to any kind of change".
were neglected. Lag-effects between dis-Note that in case of the Weser, all measured
charge, the salt intrusion and changes in dundischarge peaks must have sufficiently al-
shape were not considered. tered the transport balance, as they all in-
Here is to say that data processed for thi-luced changes in dune asymmetry, not only
study show no indications for week-long lags in the Outer Weser, but all along the estuarine
as reported by Allen (1976), who revisited channel.
data acquired by Nasner (1974) in the Weser

7 REFERENCES

Allen, J. R. L., 1976. Time-lag of dunes in unstead Geyer, W. R., MacCready P., 2014. The Estuarine Cir
flows: An analysis of Nasner's data from the River  culation. Annual Review of Fluid Mechanics,
Weser, Germany. Sedimentary Geology, 15(4), 46(1), 175-197
309-321 Hendershot, M. L., Venditti, J. G., Bradley, R. W.,

Becherer, J., Floser, G., Umlauf, L., Burchard, H.,,  Kostaschuk, R. A., Church, M., Allison, M. A.,
2016. Estuarine circulation versus tidal pumping: 2016. Response of low-angle dunes to variable

Sediment transport in a wathixed tidal inlet. flow. Sedimentology, 63(3), 743-760
Journal of Geophysical Research: Oceans, 121(8)Lefebvre, A., Herrling, G., Becker, M., Zorndt, A,
6251-6270 Kramer, K., Winter, C., 2022. Morphology of es-

Becker, M., Schrottke, K., Bartholoma, A., Ernstsen tuarine bedforms, Weser Estuary, Germany. Earth
V., Winter, C., Hebbeln, D., 2013. Formation and Surface Processes and Landforms, 47(1), 242-256
entrainment of fluid mud layers in troughs of sub- Nasner, H., 1974. Uber das Verhalten von
tidal dunes in an estuarine turbidity zone. Journal  Transportkdrpern im Tidegebiet. Mitteilungen des
of Geophysical Research: Oceans, 118(4), 2175- Franzius-Instituts fur Wasserbau und Kuis-
2187 teningenieurwesen, 40, 1-140

Berne, S., Castaing, P., Le Drezen, E., Lericolais, = Prokocki, E. W., Best, J. L. , Perillo, M. M. , Ash
1993. Morphology, internal structure, and reversal  worth, P. J., Parsons, D. R., Sambrook Smith, G.
of asymmetry of large subtidal dunes in the en-  H., Nicholas, A. P., Simpson, C. J., 2022. The mor-
trance to Gironde Estuary (France). Journal of Sed-  phology of fluvial-tidal dunes: Lower Columbia
imentary Research, 63(5), 780-793 River, Oregon/Washington, USA. Earth Surface

Burchard, H., Hofmeister, R., 2008. A dynamic equa-  Processes and Landforms, 47(8), 2079-2106
tion for the potential energy anomaly for analysing Simpson, J. H., Allen, C. M., Morris, N. C. G., B7
mixing and stratification in estuaries and coastal  Fronts on the Continental Shelf. Journal of Geo-
seas. Estuarine, Coastal and Shelf Science, 77(4), physical Research, 83, 4607-4614
679-68 Van der Mark, C. F., Blom, A., Hulscher, S. J. M, H

Burchard, H., Schuttelaars, H.M., Ralston, D.K,, 2008. Quantification of variability in bedform ge-
2017. Sediment Trapping in Estuaries. Annual Re- ometry. Journal of Geophysical Research,
view of Marine Science 113(F03020), 11

Dijkstra, Y. M., Schuttelaars, H. M., Kranenburg, W Van der Sande, W. M., Roos, P., C., Gerkema, T.,
M., 2022. Salt Transport Regimes Caused by Tidal  Hulscher, S. J. M. H., 2021. Gravitational Circula-
and Subtidal Processes in Narrow Estuaries. Jour- tion as Driver of Upstream Migration of Estuarine
nal of Geophysical Research: Oceans, 127(12) Sand Dunes. Geophysical Research Letters 48(14)

Geyer, W. R., Woodruff, J. D., Traykovski, P., 2001
Sediment transport and trapping in the Hudson
River estuary. Estuaries and Coasts, 24(5), 670-

679.

15



Marine and River Dune Dynamics — MARID VII — 3-5iAp023 - Rennes, France

16



Marine and River Dune Dynamics — MARID VII — 3-5iAP023 - Rennes, France

MORPHODUNES, newproject dedicated tot 3D
morphodynamics of sub-marine sand dunes for safeymaritime
activities.

A.-C. BennisUNICAEN, CNRS, UNIROUEN, UMR M2C 6143, Caen (F&®).bennis@unicaen.fr
M. Boutet,CNRS, UNICAEN, UNIROUEN, UMR M2C 6143, Caen (FR@rtial.boutet@unicaen.fr
. Dumasshom, STM/REC, Brest, France - franck.dumas@shom.fr
Furgerot,UNICAEN, CNRS, UNIROUEN, UMR M2C 6143, Caen (HR¢ille.furgerot@unicaen.fr
. Gangloff,shom, STM/SEDIM, Brest, France - aurelien.ganglsfi@n.fr
. LagnieI,UNICAEN, CNRS, UNIROUEN, UMR M2C 6143, Caen (Féthiie.lagniel@unicaen.fr
. Le BOt,UNIROUEN, CNRS, UNICAEN, UMR M2C 6143, Rouen (FRphie.lebot@univ-rouen.fr
. Mouazé UNICAEN, CNRS, UNIROUEN, UMR M2C 6143, Caen (Fé®minique.mouaze@unicaen.fr
PerezCNRS, UNICAEN, UNIROUEN, UMR M2C 6143, Caen (FR)rent.perez@unicaen.fr
G. Porcile UNICAEN, CNRS, UNIROUEN, UMR M2C 6143, Caen (Fgetano.porcile@unicaen.fr
B. TessiercNRS, UNICAEN, UNIROUEN, UMR M2C 6143, Caen (Ff®rnadette.tessier@unicaen.fr
P. Weill UMR CNRS M2C, University of Caen Normandie, Caeanée - pierre.weill@unicaen.fr

—rouvm>»r m

ABSTRACT: Here is preserec a new prject, MORPHODUNES, dealing with ttsut-marinesand
dune morphodynamics. It is funded by Shom (FrenekyiNto develop a fully-coupled 3D hydro-
morphodynamic model able to simulate the dune rm@raver the continental shelf according to the
metocean forcings, sediment characteristics anddeseanorphology. The first part of the project is
related to the physical modelling of an idealized aealistic field of dunes at laboratory scaleeTh
laboratory measurements of the flow characterisins bed topography will be used to validate and
calibrate the hydro-morphodynamic model for sonexHjz processes (e.g. sur-imposed bedforms and
impacts). The second part of the project is devaidte analysis of field data. These data arerdsxb
by Shom in Iroise/Celtic sea, near the Brest harlmhuring the project. Sedimentary fluxes, bed
morphology and thickness of the mobile zone, sedimesponse of the hydrodynamic condition swill
be determined from this analysis. The third padedicated to the set-up, validation, and calibratf
the hydro-morphodynamic model for the study sinis to the in-situ data and their analysis. This
work will be based on several diagnoses for hydnadyics and morphodynamics (e. g. flow
characteristics, wavelength and height of dungsnaeetry index, crest sinuosity). At the end, thedelo
should be as much as possible independent of teecsenditions to be used to simulate dune
morphodynamics in 3D at another location in thelavésr the marine safety and navigation.

depend on many factors, including tidal range
1 INTRODUCTION and tidal prism, ocean wave energy, sediment
Tidal sand dunes are mostly present ingrain size, and the amount of mobile
tidal channels or mouths (e.g. Kostaschuksediment (e. g. Fitzgerald, 1996).
& Best, 2015) as well as over the continental Due to the generation of tidal sand dunes
shelf in areas with a moderate mean deptPy a well-directed tidal flow, their dynamics
and a tidal current, which is constrained byhave been often modelled in two-dimension
the site geometry or channelized (e. g. Le Botvertical (e. g. Doré et al., 2016, 2018). In
and Trenteseaux, 2004; Ferret et al.,areas where the current varies little in the
2010).Their characteristics (e. g. wavelength,water column, two-dimension horizontal

height, shape, sediment vertical sorting)modelling (e.g. Ma et al., 2019) is usually
performed. However, some cases require to
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use three-dimensional (3D) modelling for 2 PHYSICAL MODELLING
hydrodynamics when the hydrodynamic _

forcing is 3D or/and the dune morphology is At a first step, some laboratory
3D. For the moment, very few studies haveexperiments will be conducted to identify key

been published in a realistic environment forProcesses and assess the capability of the
the 3D case. hydro-sedimentary model to simulate the

A pioneer study was initiated by Goll et sand dune morphodynamics. A first set of

al., (2016) for river dunes. The hydrodynamic experiments will focus on the hydrodynamics

del Tel 3D di binati above fixed concrete dunes of variable
model 1€elemacob) was used in combinationg, ;5. roughness. A second set will deal
with the Sisyphe module for

i ! with the morphodynamics of sediment dunes
morphodynamics (Villaret et al., 2013). They i, jiye-bed conditions. The experimental set-
have simulated the movement of a sand dungp and test cases are presented below.

field forced by a 3D flow in the Elbe River
(Germany). 2.1 Experimental set-up
A recent study by Herrling et al., (2021),
using Delft3D, simulated idealized 3D
scenario for the sand dune dynamics in the
Weser Estuary (Germany). They highlighted &=
the need to consider dune-induced directional
bed roughness in numerical models of
estuarine and tidal environments. :
_From our knowledge a_nd to date_’ I’_lO S'tUdyFigure 1. Waveeurrent flume of the University
exists for the 3D modelling of realistic sand caen (M2C lab.)
dune fields on the continental shelf. The

MORPHODUNES project, presented here is The experiments will be conducted in a 16 m-
dedicated to this. ’ " “long, 0.5 m-wide and 0.5 m-deep current

In this context, this paper aims to explain lUMe, équipped with a centrifugal pump for
the methodology forseen in water recirculation (Fig. 1). In order to ensure

MORPHODUNES to answer the following the gniformity of the flow, a honeycomb will
scientific questions and then provide a fully- °€ installed at the entrance of the flume,

coupled 3D hydro-morphodynamic model to followed by a 1 m-long pebble bed to ensure
the scientific community: the fast development of a turbulent boundary

_ ~layer. For live-bed experiments, a sediment
- How do the 3D hydrodynamics drive trap will be installed at the end of the flume
sediment transport and impact theto collect the bedload sediment, to be

sand dune morphology? reloaded regularly upstream. The topography
- When should 3D rather than 2D Oof the sediment bed will be surveyed every 15
hydrodynamics be considered? minutes along S5 parallel longitudinal

transects, using a laser distance-meter
mounted on a carriage. The longitudinal
profiles will then be interpolated to obtain
After a short introduction in Section 1, maps of the bottom topography. Flow
physical modelling activities are presented inmeasurements under live-bed conditions will
Section 2. The study site and field be monitored using the UBERTONE acoustic
measurements are described in Section 3. ThBoppler velocity profiles UB-Lab 2C. The
numerical modelling part, through the probe will be placed downward-looking at a
presentation of the numerical models and thdixed position, with the dunes migrating
calibration, validation steps, is detailed in underneath. It will provide two-dimensional
Section 4. A brief conclusion is provided in flow velocity profiles (u,w) at a spatial
Section 5. resolution of 2-3 mm, and a sampling rate

- What is the impact of winter storms
on tidal dune dynamics?
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between 20 and 50 Hz. The suspendectan be also dominated by the swell mostly
sediment concentration will be estimatedduring south-west storm events (Grégoire,
from the intensity of the backscattered signal2016).

(Thorne and Hurther, 2014), after calibration The study area consists in two fields of
with the appropriate sediment. The flow medium to large dunes, composed of gravelly
dynamics over the fixed concrete dunes will shelly fine to coarse sands (Grégoire et al.,
be investigated using PIV at a sampling2016) for a total area of 2,3 KniThe water

frequency of 200 Hz. depth is comprised between 25 and 40m
(LAT). Bedload transport is important during
2.2 Test cases spring tides (around 1.10-6 3mm/s) with

2-D fixed dunes (scaled in situ residual fluxes oriented towards the W-SW,
topography) will be built in smooth concrete direction of the tidal ebb-dominated residual
panels. Local change of the micro roughnessurrent (Grégoire et al.,, 2016). Dune
will be insured by rough bands (parallel to migration rates are estimated from their
dune crests) of glued sand. Similitude scalingasymmetry index (Xu et al., 2008) to be
will be focused on reproducing the main flow around 4-6 m/yr (Grégoire et al., 2016).
features, including turbulence, at the seabed.

Velocity profiles, vorticity and turbulence 3.2 Field campaigns and future analysis

features will be quantified thanks to high . . :
frame rate PIV system. Spatial equivalent Bathymetric data are acquired since 2022

roughness will be then determined along the€VeY One to two weeks to describe the dune

varying macro and micro morphology and short-term morpho_dynamics. Bathymetric
will be correlated with the dynamic of the DEMs and DODs will be produced. The data

flow. will be analyzed with GIS tools to quantify
Experiments in live-bed conditions will be dune  morphometric  parameters  and
performed using a bimodal quartz sand. Themigration rates. Sediment fluxes will be
dunes morphology will evolve naturally from estimated using empirical formulas for
an initial 10 cm-thick flat bed, under sediment transport (e.g. van Rijn, 1984),
stationary flow conditions, until a dynamic « dune tracking » formula (e.g. Simons et al.,
equilibrium is reached. Several flow 1965; Schmitt and Mitchell, 2014) and
velocities will be tested within the field of through the quantiﬁcation of disp|aced
stability of dunes, in order to quantify the gediment volumes between two bathymetric
dune morphology variability in response to surveys (e.g. Claude et al., 2012).
hydrodynamic forcing. A qualitative analysis Grain-size and seismic data will allow to

of segregation of the bi-modal sed|m'ent will characterize dune sedimentary environment
be ~performed thanks to  sidewall and analyze the internal architecture of dunes
photographies and cross-sections. inaly i

(erosion-deposition  structures) and the

3 STUDY SITE AND FIELD thickness of the active layer. Acquisition of

MEASUREMENTS current velocity and wave data during the
bathymetric monitoring will allow to try to

3.1 Study site put forward relations between

hydrod [ dd hod ics.
The study site is in the exit channel of the yerodynamics and cune morphocynamics

Bay of Brest in Iroise Sea (western-most part
of Brittany, NW France; Fig. 2).

Tidal regime is semi-diurnal with
macrotidal conditions (average tidal range of
4.7 m). Tidal currents are constrained by the
bathymetry of channel and reach 2.3 m/s
during the ebb (SW orientation) and 2 m/s
during the flood (NE orientation). This part
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managed by the automatic coupler OASIS

7w (Valcke et al., 2015).
o e In a cartesian framework (x,y,z), the
oy 5 PRANCE governing  equations for  horizontal
momentums are:
ou = . 0
§+V. (VU) - fv= _3—a:+fU+Du
o = 0¢
— ; =——+F,+D
3t+v(vv)+fu 5y Tt Do

and the continuity equation is:

= o, Ou ov Ow

V.¥ =0

= — 4 — + — =
Or Oy 0z
Where7z(u,v,vx) iIs the 3D flow velocity
vector. The vertical velocity() is computed
thanks to the continuity equation. f is the
Coriolis parameter,D, and D, are the
Figure 2. Location (top) and bathymetry (bottom’ dlfoSIVe. terms, Fu ?nd Fv are t_he fprcmg
the study area. PO1 to P03 are the bathymetriciles terms,g is the gravity acceleratiois the

surveyed every 1 or 2 weeks. dynamic pressure (more details about
CROCO in Jullien et al., 2022).

The time-evolution of passive tracers (e.qg.
temperature, salinity) is governed by:

6C = —
In this section, the fully-coupled 3D 5, +V. (¥C) = Fo+ Do
hydro-morphodynamic model is described
through all its component models. Then, the\hereC is the tracer concentratiofic and

methodology for improving, calibrating, and .
validating the coupled model thanks to theDC are the source and diffuse terms,

laboratory and in-situ measurements is'€SPectively.

4 NUMERICAL MODELLING

presented. The non-hydrostatic solver will be used in
. particular at local scale to simulate the flow
4.1 Hydrodynamic model separation downstream the dune crest.

This study uses the hydrodynamic model, croco  will be coupled  to

CROCO, which is currently developed by \wavEWATCH-III (WAVEWATCH-III,

IRD, Ifremer, INRIA, Shom and CNRS 2019), a spectral wave model, and to
(https://www.croco-ocean.org). It solves the \jysTANG (Le Hir et al., 2011), a sediment
primitive equations of the ocean under theng morphodynamic module. This allows to
Boussinesq assumptions and with/withoutyngerstand how the sub-marine dunes move

hydrostatic assumption. It computes theaccording to the metocean conditions.
coastal dynamics at different scales in time

and space. CROCO is also in capacity to4.2 Spectral wave model
simulate air-sea, sea-bottom and sea-ice

interactions by its coupling with atmospheric,
morphodynamic or ice numerical models
(e.g. Pianezze et al., 2018). This coupling is
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CROCO to simulate the wave-induced wherer is the bottom shear stresss is the

circulation, changes in bottom friction and critical shear stress amdis a constant set to

impacts on sediment transport. 1.5. Gy is the concentration at the bottom

This model computes the generation, (calculated from a Rouse profile).

propagation, and dissipation of ocean waves The bottom shear stress and the settling

at the ocean surface for a phase-averagedelocity are estimated using Soulsby and

flow. It solves the equation of conservation of Whitehouse (1997) and Soulsby (1997).

the wave actionN) such that: This module is able to generate sand dunes
DN S and their movement as shown in Rivier et al.
D= o (2016).

wherecis the intrinsic wave frequency aBd 4.4 Validation and calibration

contains all the physics required to represent

ocean wave behavior (more details in The hydro-sedimentary model will be first

WAVEWATCH-IIl, 2019). Here, the most tested against laboratory measurements for

significant source terms will be those for the test cases described in section 2. Then, the

wave-atmosphere interactions (particularly model will be used to simulate the dynamics

for studying storm effects on dune

at the study site scale.

morphodynamics), wave breaking, wave-4 4 1 simulations at the laboratory scale

bottom interactions, scattering of waves by

bottom features.

4.3 Sediment and morphodynamic model

The sediment and morphodynamic model
named MUSTANG and developed by

Ifremer (e.g. Le Hir et al., 2011), is used here.

It computes the sediment concentration in th
water column, which is modulated by the
hydrodynamic forcing. An update of the

bottom morphology is done at each time step.

In a cartesian framework (x,y,z), it solves
the advection-diffusion equation:
3 s 2
o ay

oC
Dy ‘) g (D
dx ay

aC Jw;C
DV? +

0z
whereC is the sediment concentration amg
is the vertical settling velocity.
This module computes the erosid) and
deposive D) fluxes such that:

n
T 22
——) if'T > T

Tce

a a

0x
9

L

aC
—+V@uC) =
at

E=E0<l

if T < e

and

D = w,C?,

At this scale, two different versions of
CROCO will be set-up, a non-hydrostatic and
hydrostatic version. These versions allow us
to represent different vertical
hydrodynamics. For a strong vertical
velocity, the vertical acceleration of the flow
becomes non-negligible and therefore the

ehydrostatic assumption is broken. The

turbulent activity will be parameterized with
classical turbulent closures for RANS
modelling (e.g. ke or k-w). In addition, DNS
simulations will be tested to try to simulate
all the turbulent structures with a
characteristic length-scale greater than the
mesh size. Indeed, the turbulent activity near
the bottom, particularly in the bottom
boundary layer, is a key factor for the dune
dynamics and it is therefore important to
represent it as accurately as possible

For experiments using a rigid bottom,
purely hydrodynamic simulations will be
performed using only CROCO. Because of
the water is mainly oriented towards the
longitudinal direction, the model will be run
in 2DV (two-dimension vertical). The bottom
rugosities will be considered in the
simulations by using parameterizations or
they will be solved explicitly thanks to their
integration in the bathymetry file.
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For experiments using a mobile bed, turbulence and coupling effects on sediment
MUSTANG will be coupled to CROCO. The transport and bed morphology will be
bed load being the key process in the dunessessed for: i) wavelength and height of
dynamics, it will be studied in-depth using dunes, ii) location of the dune crests, iii) dune
the works of Rivier et al., 2017 and Mengual asymmetry index, iv) length and slope of the
et Le Hir, 2018. 2DV and 3D (if necessary) dune sides, v) sinuosity of the dune crestline.
simulations with CROCO-MUSTANG will The main novelty here is to consider 3D
be set-up and run for a bi-modal sediment. computed hydrodynamics in interaction with

Numerical results will be analyzed and a realistic 3D dune field. The modification of
compared to measurements for the flowthe flow in all the directions by the sand
velocity at different points (on and off the dunes could be simulated as well as the
dunes), sea surface height, and near-bottoreffects of 3D hydrodynamic processes.
turbulence characteristics. In case of mobile
bed, the time evolution of the bed, the bed
thickness and the flow velocity near the bed5 CONCLUSIONS

will be alsp analyzed. . In this project, thanks to an exceptional
According to the comparison results, the dataset, particularly for the bottom

model could be improved to representynagraphy, we could be able to identify the
significant processes like the near-beddriving mechanisms of the sand dune
turbulence and its impact on sedimentdynamics and their internal structure.
transport, for example. Moreover, an innovative fully-coupled 3D

4.4.2 Simulations at the study site scale hydro-morphodynamic  model will  be
developed and assessed, which can be

Based on the previous work at the deployed in the future by the scientific
laboratory scale, a realistic configuration of community to study other sand dune fields
CROCO-WWIII-MUSTANG will be set-up around the world and preserve marine safety
and applied to the dune fields located at theand navigation.
entrance of the Brest Harbour (Fig. 2).
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ABSTRACT: In many estuariedarge bedform fields develop due to the strong bgiginamics an
high availability of sandy sediment. Flow abovesthéedform fields differs fundamentally from
unidirectional flow above well-known angle-of-repd8C slope) triangular bedforms which until now
have been the focus of laboratory and numericalethiad studies. Estuarine bedforms are mainly low-
angle dunes, with mean lee slopes of 5 tb Elbw properties over such gentle slopes are otlyraot
precisely characterised. To address this, thisystirds at characterising flow properties over eshaga
bedforms through flume experiments and numericaliktions. A series of experiments will be carried
out in a large flume facility at the BAW in Hambur@ermany and high-resolution numerical
simulations of flow over three-dimensional bedfdretds will complement the flume experiments.

hydrodynamics and sediment transport.
1 INTRODUCTION Recently, it has been demon.strated that in
large rivers, bedforms are mainly low-angle
Traditionally, the effect that bedforms dunes with an average lee side slope of
have on the flow has been investigated oveiaround 10 (Cisneros et al., 2020). Although
two-dimensional (2D) bedforms having an river dunes are mainly low-angle, the flow
angle-of-repose (3) lee side and a above such low-angle bedforms has until
triangular shape. These bedforms arenow received little attention. This is also the
representative of dunes observed in flumesase for estuarine dunes found at the
and small rivers. Over such bedforms, theconfluence of river mouth and sea.
flow separates at the crest and recirculates Bedforms have been observed in various
over the steep lee side. A turbulent wakeestuaries around the world. Dalrymple and
develops along the shear layer between thé&khodes (1995) give a thorough review of the
separated and overlying flow and dissipatesearly work related to estuarine bedform
downstream (Kwoll et al., 2016). Such dynamics, with a focus on bedforms found in
bedform generates a high form roughnesghe outer, marine-dominated part of estuaries.
which can be several orders of magnitudeln tidal environments, flow reverses from one
stronger than the grain roughness (Van Rijntidal phase to the next. Therefore, the
1984). Therefore, they constitute a majorpositions of the stoss and lee sides switch
factor in the calculation and prediction of during a tidal cycle. Similar to bedforms
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found in large rivers, the shape of tidal shapes were chosen to represent the range of
bedforms is thought to control flow bedform geometries observed in the Weser
separation, turbulent wake and, thereforeEstuary.

bedform roughness and sediment transport. (2) Numerical simulations of flow
Bedforms found in estuarine and tidal Properties (mean flow and turbulence) above
environments have been reported to have? Natural estuarine bedform field.

mean lee sides angles smaller than the angIedvgu;nﬁgfjgls'gneﬂ%'r%‘?i(‘é‘l’gl tt())ec%ar:lmlegn?:rtlt
of-repose, however, portions of the lee sidest . piem
he flume experiments. The numerical

as steep as 25-30suggest that f'O_W simulations will focus on the effect of three-
separation may happen over restrictedgimensionality and natural  estuarine
portions of the lee slope (Aliotta and Perillo, morphology on tidal flows.

1987, Lefebvre et al., 2013). On the contrary  Thjs study is significant for a wide range
to river bedforms, estuarine bedforms havepf fundamental and applied research in
their steepest slope situated close to the cresthallow and deep water. Most of the
(Fenster et al., 1990, Dalrymple and Rhodesynowledge of flow properties has been
1995, Lefebvre et al., 2021). Until now, acquired above simplified angle-of-repose
bedforms with such a shape have not beepedforms. This knowledge, however, is
systematically studied and it is unknown how jikely not transferable to flow properties
flow properties over estuarine bedforms ghove natural low to very low angle dunes.
differ to that over river bedforms. The results of this present study can be used
Furthermore, estuarine bedforms found inyg petter predict the interaction between
nature are three-dimensional with sinuouspedforms, flow and sediment movement in
crestlines and irregular dimensions. Thegstyaries.

influence of crestline sinuosity on

unidirectional flow has been documented

(Maddux et al, 2003, Venditti 2007, 3 PLANNED EXPERIMENTS

Lefebvre, 2019). However, it has not been _

specifically investigated yet in tidal  3-1. Flume experiments

environments where flow reversal affects the Laboratory experiments will be conducted
relation between hydrodynamics andat the facilities of BAW Hamburg. The
morphology. With this, it is also necessary to experimental flume is a recirculating flume
characterise the flow properties over naturalconsisting of two straight sections connected
estuarine bedforms where an effect of flowat their respective ends by a semi-circular

reversal is expected to occur. area to form a closed recirculating channel.
The total length of the flow channel is 220 m
2 OBJECTIVES OF THE STUDY in which the above ground channel section

has a length of 80 m, width of 1.5 m and a
This study further characterises the flow maximum water depth of 1 m. A maximum

dynamics above estuarine bedforms. Thisflow velocity of 1 m/s can be generated in
ObjeCtlve IS accomp“Shed with two two Opposite directions.

experimental approaches:

(1) High-resolution measurements of flow
above representative estuarine bedforms.

For this, physical experiments will be
carried out in the flume at Federal Waterways
Engineering and Research Institute (BAW)
Hamburg. Each experiment will investigate
flow properties (flow velocities, turbulence,
turbulence structures) above a set of
representative estuarine bedforms, whose
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flow direction and flow direction and
measurements position measurements position
2 setup 1

set I

Experiment 1
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Experiment 2

21m 09m
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distance along the bedform field (m)
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distance along the bedform field (m)

Figurel. Experimental design of the flume experimi

For all the experiments, a set of 10 investigated including the mean streamwise
prototype bedforms will be installed in the and vertical flow velocities to define the zone
flume to represent a bedform field. The of permanent flow separation, the turbulent
dimensions of the bedforms are based orkinetic energy (TKE) to define the turbulent
bedform characteristics as measured from th&vake, the intermittency factor (IF, percentage

bathymetry data of the Weser EstuaryOf the_ measured time series at one point
(Lefebvre et al., 2021). To allow comparison occupied by the reversed flow) to define the

between experiments, mean water Clepthzone of temporary flow separation and the

. Vertical gradient of the time-averaged
bedform length .and height are kept constan treamwise velocity to define the zone of the
for all the experiments and only the shape o

- shear layer.
the bedform is changed. Importantly, the = The novelty of these high-resolution flow

position of the steepest part of the bedformmyeasyrements compared to previous studies
sides will be close to the crest to mimic thejs that the investigated bedform shapes will
shape of a natural estuarine and marinese representative of estuarine bedforms and
bedform (Figure 1). The dimensions of the not triangular or river bedforms. It will be the
bedforms are scaled down by a factor of 15first time that flow will be measured in detail
compared to field measurements. over very low angle dunes. A variety of
A high-resolution flow measurement is maximum lee side slopes will be investigated
conducted for all the three experiments using(9°, 12°, 15 and 22). These include the
an acoustic device above th& Pedform slopes where flow separation is changing
(Figure 1) where the flow is already fully from absent to intermittent to permanent.
adapted to the bedform field. For all three Since the bedforms are relatively large
experiments hydrodynamic quantities will be compared to other flume experiments,
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measurements can be taken close to bed and For each section, two simulations will be
even a small flow separation can be detectedcarried out, each with the current velocity
imposed in opposing direction, in order to
model the ebb and flood phases. This setup
will allow to investigate the differences and
In addition to the flume experiments, properties of flow separation and turbulence
numerical modelling will be carried out to depending on bedform orientation compared
address the effects of three dimensionalityto the flow direction.
and bedform sinuosity which are not captured Numerical outputs at the end of simulation
in the prototype bedforms due to scalinginclude the horizontal (U, V) and vertical (W)
issues typically encountered in a physicalvelocities and TKE. As a first step for the
experiment. The numerical modelling will be numerical analysis, the depth-, streamwise-
done using the DELFT-3D model with (U) and cross- (V) averaged flow properties
bathymetry data based on the Weser Estuargan be examined in order to provide an
with a grid resolution of 2 m (Lefebvre et al., overview of the effect of the 3D morphology
2021). on averaged flow properties. Next, the
Three straight sections, about 2-3 km longpresence and size of the flow separation zone
and 200 m wide (Figure 2), will be (i.e. the region in which the flow going
investigated: (1) bedform field with steep upstream is compensated by the flow going
ebb-oriented dunes; (2) bedform field with downstream), the shear layer (i.e. the steep
low-angle flood-oriented dunes; (3) bedform portion of the mean velocity gradient which
field with symmetrical dunes. These bedformshows a change in velocity between the
fields were chosen both to represent theregions within and above the flow separation
variety of bedforms observed in the Weserzone), the turbulent wake (i.e. the zone of
Estuary and to study similar morphologies high TKE) and the secondary circulation (i.e.
already investigated in the flume (i.e., steepthe zones with strong crosswise flow
asymmetric, asymmetric, and symmetric velocity) will be investigated. Furthermore,
bedforms in the estuary) to complement thebed shear stress along the bedform fields will
physical experiments. allow to investigate the local effects of

3.2. Numerical modelling
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bedforms on flow and, thus, predict sediment
transport pathways. These quantities will
then be compared to the bedform
morphology.

Furthermore, the flume experiments will
also be used to validate the model over low
angle bedforms. For this case, numerical
models can be set up at a flume scale and the
results of the physical and numerical

simulations can then be directly compared. Dal

4 CONCLUSIONS

A detailed high-resolution experimental
approach, both physical and numerical, is
presented to characterise the flow dynamics

Marine Geology 76, 1-14. doi:
https://doi.org/10.1016/0025-3227(87)90013-2

Cisneros, J., Best, J., Van Dijk, T., De AlmeidaP R
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Huizinga, R., lanniruberto, M., Ma, H.B.,
Nittrouer. J.A., Oberg, K., Orfeo, O., Parsons, D.,
Szupiany, R., Wang, P., Zhang, Y.F., 2020. Dunes
in the world’s big rivers are characterized by low-
angle lee-side slopes and a complex shape. Nature
Geoscience 13, 156-+. doi:
https://doi.org/10.1038/s41561-019-0511-7
rymple, R.W., Rhodes, R.N., 1995. Chapter 13
Estuarine Dunes and Bars, in Perillo, G.M.E (ed.).
Developments in Sedimentology. Elsevier, 359-
422
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R.S., Baldwin, C.T., 1990. Stability of giant sand
waves in eastern Long Island Sound, U.S.A.
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https://doi.org/10.1016/0025-3227(90)90037-K

over low angle estuarine bedforms. TheKwoll, E., Venditti, J.G., Bradley, R.W., Winter,.C

proposed flume experiments are the first in
which flow over very low angle dunes,
resembling that of estuarine bedforms, will

2016. Flow structure and resistance over

subaquaeous high- and low-angle dunes. Journal of
Geophysical Research: Earth Surface 121, 545-
564. doi: https://doi.org/10.1002/2015JF003637

be measured |n detall and |n hlgh'resolutlonl_efebvre’ A_, Herr"ng, G_, Becker, M_’ Zorndt' A_’

owing to the large flume facility at BAW
Hamburg.

Furthermore, a high-resolution numerical
modelling using the DELFT-3D model is
also proposed to complement the results o
the flume experiments. Special attention is
given to the three-dimensionality of the
bedform to better represent the flow
properties over bedform typically found in a
natural tidal estuary.

This study aims to add to the present
knowledge on flow dynamics over estuarine
bedform which is, rather, not fully elaborated

Kramer, K., Winter, C., 2021. Morphology of
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Turbulent flow over three-dimensional dunes: 1.
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https://doi.org/10.1029/2003JF000017

may be utilized to better understand the

mutual interaction among bedforms, flow \,

and sediment movement in tidal estuary.
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ABSTRACT: Repeated highesolution multibeam bathymetry surveys were cdraet in 2016 i
the Po della Pila (North Adriatic Sea, ltaly) deliad tributary channels in order teerify the
geomorphological features of the riverbed relatedntorpho-sedimentary processes. The morpho-
bathymetric data allowed to observe and map wigespbedforms fields in the alluvial, noohesiv:
deposits of the riverbed consisting of dunes widivelengths ranging from 8 m to 20 Repeate
bathymetric surveys, carried out after hours ang @ong the river thalweg, have shown the mign
of the bedforms, enabling the estimation of theraye rate. We document the ragebmorphologici
changesffecting these ephemeral features and the rivedied in relation with changes in the ave
flow discharge rate occurred during the surv@yss was particularly evident after a major floadher
in a few days the riverbed underwent partial rewagland the bedform migration rate was higher.

are also affecting the Po River, such as marked
drought conditions, enhancing the salt
1 INTRODUCTION intrusion in the delta and fluvial area. In the
. . ramework of the RITMARE Project, funded
The Po River is the longest river of Italy (67 y the Italian Ministry (MIUR), the Po della

km) with a medium flow of 1.540 ﬁ‘seg and i, delta and tributary channels have been the
a watershed of 71.000 Kt originates in the subject of repeated, high-resolution
western Alps anq outfiows into th.e N.orthmultibeam bathymetric surveys. The main
Adriatic Sea (Fig. 1), where microtidaly,q i channel of Po della Pila (Busa Dritta)
conditions are present. At its mouth, the rive nd two smaller channels (Busa di
splits into five sub-branches. The Po della Piéramontana and Busa di Scirocco (see Fig. 1)

is the most active branch of the delta, b d. showina th
discharging about 61 % of the total flow of th%;:jl Vﬁidsfpﬁes;évgngérfns V}'ig%s ien ot(r:]c(:eurrr]ir:lt_:e

Po and being responsible for the growth of t hesive deposits of the riverbed. These

recent most delta lobe (Bosman et al. 202Q} 1, o5 have been mapped and analysed from
In historical times, the whole Po delta systery morphological point of view. Furthermore,
has been subjected to extensive anthropogegic, comparison of time-lapsed, high-
;mp:;]lcts, mostly due tOS. Iandlgéjose. ?n solution bathymetric data acquired along the
reshwater management. since » IN Tagher thalweg some days after the first survey

the Po delta has undergone a SUONflowed to  observe the  short-term
degradation and patrtial retreat, mainly due to

the lack of sediment supply caused by the
exploitation of inert material in the riverbed

and the hydraulic regulation of watercourses,
and subsidence due to the extraction of fluids
(Stefani et al. 2005). Climatic change impacts
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Figure 1. High-resolution Digital Elevation Model the Po della Pila delta area, investigated by naezf
multibeam geophysical surveys. The location offtilewing figures is indicated by boxes. Red cirgiethe
inset indicates the study area.

morphological changes of the bedforms, antbn Reference Unit MRU 5 was used to cor-
to estimate their migration rate at daily scalerect pitch, roll, heave and yaw movements.
Sound velocity profiles were collected with a
>  DATAAND METHODS Monitor SVP Valeport sound_velocity pro-
filer. For the surveys, a local tidal station be-
In May 2016, three repeated high-resoldonging to the regional agency of the River Po
tion multibeam surveys were carried out alongetwork was used to measure and correct sea
the Po River. High-resolution multibeam datéevel changes  during the  surveys
was acquired with a Kongsberg EM2040 sinthttps://www.agenziapo.it/content/monito-
gle head system, with the frequency that waaggio-idrografico-0).
set to 300 kHz. It was hull-mounted on théll multibeam data were processed using
vessel 1213 belonging to the Italian Hydro€aris Hips and Sips hydrographic software for
graphic Office and allowed a bathymetric covbathymetric geophysical correction while
erage between 0.5 m and 7 m water depth. TRFS-FMGT for backscatter processing and
positioning system was a Kongsberg Seapatlata analysis. During the geophysical survey,
330, corrected with a Fugro HP Differentiah targeted sediment sampling was also carried
Global Positioning System (horizontal accueut by means of a Van Veen grab, and grain-
racy: 0.2 m). A Kongsberg Seatex Inertial Mosize analyses were obtained with a laser gran-
ulometer Malvern Mastersizer 3000.

32



Marine and River Dune Dynamics — MARID VII — 3-5iAp023 - Rennes, France

transversal with respect to the flow direction.
They rarely have three-dimensional shape
BACKSCATTER DATA ANALYSIS (Lefebvre, 2019) and |Oca||y show a
crescentic shape in correspondence with
The Po della Pila riverbed is characterizefydraulic narrowing and deepening of the
by a shallow depth (mostly within a fewchannel (Fig. 2b). Considering their size,
metres) and a mainly sub-flat morphologythese bedforms can be classified as river dunes
with local depressions where the depth iBosman & Orlando 2017).
locally > 10 m (Fig. 1).

3 MORPHOMETRY AND

b  Substrate outcrops

three-dimensional
bedforms

Figure 2. High-resolution Digital Elevation Modef the Busa Dritta tributary channel, showing a anif

distribution of bedforms along the thalweg (a). Beeforms are generally two-dimensional with eldadarests
and rarely have three-dimensional shape (b) inespondence with hydraulic narrowing and deepenirtgeo
channel. See Figure 1 for location.

In the studied area, the Busa Dritta channBlackscatter data, recorded through the
has a width between 240 and 450 m andnaultibeam survey (Fig. 3a), show that the
depth between about 1 and 10 m, gradualbedforms crests are overall characterized by
increasing towards the northern side, on theedium-low intensity values, while the
hydrographical left (Fig. 2a) or towards thaleepest part of the troughs show higher
southern side on the hydrographical right (Figialues. These differences might be explained
2b) closer to the river mouth. The thalweg ig terms of sediment texture.

entirely characterized by bedforms (Fig. 2),

apart from locally depressed areas where the

substrate crops out (Fig. 2b). The bedformgé SAMPLES

have different wavelengths, ranging from a Grain size analyses of samples collected in
minimum of 8 m to a maximum of 20 m, with2016 on lower- and higher- backscatter areas,
an average value of about 10 m. They asupported the interpretation of backscatter
asymmetrical in cross-section, with a slope adftensity as mostly related to the grain size of
about 3°-5° upstream (stoss side) and of 15the sediment lying on the seabed. In particular,
20° downstream (lee side). The height of theample BF1 (location in Fig. 3a) collected at
bedforms is approximately constant an@.8 m water depth in a sector with well-
ranges from 0.2 m to 0.5 m. The bedforndeveloped bedforms, in correspondence of
shape is usually two-dimensional (Fig. 2a)

with mostly linear or slightly sinuous crests,

aligned perpendicular to the slight slope

gradient of the river bed (Fig. 1), and
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Figure 3. Comparison between bathymetry (b) andkdzatter intensity data (a) in the monitored afee
Figure 1 for location. a) The backscatter intensktgws a clear zonation, in relation with the sedittexture:
medium-low backscatter areas correspond to the sdwmest, while higher backscatter indicates coarse
sediments located in the trough. Red triangleatdithe location of the sampling sites c) Bathyimsections
(see location in a) show the migration of the duBesnd 14 days (red and green profiles, respégliafter

the first survey of May 16 (blue profile).

higher backscatter intensity (values from -23
dB and -26 dB; light grey on the i

map), resulted to be a muddy sand, mostFy TIME-LAPSE ANALYSIS

composed of fine sand (59.3%) with a muddy The possibility of collecting repeated high-

fraction of 40.7%). Conversely, sample BF2esolution bathymetric data in the same river
(location in Fig. 2a) collected at 3.4 m depthed area of about 260 x 300 m, allowed to
from a smoother area of the channel seabédnaracterize the bedforms dynamic. The
slightly raised with respect to the channdnultibeam data were collected with the same

thalweg and characterized by slightly lowePPerating procedures on three different days,
backscatter intensity (values from -27 dB to 2N the 16th, 19th and 30th of the May 2016.

30 dB; dark grey tones on time lapse analysfd'€ data recorded 3 and 14 days after the first
rvey show a significant mobility of

the map) resulted composed by finer-grain edforms, likely in response to different

sediment, I.e. sandy mud. In detall, mOStIXonditions of hydraulic regime. Bathymetric

muddy sediment (mud 71%) with IOWerﬁections illustrated in figure 3 C show, in fact,

percentage of sand (29%) was sampled at thgyy the dunes have a strong mobility along
river bed lying above a sandier substrate (safgk entire investigated area, both in the central
45.3%, mud 54.7%). part of the riverbed (section b-b’) and near the
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Figure 4. Difference maps between the bathymetnigeys conducted 3, 11 and 14 days after thedirstey
(a, b and c, respectively). The maps show diffezeni the seabed up to tens of centimetres, mds#yto the
dune migration. A generalized lowering of the rhvedl in the central part (section b-b’ in Figure BcYisible
between the first and second survey (map a), vamileverall accumulation occurs between the secnddre

third (map b).

natural banks (sections a-a’ and c-c’). Thé&he flow discharge amount changed, in fact,
dunes migrate differently along bathymetriédrom about 2792 m3/sec on May 16 to 1793
sections (Fig. 3c). m3/sec on May 19, while after this date a
Bathymetric residues (difference maps imarkedly lower flow discharge (gradually
Fig. 4) obtained as the difference among thdecreasing to about 1200 °sec) was
Digital Elevation Models (DEMs) collectedmeasured. Similarly, the hydrometric level
during three days of the survey, show a meteshows a difference of about 3 m between May
scale migration of the dunes throughout the6 and May 19 (Fig. 5). The effects of this
investigated section. major flood event are also recognizable on
The difference between the DEMs relatingnorphologies: between the first and second
to the days of May, 16 and 19 (3 days ddurveys (May, 16-19) the central part of the
difference) show a variable migration of theiverbed underwent a marked reworking and
dune crests between 2 m and 4 m, whidbwering of some tens of cm (Figs. 4a, 3c
corresponds to an estimated average velocggction b-b’).
of 4 cm per hour. The difference between th~ Average daily discharge and hydrometriclevel
DEMs of May 19 and May 30 (11 days ol s - atHontelagoseurn station 15
difference) shows, instead, a variabl [
migration from 4 m to 5.5 m which
corresponds to about 2 cm per hour. The: 200+
values, although averaged on different tim§2000L
spans, suggest a slower rate in the dui®
migration after May 19, as river discharge
reach value < 2000 #sec. Finally, using the w0 -
difference between DEMs collected in the
first (May 16) and the last day of the surve
(May 30), an average velocity of about 1.5 cr
per hou.r can be Obtained'. These diﬁerenpg ure 5. Average discharge and hydrometric level a
are atftributable to the different hydrauI'%%ntelagoscurogstation Ioc%ted on t%e final tré¢he

regime occurring during the bathymetrigco  River (from Arpae Emilia Romagna

surveys. https://simc.arpae.it/dext3r/Colored bars correspond
By considering the average flow discharg® the dates of the high-resolution multibeam

and the hydrometric level recorded on the Pasithymetry surveys.

River at the Pontelagoscuro station (blue line

and red line, respectively in Fig. 5) a river

flood event is recognizable on 2016/05/16.
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remote sensing techniques is insufficient to
6 DISCUSSION & CONCLUSIONS understand the complex physical processes
Bedforms in fluvial and marine acting on a fragile and vulnerable of the Po

environments are commonly considered #t¢lla Pila system.

cyclic depositional and erosional features

formed during bedload transport processe, ACKNOWLEDGMENTS

being controlled by flow velocity, grain size

and water depth (Yang et al. 2022 and The data used in this study were collected
references therein). Widespread bedfor@board the boat 1213 of the Italian
fields have been observed in the riverbed dfydrographic Office and we would like to
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modern Po Delta based on repeated bathymetric
surveys. Basin
Research. doi.org/10.1111/bre.12426
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ABSTRACT: Salina is the highest island of the Aeolian Archage, representing the upper part of
a large submarine stratovolcano. The submarinemafiaink of Salina is morphologically dominated
by different bedforms fields located betweesD and~600 m water depths. Bedforms have wavelengths
ranging from some tens to few hundreds of metetlsnave heights of some meters at maximum. Their
crestlines are roughly parallel to the isobathghwinuous to arcuate/crescentic shape in plan;view
while their cross-sections are commonly asymmetignslope, with short and steep lee sides. Bedform
size tend to increase with water depth, espedialtprrespondence of marked break-in-slopes orimvith
wider channels developed at the base of the edBiased on their similarities in size and geomefiti
bedforms found in other submarine volcaniclast&teys, canyons and fan-deltas, these features have
been interpreted as migrating cyclic steps.

mapping of shallow-water areas is, in fact, a
1 INTRODUCTION time-co_ns_uming and expensive task pecause
of the limited lateral coverage of multibeam
In the last few decades, extensive seaflooswath in the first hundreds of meters. On the
mapping studies performed on the submarinedther hand, the available studies in shallow-
portions of insular volcanoes and seamountsvaters areas (also through time-lapse
have exponentially increased our knowledgesurveys) have evidenced widespread small-
on the geological processes shaping theiiscale landslide scars, erosive channels and
flanks. However, most of these studiesbedform fields, indicating a highly dynamic
mainly focused on the characterization ofenvironment in terms of mass-wasting
large-scale geomorphic features associategrocesses and associated sedimentary gravity
with sector collapses or caldera eruptionsflows (e.g., Babonneau et al. 2013, Clare et al
(e.g., Mitchell et al. 2002; Wright & Gamble 2018; Casalbore et al. 2020, 2021 and
1999), often overlooking smaller-scale reference therein).
features associated with more frequent mass, his study, we describe and discuss the
wasting processes. This bias is also due to th
rapid decrease in resolution with depth of
hull-mounted multibeam systems as well as
to the paucity of shallow-water surveys
around volcanic islands (Casalbore et al.
2021 and reference therein). Seafloor
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ain features of small-scale bedforms fields
recently identified along the eastern
submarine flank of Salina Island (Aeolian
archipelago) between few tens of meters
down to over 400 m water depths (Casalbore
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et al. 2016, 2021). The analysis is based orrontinuation of the regional “Tindari-
high-resolution multibeam bathymetries, Letojanni” strike-slip fault system (Ventura,
integrated by seafloor grabs, collected during2013). The subaerial volcanic activity of
the 2010 “EOLARC” and 2013 “Thygraf” Salina spans betweer244 and 15.6 ka,

cruises onboard the R/V Urania (National displaying an overall E-W migration of active
Research Council). vents through time (Lucchi et al. 2013). The

NE part of Salina is mostly characterized by
basaltic lava flows and strombolian scoriae
2 STUDY SITE belonging to the Pizzo Capo composite
volcano ¢244-226 ka, PC in Fig. 1). South

: : ; 2" of Pizzo Capo, basaltic to dacitic pyroclastic
archipelago, reaching a maximum elevation

of 962 m above sea level (asl, herafter) atzuccessions and lava flows, emplaced
Monte Fossa delle Felci (MFF in' Fig. 1). etween 160-121 ka, formed the eastern flank

Salina is the highest island of the Aeolian

Tyrrhenian Sea

Figure 1 Shaded relief map (artificial light fron"i and contour lines (equidistance of 100 m) ofr&alsland
and its eastern and north-eastern submarine flanittsthe location of the described features aradlger grabs
(S1-S8, see also Table 1). MP: Monte dei Porri, MABnte Fossa delle Felci, MR: Monte Rivi, PC: Rizz
Capo, SMS: Santa Marina Salina, Li: Lingua; ISulas shelf. Coordinates are in UTM WGS84 33N.

The island is the tip~16% as surface) of of Monte Rivi (MR) and Monte Fossa delle
a large submarine volcanic edifice, extendingFelci stratocones. Three orders of raised
down to 1300 m water depth (Casalbore et almarine terraces, located at 50, 25-30 and 10-
2016). Together with Lipari and Volcano, 12 m asl and attributed to the Last Interglacial
Salina is part of an NNW-SSE elongated peaks,
volcanic belt linked with the offshore
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cut the lower part of the early stratocones,and wave heights of ~0.5-5 m; their wave
witnessing a general uplift since (at least) 124parameters generally increase downslope,
ka, with average rates of 0.35 m/ka (Lucchiespecially when the narrow channels merge
et al. 2019 and reference therein). within wider and flat-bottomed, more
The NE coastal area is generally sinuous channels. The latter develop at the
characterized by steep and up to 65-m higlbase of the submarine flank, in
sea cliffs, engraved on a thick succession oftorrespondence of a marked decrease of
strombolian scoriae around Pizzo Caposlope gradients from 7°-8° to value less than
(Romagnoli et al. 2018). Differently, sea 4°. In cross-section, bedforms are generally
cliffs are markedly lower (< 26 m) or totally symmetric  or  (mostly)  downslope
absent along the eastern flank of Monte Fossasymmetric, with a gently sloping stoss side
delle Felci. This volcanic flank is largely followed by a shorter and steeper lee side. In
carved by a network of narrow and steeparea A, three grabs (Table 1) recovered sandy
subaerial creeks, locally forming thick sediments (S6 and S7 in Fig. 1) or silty sand
epiclastic slope fans at its foot, where Santa(S8).
Marina Salina and Lingua small villages are In area B, bedforms are present from ~45
built (SMS and Li in Fig. 1). to ~430 m wd, displaying a larger variability
The submarine morphology of the easternin size and plan-view shapes (Fig. 3).
Salina flank is characterized by a narrow Shallower bedforms start as isolated coaxial
insular shelf (around Pizzo Capo, Fig. 1)trains in the first 150-200 m wd, forming
being almost absent on the eastern flank oharrow channelized features within the main
Monte Fossa delle Felci) (Romagnoli et al. erosive channels that carve the steep (> 10°)
2018). A network of submarine erosive volcanic flank from shallow-water (up to 5-
channels indents the shelf edge at variablelO m wd). These bedforms are mostly arcuate
depths: a) around 80-100 m wd in the NE partor crescent-shaped in plan-view and
(Pizzo Capo), where the shelf is larger anddownslope asymmetric in cross-section; they
better preserved, b) up to 5-10 m wd in thehave wavelengths of few tens of meters and
SE sector, where the shelf is almost absent owave heights < 1 m. At greater depths,
dismantled (Casalbore et al. 2016). bedforms are widespread and commonly tend
to increase their wave parameters downslope.
The maximum concentration of bedforms is
3 RESULTS observed-between 150-200 m and 300-340 m

Morpho-bathymetric data allow us to Wd, where they display sinuous or
recognize two main areas (A and B in Fig. 1)arcuate/crescentic shape in plan-view. The
characterized by bedforms fields located onsinuous bedforms are mainly associated with

the submarine flanks of the Pizzo Capo andhe development of fan-shaped deposits at the
Monte Fossa delle Felci stratocones,foot of erosive channels, in correspondence

respectively (Fig. 1). of an abrupt decrease of slope gradients to
In area A, coaxial trains of arcuate or vValues less than 6°-8°. Differently, arcuate or

crescent-shaped bedforms are recognized dféscent-shaped bedforms are commonly
depths higher than 320 m, down to over 600'elated to narrow and erosive channelized
m (Fig. 2). They commonly start as narrow features superimposed on the fan-shaped
(50-150 m wide) and shallow (a few metersdeposits (Fig. 3). At depths greater than 300-
deep) channelized features that erode a40 m wd, the coaxial trains of bedforms

overall convex-downward morphology Merge downslope within a wider and flat-

related to the presence of one or morebottomed channel running at the base of the
(coalescent) fan-shaped deposits. Thesolcanic flank. Here, bedforms are arcuate or
deposits are, in turn, associated upslope witffrescent-shaped in plan-view, reaching wave
erosive channels that mainly indent thelengths of ~200 m and wave heigh of ~6 m;

insular shelf edge around 80-100 m wd, their lateral extent largely increase, extending
(locally up to 15-25 m wd). The recognized ©n almost all the channel’s width. In the area
bedforms have wavelengths of ~20-150 m
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Figure 2 Shaded relief map (azimuthal artificiglht) and contour lines (equidistance of 100 m)rebaA
(location in Fig. 1) in front of Pizzo Capo (PC)heve minor creeks hanging on steep and high sés ate
present. In the facing marine area, the insulalf ¢§l% is indented by channels (Ch), passing ddepes to
fan-shaped features and wider channels, locallyacherized by coaxial trains of arcuate bedfornaéciated
by arrows (Arc. Bed.).

B, five grabs recovered sandy sediment, Withg - of sajina. Similar features were also

variable percentage .Of .silty or _gravelly observed on the northern submarine flank of
component (S1 to S5 in Fig. 1 and Table 1). Salina (Casalbore et al., 2021). They can be
related to extensive mass-wasting processes
4 DISCUSSION AND CONCLUSIONS and associated sedimentary gravity flows
affecting the area, as testified by their linking

The_ previous morpho-bathymetric with erosive channels and fan-shaped
analysis has shown how small-scale |fr

bedforms are widespread on the submarine eposits. These features witness an efficient
P ansport of volcaniclastic sediment (mostly
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Figure 3 Shaded relief map (azimuthal artificiglht) and contour lines (equidistance of 100 m) refaB
(location in Fig. 1) along the eastern flank of N®Rossa delle Felci (MFF), largely carved by avoek of
steep creeks, locally forming detrital cones atdbast. In the facing marine area, the narrow tallyoabsent
insular shelf (1S)is indented by erosive chann€lk)(, passing downslope to fan-shaped featureswaatet
channels. Both features are characterized by tberance of arcuate and sinuous bedforms (Arc.Sind
Bed., respectively).

sandy) along the submarine flanks, wherethe recent aggradation-based classification of
pyroclastic units crop out. Slootman & Cartigny (2020). However, we

The observed bedforms share similarities in®' ¢ 8Ware that seismic profiles able to image
size and geometry with those recognizedthe inner geometry of the bedforms, coupled

within active canyons and fan-deltas in with more ext_ensive seafloor sampling,
continental margins (e.g., Hughes-CIarkeShOUId be required to better support such

2016) and other submarine volcanic Settingsmorphology-based inferences. Data also

(Casalbore et al. 2021), so they are similarlyShOW a strong relationship between the

interpreted as upper-flow regime beolformsdevelopment, change in size and/or geometry
due to turbidity currents. Based on theirOf the bedforms and marked variations in

different morphology and location, the slope gradients along the submarine flank.

arcuate or crescent-shaped bedforms foun hese, _in fact, can favour th_e developmen_t of
within  channelized features may be ydraulic jumps in the sedimentary gravity

tentatively interpreted as transportation orgowt’n?r Io::allly gggggesits frﬁrimgteésrg.e'g"
net-erosional cyclic steps, while the sinuous ostma et al. » >lootma artigny

bedforms recognized on fan-shaped featuregozo)'
as net-depositional cyclic steps, according to
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A further point of discussion deals with channel heads are located at 5-10 meters wd,
the different distribution of the bedforms in so they can both intercept the longshore drift
the two areas A and B, which can be relatedand/or be affected by storm-wave loading,
to a complex interplay between marine thus increasing the probability of small-scale
erosional retrogressive processes and théailures in coastal deposits.
subaerial dismantling of pyroclastic materials  In summary, the present study shows how
from the the steep and uneven flanks of insular
stratovolcanoes are very prone to the
development of upper-flow regime bedforms.
S1 0,05 72,98 18,86 8,11 Particularly, those observed on the E flank of

Salina show an impressive variability in size,

Sample % gravel %sand %silt % clay

S2 86 | 8501 480 159 plan-view geometry and cross-section at

S3 021 9432 415 132 small spatial scale and can be considered a
natural laboratory for identifying the main

S4 1,07 55,62 3041 12,9 factors controlling the formation and

S5 1601 | 5754 17.68 787 development of small-scale bedforms.
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ABSTRACT: The Estuary of the Sa-Lawrence Riveris a higl-energy fluvial sedimentar
environment with the second largest annual diséhargNorth America (Hudon & Carignan, 2008).

With the high dynamism in the Estuary, significahéinges can be observed in the seafloor surface nea

Quebec City on a daily time scale. The hydrodynanaied the seafloor morphology of this complex
section of the Saint-Lawrence is paradoxically podocumented. In this paper, we present the result
of a bathymetric survey in the vicinity of QuebetyChighlighting the sedimentary structures présen
there and their mobility.

crest line and troughs). The latter considered
1 INTRODUCTION cﬁfferential geometry tq identify the crest
lines of the dunes, which are used as seed
The data acquired from MultiBeam regions to extract the whole structure. Di
EchoSounder (MBES) surveys can be usedStefano & Mayer (2018) and Cassol et al.
for multiple applications. These datasets with(2021; 2022) have proposed approaches to
high-resolution and accuracy are involved insegment dunes from a regular gridded DBM.
the study of the seafloor morphology, the Both performed a morphometric analysis of
inspection of underwater structures and thethe DBM with the geomorphons algorithm
safe navigation in navigation channels. In this(Jasiewicz & Stepinski, 2012). While the first
context, the study of the dynamics related towork extracts the dunes through an
underwater sedimentary structures such asiggregation of the DBM cells according to
underwater dunes has an important role. Sucltheir geomorphon class, the latter considered
study can be an intricate task, starting withan OBIA (Object-Based Image Analysis)
the extraction of these structures from Digital approach, which shall be further discussed in
Bathymetric Models (DBM). Indeed, dunes this paper.
are fuzzy objects, as many landforms. A spatiotemporal analysis of the dynamics
Therefore, their identification performed by associated to the dunes can be conducted
human operators can be subjective, since thence they have been extracted from multi
perception of the dunes varies from user totemporal DBMs (i.e. DBM at different dates).
user depending on their background andThibaud et al. (2013) have proposed a
experience. spatiotemporal analysis of dune migration
Different approaches have been proposedhrough graph-based model. This approach
in the literature to automatically segment andconsidered two consecutive periods, as
characterize dunes from the seafloor surfacesuggested by Del Mondo et al. (2010), with
Debese et al. (2016) and Ogor (2018) havdime being a discrete criterion associated to
proposed the identification of these structureseach survey. Duffy & Hughes Clarke (2005)
from TIN (Triangulated Irregular Network). considered a cross correlation method to
The first considered geodesic morphometrystudy the process of dunes migration in
to extract the salient features of the dunes (i.emarine context. Similar to the previous
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approach, they considered two consecutiveprevious knowledge of the dynamism of the
datasets of the study area to observe thstudy area. Indeed, in marine environments
directional vector of dunes migration. the acquisition can be done with an interval
Although there is some work in the literature of months or even years (Le Bot, 2001,
on the spatiotemporal analysis of Garlan, 2007), while in estuarine
sedimentary structures, there is still a lack ofenvironments the acquisition of bathymetric
knowledge on the features to extract anddata may be done daily, as further discussed
track to characterize the migration, especiallyin this paper.
in highly dynamic environments. Moreover, = Once the bathymetric data have been
to our knowledge, there is no end-to-endacquired and processed, a DBM is created
automated approach to remove the operatofrom which the dunes are segmented using
from the process in order to provide greaterCassol et al. (2021, 2022) method. Unlike
objectivity and efficiency of analysis. This existing methods in the literature, this
paper attempts to fill some of these approach does not involve any manual
knowledge gaps. intervention to delineate landforms, which
Based on a temporal bathymetric limits subjectivity, cumbersomeness and
database, this paper proposes an analysis @ources of error in the analysis of the surface
the mobility of the dunes in the estuary of theas well as in the delimitation of the seafloor
Saint-Lawrence River. Such an analysis isobjects. The key principle relies on the
crucial when proposing a new hydrodynamicformalization of the underwater dune object
model specific for the Saint-Lawrence River through a conceptual model that considers
Estuary. Indeed, the mobility of these the underwater dunes can be identified on the
sedimentary structures on the seafloor isseafloor by three salient features, namely, the
intimately related to the hydrodynamics and crest line, the stoss trough and the lee trough.
environmental factors as well as the The crest line is the linear feature located in
characteristics of the dunes, as suggested bthe higher zone of the dune. This feature is
Kenyon (1970) and Le Bot (2001). the upper bound of both sloping sides of the
This paper is organized in three sections.dune (i.e. stoss and lee sides). The stoss and
The first section presents the methodology oflee troughs represent the boundary of the
extraction and spatiotemporal analysis ofdune objects, being also represented by linear
dunes from a DBM. The second sectionfeatures. These troughs bound the stoss and
presents the results and discussion of théee sides, respectively.
segmentation, characterization and Considering the formalized dune model, a
spatiotemporal analysis of the dunes. The lastnorphometric analysis can be carried out on
section proposes some conclusion withthe DBM using the Geomorphon algorithm
prospects for future research related to thgJasiewicz & Stepinski, 2012). This analysis
spatiotemporal evolution of dunes andaims to identify the three salient features
hydrodynamic model. previously mentioned. Then, the crest line of
each dune on the DBM is matched with its
> SPATIOTEMPORAL ANALYSIS OF corres_pont_:ling lee and stoss troughs. This
matching is done by searching the troughs
THE DUNES nearest to the crest lines. The search is
_ _ _ conducted in the orthogonal direction of the
This section described our proposedcrest line orientation with a predefined range
methodology to monitor the spatiotemporal distance limit. Afterwards, the dune object is
m0b|l|ty Of Underwater duneS. The fIrSt Step Created by aggregating the pixels |0cated in
addresses the determination of the relevanihe area between the crest line and the
t|me Scale for the ach|S|t|on Of bathymetrIC troughS. Mathematica' morpho'ogy and
data. This scale needs to be adjustedmage processing are used to extract and
according to the environmental context andpetter delineate the dune object. The result of
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Is the dune object identified by the same label
as its crest line.

Once the dunes have been segmented from
the DBM, these structures can be
characterized calculating a series of
morphological descriptors. These descriptors
consider the dune object segmented itself as
well as its salient features. The main
descriptors considered in the characterization
are the dune orientation, depth, width, height,
stoss and lee angles, stoss and lee widths and
the symmetry index of the dunes. More
details about the segmentation approach and
the estimation of the morphological
descriptors can be found in, respectively,
Cassol et al. (2021) and Cassol et al. (2022).

A spatiotemporal analysis of the mobility Morphological
of the dunes is performed once they have descriptors
been extracted from the DBM. It consists of
a manual extraction of several cross-sectional
profiles through which the mobility of the
dunes on the seafloor surface and their
displacement can be observed and quantifiedrigure 1. Approach for the spatiotemporal analp$is
The dune objects, their related morphologicalunderwater dunes.
descriptors as well migration scheme can be
further integrated in a hydrodynamic model.
Figure 1 synthetizes the steps of the proposed
spatiotemporal analysis of underwater dunes.

3 RESULTS AND DISCUSSION

3.1 Saint-Lawrence Fluvial Estuary DBM

The Fluvial Estuary of the Saint-Lawrence
River is a high-dynamic environment with a
length of 400km with a width of a few '
kilometres in Quebec City and 70km Figyre 2. Studyareaofthe Sgint—Lawrence Estirary
downstream (i.e. fle aux Coudres). The Quebec City. In green, the field of dunes surveyed.
seafloor depth ranges down to 60m. TheNIaxlmum extension of 2.2km X 450m.
dimensions are such that the conditions The MBES data used to generate the DBM
prevailing near Quebec city are highly considered in this paper was acquired from
complex. The tidal signal is asymmetric dueJuly 11" — July 14, 2022. The data
to a strong competition between bottom acquisition system consisted in a Kongsberg
friction and convergence effects. This regionEM2040 MBES, an Applanix POS-MV320
of the river is also characterized by a complexand two GNSS antennas (Trimble GA830
seafloor topography with different physical and 540AP) embedded in the Louis-Edmond-
agents being responsible for the highHamelin vessel. The field of dunes near
dynamism, such as tide, waves, wind, shipQuébec City was surveyed daily between

waves, and ice (Drapeau, 1992). The studie®:00 am and 12:00pm in the four days of
area can be observed in Figure 2. acquisition. A DBM generated from the

B Studied area
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MBES data acquired can be observed inarea in the ground truth. A false positive is
Figure 3 with the crest lines of the dunes inconsidered when the area of the segmented

red.

Figure 3 — DBM generated from July 13th MBES data

with a resolution of 1m. In red, the crest linedohes.

3.2 Dunes segmentation

The underwater dunes presented in the
four DBM were segmented considering the

approach described in the previous section.

dune coincides less than 50% with the ground
truth or when this structure does not have a
related dune in the ground truth. A false

negative is when the segmentation approach
fails to segment a dune existing in the ground
truth (adapted from Nguyen et al., 2020). The
performance of the segmentation can be
observed in Figure 5.

N

8.5m

l 43.3m

A

total of 561 dunes were segmented over therigure 4 — Segmented dunes from the DBM. The dune
four surfaces. Since the covered area of thebjects are coloured on the DBM.
survey was not exactly the same, 144 dune:

were segmented in July 1,1136 dunes in
July 12", 129 dunes in July 13and 152
dunes in July 14 An example of the dunes
segmented can be observed in Figure 4.

94,9 , , ,
100,0 93,8 93,8 93,4 93,9

80,0

60,0

It 40,0
S 4,2 i 13, 63,9 73,4
this figure, we observe that larger dunes are 28’0 2t i Dol Kb Fatic

0

located in the centre of the surveyed arec
while small dunes are observed in the north
and south zones of the DBM. To analyse the
performance of the segmentation of these

sedimentary structures from acquired data, afe

A BC|ABC|ABC|ABC|ABZC
11th 12th 13th 14th All

igure 5 — Performance of the segmentation. A
presents the true positive of each acquisition Ba

ground truth was bl_J”t manually segmenting the faise positive and C the false negative. All
dunes from each daily DBM. Therefore, three considers the 561 segmented dunes overs the fgsrr da
measures were computed to assess thefacquisition.

performance, namely the true positive, false  The performance index over the four days
positive and false negative rate. A frueqgt acquisition are similar to the overall

positive is considered when a minimum of performance considering the four days of
50% of the segmented dune coincides with its;cquisition. In the latter, 93.9% of the dunes
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were well segmented with 2.7% of false ranging from 19.5m to 45.7m (cf. Fig. 6),

positive and 3.4% of false negative. The falsewith a median depth value of 25.3m. The
positive is essentially associated with smallheight of dunes ranges from 4cm up to 4.5m
dunes that the salient features are difficult to(cf. Fig. 7), with a median value of 0.77m.

detect from the DBM due to its resolution of They have a width varying from 1.85m up to
1m. The false negative is essentially 100m (cf. Fig. 7) with a median value of 27m.
associated with dunes partially surveyed on

the acquisition. 60 Height of the dune

3.3 Dunes characterization 50

Once the dunes have been segmented fror 4 ,, |
the DBM, they can be characterized using
morphological descriptors. Their values are
displayed as histograms in Figure 6 and 7.
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40+

Number of dunes

We have also estimated the wavelength
value (i.e. distance between the crest line of
two consecutive dunes) and the density for
this surveyed field of dunes. The median

30

201

10+

0 - Sy
45 40 35 a0 25 20 wavelength value, considering the four days
Depthim) of surveying, is 44m and the dunes density is
Figure 6 — Histograms of direction of dunes migrati  UP t0 89% of the seafloor in this studied area.
and depth. Considering these values for the

. . . morphological descriptors, the dunes of the
According to the orientation of the dunes study area are predominantly large dunes, as

g'se':;g'eg)ésthbee'irnm'gratr'g)r('irggﬁsgfnlgago%eesuggested by the dunes classification in
g app Y 129" U-Caqhiey (1990).

median value), which is coincident with the
main current of the Saint-Lawrence River in
the study area. The dunes have a depth
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3.4 Spatiotemporal analysis of dunes

A spatiotemporal analysis of the mobility
of the dunes in the Saint-Lawrence Estuary i
proposed through different cross-section
profiles. Figure 8 illustrates two profiles with
underwater dunes present in DBM of July
11" and July 1#%. We observe that the
underwater dunes segmented in our stud
area are subjected to a migration rate up t
1lm/day in different zones of the DBM.

Indeed, the migration dynamic of large dunes

differ from the small and medium dunes. The
latter are located in the south region of our
study zone (cf. Fig. 8 P1), migrated by
traction on the seafloor, resulting in a
difference up to 4m between July™ and
July 14". A different dynamic can be

RID VII — 3-5iAP023 - Rennes, France

in the
profiles

It consisted
cross-sectional

Lawrence River.
comparison of

dhrough daily DBM in the same studied area.

Two distinct types of displacement of dunes
have been observed, the traction of small and
medium dunes and erosion-deposition of
larger dunes (cf. Fig. 8). This dynamic of

igration is intimately related to
ydrodynamic and environmental factors
(e.g. current velocity, tidal information, grain
size). Therefore, future works should
consider a multisource approach to better
analyse the mobility of dunes. Indeed, the
information regarding these multiple factors
may be helpful to better understand the
dynamism of these structures on the seafloor
surface.

observed in the centre of our study zone, with . SPatiotemporal information of underwater

larger dunes migrating through an erosion-
deposition regime (cf. Fig.8 P2).

10 20 30 40 50 60 70

Distance (m)

200 230

0

40 80 120 160

Distance (m)

Figure 8 — DBM surface indicating profiles P1 artd P
The dotted line represents the profile from DBM
generated with data acquired in July®&hd the black
line data of July 1%.

4 CONCLUSION

This paper proposed a methodology to
monitor the spatiotemporal mobility of
underwater dunes in the Estuary of the Saint

dune will be further analysed with respect to
the tidal current. A 3D hydrodynamic model
Is under development yet. The model is based
on the finite element method and will result
on extension of an existing 2D depth
integrated model which has been validated on
field measurements (Matte et al. 2017a,
2017b). The newly developed 3D model will
provide access to unmeasured flow velocities
during the bathymetry investigation (i.e. July
2022) and complete information to better
analyse the mobility of observed dunes
(Hulscher, 1996). This information may be
helpful to understand the correlation between
the hydrodynamic and environmental factors
with the morphological descriptors estimated
for the dunes, as suggested by Kenyon (1970)
and Le Bot (2001).
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ABSTRACT: The evolution of ripple geometries and their equilibrium states due to different wave
forcing parameters are investigated by a Reynolds-averaged two-phase model, SedFoam, in a two-di-
mensional domain. Modeled ripple geometries, for a given uniform grain diameter, show a good agree-
ment with ripple predictors that include the wave period effect explicitly, in addition to the wave orbital
excursion length (or wave orbital velocity amplitude).

1 INTRODUCTION

Oscillatory flow motions of surface wave near
seabed can generate a wide range of bedforms.
Bedforms are essential due to their effect on the
seabed roughness and wave-current driven on-
shore/offshore sediment transport. Field and la-
boratory observation on onshore/offshore sedi-
ment transport in orbital ripple regime suggested
that under onshore velocity skewed waves, sus-
pended load above the ripple was offshore di-
rected while onshore transport occurred as ripple
migration. These complex processes associated
with suspended load and ripple migration pose a
challenge to conventional single-phased sedi-
ment transport models as they require assump-
tions and empirical treatments in modeling sus-
pended load and bedload. We present a novel nu-
merical model that is able to resolve sediment
transport over ripples and ripple migration alto-
gether in a Eulerian two-phase modeling frame-
work, called SedFoam. With a two-equation k-
epsilon closure, interphase drag and particle
stresses, the model can resolve full profiles of
sediment concentration and particle/fluid veloci-
ties. Particularly, a careful consideration of par-
ticle stresses in the high concentration of fluid-
solid transition is essential to the resulting ripple
steepness and migration speed.

2 GOVERNING EQUATIONS AND NU-
MERICAL MODEL

The two-phase model sedFoam (Chauchat et
al. 2017) (https://github.com/SedFoam/sedfoam)
is used to simulate the formation and evolution
of ripples in oscillatory flows using the Reyn-
olds-averaged k-¢ turbulence model.

In the Eulerian two-phase flow formalism,
coupled mass and momentum conservation equa-
tions for the fluid and the solid phases are solved.
The mass conservation for the fluid and the solid
phase are given by

a(1-¢) , (-t

at + O0x; =0 (1)
ap a(l)uf _
Fr + o 0 (2)

respectively with x the position vector, i =
1,2,3 representing the streamwise, vertical and
spanwise components, ¢ the filtered sediment
concentration and u/ and u® the fluid and solid
Favre filtered velocities.

The fluid and solid momentum conservation
equation are written as

6pf(1—¢)u{ 6pf(1—¢))u{u§
+ =
at 0x;

—L+pf(1- ¢)gi + (1 - ¢)fiv
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f
ap° Py n

+0
o [T5]+ 1+ pbgi + o fF

with p/and pSthe fluid and solid densities and
P/ and P? the fluid ans solid phase pressures. The
effective  fluid and solid stress ten-
sors T/ and TSare given by

ap°puiu; _

f f f
F o of(1— )l (294 24 20% 5
Tij p (1 ¢)V <6xi + 6xj 3 6xk 5” (5)

oui  oul  20u
S — pShyS (L 4 T 29Uk o
Tij - p ¢V <6xl- + an 3 6xk 6”) (6)
where v/ and vS are the fluid and solid phases
viscosities, g is the acceleration of gravity and
fV a volume force driving the flow.

The momentum exchange term between the
two phases I is modelled using the semi-empiri-
cal drag law from Ding and Gidaspow (1990).
The interested reader is referred to Chauchat et
al. (2017) for more details about the model and
the closures.

3 RESULTS AND DISCUSSION

Figure 1 shows the typical domain character-
istics and boundary conditions. At the top do-
main boundary, a free-slip (i.e., Neumann)
boundary condition is used for both the fluid and
sediment field quantities. At the bottom bound-
ary, a no-slip boundary is used for the velocities
of both phases while a zero-gradient boundary is
used for the other quantities. For the pressure
field, a fixed zero value is specified at the top

z=12x,

boundary, and at the bottom boundary of the do-
main, a zero gradient condition is imposed.
Periodic boundary conditions are specified at the
two lateral boundaries to minimize computa-
tional domain length and Lx i is set to be the
same as the measured equilibrium ripple re-
ported by van der Werf et al. (2007). The domain
length specified such that it includes n = 3 rip-
ples. For initial ripple height ni, we specify a
much larger value than that measured ripple
height. The domain height is set to be Lz = 0.5
m in all the simulations.

The oscillatory flow is driven by a prescribed

horizontal pressure gradient which generates a
free-stream velocity time series following the
Stokes second-order wave.
In table 1, four cases are presented correspond-
ing to different wave forcing conditions and the
same sand diameter (dso=440 um, s=ps/ pr
=2.65). The ripple profile at different wave
cycle is shown in figure 2 a for case 1, the rip-
ple height slightly reduces and the ripple mi-
grates onshore. By tracking the position of
the ripples crest it is possible to deduce the
migration speed of the ripple which is shown
in figure 2b for case 1 and 2. The numerical
model predicts no migration for the symmet-
ric wave case 2 (as expected) and a migration
rate of 14-15 mm/min for case 1 which is
very comparable with the measured value of
18 mm/min by van der Werf et al (2007).
This first result validate the two-phase flow
approach for simulation of ripple migration
by asymmetric waves. More details can be
found in Salimi-Tarazouj et al. (2021a).

Free-Slip B.C

0.5(m)-=--=
Periodic B.C

Ly

Periodic B.C

_______________________________

Off-shore

$ On-shore

Figure 1: Schematic plot of the model domain and initial ripple bed profile
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Table 1: Parameters for numerical configurations

Case Waves T Um Ae
#  (order) (s)

T]e/ Ae
(m/s)  (m) Q)

5 0.54 0.41 0.19
2 I 5 0.48 0.46 0.17

3

3

1 2nd

3 I 0.48 0.23 0.17
4 I 0.8 0.345 0.13

The morphodynamical evolution of the
ripple is the result of the small imbalance
in the sediment fluxes during a wave pe-
riod. Figure 3 and 4 show the period-aver-
aged dimensionless vorticity field (2/w)
and the dimensionless sediment flux ().

(a) (b)
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Figure 2: (a) Ripple profile for the middle ripple in
Case 1 at different wave cycle. (b) Ripple migration
rate as a function of the number of wave's cycle for the
middle ripple in Case 1 (red circles) and Case 2 (blue
triangles).
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Figure 3: (a) Wave-period-averaged normalized vor-
ticity (color-bar) for Case 1. Panel (b) shows the cor-
responding wave-period-averaged normalized sedi-
ment horizontal flux.
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Figure 4: idem as figure 3 for case 2.

While the vorticity field and the sediment
flux are symmetric in case 2 (figure 4, sinus-
oidal wave) a slight asymmetry is observed in
case 1 (figure 3, 2™ order Stokes wave)
which shows a larger primary vortex at the
onshore side of the ripple (negative/clock-
wise vorticity), reflecting the stronger on-
shore flow driven by onshore velocity-
skewed wave motion. This asymmetry gener-
ates an intense, offshore directed flow close
to the onshore side of the ripple's surface and
ripple crest which lead to a larger onshore
transport via near-bed load. This the key
mechanism by which the ripple migrates.

In figure 5, the space-time diagram of the bed
elevation for case 3 and 4 are shown. This fig-
ure illustrates the model’s capability to simu-
late the reduction and increase of ripple
length and height due to two scenarios. The
simulation is initialized with three orbital rip-
ples in the domain resulted from a 5 sec wave
of orbital velocity 0.48 m/s (case 2). In the
first scenario (Figure 5a), we reduce the pe-
riod to 3 sec and hence the orbital length is
also reduced. This causes three large ripples
to first split and then merge into 6 smaller rip-
ples. In the second scenario, we increase the
orbital velocity to 0.8 m/s and three large or-
bital ripples evolve into four smaller sub-or-
bital ripples via merging and sliding (Figure
5b). The interested reader is referred to
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Figure 5: Time series of ripple bed evolution for case 3 (a) and case 4 (b)

Salimi-Tarazouj et al. (2021b) for more de-
tails about the effect of wave period on the
ripple characteristics.

4 CONCLUSION

In this contribution we demonstrated the
capabilities of the two-phase flow modeling
approach to simulate the evolution and mi-
gration of ripples generated by an oscillatory
flow. The model has been validated using ex-
perimental data and through a series of nu-
merical experiments, the ripple’s response to
a step-change in the wave forcing has been
studied. The model is capable of simulating
“splitting”, “sliding”, “merging”, and “pro-
truding” as the ripples evolve to a new equi-
librium state.

The model can also simulate the transition
to sheet flow in energetic wave conditions
and ripple reformation from a nearly flat bed
condition. Simulation results reveal that the
equilibrium state is such that the “primary”
vortices reach half of the ripple length. Fur-
thermore, an analysis of the suspended load
and near-bed load ratio in the equilibrium
state indicates that in the orbital ripple re-
gime, the near-bed load is dominant while the
suspended load is conducive to the ripple de-
caying regime (suborbital ripples) and sheet
flow condition.
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ABSTRACT: We theoretically investigate the pattésrmation observed when a fluid flows over a
solid substrate that can dissolve, melt or subkm@te use a turbulent mixing description that idek
the effect of the bed roughness. We show that igsolition instability at the origin of the pattehat
emerges is associated with an anomaly at the timamdrom a laminar to a turbulent hydrodynamic
response with respect to the bed elevation. Thosaty, and therefore the instability, disappearsnvh
the bed becomes hydrodynamically rough.

1 INTRODUCTION l N
. . . '.:Q* = N it
We are interested in pattern formation| -
associated with a fluid flow over a solid bed, = ! \1 S TR U
~ £~ ,y‘:,}u <

when mass transfer has a thermodynami¢- r‘j'}, o - TN
origin with melting, sublimation or 1"' e S T VG &1 o
dissolution of the bed. Figure 1 shows as & = A S e
typical example of scallops forming in et =~ & bl }

Bl 0 -
limestone, in a river bed. The flow is == i tr «ﬂ# f."‘r»; e e T
influenced by the bed elevation and, in turn,t 2 ,‘:I . v~('~,f“ . '* "’"‘?

1}"' i - 5 e },"%}

erosion or transport induced by the flow |~ b e T
makes the solid surface evolve. ThisE e # i EPER e W TS
feedback loop can lead to an unstablerigyre 1. Centimeter-scale scallops in limestone on
situation, where bed perturbations areArdéche river (France).

amplified. Several linear stability analyses

have  been performed for these

dissolution/melting problems, in order t0 > {ypDRODYNAMIC MODEL

compute the growth rate of a perturbation of . ) )

given wavenumbek and determine the most W€ consider a flow in the horizontat
unstable mode (Hanratty, 1981). In this direction. The axisz is vertical. We use
presentation, we show that taking into RANS equations to solve for the velocity
account the bed roughness in theand pressure fields. The stress tensoy; is
hydrodynamic  description is of key related to the strain rajg; = d;u; + d;u; by
importance as the dissolution instability is means of a turbulent closure that involves a
found to disappear when the bed becomesnixing length?. In order to account for both
rough. Section 2 briefly summarizes the smooth and rough regimes, we adopt here a
hydrodynamic model. Section 3 presents thevan Driest-like expression for it:

stability analysis. Section 4 shows the main

results and concludes. More details can bg_ (z+5d) (Txz/p)*/?
found in Claudin et al. (2017). Ferz+ra) x [1 —exp (_ VR )]
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Figure 2. Basal shear stress coefficiadt¢a) andB

different colors code for the value of the bed tmeggss .
Reynolds numbeR, (legend). The laminar—turbulent basal shear stress when the flow Is perturbed

- . _ 'k .
transition  (around kv/u, =~ 107%) gradually  PY a sinusoidal bepf(x) = ("™ (NB: we
disappears wheR jincreases. use complex notations for compactness, real

parts are understood). At the linear order in
k{, the shear stress is also modulated and

In this expression = 0.4 is the von takes the generic formr,, = pu?[1+
Karman constant; is the distance to the bed, k{et*s,]. The mode functioss, depends on

d is the sand equivalent bed roughness sizetine dimensionless heigltz. We define the

s mass density &, 1o e van Driest 'O COSiCieNtSA and by 5,(0) = +
Y iB. They encode the in-phase and in-

tzrgr.mtt;]onsl Reynolds number, feq?la?b@ j Th quadrature stress linear response to the bed
In the Nomogeneous case ot a fiat bed. erturbation. They are computed by the

e).(t%(.)ni?t'al. term supgrlesses tT‘rbmemm'ﬁ'T ydrodynamic model, and their dependence
WIThin the VIScous sub-layer, Close enougn 1o, , kv/u, if displayed in Fig. 2 for various

thre belt_jl.)rTlseddlr_r;ﬁnns];lonle?srrr:urr:bze?df i values ofR; = du,/v. In the smooth limit
are cafibrated wi casurements of veloc y(smaII R,), they show a marked transition

gi(gl'leég il%r gﬁgergfrsotl;]%?evivrgns (see Claudin between the turbulent regime associated with
' ' small wavenumbergv/u, < 10~* and the
laminar regime, typically fokv/u, > 1072,
his “anomaly’ at the laminar-turbulent
gansition, around  kv/u, =~ 1073,
experimentally evidenced by Hanratty and
coworkers, plays as crucial role in the
dissolution instability. It also shows up for
the basal pressure response (Claudin et al.,

Following Hanratty (1981)R; cannot be
taken as a constant, but instead lags behin
the pressure gradient by a space lag on th
order of v/u, that is associated with a
thickening of the boundary layer. We then
write for R, the spatial relaxation equation

0
alax:Rt =p @ax(fxx —p) 2021), as well as for the effective topography
Uy pus . -induced hydrodynamic roughness (Jia et al.,
- (R — R¢) (2)  2023). Importantly, it disappears in the rough

where the constanta and b have been regime (Fourriere et al., 2010), for large
calibrated by Charru et al. (2013) on enough®r, = 100.

experimental data (Zilker et al., 1977;

Frederick et al., 1988).
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3 LINEAR STABILITY ANALYSIS 103, e
We wish now to describe a passive scalar o 102
¢, e.g. the concentration of a chemical —

species or the temperature, which is %401
transported by the flow. We model its

dynamics by a simple advection—diffusion 10
equation 101
dp+7-G=0 (3)
where the fluxg is the sum of a convective 102
and a diffusive ternmj = ¢u — DV¢. Here, 103
we take a diffusion coefficiert proportional 106 "0 T 02
to the turbulent viscosity and write ?
v o %y .
b= By + Be 4) Figure 3. Dimensionless growth rate as a functibn o

where y is the modulus of the strain rate kv/uw. in the limit of smalla/u, and forg, = 10°,
tensor. B, (resp.p,) is the viscous (resp. R, = 10. Solid lines represent positive values. For

turbulent) Schmidt number (or Prandtl negative values;—o is plotted (dotted lines). The
rey region corresponds to the unstable-(0) range

numbers for temperature), here taken asgfwavenumbers_

constants.
To perform the linear stability analysis of
these equations, we write the bed profile as 50-
Z(x, t) — Ze(a+iw)t+ikx (5) Ra
whereo (k) is the growth rate and(k) is the 40
angular frequency of the bed
pattern along. The phase propagation speed 30
is therefore—w/k. The equations of the
model are linearized with respectd and 20
can be solved with suitable boundary
conditions. All components of their solution 10
are written in the form of a correction to the
base state (the flat casek{ =0, 0 e S —
homogeneous im), proportional tdcZ times 107 w0 Jus 102
a mode function. The evolution equation of rigyre 4. Stability diagram computed in the limit o
the bed can be written as small a/u, and for g, = 103. Solid line: marginal
0:Z = qo—q,(2) (6) stability curve § = 0). Grey: unstable zones (> 0).

whereq, = a(¢sae — Po) is the scalar flux Dotted line: location of the most unstable modes.

in the base state. The corresponding

dispersion relation reads

o +iw = qokF(0) 7) 4 RESULTS AND CONCLUSIONS

whereF is the mode function associated with  The growth rate from (7) is displayed in

the flux correction. This function is related to Fig. 3, in the smooth case (sn&}}). We see

the hydrodynamic fields (see Claudin et al.a range of unstable wavenumbers with a

2017 for details). positive growth rate, in whicle reaches a
maximum valuers,, atk,,. As shown in Fig.
4, a key result is that the unstable band
disappears above a critical val® of the
roughness Reynolds number. This instability
is governed by the laminar-turbulent
transition, and is thus controlled by the
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ABSTRACT: This studyinvestigate the morphological parameters and migration ratedunfe
systems associated with a set of banner bankselbedtintermediate depths (50 m to 120 m) in the
context of a highly dispersive shelf, offshore Bty (Western France). The work mainly focuses on
the Haut Fond d’Ouessant bank. New geophysical {aashymetry, seismic, reflectivity) from
Speedunes (2015) and Bankable (2019) cruises ahgsad. We examine how the large range in basal
surface depth over which the bank lies affect tlveedmnorphodynamics. We also characterize sediment
fluxes between these sediment structures, towardvarview map of sediment pathways across the
Iroise shelf, in relation with the straits and thregular shelf bottom.

challenge due to the difficulty in collecting
1 INTRODUCTION in-situ morphodynam_ic measurement. Some
recent studies carried on marine dunes
Submarine sand banks (or sand ridges) anduperimposed on banks allowed a better
dunes are the main bedforms of tide-understanding of these systems (e.g.,
dominated continental shelves. TheseFranzetti et al. 2013; Homrani 2020 for
structures are developed in response teubmarine dune systems in Brittany). But
variations hydrodynamic factors, but also surveys in intermediate bathymetric depth
sedimentary characteristics and long-termrange (from 50 to 120 m) are still uyncommon.
sea-level fluctuations (Allen 1968). The Here we consider four sand banks located at
understanding of these morphodynamicsintermediate depths on the Iroise Sea shelf in
variations and their roles on the sedimentWestern Brittany (France). The shelf is
transport pathways is crucial for many subject to large storms and under a
applications such as marine resourcesnacrotidal regime, with tidal range from 3 to
exploitation, ecosystems protection, safety of6 meters (Mariette et al. 1982). These banks
marine infrastructures (Trentesaux 1993;consist mainly of biogenic sand and are
Bajjouk et al. 2015). Nevertheless, assessingissociated with superimposed dunes. Here
sediment fluxes in the context of submarinewe focus on thélaut Fond de OuessaBank
dunes and sand banks is still a scientificlocated at the south of Ouessant (Ushant)
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Island, Southwest of the Fromveur channel.1970). Tidal currents are accelerated at straits
Dunes are located on the flanks of the bankor "raz") and channels, generating
while they are absent at the top. Two alternating currents with maximum velocity
diachronic bathymetric datasets are used irexceeding 4m (Hinschberger 1963;
this study to characterize the ‘Service Hydrographique de La Marine (Ed.),
morphodynamics of these dunes 1957), and average current velocity slightly
superimposed on the bank, as well as toover 1m.s-1 during spring tides, especially at
explore potential sedimentary pathways onthe proximity of the Fromveur and the
the shelf. Molene archipelago (Guillou and Chapalain
2018).

The sedimentary cover is very limited and
2 STUDY ZONE heterogeneous, with the basement often at the

The study zone, named the Iroise Sea, iseafloor.  Sediments are  principally
located in Western Brittany (France), characterised as biogenic sand. Sediment
between the Molene archipelago to the Northmaterials are organised in two main types of
the Pointe du Raz and the Raz de Sein to thetructures visible on the shelf: sandbanks
South and the Rade de Brest to the East (Figwith large dunes superimposed over them,
1). The area is characterised as a highlyand sediment draping. The shelf hosts 4 large
dispersive shelf, at the confluence betweersandbanks (10 to 50 sq. km): Four Bank,
the Atlantic Ocean and the English Channel, Armen Bank, Pierres Noires Bank, Haut
subject to strong tidal current and largeFond de Ouessant Bank), showing very
swells. Due to this localisation, the Iroise Seacontrasted morphologies but all having their
is also directly impacted by the English base located at the same range of water
Channel's discharge (Kenyon and Stridedepths (around 90 m). Except Pierres Noires
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Figure 1: Localisation of the Iroise Sea, in red the H&ond de Ouessant Baiiksert: localisation of the Irois
Sea).
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bank, they are considered as banner bankwere analysed to estimate the morphological
(Franzetti et al. 2013).The Haut Fond deparameters of .the dunes: height H, stoss side
Ouessant Bank, focus of this study, is anlength a, lee side length b, dune length a+b,

ellipsoidal bank with a length of 6 km and
width of 2 km, and more than 45m high. It is
associated with over 100 large dunes eithe
superimposed on its flanks or in the dune
field located directly north of the bank.

3 METHODS AND DATA

3.1 Dataset

The dataset used for this study consists o#

2 Digital Elevation Models (DEM) obtained
from research cruises in 2015 (Speedune
RV Thalia) and 2019 (Bankable, RV Cétes d
la Manche).

e

3.2 Methods

Data processing and analysis were realisedvere

on QPS (Qimera), ArcGIS and Matlab.

stoss side angle, lee side anglg, aspect
ratio H/L and asymmetry A=(L-2b)/L (Berné

et al. 1989; Le Bot 2001; Knaapen 2005).

Migration distances of dunes between the
two datasets were calculated using an ArcGis
algorithm with the function Model Builder
tool. Here the application was to measure the
distance between crests on two diachronic
rasters using the measuring tools of ArcGIS.
First a raster with the Euclidian distance to
he crest for each pixel was created for the
irst dataset. The intersect with the crest of
the second dataset gave directly the distance

Scovered by each dune during the time

between the two surveys. Volume variation,
erosion or accretion, was also defined by
computing the difference between the two
rasters. These morphodynamics analyses
linked to the migration of the
sedimentary stock.

Dunes crests were manually picked on GIS

software, using the slope raster to identify
them (Franzetti et al. 2013; Homrani 2020).
Bathymetric profiles extracted from the DEM
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Figure 2 Bathymetric map of the Haut Fond
Ouessant Bank

4 FIRST RESULTS AND DISCUSSION

The surface of the Ouessant bank area is
composed of 137 sedimentary structures on
the bathymetrics datas from the bankable
survey (2019), define as dunes. The North
part of the bank is characterised by a dune
field directly on the basement, whereas the
other dunes are on the flanks of the bank.
From the morphodynamics analyses, the
Bank was divided into six parts. Three of
them are localised on the East flank (labelled
from 1 to 3 for the South East, East, and
North East parts), 2 on the West flank (North
West and South West), and the last one is the
dune field at the north of the bank. There are
no dunes on the top of the bank, which is
likely related to the large Atlantic storms.

4.1 Morphological parameters

Dunes heights on the Haut Fond
d’Ouessant range between 1 and 14 meters
and wavelength from 0 to 250 meters. The
sector number 2, corresponding to the middle
eastern part of the bank is composed of the 3
dunes with the maximal height. No
correlation was observed between the size
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and the depth of the dunes. Except in sector Fromveur channel. The top of the bank does
where the mean asymmetry is 0.16, the dunegot show any superimposed structures, which
are globally not very asymmetric, with an js likely to be explained by the existence of
overall mean asymmetry of 0.4. The highestjarge storm waves occurring on the Iroise
dunes are the most symmetric on this bank. ghelf, The flow velocity on the seafloor under
these waves could reach 0.8 W.shich is
enough to remobilize sediment. These storms
Between 2015 and 2019, the migrationlimit the aggradation at the top of banks, as
speed ranges from 0.9 to 26.15 thwith a  described in some bank genesis models (
mean of 6.8 m.y, and 90% of the dunes have Huthnance 1982a; Huthnance 1982b).
a migration rate lower than 10ty The
Table 1 gives the migration rate and the
direction of each sector. These dunes exhibi? CONCLUSION
an anti-clockwise rotation around the banks, This study is focused on the
except for the North-Eastern part where theymorphological evolution of a submarine dune
migrate in clockwise direction. The western bank at intermediate depth, subject to strong
flank evolved faster than the eastern onetidal current and large storms. In 2015, it was
where the large, rather symmetric dunes mayomposed of 137 dunes, localized on their
in fact not be migrating presently. flank and on a dune field directly to the north.
These dunes had a migration rate around
6.8m.y! between 2015 and 2019. They
migrated in anticlockwise direction for the

4.2 Dunes morphodynamics

Table 1: Migration rate by sectors
Sectors Migration (m.y*)  Migration orientation

5. North Western and SouthEastern parts, and both in
3.4 North-Wes anti-clock and clockwise  directions
7.4 North-West/Sout-wes  (depending on the dune under consideration)

for the NorthEastern part. We suggest that the

o 01~ WN P

102 Soutf migration directions are linked to the tidal
6.4 Soutt residual current. A recent (Guillou and
5. Soutt Chapalain 2018) revealed the existence of a

tidal gyre over the Bank, in accordance with
local hydrodynamics. The absence of dunes
on the top of the Bank could be explained by
the sediment remobilization process due to
that the sediment remobilization is mainly large storm waves that limits aggradation on
g . the top ( Huthnance 1982a; Huthnance
superficial, corresponding to the
. . 1982b). At the scale of shelf, the sand
morphodynamics of the superimposed dunes; . o
accumulation at the Eastern termination of
Tidal current analysis reveals the presencehe Bank allows transfer through the nearby
of a tidal gyre over the area (Guillou et al. Fromveur strait, suggesting a large sandy
2018), characterized by anticlockwise sediment recycling loop that connects several
currents. Moreover, Ehrhold and al. 2017 sand banks across the Iroise Sea.
reported a circular sedimentary system
around the Molene archipelago. This system
could also connect the Haut Fond deACKNOWLEDGEMENT
Ouessant Bank with the Bank du Four This workis supported by the UBS and the
through the Fromveur Channel. The ARED UBO. The authors would like to give
signatures of eastward sediment transporer special thanks to the crew on the Thalia
from the eastern side of the bank areduring the Speedunes survey and the crew of
consistent with an outgoing sediment flux the Bankable survey on the Cote de la
from the Haut Fond d’Ouessant through theManche, in particular to Michel Lounge and
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ABSTRACT: We investigated the morphological andhé&ectural variability of four sandbanks,
from the same area, at intermediate depths (frorto3(20m) along the continental shelf of Western
Brittany (France) in the Iroise Sea, a dispersivelfsexposed to large storms. In order to identify
parameters controlling the variability of sandbamkerphologies and architectures, we analyzed
geophysical data (seismic, reflectivity and bathiygydrom several oceanographic cruises. Prelinyinar
results reveal internal architectures composedtof3seismic units for each bank. They are inttgat
as controlled by the stepwise flooding of the Arican basement shelf during the last transgression.
This igneous basement that outcrops on the seaflpoto 100m deep has constrained local tidal
circulation and swell exposure during the progressgiooding of the shelf, which explains the very
contrasting morphologies and internal architectofabese coeval banks on the Iroise Sea shelf.

Ferret 2011; Vecchi et al. 2013; Franzetti
INTRODUCTION 2014; Traoré et al. 2021.). But mo_st of these
studies were conducted in areas either deeper
Sandbanks are the main sedimentaryor shallower than the intermediate depth area
bedforms on the median continental due to the difficulty to collect accurate
platforms. Understanding their formation, morphodynamic data at this 50 to 120m depth
their evolution and their role as shelf range. The objective here is to highlight the
sedimentary pathway is crucial for many parameters controlling the morphological
applications such as the control and theand internal variations between four banks
exploitation of marine resources or thelocated on a dispersive shelf with a low
protection of marine species (Trentesauxsediment rate subject to large storms. To this
1993; Bajjouk et al. 2015). Numerous studiesend, we analysed geophysical data (seismic,
performed on these structures have brought seflectivity and bathymetry) from several
solid knowledge base on the sedimentaryoceanographic cruises (Geobrest, Sisplateau,
processes at play in their genesis andSpeedDunes, Bankable and Sabaseti). This
morphodynamics (Berné et al. 1989; Bernestudy also presents the first detailed
1999; Trentesaux 1993; Mhammdi 1994; description of the Pierres Noires Bank since
Lericolais 1997; Marsset et al. 1999; Le Bot it was identified (Hinschberger and Pauvret
2001; Bastos, Collins, and Kenyon 2003;1968).
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Between -50 and -120m, the shelf hosts 4
1 STUDY ZONE large sandbanks considered as banner banks
The Iroise Sea shelf (fFig. 1) is located in (10 to 50 sq. kmFour Bank, Armen Bank,
the Western Brittany (France). This highly Pierres NoiresBank,Haut Fondde Ouessant
dispersive platform is delimited by the Pointe Bank), all having their base at the same depth
du Raz and the Raz de Sein at the South, tharound 90 meters, and showing very
Molene archipelago at the North and thecontrasted morphologies.
Rade de Brest at the East. The tide is semi- The Four Bank is located between the
diurnal with tidal range variation from 3 to 6 coast and the Ouessant Island, in the north
meters (macrotidal) between flood and ebbpart of the shelf, with a size of 12 by 10 km
(Mariette et al. 1982). The hydrodynamic for 45 meters high. This is the most studéd
conditions are directly impacted by the the four banks, with more than 10 years of
Eng“sh Channel’s discharge (Kenyon and bathymetric monitoring. Thélaut Fond de
Stride 1970) due to the position of the shelf atOuessanBank is located at the south of the
the confluence of the Atlantic Ocean andOuessant Island and at the south-western end
English Channel. The Iroise Sea is alsoOfthe Fromveur channel. This bank has a size
particularly exposed to large storms. TheOf 5 by 2 km and is more than 45 meters high.
shelf presents a very limited sediment cover The Pierres NoiresBank, located at the
mainly composed of biogenic sediments.south of theHaut Fond de Ouessarank
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Figure 1: Localisation of the Banks (red squaresihe Iroise Sea shelf, showing the bathymetrgefin
localisation of the Iroise Sea).
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and at the South west of the Molene
archipelago is a composite system
comprising two contrasted parts. The first
one to the north exhibits a quite spectacula
elongated shape (13 by less than 1 kilometer). The bathymetric dataset analysis shows
The second component was discoveredsignificative  variations of basement
recently and is reported for the first time in morphologies over the intermediate depth
this study. It is larger than the first one andrange (50 to 120 m) where the banks are
reveals a diffuse, non-ellipsoidal morphology located. Four domains are distinguished. For
(6 by 6 km, elevation 30m), with edges thatwater depths larger than 110m, the shelf is
are not so well-marked, especially on therelatively flat with a slope gradient below
eastern side that lies over a slightly steepef.1%. From 90 to 110m depth, the slope
seafloor area. gradient rises up to 2% and delineates a
morphological step corresponding to the edge
of the Cenozoic and Mesozoic basement
cover. The four Banks are located on the
GEOBREST 2011 Sparker monotrace inflexion point at the top of this dqmaln. Thg
step, from 60 or 70 to 90 meters is a domain
GEOBREST 2012 Sparker monotrace \yith rough seafloor where no sediment seems
GEOBREST 2013 Sparker monotrace g be accumulated. It is bounded to the top by
GEOBREST 2014 Sparker monotrace  another flat domain at about 60m (slope
GEOBREST 2019 Sparker monotrace gradient << 1%) where large bedforms are
SISPLATEAU 2015 Sparker monotrace ~ absent. The four banks are surrounded by
SPEEDUNE 2015  Sparker multirace HR ~ FOCKY ; rﬁefsf antg_ ha;ve Iberemnlf banciored
essentially along this internal shelf break.
BANKABLE 2019 Spﬂﬁﬁﬁ{;‘fg ﬁ?CE/ The morphology of the platform suggests
SABASETI 2023 Sparker monotrace the existence of a paleo embayment at about
-90 m below present sea-level. It could have
featured an initial stage where the four banks
ArmenBank, located at the north of the Raz (Armen, Ouessant and Pierres Nojesay
de Sein and the south of the BancEesres  have been connected into a large coastal sand
Noires measures 8 km long for 5 km large system. A residual continuous sandy belt is

4 RESULTS AND DISCUSSIONS

r4.1 Bathymetric observations

Table 1: Marine seismic acquisitions
Missions Years Materials

and 20 m high. still identified at this depth range. Fluvial
incisions connected to the inner shelf and
3 MATERIALS AND METHODS terminating at the base of the banks are also

identified, and could have contributed to
The dataset used for this study consists okediment preservation during the nucleation
a large panel of seismic lines acquired duringphase of the banks.
research cruises (Table 1).
The dataset was corrected manually for4.2 Seismic observations
tide, wave, and offset depending of the
parameters of acquisition. The lines were Sejsmic lines recorded along the banks
interpreted on IHS Kingdom Suite software. reyeal an internal architecture composed of 5
seismic units identified for each bank. The
first unit is described with a strong amplitude
seismic response, a thickness around 8m and
a polarity toward the coast. The tops of these
basal units of the four banks are at the same
depths, about 85 meters.
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The second units also have a comparablénorphology and the flooding of the platform.
size between the banks, with the same erosivdhese factors are linked and have given rise
top discontinuity at a depth around 75 meters!o changes from a local to a regional scale the

The top of units 3 and 4 are less visible shelf hydrodynamics. .
than for units 1 and 2. Unit 5 highlights a = -Sand Banks are localised at the same

currently active dune system on the banks, depth around 95 meters. This depth
corresponds to a morphological step in the

4.3 First interpretations basement, which is thought to have stopped
_ _ the progradation of the banks toward the
The evolution of the bank is analyzed coast in their early stages. The analysis of the
using the changes in polarity of the seismichathymetry suggests the existence of a paleo
units over time. The aggradation of Armen embayment where the banks South of
bank is associated with progradation fromOuessant were connected. Fluvial incisions
SouthWest to NorthEast. The basal unit ofon the inner shelf could be also a control
Haut Fond de Ouessant unit is located at théactor.
South West of the Bank, and the overall -The flooding of the shelf affected the
polarity of the Bank is in West Southwest banks directly through the modification of

direction. The elongated shape of Pierreg€dional hydrodynamic conditions, both in
Noires Bank is first oriented in eastern fidal currents and in the impact of storms.

direction for the basal unit, then in South Local changes in hydrodynamic conditions

western direction for unit 2, whereas the other™°St likely also occurred as indirect effects
i i ) L of the flooding of the shelf, in relation to the
units are oriented in South direction.

The basal units 1 and 2 are interpreted agnoc(i)gilc?r?s.()f rocky reefs and inner shelf

residual estuarine or fluviatile deposits,
maybe paleoshoals, and we suggest a non-

bioclastic sediments composition, as the bank
du Four (Franzetti 2014). 6 ACKNOWLEDGEMENT
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ABSTRACT: In this work we present the analysis of a datagetaining high temporal and spat
bathymetric data. The data consists of severalegulimes, of which a spatial overlap of around 30
meters can be used the determine sand wave migrdtie interval between the survey lines varies
between days and months. A lowpass filter is agplethe raw data to separate the superimposed
megaripples from the sand waves, and subsequéetlydaks have been determined by calculating the
peak prominence. Overall the data shows a low geenaigration rate, but locally high variations are
observed. Moreover, bidirectional migration is bision the slopes of sand banks. The high spatial
resolution also reveals the presence of megarigpigzactically all stoss slopes of the sand wawes,
contrast to the smooth lee slopes. Altogether,dhtaset shows the unique potential for analydieg t
episodical nature sand wave migration.

not captured in the data. In the scarcely

1 INTRODUCTION available data that have a high temporal

The seabed of coastal shelf seas, such a
the North Sea, consist of various rhythmic
bed patterns (Figure 1). Sand banks, orientec
parallel to the main tidal current, have
spacings of kilometres and heights of tens ofj Shipping ronlll
metres. Sand waves, oriented perpendicula EESEEIiE" I

Survey area

to the tidal current, are smaller with spacings sty
of hundreds of meters and heights up to 1O}t
metres. In particular these sand waves arq g
relevant for offshore engineering as, oOnN jultl
average, they migrate several metres per yeg
(van der Meijden et al, 2023), thereby
exposing cables/pipelines and other objectg
on the seafloor. It is therefore essential to
understand their dynamic behaviour in order
to realistically predict the dimensions and @
migration rates of sand waves. 4

The migration of sand waves is usually
determined by measuring the horizontal
displacement taken from seabed surveys
However, as these surveys generally have

Figure 1.Bathymetric chart showing sand waves

intervals of several ears.  short-term sand banks of the Netherlands Continental Shetg
y ’ from the Dutch Hydrographic Service.

variability, triggered by e.g. storm events, is
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resolution (e.g. van Dijk et al, 2005), striking
nonlinear effects (negative migration, shape
changes, flattening) are observed after
storms. In an effort to quantify the role of
wind and wave processes on sand wave The analysis in this work focusses on a
migration, Campmans et al (2018) developedshipping lane in the southern North Sea,
a nonlinear sand wave model containingroughly 75 km off the coast of the
many important wave-related processesNetherlands (Figure 1). The total survey area
They found that wind and waves may is 90 km long and 4 km wide. The average
enhance sand wave migration and itsdepth in the area in 30 metres, but large
temporal variability. However, they focussed variations are observed due to the presence of
on the long-term (annual — decadal) effectsseveral sand banks, such as the Brown Bank.
on sand wave migration. Hence, the effect of The data has been collected by the Dutch
episodical events on the short-term Hydrographic Service using the vessel
variability of the seabed remains unclear.  HNLMS Luymes equipped with multibeam

In order to quantify this effect, there is a echosounder (MBES), measuring with a
need for high quality bathymetric data, with resolution of 1 m. The total time span of the
a temporal resolution on the order of weekssurvey is around 9 months (09/04/2021 —
to match the timescale of these episodicall6/01/2022), divided into 24 different survey
events. At the same time, the spatialdays. Each day represents a single survey line
resolution must be sufficiently high to allow within the dataset. In particular the spatial
for migration to be measured, as this can beoverlap between the survey lines is of interest
expected to be on the order of meters betweeas they can be used to reveal the seabed
surveys. For practical reasons, seabedlynamics. Of the potential areas of overlap,
surveys (see e.g. the surveyed shipping lané?2 lines have an overlap of only a few days,
in Figure 1) usually span over a long period7 lines have an overlap of a few weeks and 9
of time. It is common practise to average thelines have an overlap of at least 2 months.
collected data (survey lines) to a single For this work we focus on the overlap of
bathymetric map with a single timestamp, day 4 (01/06-2021) and day 23 (15/01-2022),
such that seabed changes within that periodepresenting an interval of 7.5 months. Figure
of time are lost. Analysis of this raw, non- 2 shows a zoom the two survey lines,
averaged, data can thus reveal the seabedcluding the overlap, and the profile (red
dynamics we are interested in. line) along which the data has been extracted.

Recently, the Dutch Hydrographic Service The overlap is around 20 to 30 metres wide,
completed a survey of a shipping lane in thesuch that there is only a small part of the data
North Sea. As the total survey spans oveireft for the analysis, and , hence, only a 2D
more than half a year with varying intervals, analysis can be performed.
this dataset is perfectly suited to analyse the
episodical nature of sand wave migration. In2.2 Postprocessing of profile data

this work, we aim to highlight the unique  several postprocessing steps have been
pOtentIa| Of th|S dataset To th|S end, we will taken before the data was ready for the

use the first and last survey lines as they CaRnalysis. Below these steps are explained.
be expected to show the highest variations in

migration. In our analysis we will further 2.2.1 Regridding
relate the dynamics of sand waves to bed
forms of both larger (sand banks) and smalle
(megaripples) spatial scale.

2 DATA AND METHODS

2.1 Location and survey data

] The data has been regridded twice. The
first is to a resolution of 10 m (as in Figure
2), merely for supporting the operation of the
heavy dataset (25 GB per survey line). This
subset was used to determine the overlap and
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concept of peak prominence, which measures
the intrinsic height and location relative to the
surrounding peaks. This method yielded a
slightly different number of peaks for both
survey lines due to some peaks not meeting
the minimum prominence value of 1 m.
Hence, subsequently all peaks in both survey
lines were matched to their counterpart, and
orphan peaks were deleted.

Depth [m]

|24
-28

- Profile line

3 RESULTS
0 100 200m ] ) )
[ - Both profiles are shown in Figure 3a,

including their selected peaks. A zoom of the
Figure 2. Two survey lines, with one survey | area is give_n in Figure 4, clearly dis_playing
depicted using a grey coloscale. The overlap the dynamics of the seabed profile. The
visible from the transparency of both layers. migration (horizontal displacement) of the
peaks is shown in Figure 3b. It appears that
éocally relatively high migration rates are
visible, and that there is no clear trend in
direction visible along the survey area. The
average migration for the whole area is 0.5
m/year, with a standard deviation of 9
m/year, which is again a clear indication of
éhe high variation in migration over the area.
Compared to literature, the absolute
migration rates at some locations are high.
This is supported by the shape of the sand
waves (see Figure 4), which are highly
. asymmetrical, indicating migration in the
Analogous to van Dik et al (2008), we gjrection of the steep slope. However, the
applied a lowpass filter to separate high migration rates may also arise from the
superimposed megaripples from the sandyresence of lower frequencies that are not
waves. Hereto, the sand wave signal isfyly filtered out, which can be attributed to
described as a Fourier series, where th%uperimposed megaripples. As can be see
resulting (groups of) frequencies (i.e. from the first peak in Figure 4, the peak
wavenumbers) can be attributed to a differentyetection suggests migration in negative X-
bed form type. We have used a cut-off gjrection, whereas the remainder of the
frequency of 40 metres to separate the signalyofile indicates the opposite. This clearly
meaning that only bedforms of higher shows that the migration detection for this
wavelength are used in the analysis of sangarticular sand wave is subject to the method
wave migration. and should be treated carefully. This will be
further discussed in Section 4.
Although no overall trend in migration
For the current analysis, we have choserdirection is visible from the data in Figure 3b,
to apply the tracking of sand wave crests forthere is a relation visible with larger-scale
the determination of sand wave migration. Tobathymetry. Here, the black line denotes the
determine the peaks in the dataset, we appliedmoothed bed profile of the area, of which the
thefindpeaksunction from the Matlab 2023 local slope is calculated for the peak
Signal Processing Toolbox. It uses thelocations. To highlight this relation, these
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to acquire the coordinates of the profile line.
The second is to a resolution of 1 m, since th
data along the profile line had a varying
resolution due to the slightly varying

orientation of the survey area. The constan
resolution was needed for the correct
application of the lowpass filter. Moreover,

some datapoints were missing as at som
locations the profile line did not fully overlap

with the survey lines.

2.2.2 Separating megaripples

2.2.3 Determination of peaks



Marine and River Dune Dynamics — MARID VII — 3-5iAp023 - Rennes, France

-20

%]
=

Cepth [m)

=
=

Profile 2 » Peaks P1 ¢  Paaks P2
I

tn
=

[
=

—
=
R
o

Migration [miy]
[ |

[
=
Depth (smoothed) [m]

-35
10
-40
20 i i i i i i
10 20 a0 40 &0 &0 70 &0

FPosition [km)

Figure 3. Top: Analysed profile line with their seted peaks. Bottom: the bars denote the migrgtiorizontal
displacement) of the peaks. The red crosses datigteaks, as some of the peaks did not displayngigyation. The
black lineis the smoothed profile used to isolate the undteglyopography

slopes are plotted as a function of thewhereas from 3D analysis this is known to be
migration rates of the peaks. Although theremore oblique to the sand bank crest.

is a large scatter present in the data, a

negative relation is V|S|ple .betwee.n 4 DISCUSSION

background slope and migration. This
observation is related to the bidirectional We have presented a unique dataset
migration over sand waves (e.g. Zhou et al,containing bathymetric data of high

2021, van der Meijden et al, 2023). Note thatresolution in both time and space. Such a
in this 2D analysis this appears to bedataset allows for analysis of the episodical
migration towards the sand bank crest,nature of sand wave migration, caused by e.g.
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presence of smaller features on top of the
sand wave may influence the detection of the
crest in a negative manner. Using a higher
cut-off frequency in the Fourier analysis does
not lead to improved results, and may even
affect the frequency on which sand waves
appear. Other methods that have been tested
are a Butterworth filter (see also van Dijk et
al, 2008) and fitting a higher order polyline

5 o E— - through the data. All these methods did not
== == lead to improved results. Another potential
10t : .
improvement could be to apply these filters
15| on subsets of the data, where the subsets
. . . . . would be selected based on sand waves of
'2%_3 02 01 0 04 02 comparable morphometric properties, similar

to the procedure in van der Meijden et al
(2023). Especially in case of analysing the
Figure 5. Slope of background topography versus  survey lines with shorter time intervals, it is
sand wave migration. required to decrease the error margin in the

storm events. In this work the two surveys Methodology as much as possible, as the
lines with the largest temporal overlap have&XPected migration rates will also decrease.
been used, and they clearly show the The potential presence of superimposed
dynamics of the seabed. Even on such a shoftPPIes on sand waves is something which is
interval the migration rates are significant, Widely known, and has been discussed in
highlighting the need for high temporal literature on multiple occasions (e.g. van Dijk
analysis. et al, 2005, Damveld et al, 2018). The latter
No clear trend in migration direction and €ven highlighted the spatial dependence of
rate could be determined along the profile.these megaripples over sand waves, although
However, the high variation of these this was only for a single sand wave and they
indicators suggests that the migration isfocussed only on crest versus trough. In the
(partly) caused by an infrequent (strength,data presented in this work these meganpples
location, duration) forcing mechanism. &€ shown to be present on a much wider
Further analysis of data with smaller Sc@le, i.e. on nearly all sand waves in the 280
temporal overlap, and correlating thesekM survey area. In particular, they
results to local wave data should reveal theconsistently occur on the stoss slope,
actual cause for these dynamics. Anothetvhereas the lee slope is much smoother. As
indicator which should also be analysed is thePOinted out by Damveld et al (2018), it is
shape of the sand wave, which is know to bémportant to include such insights in
influenced by storms (van Dijk et al, 2005). morphodynamic models predicting sand
For this at least the troughs locations shouldv@ve dynamics, as these imply a strong
be determined as well, although aspatlally.vary'lng. form roughness, whlch, in
combination with a spatial cross correlation turn, will - significantly  affect = sediment
method (e.g. Duffy and Hughes-Clarke transport predlctlons._ Suppqrtlng '[hIS'
(2005)) may yield even better results, as theStatement on a r_nuch Wl_der spatial scale, this
whole profile is used in the analysis. work once again highlights the need for
Another advantage of using spatial crossincluding  spatially ~ varying  roughness
correlation, is that the effects of noise from €léments in sand wave modelling studies.
smaller scale bed forms, such as megaripples,
may be suppressed. As shown in Figure 4, the

Slope [%]
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Duffy, G. P., & Hughes-Clarke, J. E. (2005).
5 CONCLUSIONS Application of spatial cross correlation to detesnti
. ) of migration of submarine sand dunes. Journal of
In this work we have shown the potential ~ Geophysical Research: Earth Surface, 110(F4).
of high temporal and spatial bathymetric data  doi:10.1029/2004JF000192
to be used for the detection of sand WaveVan der Meijden, R., Damveld, J. H., Ecclestone, D.

migration on short timescales. Overall the W- Van der Werf, J. J., & Roos, P. C. (2023).
Shelf-wide analyses of sand wave migration using

data reveals _a IOV_V av_erage migration an_d N0 Gis: A case study on the Netherlands Continental
clear trend in direction, but locally high Shelf. Geomorphology, 424, 108559.
variations are observed.  Moreover, doi:10.1016/j.geomorph.2022.108559

bidirectional migration is visible on all sand Zhou, J., Wu, Z., Zhao, D., Guan, W., Cao, Z., &
banks. Wang, M. (2022). Effect of topographic

: : : background on sand wave migration on the eastern
The high spatial resomtlon also reyeals the Taiwgn Banks. Geomorpholgogy, 398, 108030.
presence of megaripples on practically all doi:10.1016/j.geomorph.2021.108030
stoss slopes of the sand waves, in contrast to
the smooth lee slopes. This emphasize the
importance of resolving spatially varying
roughness elements in morphodynamic sand
wave models.

6 ACKNOWLEDGEMENTS

This work is part of the Footprint project,
funded by the Dutch Research Council
Science (NWO). We would also like to thank
Noortje ten Broeke of the Dutch
Hydrographic Service, who prepared and
provided the raw data.

7 REFERENCES

Campmans, G. H. P., Roos, P. C., de Vriend, K& J.,
Hulscher, S. J. M. H. (2018). The influence of
storms on sand wave evolution: a nonlinear
idealized modeling approach. Journal of
Geophysical Research: Earth Surface.
doi:10.1029/2018JF004616

Damveld, J. H., van der Reijden, K. J., Cheng, C.,
Koop, L., Haaksma, L. R., Walsh, C. A. J,
Soetaert, K., Borsje, B. W., Govers, L. L., Roos, P
C., OIff, H., & Hulscher, S. J. M. H. (2018). Video
Transects Reveal That Tidal Sand Waves Affect
the Spatial Distribution of Benthic Organisms and
Sand Ripples. Geophysical Research Letters,
45(21), 11837-11846. doi:10.1029/2018gl079858

van Dijk, T. A. G. P., & Kleinhans, M. G. (2005).
Processes controlling the dynamics of compound
sand waves in the North Sea, Netherlands. Journal
of Geophysical Research: Earth Surface.
doi:10.1029/2004JF000173

van Dijk, T. A. G. P., Lindenbergh, R. C., & Egtsert
P. J. P. (2008). Separating bathymetric data
representing multiscale rhythmic bed forms: A
geostatistical and spectral method compared.
Journal of Geophysical Research: Earth Surface,
113(F4). doi:10.1029/2007JF000950

80



Marine and River Dune Dynamics — MARID VII — 3-5iAP023 - Rennes, France
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Rub’Al Khali sand sea)
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ABSTRACT: Aeolian unet are bedforms cgreat scientific interest because their morpholaic
characteristics (e.g. shape, size, spatial orgaoidadepend on the physical characteristics dhe
moving fluid (e.g. velocity, direction of movementscosity), ii) the available sedimentary stoclg(e
density, shape, grain size). Mapping and morphaoomatralysis of these bedforms can provide elements
to understand their formation processes. We deeedl@omapping protocol based on a Deep Learning
approach and automatic tools to digitize theirinattnd mean crestline. The protocol shows thétyabil
to produce a large numerical database of a duit (Beg. Rub’Al Khali) that can be used to analyse
several form parameters.

terrain models are used to estimate and map
1 INTRODUCTION .the eyolgtion of dunes on Iarge-scqle
investigations. A large-scale dune mapping

The surface of some planet's presentwould provide a digital atlas to characterize
abundant periodic topographic forms atvariable sand dune morphologies that are
different scales (mm- km) in different crucial indicators of complex and evolving
environments called bedforms. Thesewind processes. In this work, we propose an
bedforms develop at the interface betweenmautomatic method of aeolian dunes mapping
the moving fluid and a deformable and/or from DEM based on a Deep Learning
erodible material. The aeolian bedforms approach which allows an instantaneous,
result from wind action mainly in deserts, massive and integrated extraction of several
coastal areas (Pye and Tsoar, 2009; Zheng gfeometrical properties of each dune - from
al., 2022). Sand dunes correspond to a majometric to regional scale.
bedforms type in aeolian systems and play an The prevailing strategy is to extract the
important role in understanding how aeolianResidual Relief (RR, Hillier and Smith,
environments evolve. They are described ag008) in order to delete the regional
aeolian sand mounds or ridges that existopographic trend and map the different dune
independently of surrounding topography generations. Secondly, an unsupervised
whether slipfaces are visible or not (Bagnold, pixel-based classificator (Deep Learning — U-
1974). Net (Shumack et al., 2020)) trained with RR

Generally, the dunes are grouped in fieldsamples of different dune forms is used to
and sand seas. Their morphologicaldetect and map dunes independently of the
characteristics (e.g. shape, size, spatiabedrock. Finally, the crestline of the sand
organization) play a critical role in dunes is skeletonized from the identification
understanding how aeolian environmentsof high inflection point of the dunes with a
evolve and interact with global changes Volumetric Obscurance approach (Rolland et
(Thomas and Wiggs, 2008; Zheng et al.,al., 2022). The complex morphologies with
2022).

The wide spatio-temporal coverage of
satellite imagery and high-resolution digital
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various forms are individualized according to A
the neighborhood relationships of the dune . / buNE sHape
forms and crest. BT

To illustrate the method performance, the . )
protocol is applied on a part of the Rub’Al a4
Khali (660,000 km?2) sand sea to map the
various dune forms and extracts their
crestlines. Then, we use this large digital
database to illustrate an example of p
morphometric application by calculating g ™\,
basic geometrical properties (length, width, & :
height of dunes and crestlines orientation). Y ey

RESOLUTION,
2
)
~
3
&
w
@«

DUNE MEAN CREST
HIGH INFLECTION

B POINT

ELEVATION,
||

2 NUMERICAL DUNE DEFINITION 4 r—

Sand seas are the fullest expression offigure 1. Dune definition. A. Naturalist represeiota
aeolians landscapes, being defined by £f dunfa based on ngnold (1974) descriptions. B.
variety of shapes in which sand grains havel\lumerlcal representatlpn of a dune on a DEM as a 3D
accumulated by wind to make sand mound edforms defl_ned as high (dune crest) and low (dune
called “dunes” (Livingstone and Warren, shape) inflection points.

2019; Lorenz and Zimbelman, 2014). The

overall forms of dunes depends on the wind3 MAPPING PROTOCOL

speed in the area, the duration of sand-

transporting winds, the direction of the wind 3.1 Extracting and sampling Residual

speed, the duration of sand-transportingRelief

winds, the direction of the winds and their  pyne fields and sand seas show
variability (Blumberg, 2006; McKee, 1979). superimposed generations of dunes (m to km-

Many freely available land surface remote scale) producing complex topographic signal
sensing data provide a large dataset of highen DEMs (Fig.2). Each dune scale patterns
resolution imagery and digital elevation can be examined independently if the
models (DEMSs). These latter are widely usedtopographic  signal is  disentangled
for aeolian systems investigation because of (Hugenholtz and Barchyn, 2010).

i) their large spatial coverage (covering all

major dune fields in the world) and ii) their  **
always increasing spatial resolution s
(Hugenholtz and Barchyn, 2010). Dunes can & «
be interpreted on DEMs as three-dimensional £ ,
bedforms characterized by high inflection :
points (dune crests) and low inflection points ~
(dune base — dune shape) whether theil ;
slipfaces are visible or not (Fig.1). s w0 ww  ww o mw0 o

Horizontal distance (m)

Figure 2. An example of Residual Relief separation
showing discrimination of different dune generasion
The original surface (black line), the Residuali&el
of the medium-scale dunes (dotted black line), thrd
Residual Relief of small-scale dunes (grey line)
(Hugenholtz and Barchyn, 2010).
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Our strategy is to separate and isolate thdOEM is predicted and assigned by a “dune”
different dune scales in order to highlight the class (Fig.3C).
aeolian dune patterns in dune field. For this,
we calculated the Residual Relief (Hiller and [ A RSN
Smith, 2008) on 100 training samples that are \
then used as learning data to map the dun
shapes. Each sample represent a DEM ol
which dunes are identified (Fig.3A). These
samples are selected from four arid regions

and Cove_r a large rang_e of dune types Figure 3. An example of mapping after the
(barchanoid, SFar’_ dome, linear and COn"ple)ﬂ.msupervised classificator training on a DEM sample
dunes). For this first development, we havep Rresidual Relief. B. “Dune” ground truth mask
avoided dune classifications to simplify manually digitised and used for the unsupervised
mapping and interpretation. Dunes outlinesciassificator training. C. Output map after model
were digitized manually on a GIS software calculation. The white area corresponds to
and labelled as “ground truth” for the next automatically mapped dunes.

step (Fig.3B).

- _ The accuracy assessment of our mapping
3.2 Forms dunes recognition with Deep model is performed on 20% of the training
Learning samples randomly selected as a validation

In this step, we used a Deep Learning_SUbset- After the I_earning,the mapping mo_del
algorithm as an unsupervised pixel-basedS evaluated with the classical metric:
classificator to form a mapping model of the Precision, recall and quality (Bianchi et al.,
aeolian dunes shape (Shumack et al., 2020).2021; Lewington et al., 2019; Telfer et al,,

All 100 residual relief samples from the 2015). These metric equations are based on
DEMSs were used by the algorithm as trainingthe overlap predlctlor) Qf the validation subset
data. First, the pixels DEM are convolved. At compared to the training manual map used
each convolution, for each DEM pixel that is like “ground truth”.
located in a sliding matrix or kernel, the pixel
values are multiplied by the kernel values.
The sum of the matrices products generates The crestlines extraction is based on the
an image of smaller dimension for which the Volumetric Obscurance algorithm (Rolland
maximum pixel values contained in the et al.,, 2022). The tool calculates for each
ground truth mask labelled are considered apixel on a DEM the ratio between the volume
“dune”. below and above the topography in a sphere

After the convolution, a max-pooling of a given radius centred at a given point of
operation is used to retain the maximumthe topographic surface (Rolland et al.,
values associated with the pixel labeled as2022). This process amplifies the pixel values
“dune”. All max pooling operations are on a DEM. Thus, the high inflection point
subsequently reversed by a series ofpixels as being associated at the crestlines are
transposed convolutions, ending with anaccentuated favoring their recognition.
image matching the original input size  The output raster is reduced to a branched
(Ronneberger et al., 2015; Shumack et al.skeleton from the identification and
2020). Lastly, the different convolutional digitization of high inflection points
steps are concatened and subject to moreorresponding at the crests. The main
convolutions. The last step consists to use awmrestline of the dunes is obtained from an
activation function allowing to create a automated analysis of branches connectivity
mapping model in which, each pixel of each bedforms crestlines. The algorithm
corresponding to the dunes on an analyzedssigns a connection type and length class to

3.3 Crest dunes skeletonization
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the segments and by iteration, removes the The different automated steps are applied
loops and keeps the longest segment tmn the DEM of the Rub’Al Khali and a map
digitize the longest crestline pathway, hereof the different dune forms and generation is
considered as the main crestline. produced (Fig.5A). More than 78,000 dunes
Finally, we used the mapped crestlines toand crestlines are mapped in 6 hours of
refine dune contours where dunes areprocessing. The aeolian morphologies
adjacent to one another. First, we consideautomatically mapped represents a covered
each main crestline as belonging to asand surface of 58,000 km? (Fig.5B).
morphology. Then, we used a seed region To demonstrate the model performance
growing algorithm which from the dune and applicability of the protocol in the
crestlines, generates borders andanalysis of the pattern’s geometry at a field
individualizes the dunes. scale, we calculated for each dune their

, length, width, height and the median
4 RUB'AL KHALI APPLICATION orientation of their main crestline (Fig.5C).

The unsupervised classificator is trained The morphometric analysis reveals a
on a set of 100 DEM samples with dunes.spatial variability of these parameters that
After the training, the mapping model is quantify the diversity of the shapes at the
assessed from 20% of the samples andield scale. This tool also provides an
reaches 92% of precision, 87% of recall andorientation estimate of the main crestlines
70% of mapping quality. The mapping model WhICh iS_ related to the degree of dune
of the dunes outline reveals a goodOrganization.
performance and allows us to apply the
protocol on eastern part of the Rub’Al Khali ﬂ
desert. This area is chosen because of its sa
dunes diversity whose distribution and spatia|
variability (Fig.4A, B) at different scales of
observation (Fig.4C) illustrate a variation of
the wind regimes and the sand availability.

Houne

< 40m

Figure 4. The spatial variability and the different ~ Figure 5. Part of the Rub’Al Khali dunes map
dune scales on the Rub’Al Khali desert (Abdallati an Produced by the automated protocol. A. Rub’Al Khali
Kumar, 2011; McKee, 1979). A. Linear dunes defined DEM and a barchan dune focus (on the right). B.
as a “compound dunes”. B. Barchanoid dunes. C. AnExample of the automated mapping. The grey shapes

examp|e of the second dune generation Superimposeare individualized dunes. The black lines are their
on the larger dunes. mean crest. C. Spatial variability of the dune heig

(color gradient) and the crest orientation (blank).
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Networks. IEEE J. Sel. Top. Appl. Earth Obs.
5 CONCLUSION Remote Sens. 14, 75-82.

. ) . https://doi.org/10.1109/JSTARS.2020.3036914
This work presents a semi-automatic giumperg, D.G., 2006. Analysis of large aeolian

protocol to extract the aeolian dunes and their  (wind-blown) bedforms using the Shuttle Radar
morphological characteristics from a DEM.  Topography Mission (SRTM) digital elevation
The different numerical steps allow to gglt:;_ //(I:T(irgfg;/elosl%nlsé ; rES’;V'ngg-S 1%)0&1179‘189-
separate the dune §ca|es, digitize the .duneélennie, KW. 1970. Desert Sedimentary
Sh_ape and 5ke'_et0n|ze th_e mean Cr_estllne bY Environments. Elsevier Publishing Company.
using the Residual Relief extraction, the Hiller, J.K., Smith, M., 2008. Residual relief
training and using of an unsupervised separation: digital elevation model enhancement
classificator (Deep Learning — U-Net) and the ~ for geomorphological mapping. Earth = Surf.

. Process. Landf. 33, 2266-2276.
Volumetric Obscurance approach https://doi.org/10.1002/esp.1659

respectively. Hugenholtz, C.H., Barchyn, T.E., 2010. Spatial

This protocol reveals good performance to  analysis of sand dunes with a new global
map various and complex dune forms. This topographic dataset: new approaches and
work is an original production that completes opportunities. Earth Surf. Process. Landf. 35, 986—

atlases of this region present in the Iiteraturq_e\,a?é'tct]rt]t'osé//fI c,z/'l'orgl_/i%/?ﬁég?ozr{fp'sz 313 Sole. AJ

which _i”UStr?‘te the morphological_ Clark, C.D., Ng, F.S.L., 2019. An automated
boundaries defined by the aerial and satellite  method for mapping  geomorphological
images interpretation (Abdallah and Kumar, expressions of former subglacial meltwater

2011; Barth, 2001; Glennie, 1970; McKee, Pathways (hummock = corridors) from nhigh
1979) resolution digital elevation data. Geomorphology

339, 70-86.
Finally, this work demonstrates the ability  hips://doi.org/10.1016/j.geomorph.2019.04.013
to produce quickly and accurately a largeLivingstone, I, Warren, A., 2019. Aeolian
numerical database that can be used to study Geomorphology: A New Introduction. John Wiley
the dune geometry on a field scale that &sSons.

reflects spatial variations in wind dynamics Lorenz, R.D., Zimbelman, J.R., 2014. Dune Worlds,

) ) Springer Berlin, Heidelberg. ed. Springer Praxis
and sediment routing. Books.
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ABSTRACT: Bedform geometry in sand-bedded rivers is traditionally predicted with empirical
equations, using reach-scale river characteristics as input parameters. Especially in the fluvial-to-tidal
transition zone (FTTZ), where river discharge and tidal currents drive the flow, this is an inappropriate
simplification. To understand variability in bedform geometry in the FTTZ, we assess the spatial
variability of dunes in the Fraser River (Canada) and their relation to modelled flow characteristics.

Dune symmetry and aspect ratio increase in downstream direction, which is correlated with the
increasing time and strength of flow reversal. However, predicting dune height in the FTTZ using tidally-
averaged shear stresses resulted in an underestimation of dune height upstream (>40km from the river
mouth), and an overestimation downstream. Using maximum shear stresses, only slightly overpredicted
the dune height. Nevertheless, local variability could not be captured with any of these methods, which
highlights the need for a new bedform predictor in tidal rivers.

these equations are often made in regions

1 INTRODUCTION

An estimation of bedform geometry is
important ~ for  hydraulic = roughness
determination, navigable channel depth and
sedimentary record interpretation. Bedform
geometry and occurrence in sand-bedded
rivers is traditionally predicted with phase
diagrams and empirical equations, using
reach-scale river characteristic (e.g., bed
slope, water depth, grain size) as input
parameters. Field observations supporting

where bedform fields are known to be present
and are spatially uniform. Furthermore, in
flow and sediment transport models,
bedforms are often assumed to be spatially
homogeneous and the resulting hydraulic
roughness is therefore assumed to be quasi
steady and uniform across the river, such that
these empirical relations can be employed.
However recent research has shown
significant local spatiotemporal variation in
dune height (Bradley et al., 2017) and
geometry (Murphy et al., in progress),
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limiting the validity of this assumption. To ~ dominated by tidal and coastal processes
enable the prediction of dune geometry, its (Phillips et al., 2022). Dunes in the FTTZ are
spatial variability needs to be better often believed to decrease in size in
understood. downstream direction, which is then related

Especially in the fluvial-to-tidal transition ~ to the downstream fining and shallowing of
zone (FTTZ), variation in flow velocity occur ~ the channel. However, Lefebvre et al. (2021)
in shorter time frames than in rivers. The  and Prokocki et al. (2022) recognize various
FTTZ can be defined as the part of the river =~ bedform geometries, shapes and 3D
that is upstream fully dominated by fluvial  planforms across the FTTZ. Neither of those
processes, to the downstream estuary fully  researchers included cross-sectional
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variability in their work, and did not link their
findings to the local hydrodynamical
conditions. Therefore, to understand bedform
geometry and variability in the FTTZ, we
assess the spatial variability of dunes from
multibeam bathymetric surveys and their
relation to flow characteristics, using a 2D
hydrodynamic model of a sand-bedded
lowland river (Fraser River, Canada).

2 METHODS

Field data

Bathymetric field data was collected in the
fluvial to tidal transition zone of the Fraser
river (Figure 1) which was used to determine
river and dune geometry. A Multibeam
echosounder (MBES) was employed to
collect riverbed data, and this data is provided
by the Public Works and Government
Services, Canada. The measured bathymetry
comprises of data of the main channel
between river kilometer -1 to 85 and covers
the fairway of the river, but does not provide
full bank-to-bank spatial coverage. Data were
collected during base flow conditions in
January, February and March 2021. MBES
data is gridded onto a 1x1 m? grid.

Hydraulic model

A 2DH hydraulic model was set up in
Delft3D Flexible Mesh (FM) model suite
(Kernkamp et al., 2011). It calculates depth-
averaged quantities based on the two-
dimensional shallow water equation. The
numerical domain covers the Fraser river
from 81 km upstream, to the part where the
offshore region of the strait of Georgia
reaches a significant depth (>200 m).
Bathymetry for the main channel is
interpolated on an unstructured curvilinear
grid system. The imposed upstream boundary
conditions include measured discharge of
2018 at Mission (RK 81), and discharge at the
confluences of Pitt River (RK 45) and Stave
river (RK 74). At the downstream boundary,
tidally-influenced water levels are imposed.
Eight primary tidal constituents, the most
important overtide (M4) and compound tides

are determined via the Delft Dashboard
toolbox (van Ormondt et al., 2020) using the
TPXO08.0 database (Egbert & Erofeeva,
2002). The model was calibrated for low
discharge by applying different Manning
roughness coefficients and evaluating the
resulting water levels and tidal amplitudes of
the M2, M4 and K1 tide at 7 gauging stations.
The best performing model had a uniform
Manning’s coefficient (roughness) of 0.026
m.

Data analysis

Bathymetry was analyzed to derive dune
characteristics. Three longitudinal profiles
were taken, along the center line and at
approximately 80 m from the north and south
bank. Additionally, in three focus areas
(Figure 1), a longitudinal profile was taken
every 10 meters. Bedform characteristics
were determined by using a Bedform
Tracking Tool (van der Mark et al., 2008).

River geometry was parametrized by river
width, curvature (de Ruijsscher et al., 2020),
transverse bed slope (de Lange et al., 2021)
and excess depth (Vermeulen et al., 2014).

To get insight in the flow conditions, flow
magnitude, direction, water depth and bed
shear stress per grid cell was saved every ten
minutes. A Godin filter (Godin, 1972) was
used to calculate the tidally averaged values
of flow velocity and shear stress during low
discharge. The Godin filter removes the tidal
and higher frequency signals to obtain a
residual signal caused by the river flow.

Based on the modelled flow data, dune
height was predicted using the widely
accepted dune geometry predictor of van Rijn
(1984):

A= 011h (@)M (1-e™5T)(25 - T)
h

In which h = water depth (m), Dso =
median grain size (m) and transport stage T.

See van Rijn (1984) for details on calculation
of T.
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3 RESULTS AND DISCUSSION

Characteristics of FTTZ

The study reach is located fully in the
FTTZ, where both the river discharge and the
tidal current influence the water levels. In
upstream  direction, water levels are
decreasingly influenced by tidal motion.
Figure 2 indicates the decreasing amount of
upstream directed shear stress when in
upstream direction. This is tightly connected
to decrease in the amount of time that the
flow is reversed (decreasing from 40% to
10% of the time in 80 km).

Geometrically, the river does not show
trends in longitudinal direction in width,
curvature, transverse-bed slope or depth
excess. The water depth increases in
downstream direction.

The main channel of the Fraser riverbed
consists of sand (Dso= 351 um) and is well
sorted. There is a minor trend of downstream
fining in the lower 50 km of the river, (1.14
um/km), resulting in a decrease in Dso
approximately 100 pm over this reach.
Additionally, gravel and clay patches are
present in the outer banks of the river.

Dune geometry

Dune geometry along the river Fraser
varies largely (Figure 3) and the dune
covered part of the bed is characterized by
dunes with heights up to 2.4 m (mean: 0.46,
median: 0.39 m, std: 0.28 m) and lengths up
to 194 m (mean: 24 m, median: 16, std: 22
m). Patterns in dune geometry can be
observed, where certain areas contain
relatively low and short dunes, while others
show increasing or decreasing dune heights
and lengths. Those patterns are not consistent
over the whole river width, and where
relatively large dunes prevail on one part of
the river (e.g. north side), dunes can be small
on the other parts (see for example around
RK 68). The cross-sectional variation
(expressed as the standard deviation) in dune
height and length is about twice as high as the
variation along the longitudinal direction.

Dune shape

The gradual decrease in tidal amplitude is
not reflected in the primary geometrical
components dune height and dune length, but
the tidal currents do influence dune shape.
We observe the dune crests become sharper,
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Figure 2. ‘flow’ roses, indicating the amount of shear stress that is directed either land outwards (left) or
inwards (right). The amount of inward directed shear stress decreases in upstream direction. RK = river
kilometer.
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which is also observed in Lefebvre et al.
(2021). Additionally, the aspect ratio (L/ H)
of dunes increases in downstream direction,
indicating dunes becoming flatter (lower and
longer) (Figure 4A). Finally, dunes become
more symmetrical indicated by the decrease
in the ratio between leeside angle and stoss
side angle (Figure 4C). Both the aspect ratio
and the LSA/SSA-ratio can be linearly
related to flow-reversal time (Figure 4B, D).

Dune geometry prediction

To be able to apply the predictor of van
Rijn (1984) to the Fraser river, the input

north bank

s

e .
G

values need to be parameterized by either
taking tidally-averaged or maximum values.
Doing so, we are able to apply this predictor
using more localized, modelled, values
instead of reach-averaged estimations.

Using tidally-averaged shear stresses to
predict dune height in the FTTZ, the predictor
performs relatively well when all data is
reached-averaged. However spatially, the
predictor underestimates the dune height
upstream (>40 km from the river mouth), and
overestimates this downstream (<40 km)
(Figure 5A). The underestimation of dune
height upstream could be attributed to the

e
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Figure 4. Dune geometry. a, b, ¢) Dune height A (black) and dune length A (blue) through-out the research

area. Human-made structures, dredging marks, confluences, bifurcations and bars, focus areas, and zones with no

data are indicated (see legend).

®  North bank
@  Thalweg
i South bank 3
< &
0] it i
war ., o S 2 -
< N -..{. ; i ¢ ST N
B EE W, I R e O T i :
1 WL T L =75 o 1
0 1 1 1 1 Il 1 1 D
] 10 20 30 40 50 60 70 &0 0 10 20 a0 40
400 - — — 400
300 : . o
200
- ) . 100
P e e " .
) - il ~ﬁf‘.‘-"".‘—-; 18, ;..u-"""
0 I I I I | ) I 0 s :
o 10 20 30 40 50 a0 70 80 0 10 20 30 40

chainage (km)

oy
tou (%)

Figure 3. Dune shape. a) dune symmetry (leeside angle / stoss side angle) throughout the research area. c)
aspect ratio (dune length / dune height) throughout the research area. b and d) symmetry and aspect ratio
against percentage of time that the flow is reversed.
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dune still adjusting to the previous high-
water wave. The overestimation of dune
height downstream, in the more tidally-
dominated regime, is caused by the increase
in water level downstream. The increase in
water level is reflected by an increase in
predicted dune height, but this response is not
observed in our data. Most likely this can be
attributed to the increase in tidal influence. T
be able to apply current bedform predictors to
tidal rivers, they should be adapted for tidal
influence.  Additionally, applying the
predictor of van Rijn (1984) using the
maximum values as parameterization for the
shear stress, improves the spatial predictive
capacity significantly, and mean dune height
is slightly overpredicted with 0.16 m (~30%)
along the whole reach (Figure 5B). Local
variability cannot be captured in any of these
methods, indicated by high RMSE values of
0.41 m for both methods. This stresses the
need for more studies on localized bedform
variability in the FTTZ.

4 CONCLUSIONS

Based on multibeam bathymetric data
and a 2D hydrodynamic model of the FTTZ
of the lowland, sand-bedded reach of the
Fraser River, Canada, we can conclude that:

Opposing the common assumption that
dunes fade out towards the sea, dunes
persist throughout the whole FTTZ.

Downstream fining exists, but is irrelevant
for dune height and length.

There is a systematic change in dune
shape, but not in dune height or length.

Cross-sectional  variability in  dune
geometry is twice as large as longitudinal
variability.

Dune geometry predictors based on
tidally-averaged shear stress, overestimate
dune height in the seaward part of the
FTTZ.

Intrinsic  variability of dune height
prevents dune predictors to function well
on local scale.
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Figure 5. Measured minus predicted dune height, parametrized by a) tidally-averaged shear stress and b) maximum

shear stress.
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ABSTRACT: Subaqueous geometric bedform properties such as height, length and leeside angle are
crucial in determining hydraulic form roughness and interpreting sedimentary records. Traditionally,
bedform existence and geometry are predicted with phase diagrams and empirical equations, which are
mostly based on uniform, cohesionless sediments. However, mixtures of sand, silt and clay are common
in deltas, estuaries, and lowland rivers where bedforms are ubiquitous. Here, we test the influence of silt
in sand-silt mixtures on bedform geometry, based on laboratory experiments conducted in a recirculating
flume. Sand and silt content were systematically varied for various discharges. The results indicate that
both fine (17 pum) and coarse silt (40 um) do not stabilize the bed. Primary bedform height increases
with decreasing sediment size of sandy mixtures, while the bedform height decreases with decreasing
sediment size of silty mixtures, but both trends are minor. Additionally, a gradual transition from ripples
to dunes is observed, and both scales can co-exist.

may decrease when clay (<4um) is present
(Schindler et al. 2015), and when high

I INTRODUCTION suspended sediment concentrations (SSCs)

Estimating bedform geometry is important
for hydraulic roughness determination,
fairway depth maintenance and sedimentary
record interpretation. Bedform geometry and
existence in  sand-bedded rivers is
traditionally predicted with phase diagrams
and empirical equations. However, most
phase diagrams and empirical equations are
based on uniform, cohesionless sediments
(Yalin, 1964; van Rijn, 1984; Parsons et al.,
2016; Wu et al., 2021), while mixtures of
cohesionless sand, physically cohesive mud,
and benthic organisms are common in many
coastal, deltas, estuaries, and lowland rivers

(Manning et al., 2010; Parsons et al., 2016;
Schindler et al., 2015). Bedform dimensions

suppress bedform growth (Ma et al., 2020).
Non-cohesive silt (~30 - 63um) is mainly
transported in suspension and is therefore
expected to limit bedform height and length.
Additionally, the experiments of Bartzke et
al. (2013) and Yao et al. (2022) demonstrate
that silt could stabilize the bed because it fills
the space in between the coarse sand
particles. Consequently, the silt particles
block the flow through the sediment bed and
thus decrease the permeability. Weakly-
cohesive silt (4-~30um) is expected to limit
bedform development similar to clay.
Evidently, it is unknown what the exact
influence of silt on bedform dimensions is.
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Here, we test the influence of silt in sand-
silt mixtures on bedform geometry, based on
laboratory experiments conducted in a
recirculating, tilted flume, in the Kraijenhoff
van de Leur Laboratory for Water and
Sediment Dynamics at  Wageningen
University & Research. We seek a relation
between bedform geometry and silt content in
the riverbed, bed shear stress and suspended

sediment  concentration  (SSC). We
hypothesize that with increasing silt
concentration, SSC increases and the

hydraulic roughness decreases, resulting in a
decrease in bedform height and length. With
this analysis we aim to quantify the influence
of fine-grained bed sediment on bedform
geometry.

2 METHODS

2.1 Experimental setup

The experiments were conducted in a
tilting flume with recirculation facilities for
both water and sediment in the Kraijenhoff
van de Leur Laboratory for Water and
Sediment Dynamics from Wageningen
University and Research (Figure 1 and 2).
The flume has an internal width of 1.20 m,
length of 14.4 m, and height of 0.5 m. A
diffuser at the upstream part made sure that
the inflow was distributed over the entire
width of the flume. The diffuser was followed
by a stacked pile of PVC tubes that serve as a
laminator, suppressing turbulence. At the end

PVC tubes

of the flume, a funnel was connected to the
reservoir to make sure that bed transport was
recirculated and did not deposit in front of the
weir.

A sediment bed of 10 cm was applied,
which consisted of a manually mixed
combination of two grain sizes: a base
sediment of medium sand (270 um), mixed
with fine sand (180 pm), coarse silt (40 pum)
or fine silt (17 wm) (Table 1). Experimental
runs were performed for different discharges
(45, 80 and 100 L/s), to be able to distinguish
the effect of transport stages, corresponding
with an average flow velocity of 0.38, 0.67
and 0.83 m/s respectively. The flow depth
was set to 15 cm measured from the initial
flat sediment bed, and the water depth was
kept the same for the different discharges by
adjusting the weir height. The slope was set
to 0.01 m/m.

Figure 1. Picture of the inflow of the flume.

To ensure equilibrium bedform conditions,
experiments were ran for 10, 5 and 3 hours

i

A

(0.25 m)
A

Water inflow (0.5m) ©.15m) Flow direction
'(0.10 m) Sediment bed
« Measurment area from 3 - 10 m from inflow flume > >
(14.4m)
Reservoir

Pump to recirculated water a! sediment

Figure 2. Schematic overview of the experimental set-up indicating with the following measurement instruments
i) stilling wells at 2, 11, 12.5 meters from the inflow of the flume, ii) UB-Lab-2C, iii) LISST-200X.
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for the discharges of 45, 80 and 100 L/s,
respectively.
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Figure 3. Sediment distribution of the used sediments,
measured with a Mastersizer 2000.

2.2 Instrumentation

Table 1: Bed composition (%) of the experimental
runs.

Experiment Medium Fine Cogrse Fi.ne
sand sand silt silt
Sand_1 0 100 0 0
Sand 2 18 82 0 0
Sand_3 35 65 0 0
Sand 4 49 51 0 0
Sand 5 65 35 0 0
Sand_6 100 0 0 0
CoarseSilt 1 98 0 2 0
CoarseSilt 2 95 0 5 0
CoarseSilt 3 90 0 10 0
CoarseSilt 4 80 0 20 0
CoarseSilt 5 70 0 30 0
CoarseSilt 6 50 0 50 0
FineSilt 1 98 0 0 2
FineSilt 2 96 0 0 4
FineSilt 3 91 0 0 9
FineSilt 4 77 0 0 23
FineSilt 5 70 0 0 30

During the first and last 30 minutes of a
run, a LISST-200X measured suspended
sediment concentration and grain size, and an
UB-Lab-2C measured acoustic velocity
profiles. After each experimental run, the
flume was drained slowly and a line laser
scanner measured the bed topography.

2.3 Data analysis

Based on the topographical data, five
transects were constructed with an interval of
200 mm in the crosswise direction through
the bed elevation profiles. These profiles
served as input for the bedform tracking tool
from van der Mark & Blom (2007), which
gives bedform height, length and leeside
angles based on specific span values used to
differentiate between different bedform
scales. Three bedform lengths of interest
were defined: 150 mm + 100 (hereafter
referred to as secondary bedforms), 500 mm
+ 150 (referred to as small primary bedforms)
and 1800 mm =+ 350 (referred to as large
primary bedforms).

3 RESULTS AND DISCUSSION
3.1 General bedform geometry

The general bedform pattern observed
during the experiments, could be described as
ripples during the 45 L/s experiments, mixed
or transitional bedforms during the 80 L/s
experiments, and dunes (with ripples super
imposed) or upper stage plane bed (USPB)
for experiments with 100 L/s (Figure 4).

Those three bedforms scales (ripples,
small dunes, and large dunes) can co-exists,
and can transition into each other. Traditional
bedform stage diagrams do not account for
this, and should be adjusted. Furthermore,
this observation opposes the theory of Duran
Vincent et al. (2019), who’s research showed
a scale break between ripples and dune.

Additionally, the definition of the scales
differs depending on the chosen type of
distinguishing characteristic. Scales can be
differentiated on dimension (Schindler &
Robert, 2004; Lapotre et al., 2017), steepness
(Schindler & Robert, 2004; Robert &
Uhlman, 2001), Yalin number (Lapotre et al.,
2017) and by comparison with equations
predicting bedform dimensions (Soulsby et
al., 2012). A comprehensive and all-
embracing definition is needed to
differentiate bedform scales in different
environments.
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Figure 4. Topography of the bed of the runs with only
coarse sand with the corresponding cross-section
through the middle of the profile. a) indicates the bed
geometry after the run with a discharge of 45 L/s, b)
80 L/s and ¢) 100 L/s. The dark blue lines indicate the
location of the cross-section.

3.2 Influence of sediment composition

3.1.1 Bedform height (H)

Below, we focus on the 80 L/s case. With
increasing fine sand content, the bedform
height of the secondary (ripples) and small
primary bedforms (dunes) decrease, but only
minimally. The same observation is made for
an increasing coarse silt and fine silt
concentration. (Figure 5 A-C). The trend in
decreasing ripple height with fining of the
bed, can be explained by the fact that ripples
are supposed to scale with grainsize. The
decrease in height of small dunes cannot be
directly explained, and with the current data
we can only speculate that this is due to a
transition to USPB. Additionally, the
observed bedforms seem to be clean sand

(€75 s‘ “‘;'&"f‘},‘" j!pé‘(g‘.’!‘ X
Aot 1‘.'&‘1‘1?”'2‘5!,:-{4«1 d’;

bedforms (Wu et al., 2021), in which the silt
has been washed out. The largest dune scale
was observed in the experiments with fine
sand and coarse silt, but was absent in the fine
silt experiments. We expect that the
cohesivity of the fine silt suppresses the
growth of larger bedforms. The presence of
larger dunes at runs with a high concentration
of fine sand, could be due to the higher
mobility of the sediment, enabling more
transport and therefore larger bedforms to
occur. However, during runs with coarse
silts, the larger bedforms seem to disappear if
the material fines. Either the high suspended
sediment concentration, or the increasing
stability of the bed due to silt addition, could
suppress the development of larger dunes.
These hypotheses should be verified by
studying the measured suspended sediment
and flow velocity data.

3.1.2 Bedform length (L)

In the experiments with fine sand and
coarse silt, the bedform length of all bedform
scales increases when the bed gets finer. Only
during the experiments with fine silt, the
bedform length decreases. (Figure 5 D-F).
These observations can be contributed due to
the higher mobility of the sediment during the
fine sand and coarse silt runs, moving the
bedforms towards UPSB, and the higher
cohesivity of the fine-silt bed, suppressing
this transition.

3.1.3 Bedform steepness (H/L) and leeside
angle

This increase in bedform length, in
combination with decreasing bedform height,
results in flatter bedforms (Figure G-I). This
corresponds with observations in high SSC
environments, suppressing bedform
steepness (Ma et al., 2017). Bedforms in the
fine silt environment are steeper than in the
coarse silt and fine sand experiment, and the
steepness remains constant when the bed
fines. The same trends are observed for the
mean leeside angle of the bedforms (Figure J-
L). The increased cohesion could result in
less transport, and higher angle of repose.
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Figure 5. The relation between percentage fine sand (A, D, G), percentage coarse silt (B, E, H) and fine silt
(C, F, D) in a medium sand mixture, and bedform height (A-C), length (D-F), steepness (height / length) (G-
I) and leeside angle (J-L) of the experiments performed at 80L/s.
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4 CONCLUSIONS

17 experiments were analysed with
varying percentages of fine sand or coarse silt
in the bed sediment for a discharge of 45, 80,
and 100 L/s. Next, bedform height and length
of the dunes and ripples were determined.

The addition of coarse silt effects the
bedform geometry in the same way as the
addition of fine sand does. An increase in
transport capacity leads to a decrease in dune
height and steepness, while the dune length
increases. The addition of coarse silt does
therefore not stabilize the bed, since the
grains are too large to fill up the pores of the
base material. The addition of fine silt results
in shorter, steeper dunes, possibly due to the
added cohesion of the material.

Finally, multiple scales of bedforms can
co-exist and transition into each other, which
should be implemented in bedform phase
diagrams.
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ABSTRACT: River valleys are major stores sediments anplastics, providing archives of the
accumulation. However, the temporal storage ofmsedts in river beds and the mechanisms of
deposition and accumulation of microplastics withubsurface sediments remain poorly understood.
This study aims to understand the links betweeredlymamics, spatio-temporal sediment preservation
and the patterns of microplastic accumulation i@ slubsurface. We collected short time series of
bathymetric and sub-bottom profiler data in combora with 18 vibracores in the River Waal,
Netherlands. Here, we explore linking the intesedimentary structures to their formative bedforms,
with the aim of establishing the date of formatwith bathymetric records collected over the past tw
decades. Preliminary quantification of microplastic one core reveals highest concentrations in the
active dune, but also an occurrence of microplasticunderlying dune sets. These data will permit
unprecedented insight into the development of #unsentary architecture and its influence on the
distribution of microplastics in riverine sediments

ubiquitous features in sand- and gravel-bed

rivers and are key elements in bedload

1 INTRODUCTION transport (Best, 2005; Zomer et al., 2021).

The sustainable management of lowlandUnderstanding the links between dune

rivers requires a better understanding ofdynamics and the spatio-temporal patterns of

spatio-temporal patterns of deposition andsediment preservation (or reactivation) in
erosion of river beds. River dunes are
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river beds is important to both system records. Future  quantification  and
knowledge and the sustainable use of rivers.characterisation of microplastics within the

Furthermore, river valleys are not only the preserved sediments will offer a unique
conduits through which sediments andOPPortunity to derive and explain the
plastics are transported to the ocean, but alsBrésence,  type and abundance of
are major stores for plastics. MacroplasticsTicroplastics in the sedimentary record.

have been found to accumulate in tidal river | "€S€ data will permit unprecedented insight

zones, rather than flowing out to sea (VanInto the development of the sedimentary

. . architecture and its influence on the
Emmerik, 2021) and poI.Iuterlver.banks, bedsdistribution of microplastics in riverine
and water. For microplastics, recent qoqiments.
modelling (Drummond et al.,, 2022) has
indicated long residence times of
microplastics in river beds (av. 2.5 hrs'km 2 METHODS AND DATA
to max av. 0.15 year kinfor microplastics In three areas of the River Waal,

<100 um in the.maln stems _of rvers). Netherlands (Figure 1), with varying longer-

Through hyporheic exchange (i.e., surfacéterm bed dynamics (Van Dijk et al., 2015)

water enters the river bed upstream and regnd varying grain size (Ten Brinke, 1997),

emerges at some point downstream, whilewe collected simultaneous MBES and sub-
potentially = mixing  with  upwelling bottom profiling data in time series (Table 1).

groundwater along its flow path, in which These data were combined with 18 vibracores
dunes also play an important role; e.g.down to depths of ca. 5 m.

Packman and Brooks, 2001; Frei et al., 2019)
microplastics may be incorporated into the
bed, re-entered into the water or transportec
into deeper layers (long-term burial) and into
the surrounding floodplains, thereby
affecting both riverine ecology and that in the
surroundings.

analysed using multibeam echo soundef&s A1 z
(MBES) time series, but the spatio-temporal SER=aes
sediment preservation of dune sediments ==
the subsurface remains poorly understoodFigure 1: Locations of the three survey areas @ th
Moreover, the mechanisms of deposition andRiver Waal, Netherlands (yellow). The enlarged inse
accumulation of microplastics within river Map of Area 1 shows the four survey lines. In adult

. . . one track line (red in main figure) was surveyed to
sediments ar_e_ still Iarg_ely unknown_’ SINCE ¢ 4nnect the most western Areas 1 and 2. Flow is fro
present empirical studies merely include gast to west.
water samples and bed (surface) sediments.

Vitally, observations must cover the spatial 2.1 Geophysical surveys

patterns and temporal dynamics of High-resolution MBES (for  both

microplastics as related to sedimentarypathymetry and backscatter) and sub-bottom
heterogeneity. o _ profiler data (parametric echo sounder, PES)

This paper presents a preliminary ana|y3_|5\/vere recorded simultaneously, as to
(around selected cores) of dune preservatioyuarantee their ultimate correspondence in
and micrOpIaStiCS distribution in the bed of space and time. In each area, four 7 km_long
the River Waal, a branch of the River Rhine|ines were surveyed in the navigation channel
in the Netherlands. The near-3-D dataset thaFigure 1), thus creating a near-3-D dataset,
we acquired provides a comprehensivesaiiing in the upstream direction in order to
archive of accumulation, in which times of limit the Sai"ng Speed to5 kmlmnd provide
deposition can be dated using bathymetricexcellent spatial data resolution.
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Surveys were conducted by Van den Herik Table 1: Survey overview
aboard the ‘Sprinter’, a small survey boat Areal Area?2 Area 3
equipped with RTK, GPS and motion sensor. vBES & PES
MBES data were recorded using a Teledynesi 31May 1Jur 2Jun202
RESON SeaBat T20-P at full swath (512 ¢, o 3 Jur
beams, -70/7%), 400 kHz and 50 pings’s
resulting in 50-200 observationsmSub-  SZ 21Jur 22w 23Jun 2021
bottom profiling data were recorded with an vcCs (S2) 22 Jur 23 Jul 24 Jun 202

Innomar Standard SES2000 Parametric Echo

Sounder (PES), which was linked to the on-survey S2, one day after the MBES and PES
board GPS and motion sensor (Applanix) fordata for each of the three areas (Table 1).
optimal processing. The advantages of PEXore locations were based initially on the
are that the echo sounder emits two primaryPES data from S1, to include clear internal
frequencies, thereby creating two newactive dune cross-stratification as well as
secondary frequencies (a sum [high] andsedimentary structures in the subsurface.
difference [low] frequency; Sambrook Smith \Where dune migration dictated, based on
etal., 2013), which results in a good return ofinspection of the PES data of S2 (on the same
the bed whilst preserving a good penetrationday), core locations were refined. All
at ca. 0.10 m vertical resolution. After testing vibracores penetrated to 5.9 m into the bed
for optimal settings, we used a low and high(often down into the multiple), but recovery
frequency of 8 and 100 kHz, respectively, ca.was between 3.9 and 5.5 m, due to rodding.
43 pings S (system-controlled) and we  Sediment cores were split in the laboratory
manually varied the start depth duringand described (according to NEN 5104
surveying in order to obtain the optimal guidelines), whereby grain size was
subsurface results. estimated using a comparative microscope.

Bathymetric data were gridded into 0.25 m|n addition, we made lacquer peels from the
resolution DEMs. PES data were processedtores in order to bring out sedimentary

to correct for vertical offsets, to convert to structures, such as fine lamination.
horizontal coordinates (i.s.0. pitigand to
suppress noise/to bring out reflectors, using2.3 Microplastics analyses

auto-gain, and cleaning the water column. .
g g Cores were subsampled in the laboratory

2.1.1 Data in time series (using the 100 Plastic Rivers project
laboratory protocol; UoB, 2019) throughout
Repeat =~ surveys were near-exacllyihe depth of the cores and samples were
overlapping with the navigation lines of the analysed for microplastics (< 5 mm) at the

]::'Lsrf djgtr(\elgyaft((?rlé)ll dg;seinr%zgtls(gfg) V;%S niversity of Birmingham, using'establishe.d
3 weeks after the first survey in all three area§nethOdS (Nel_et al., 2029)' First, organic
(S2; Table 1). The time in between the matter was digested (using2®k, below

surveys was based on previous analyses o#9 C) and density separation (usiAgCl. at
dune migration rates (Wilbers & Ten Brinke, 1.5 g cn?) was done to separate

2003; Van Dijk et al., unpublished), so that

dune migration between S1 and S2 would

have resulted in dune displacement of half a

wavelength of a large dune. The period of 4

days was just to be sure, in case dynamics

were higher.

2.2 Vibracores

To link PES data to sediment
characteristics, 18 vibracores were taken by
Marine Sampling Holland (MSH) during
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microplastics from the sediment and to a
reduce false positive inclusionStaining
samples with Nile Red enabled
fluorescent microscopy (lower size limit here '
is 64 um) to count and measure putative$
plastic particles. PFTIR (micrBeurier
Transform Infrared Spectroscopy) will be =t
performedon select samples (lower size limit p
is 20 um) to identify polymer types. Herein,
only plastic particles were counted in one
core, but future analyses will be extended !
over the whole area and include particle size &
and polymer type data. Organic matter”"_
content was determined by loss on ignition é‘fgg,

[ 20m:

B A RO

(LOD). Figure 2: Example of sub-bottom profiledate
. L (parametric echo sounding, PES), wirg dune
2.4 Sediment grain-size analyses morphology, internal structuresf the active dun

and reflections of older dune sets belawraw date

Samples were analysed for grain-size e ; ;
b y g b. preliminary interpretation plotted on raw data.

distributions, using laser diffraction (Malvern
Mastersizer) for the finer sediments and dry‘deposits of the active dunes were clearly
sieving for the coarser sediments. distinct units with sharp basal boundaries.

3 RESULTS 3.2 Dune dynamics

Both the bathymetric and parametric echo
3.1 Morphology and sedimentary structures sounding in time series, acquired during these

. surveys, record dune morphology and dune
Both the bathymetric and PES data Showdynamics. The high-resolution bathymetry

large dunes with superimposed small dunes; ata  is  best used for Lantitative
The PES data reveal internal sedimentar : 9
morphometric and morphodynamic analyses,

structures of the active dunes, exhibiting uch as dune migration celerity. Quantitative
foresets of large dunes and smaller structured : 9 Y-
analyses still have to be completed, but an

where superimposed small dunes descendeq ... | esti : lori
along the lee slope of large dunes (Figure anltla estimate of average dune celerity based

Galeazzi et al., 2018). In nearly all data, the2" ON€ dune s 3.6 m dajn June 2021. Note

active large dunes have distinct horizontal"t the PES data in time series are not only
reflectors at their base. useful for determining sediment reactivation

As revealed by the PES data theinthesubsurfacebydunemovement, but also

sedimentary structures immediately belowfg: ;?eggf{'ﬁg (?gd'mvfhnéféy r(;‘ﬁreuc(it(:)urrseswé(r)e
the active dunes and in the deeper subsurfacé, 9 P T

exhibit foresets of older dune sets (especia"%/\r/]iéhinathee:ir%réalinmtuhItGip(I)ethdeL:rE?r\?ene sburv del}/ﬁe
Area 1) or display larger-scale horizontal or y app y, by

concave reflectors. migration).
The sediment cores showed Iarge3
variations, comprising recent dune sediments
to Pleistocene deposits. For example, core 2 By linking the bathymetry to the PES data,
(Area 1; west) comprised stacked sets ofthe more recent sedimentary structures can be
cross-bedded sand and gravel beds, whereatated accurately, thereby allowing for the
some cores in Area 3 (east) contained arreconstruction of depositional and erosional
organic clay layer and Pleistocene aeolianepisodes. Dating the sediments is not only
sands. In most sediment cores, the recenessential for future quantification of the
spatio-temporal preservation of sediments in

.3 Dating of the sedimentary structures
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the river bed, but also for the historic recordsystem in the Netherlands in 1987 (Den
of microplastics within these sediments andHartog et al., 2007), and the geological model
understanding the depositional processes an@eoTop of TNO Geological Survey of the
potential distribution of microplastics by Netherlands.

hyporheic flow. In addition, a 2-weekly

bathymetric time series over the past 16 year$.4 Microplastics (core 2)

(2005-present) and a half-yearly time series
(1999-2011) are available from

Rijkswaterstaat, which provide a unique

The concentration of microplastics in core
2 was highest in the top 1 m of the core (see

opportunity to date the dune structures. F'gure 3, chart on 'the nght). Ne\{ertheless,
However, initial analyses of a selection of small amounts of microplastic particles were

bathymetric profiles show a ‘spaghetti-plot, found down to a depth of 3 m.

where dune migration causes a rapid anc L Meemaen
repeated replacement of dune deposits (activ @ ‘

dune level). Moreover, a preliminary analysis
of dune preservation, (i.e., exploring the
riverbed built-up using bathymetric profiles — =
l.e., 1D — over time; Figure 4), revealed that —
dune migration has not only caused little |
preservation since 1999, but in some place: :
the river bed has eroded into the 1999 bedrigyre 3:pES raw data with interpreted sedimer
This implies that at these locations, recentstructures around core iferpreted dune sets in ¢
dune deposits will directly overly pre-1999 2 and number of microplastics kger sampleThe
sediments. This has also led to the findingPES data are plotted on a verticaliaggerated sca
that older pre-1999 bathymetric datasets (e.gse the angles of lee slopes are steeper thanlityrea
single-beam data) will be needed to date the

sedimentary structures below the active3 5 |nterpretation around core 2

dunes in the PES data.

-2.0

Fluores:
Range : 0

Core 2 is in the western part (lower reach)
West i East of the River Waal, where aggradation rates
were expected to be largest. On the PES data,
six dune sets were identified down to a depth
of 5 m. The recovery depth of core 2 of 4.20
m captures five of these dune sets (Figure 3).
The high content of microplastics in the top 1
m of the core corresponds to the active dunes
(dune set #1). The occurrence of
microplastics in the two older dune sets
below (yellow and green in Figure 3) suggest
o A— active accumulation in older dunes or
e 1999.07-12 EEW 2004-03-15 SN 2007-12-06 W=s 2011-04-20 pOSSlble |nJeCt|0n within hyporhelc
B 20030013 [ 20050506 [Sam 070433 | . 221052 exchange.

== 2002-04-03 ==m 2005-10-12 === 2009-11-17 2021-06-04
N 2002-10-23 WM 2006-03-27 Wmm 2010-04-20 2021-06-21

Figure 4: Exploring the analysis dfine preservatic 4 DISCUSSION & FUTURE RESEARCH
(example around core ZXpr a small selection

-4.0

Height (m NAP)

-6.0

bathymetric profiles between 1999 (purpi)d thi The highest abundance of microplastics in
surveys in this study in 2021 (yellow and yellowish the active dune set may confirm their recent
green). deposition, simultaneously with the dune

deposits. However, the occurrence of
microplastics in the two older dune sets
below suggests accumulation during
deposition from older dunes (pre-1999)
and/or inflow through hyporheic flow.

Additional indicators of the ages of the
sediments are the occurrence @drbicula

fluminea,an invasive species of freshwater
clam that was first recorded in the Rhine
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Although those older dune sets still need to
be dated, these may potentially be pre-plastic5 CONCLUSIONS

era in age: if this is the case, hypqrheic flow  pune stratification of active dunes, as
becomes  the only mechanism for rayegled on the sub-bottom profiles in the
microplastic introduction into these lower River Waal. Netherlands comprise foresets
dune sets. For the interpretation Ofof |arge dunes and occasionally of
microplastics within the sediments, it is thus superimposed small dunes. The combination
crucial to assess the age of the sediments. s high-resolution  bathymetry  and
Using older (pre-1999) bathymetric data gjmyltaneously recorded PES data in time
may help in determining the age of the duneseries allows for the quantification of spatio-
sets below the active dune set. Howeveriemnoral sediment preservation in the last
single-beam echo soundings may not go bacl, gecades. The dune sets below the active
in time far enough. In this case, linking th_e layer may be dated using older bathymetric
PES data to the Dutch geological model will _
proylde crude depositional epochs of th_e Late Microplastics were more abundant in the
Pleistocene and Early Holocene deposits.  active dune layer, but were present to a depth
At present, we have analysed theof3m corresponding to two older dune sets.
concentration of microplastics in core 2. pyiyre analyses of microplastics in all cores
Although this concentration was small, itis in | provide the 3-D spatial distribution of
the order of concentrations found in other microplastics in the subsurface. Combining
rivers (i.e., to date, literature merely reportSihese data  with quantification of the
surface samples of the top 5 cm). Futurésegdimentary architecture leads to insights that
analyses of all cores will provide the spatial permit explanation of processes that deposit

distribution of microplastics (concentration, anq redistribute microplastics in river beds.
size and polymer type from FTIR) from

surface samples and their vertical distribution
in the subsurface of the River Waal. 6 ACKNOWLEDGEMENT
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Understanding marine dune dynamics in a shallow ska using
sediment mobility indices

N. DurandFrance Energies Marines, Plouzané, France — noetaiand @ite-fem.org
P. TasSEDF Recherche & Développement, Chatou, France topalssi@edf.fr

0. BlanpairFrance Energies Marines, Plouzané, France — olilanpain@ite-fem.org
A. LefebvreMARUM, University of Bremen, Germany — alefebvre @mede

ABSTRACT: Tides, winds, and waves ¢pe the seabed of shallow shelf seas. In sandygete
environments, marine dunes can develop. The saodlelynamic behaviour of these bed forms warrant
some interest, for example related to the intesastwith human activities (mining, renewable erespi
Yet, the morphology and dynamics of dunes are @bitirly understood in open marine environments.
A complex process-based model (http://www.opentateorg) is being developed for an application in
the southern North Sea, offshore of Dunkirk in Eggrwith the objective to improve our comprehension
of the processes at play.

1 INTRODUCTION 2 STUDY AREA

Marine dunes are large, flow-transverse This study focuses on the southern North
bed forms with height of 1 m to 5 m and Sea, offshore of Dunkirk (Figure 1). Seabed
wavelength of the order of hundreds of levels inthe area are generally between 7 and
metres (Ashley 1990). They develop almost30 m below mean sea level (MSL), noting the
exclusively on sandy seabeds, in settingspresence of offshore sand banks with crests
where bedload is the predominantas high as -6 m MSL. The seabed sediment
mechanism of sediment transport. They areconsists of well sorted medium sands wit d
very dynamic sedimentary structures thatgrain sizes between 240 and 450 um based on
grow, evolve and migrate in space and timerecent samples. It is not expected that
at rates of up to tens of metres per year. sediments exhibit cohesive properties.

A complex process-based numerical
model (accounting for the interactions
between currents, waves and sedimen.
transport processes) is being developed fora.
application offshore of Dunkirk, on the
northern coast of France, close to the ‘
Belgium border. Marine dunes coexist there=# ——
with sand banks. The site is subjected to . v dfm
relatively strong tidal flows, and waves =
originating from the Atlantic Ocean and the
North Sea. g

The combined influence of waves and &
currents is expected to mobilise the
sediments on the seabed. As a first step
outputs from the calibrated hydrodynamic in colour), the proposed offshore wind farm foatpr
and_ wave m(_)_dels are used_ tO_ COnStrucﬁdashed line) and the survey tiles (filled circles)
sediment mobility maps that highlight some (source of the background data: Shom 2015 and
of the processes at play in this complex anchttps://opentopomap.org/).
highly dynamic environment.

R

Figure 1. Location map showing the full model exten
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The region is characterised by a macro-
tidal regime (ca. 5.5 m spring tidal range,
3.3m neap tidal range). The tide is

asymmetric: it rises faster than it falls. This ' b
asymmetry is also observed in the tidal 10
currents and the flood, trending North-East, N l

is generally stronger than the ebb, trending
South-West (ca. 1.25m/s compared to
0.75 m/s).

While the offshore wave climate (at Figure 2. Bed levels in tile #1 in November 2019
Westhinder, Figure 1) is dominated by south-(FEM) showing section a’-a” where dune profileséav
westerly waves, some significant events fromPeen extracted.
the North-West to the North-East are noted.

56% of the waves are under 1 m. The wav
condition with a 1-year return period is
estimated atH; = 4.4 m, with associated Both 2D and 3D coastal area models are
mean periodT,, around 7 s. being developed based on the open source
TELEMAC system (www.opentelemac.org).

These models consider interactions between
tidal flows, winds, waves and sediment

_ transport processes. The same computational
3.1 Metocean and bathymetric surveys domain and spatial discretisation are used

A large metocean and bathymetric data sethroughout. _
has been collected in support of Dunkirk The domain extends from Calais to Ostend

offshore wind farm project and for researchin Belgium, for approximately 80 km. Its
purposes. Site-specific meteorological andoffshore extent varies between 15 km in the
hydrodynamic campaigns have been carried?over Strait and 75 km in the East (Figure 1).
out for periods of up to six months. Long- An unstructured finite element mesh with
term metocean observations are alsospatially varying resolution is used. The size
available from the Flanders Marine Institute of the triangular elements varies gradually
(VLIZ) at Westhinder measurement pile / from 10 m in the areas of interest to a
buoy. All these records inform the wind maximum of 3000 m away from them.
velocity, atmospheric pressure, water level,Overall, the computational domain comprises
current velocity (at various elevations in the approximately 64 k nodes.
water column), and wave conditions. They Digital elevation models of the seabed
provide a valuable in-situ data set againstthroughout the model area have been
which to calibrate the hydrodynamic and constructed that are relevant to different time
wave models. periods.

Recurrent and detailed bathymetric ]
surveys have been carried out. Two large-3-3 Hydrodynamic model

area surveys_cov_erin_g the wind farm footprint  The open SOUrCGELEMAC system has
(dashed outline in Figure 1) were conductedhoth 2-dimensional (2D) and 3-dimensional
in 2016-2017 (Shom) and in June 2021(3D) hydrodynamic modules. While
(EMD). Separately, eight surveys were tg emac-2p solves the depth-integrated
performed between 2019 and 2021 (FEM), inshallow water equationseLEMAC-3D solves
three pre-defined tiles (filled circles in the 3D Navier-Stokes equations with, or
Figure 1) selected to include a variety of bedyithout, the hydrostatic pressure assumption
forms. These local-area surveys will serve to(Hervouet 2007). Both modules were used in
calibrate the morphodynamic model. A this study, and if the model validation is
special emphasis is placed on tile #1 (in thepresented for the 3D module in section 3.5,
navigation approach channel) going forward. sypsequent mobility maps and analysis are

Bed levels surveyed in November 2019 arejargely based on depth-averaged results. In
reproduced in Figure 2.

e3.2 Coastal area model

3 METHODS
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the 2D model, the bottom roughness isrole on wave propagation and transformation.
parameterised with the Chézy formulation, These effects are considered by using time-
spatially constant coefficient of 65’#s. This  and space-varying maps of water depths and
value is appropriate for sandy seabeds. In theurrents obtained from the validated
3D model, a Nikuradse roughness of hydrodynamic model of the same area.

862.5 um is used, corresponding to 2.5 times

the grain size representative of the study area3.5 Model calibration and validation

] Time-varying sea Ie;)/els gre.applie(icl alor:lg Durand et al. (2022a) details the procedure
the ~open water boundaries of e, o calibration and validation of the
hydrodynamic model. These time h'_Stor'eShydrodynamic model against in-situ free
are computed from the 34 constituentSy, a0 elevation and depth-averaged flow

available from the FES2014 database,qqcity data. Table 1 and Fi 3 t
produced by Noveltis, Legos and CLS \lj[e)(;)gtle):j r(?sillts.a © & and Higure = presen

(https://lwww.aviso.altimetry.fr) at a spatial
reSC?'Ut'OU of 1/16°. In addlt_lon t? tidal Table 1: Performance of the hydrodynamic modelregjai
forcing, time- and space-varying wind and observed data for a complete spring-neap cycle. Root
pressure fields are app”ed over the mode|Mean Square Error (RMSE) values and Relative Mean
area to account for the effect of a wind -2A2selue Error (RMAE in bracket

blowing on the water surface and causing set- tidal levels _ current speeds
up and wind-induced currents, as well as the  sjte 1 - 0.1% m/s (19%
“inverted barometer” effect, caused by

atmospheric pressure variations. These fields > ¢ ” 0.0¢ /s (15%,
were extracted from the Météo-France short- Site < 026m (5%)  0.11m/s (17%;
term operational forecast AROME (Boutier Site ¢ 0.15m (3%)  0.12 m/s (14%)
2007) at a spatial resolution of 1/40° and o

Site 7 -- 0.0¢ m/s (13%,

hourly intervals, after it was demonstrated
that its higher resolution outweighed the Westhinder’16 0.18 m (3%) --
reputedly lower accuracy of forecast models_Westhinde'21  0.1fm (3%) -
in the study area (Durand et al. 2022b).

at Site5:
- observed (Source: FEM)
~—model

3.4 Wave model

The wave generation and transformation
module,TOMAWAC, solves the spectral action
density balance equation with sources anc
sinks, and no a priori restrictions on the
spectral shape or evolution (Benoit et al.
1996).

Time-varying wave spectra were obtained
from the ANEMOC-3 sea state hindcast
database (Raoult et al. 2018 and Teles et a
2022) at 56 locations along the open
boundaries of the wave model. The use ol °
spectral data is preferred over integrated se. ,,,
states, in that it reduces the loss of =z
information between the global database anc g 180 t

Water level (m MSL)
N W N P O RPN W B

Speed (m/s)

4

|

|

l ]
the local model. The spectra are discretisec 3 |||} || | I
with 32 frequencies and 36 directions and 5 °° N NN N
output at half-hourly intervals. AROME 0 bt :
time- and space-varying wind fields are 20-may-2021 22-May-2021 24-May-2021 26-May-2021
applied over the model area to account for
local wave generation due to winds. In Figure 3. Comparison of model predictions against

shallow shelf seas, tidal effects also play acPserved tidal levels (top), current magnitude {&gn
and direction (bottom) for a 7-day period in 2021.

W
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Durand et al. (2022b) presents theassociated classification, to evaluate the
calibration and validation of the wave model performance of numerical models. It follows
against in-situ wave conditions (significant that the hydrodynamic model results (tidal
height, mean period and mean direction).level and current magnitude) fall in the
These results are reproduced in Table 2 andexcellent” category (RMAE < 20%) at all
Figure 4. six validation sites. A similar conclusion is

drawn for the wave model results at all but
Table 2: Performance of the wave model againstrobde two sites where the performance is qualified
data (40 days in 2016, 16 days in 2021). RMSE \eadunel as “good” (RMAE < 40%)'
RMAE in bracket . .

Calibrated numerical models can be used
to overcome spatial and temporal limitations
Site 1 0.1:m(18%  0.5s(16%) in field observations. And so a two-year
period (January 2020 to December 2021) was

Hmo Tmo2

ite 2 £ % 7
Sfte ‘ 0-1tm(15%,  0.4<(10%, run in the validated hydrodynamic and wave
Site 0.1€m(20%;  0.€<(13%, models to perform some preliminary analysis
Westhinder '16 0.18 m (15%) 0.6 s (14%) of sediment mobility in the study area, based
Westhinder 2 0.1€ m (18%) 0.€65(12%) on oceanographic considerations.

Graveline 0.1€ m (22%; 0.85(16%,

3.6 Bed shear-stress

Grain shear-stresses induced by currents
A e e EHD) and those induced by waves are computed
—model independently by the coupled hydrodynamic
3 N and wave models. The shear-stresses
;,\‘;,-_”i,!‘ generated by currents along, are computed
F from the water density = 1027 kg/m, the
/ L P N dimensionless drag coefficientC, (a
wekil e RN function of the friction coefficient) and the
depth-averaged current velocity as a first
approximation:

= pCpU? 1)

,;W%\* wrA A A A The shear-stresses generated by waves
CAWAWYOYY.S, TV alone, 4, are computed from the water
density, the rms orbital velocityear the
seabedU,,; (small-amplitude linear wave
theory, in the absence of a current), and the
dimensionless wave friction factorf,
defined in Swart (1976):

»"‘\,ﬁ "‘,, . w= Pfw Uzms ()
The mean and maximum bed shear-
stresses during a wave cycle, due to the

combined action of waves and currents, are
computed from Soulsby (1997):

Hmo (m)

»4
X
>

Tm02($)
O P N WDHh UITO NN O

(e
(=

o

"

direction (°N)
3
{2..
<
£
by

=
[o]
o

90
18-May-2021 20-May-2021 22-May-2021 24-May-2021

3.2
— w
Figure 4. Comparison of model predictions against m = T [1 +1.2 (rc+rw) ] )
observed wave height Hnftop), mean wave period
Tmo (centre), and mean wave direction (bottom) fora  Tnax =

7-day period in 2021. \/(Tm + 5y cos@)? + (zy sing)? (4)

Sutherland et al. (2004) propose a Whereg = angle between the current and
statistical approach based on RMAE, andwave directions.
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3.7 Sediment mobilisation mobilisation. SMI is calculated as the mean
To estimate sediment mobilisation, the ratio of the maximum combined bed shear-

threshold bed shear-stress for the onset o§tress, Tmax » ?y fthe r:hresh.old becﬂ] Sheﬁr'
motion is computed for a sediment with stress, zc (only for those times when the

- : : threshold of motion is exceeded) times the
median grain diameterds, of 345 um . :
: } percentage time exceedance (Li et al. 2009).
(corresponding to the average sample): The spatial distribution of these indices
wer = Ocr [9 (P, — P) dso] (5)  over the study area was computed from the
i ) validated numerical model output for 2020-
where g = 9.81 m/$ is the acceleration 2021 Considering complete years removes
due to gravity; p; = 2650 kg/m is the = 4ny seasonal bias, although it is recognised
sediment density, and,, is the threshold hat 3 more robust approach would consist in
Shields parameter estimated from Soulsbyusing a longer period (computational time

(1997). constraints).
Seabed sediment is mobilised by either )

current, wave, or the combined wave and3 g Sediment transport mechanism

current action. The dominant processes will ,

vary in space and in time. Their relative _h€ Rouse numberp, is a non-
importance can be estimated from thedimensional parameter that defines the shape
percentage of time when the threshold bec®’ the suspended sediment concentration
shear-stress., (Eq. 5), is exceeded by the Profile. By extension it is often used as an
tide-induced bed shear-stress,(Eq. 1), and indicator for the mechanism of sediment
by the wave-induced bed shear-stress transport. Bedload transport is prevailing
(Eq. 2), considered separately. Porter-Smithwhen P values are greater than 2.5, and
et al. (2004), Li et al. (2015), Coughlan et al. Suspended transport is_prevailing when
(2021) have used this type of representatiory@lués are under 1.2 (Fredsge & Deigaard
to regionalise the prevailing processes. Thel992).

classification scheme used in Porter-Smith et 1h€ Rouse number is expressed as the
al. (2004) for the Australian Shelf was ratio between the sediment settling velocity

adapted in this work and a region isWs _and the upwards velocity acting on the
categorised as: grain:

« “tide-dominated” when the percentage P = ws/(xu.) (6)

of time of tidal mobilisation is greater  \yith k¥ the von Karman constant = 0.40
than three times that of wave (Soulsby 1997), and. the friction velocity.
[nOb'“Sat'Or_" ) In these calculationsy. is estimated from

* ‘“wave-dominated” when the percentage Soylsby (1997) in the absence of in-situ
of time of wave mobilisation is greater measurements, ana, was rep|aced by
than ~three times that of tidal /7 /5, since wave action will contribute to

mobilisation, seabed sediment mobilisation in the study
*  “mixed” in between. area.

Another useful indicator of sediment
mobility is the Mobilisation Frequency Index
(MFI), defined as the percentage of time the4 RESULTS AND DISCUSSIONS
threshold bed shear-stress for the chosen
grain sizeg,, , is exceeded by the maximum 4.1 Maps of sediment mobility
bed shear-stress under combined wave and By computing the percentage time of

current aCt'On.'T"&?x t(_Eq. 4). '\r/l”:l thef{eforteh exceedance of the threshold shear-stress, a
glvebs dsom((ej_ In |(t:al_|on OtT'r 0&"’ ct) en € gpatial assessment of the relative importance
Isoecztﬁ)n sediment IS mobilised al a giVeNst cyrrent and wave processes in mobilising

o . seabed sediment was carried out. The result
This is complemented by the Sediment

A . of this analysis is shown in Figure 5. It
Mobilisation Index (SMI) that integrates both ¢y15ys that ysediment in the stuélgy area is
the magnitude and frequency of sediment
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predominantly mobilised by the strong tidal mobilised 60% of the time on average, with
current (at least three times more than byhigher rates (up to 67%) on top of the dune
waves) in relatively deep waters. Over thecrests, in the navigation channel.

sand banks (an area broadly delineated by the

-15 m MSL contour) the role of waves in Tmax > Ter

stirring the sediments is enhanced and thes W oo
areas are designated as “mixed” in
accordance with Porter-Smith et al. (2004)

W 30%

classification. This corroborates our working
hypothesis that wave action should not be
discarded as a mechanism for sedimen
mobilisation (Durand et al. 2022b). Wave-
dominated disturbance occurs in very
localised areas, only close to the shore, whert Pos——— = |
tidal currents are weakened, and wave orbita ey e 0__ 10 20km
velocities stronger owing to reduced water

depths. With this scheme, tile #1 is cIaSS|f|edFigure6. Mobilisation Frequency Index (MFI)

as “tide-dominated”. computed from two years of model results, also
showing the -15m MSL isobath. (Source of the
Regienailsatign: background data: https://www.openstreetmap.org/).

" wave-dominated
/ | «ilaerimatea Figure 7 presents the spatial distribution

of the Sediment Mobilisation Index. SMI
values typically range between 0 and 2.5 in
'tide-dominated” areas. These values are
comparable to those reported by Coughlan et
al. (2021) in the Irish Sea, and generally
higher than those reported by Li et al. (2015)
in the Bay of Fundy. Higher SMI values
ey 0 10 20km (typically reaching 5.0) are computed in
“mixed” areas, in particular along the coast
Figure 5. Regionalisation of seabed mobilisation by and atop the sand banks (aSSOCI-ate-d re-duced
different dominant processes, also showing the -Water dEpthS.)' These Va.l.ues. are indicative of
15 m MSL isobath. (Source of the background data:intense sediment mobilisation due to the
https://www.openstreetmap.org/). combined wave and current action.

mixed

It is recognised that this regionalisation is
the result of an average over a two-year
period and does not mean to say that wave
contribution to sediment mobilisation is
minimal in “tide-dominated” areas. Indeed,
during storms for example, the wave action
can be stronger than that of the currents ir
stirring the seabed sediment as illustrated ir
Durand et al. (2022b).

Figure 6 presents a map of the percentag i s
time exceedance of the threshold bed shear == Dunkirk
stress. MFI values range from 0 to 96%. High 274
levels of exceedance (> 70%) are largely
correlated to sand bank crests (Wat“er.depf;hgomputed from two years of model results, also
shallower than 15m) and the “mixed” showing the -15m MSL isobath. (Source of the
disturbance areas highlighted in Figure 5.background data: https://www.openstreetmap.org/).
Within tile #1, the seabed sediment is
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Within tile #1, SMI values range between A )
1.2 and 2.0. Remembering that the seabel; ,ume i, MA,,N’w\\’“ NPV 5 y e
sediment there is mobilised ca. 60% of the i » a

time, the threshold of motion is exceeded ° ~°° '@ 0 200 20 30 30 40 40 500/ /550
. - —Survey#2 (17/03/2020;
between 2 and 3 times, on average over i B e )

i Survey#3 (16/04/2020)
Wk \

1 15 AN At Prs
two-year period. It can be expected that i ww¥ Mo Nt Lo

|V

tile #1 be more active during storms. 18 o

0 50 100 150 200 250 300 350 400 450 500 550
—Survey#3 (16/04/2020)

4.2 Map of sediment transport mechanism fi Survey#4 (31/08/2020)

e
-16 W AP A‘/“M A r’\:../\ AM \ T
The Rouse number, computed from = s \ s\

8 a' a"

Equat|0n6 over the WhOle model area, and 0 50 100 150 200 250 300 350 400 450 500 550

N
arw

averaged over the two-year period betweer ; e ey (31/08/2020
2020 and 2021, was estimated in excess 0% ,m,v\x - \\ P
2.5. This gives some indication that bedload ; . o mdaar
|S the domlnant Sedlment transport 0 50 100 150 200 250 300 350 400 450 500 550
mechanism in the study area (Fredsge &% E{_iﬁﬁiﬁiiiiﬁiﬁgﬁi
Deigaard 1992) and is in line with Borsje et 1 wmut™™\ o’ \ 4 .-
. . . 17 oane A NAL v
al. (2014) findings on the Dutch continental = « a
shelf that marine dunes could only formwhen = = = = = = =& “‘iu‘r‘f:y%fjjlojjz”
Rouse numbers were greater than 2.0. 14 " Surveyil7 (27/05/2021)
12 ALY \ AL /\/'/‘, \x / /'L
- . . -17 Al Y Y AL
4.3 Dune profiles in tile #1 18
0 50 100 150 200 250 300 350 400 450 500 550
The evqlutlop in time of the dune profile = e (1/0s0z
along section a’-a” (Figure 2), extracted from = "\ v \\ e
) . . . IR WPV A A RAAEAA =
the local survey data, is depicted in Figure 8.7 .. e pangu

For clarity, the time intervals between the °© =0 100 150 200 250 300 35 400 450 500 550

successive bathymetric surveys will be

referred to as periods A to G in the following. Figure 8. Dune profiles in tile #1, along sectioma
It is clear from Figure 8 that the dunes S"oWing the evolution in time.

evolution is not constant in time and is rather

dependent on external factors. The dunes are Sediment mobility maps have been
very mobile during period A (compare to C produced for the study area from validated

and F with similar durations). In that period, model (hydrodynamic and wave) data for

the shape of the dunes remains mostly2020'2021' The maps indicate that tidal as

unchanged, and they migrate ca. 15 m to th ell as wave actjon plays a role in r_nobilising
East. Interestingly, lee slopes of the dune he seabed sediment, the predominant mode

become gentler during periods B and G, of transport being then bedload transport, in

resulting in an apparent migration of the crestIIne with the presence of marine dunes in the
towards the West. area. The seabed sediment is more frequently

set in motion, and bed shear-stresses more
largely exceeded, in shallow areas (notably
5 CONCLUDING REMARKS over the sand banks) than in waters deeper

. . than ca. 15 m MSL, in line with expectations.
A coastal area model is being developed  gqcysing on tile #1, the next step will be

based on the complex process-based opep, quantify how the oceanographic
source TELEMAC system. Overall, the aameters” vary between bathymetric

comparisons presented in this and earlielg eys to explain the different dynamics
work indicate a good performance of thej,sirated in Figure 8. This task will be

hydrodynamic and wave models in the studynarformed by including the sediment

area under a range of tidal currents antyansport moduleaia (Tassi et al. 2023) into
offshore wave and wind conditions. the coastal area model. Preliminary analysis
indicates that the wave climate was markedly
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different between period A (unusually high Fredsge, J., and Deigaard, R., 1992. Mechanics of
proportlon Of wave helghts exceedlng 1 m Coastal Sediment Transport. World Scientific.

. . ; doi:10.1142/1546
and maybe importantly a high proportion of Hervouet, J.-M., 2007. Hydrodynamics of Free

south-westerly waves) and periods B and G ' gyface Flows: Modelling with the Finite Element
(unusually large proportion of northerly  method. wiley
waves) for example. Li, M.Z., Zou, Q., Hannah, C., Perrie, W., PrescRtt
and Toulany, B., 2009. Numerical Modelling of
Seabed Disturbance and Sediment Mobility with
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Vortex trapping of sand grains over ripples undamiltatory flow
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Florida, USA - mpalmsten@usgs.gov

J. Calantonu.s. Naval Research Laboratory, Stennis Space €éississippi, USA-
joe.calantoni@nrlssc.navy.mil

ABSTRACT: Sand ripples significantly impact morphodynar in the nearshore by generati
coherent vortices, which can transport suspendéithsat to greater heights in the water column than
above flat beds. Coherent vortices can trap sedigraims if the settling velocity of the grain imaller
than the maximum vertical fluid velocity in the tex (Nielsen 1992). Particle image and tracking
velocimetry were used to measure small-scale Beidiment interactions over sand ripples in a small
oscillatory flow tunnel. Here we present some & finst measurements of vortex-trapped sediment
grains under oscillatory flows. Results showed thatvortex-trapped sand grain traversed an ofbit o
center of the vortex near the ripple slope. Sonaéngrthen spiralled outward and settled to the bed;
others were transported by the flow as the vortas shed from the crest. Vortex trapping can delay
settling and increase settling times, potentiayising inaccurate sediment transport predictions by
large-scale numerical models, which do not typycaticount for this non-linear small-scale process.

1 INTRODUCTION grain would traverse an orbit off-center of the
vortex before spiraling outward and
eventually settling to the bed or being
transported by the flow. This can cause
increased settling time, making vortex
trapping an important mechanism that may
affect sediment transport in coastal regions.

Sand ripples impact hydrodynamics and
morphodynamics in the nearshore. For
example, fluid velocities above ripple crests
may be up to two times faster than the
freestream (Van der Werf et al., 2007; Frank-

Glchrist et al., 20.18)' Thg hydrodynamics Of The lack of delayed settling in models may
the flow up to twice the ripple height above o, 4 inaccurate predictions of bedform

the ripple crest are dominated by C("’heremevolution, estimates of bed shear stresses,

vortices, formed on the ripple slopes and,y consequently large-scale  sediment
ejected into the water column at flow reversaltranSIOOrt processes impacting coastal

(Davies and Villaret, 1997; Rodriguez- regions.

Abflj_go et ﬁl" 2013). . hed f ool In this study, one of the first observations
€ co erg_nt vortices, she (rjorg rllppdes,of vortex trapping of sediment grains under
transport sediment as suspended loa t%scillatory flows is presented. Measurements

greater heights in the water column than,¢ gma)scale fluid-sediment interactions b
. - - y
above flat beds (Van der Werf et al.,, 2006; £rank-Gilchrist et al. (2018) were further

Nichols and Foster, 2007; Frank-Gilchrist et analyzed for oscillatory flow conditions

al., . 2018). .Coherent vortices also rap ynder which vortex trapping was observed.
sediment grains when the settling velocity OfQuaIitative comparisons with the vortex

the .sediment grain. Is S”?a”.er than thetrapping hypothesis of Nielsen (1992) are
maximum upward fluid velocity in the vortex also described.

(Nielsen 1992). Under these conditions, the
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neutral density filter was installed on the third
2 EXPERIMENTAL METHODS camera, centered in the test section, to

High-resolution  experiments  were Ccapture the light scattered by the sediment

conducted in the Small Oscillatory Flow 9rains. The overlapping, simultaneously
Tunnel (S-OFT) at the U.S. Naval Researchfécorded images provided sediment particle
Laboratory at Stennis Space Center,and fluid \_/elocmes at high temporal (100 Hz)
Mississippi, USA. The test section is 2 m and spatial £ 1 mm) resolution. Further
long with a flow cross-section of 0.25x0.25 details of the experimental setup are
m (Calantoni et. al, 2013). Oscillatory flow described in Frank-Gilchrist et al. (2018).
was generated with a piston and flywheel The PIVimages captured by the two outer
assembly to drive sediment transport andc@meras were processed with the LaVision
ripple formation (Frank-Gilchrist et al., software, DaVis (LaVision 2014) to calculate

2018). The rippled bedforms were comprised_the three components of fluid velocity. The
of well-sorted, coarse quartz sand with alMages captured by the center camera were

median grain diameter of 0.7 mm and densitySed to calculated the mean image to
of 2,650 kgm?. represent the background intensity. The

Phase-separated particle imagebparticle finder algorithm determined areas of
velocimetry (PIV) and particle tracking contrast that had higher intensity than the
velocimetry (PTV) were used to measurePackground, given a threshold intensity
three-dimensional fluid velocities and two- (Ouellette, 2010). Contiguous areas of laser
dimensional sediment velocities in the light intensity scattered by the grains that
oscillatory bottom boundary layer in a two- Were higher than the threshold intensity count
dimensional vertical plane of the water @nd larger than the minimum area of pixels
column. A downward-looking Nd: YAG representing the imaged sediment grain, were
laser was mounted above the test section t§ompared with the raw camera images to
produce the 2 mm light sheet. Optical filters VErfy that sediment grains were detected.
were installed on two high-speed cameras, sel N€ centroid for each contiguous area of light
up in stereographic mode, to capture the lightvas calculated to determine the location
re-emitted at a higher wavelength by thecoordinates for —each sediment grain
fluorescent tracer particles (Figure 1). A (Ouellette, 2010). The grain location

Figure 1. Experimental setup of particle image taacking velocimetry system in the Smalscillatory
Flow Tunnel at the U.S. Naval Research Laboratdy,
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coordinates and estimated maximumpreliminary results of one instance in which
displacement of the sediment grains between,ortex trapping was observed during the
time steps were used by a particle trackingexperiment. The oscillatory flow period, T,
algorithm  (Ouellette et al., 2006) to was 2.35 s and the orbital velocity amplitude,
distinguish the sediment grains andy, was 0.26 m<. The raw flow velocities
determine the associated trajectories. Theyere smoothed temporally and spatially to
zg(rjrlmaergtd g(/vailt?l trtilgcm\:'oer‘?exwetrg tir;]en reduce noise and improve data quality. The
hypoahesis of Nielsen (1992) bping velocme§ were then _used to calculate_ the
' flow vorticity to better illustrate the location
of the vortex relative to the vortex-trapped
3 RESULTS & DISCUSSION grain.
Figure 2 illustrates smoothed fluid
in the oscillatory flow tunnel, and high- velocities throughout the first half ofthe.fl.ow
. - . cycle. After flow reversal, the flow velocities
resolution measurements of fIU|d-sed|mentW(_3re very small across the domain except for

interactions were made to assess sedimer{he extreme right side where a region of
transport mechanisms over the sand rIIOpIeShigher negative velocities was captured on

e o e esaratn o e opposte sde o the-adjacent ppe
y 9 (Figure 2(b)). As the freestream velocity

0.13 m and a ripple height of 0.025 m (Frank- .
Gilchrist et al., 2018). Here, we present accelerated, the nearbed velocity along the

Two-dimensional ripples were generated

0.25 m/s
= | -

-0.02 0 0.02 0.04 -0.02 0 0.02 0.04

0.25 m/s

x(m) x(m)
0 0.05 0.1 0.15 0.2 025 Ugm(ms™1)
N 2 ‘ T T

Figure 2: Time series of free-stream velocity isvgh in panel (a). laid velocities are overlaid on co
plots of velocity magnitude for the right half dfet ripple, shown as white arrows in panels (Ii¢)-a
corresponding time steps indicated in panel (a3céle vector is indicated in the hmtt left corner ¢
panels (b) — (e). The brown line delineates theayeripple shape for this trial.
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ripple slope increased to a similar magnitude The panels shown in Figure 3(b) — (d)

as the peak freestream velocity (Figure 2(c)).were taken just before the flow reversed from
By the time of maximum freestream velocity, positive to negative when the cameras
the flow across the domain had also increasedaptured vortex generation on the ripple
significantly (Figure 2(d)). During the slope. For the time steps shown, the vortex
decelerating phase of the flow, the fluid diameter, estimated with a circle fit algorithm

velocities indicate a circular region of low (Chernov, 2017), ranged from 0.024 — 0.03
velocity surrounded by fluid of higher m, of similar magnitude to the height of the

velocity, suggesting the formation of a vortex vortex ripple. Some sediment grains were
just prior to flow reversal. (Figure 2(e)). The observed to  prescribe  semi-circular

observed flow dynamics are in agreementtrajectories. The semi-circular path was off-

with measurements by Van der Werf et. alcenter of the vortex core in the quadrants
(2007) of flow velocities over sand ripples, closer to the ripple slope, as hypothesized by
among others. Nielsen (1992) for vortex-trapped grains.

025 mls Eol _— . . 0.25 mis

0.25 mis . - - - - . 0.25 m/s - s e ; S
e F B e i ol R B

-0.02 0 0.02 0.04 -0.02 0 0.02 0.04
x(m) x(m)

Figure 3: Time series of freestream \a#lp is shown in panel (a). Instantaneous velos
vectorsare overlaid on PIV images of the right side of tipple, shown as white arrows
panels (b) {e) at corresponding time steps indicated in péajelA scale vector is indicatec
the bottom left corner of panels (bje), and the brown line delineates the averageesbbii¢
ripple bed for this trial. Shown in panels (b) }iéthe trajectory of a vortex-trapped samdir
that traversed a semicircular path. The start awldi@esof the entire trajectory are indica
by red square and triangle symbols in panel (apeetively. The timetsps for the snapst
are indicated with sold circles in panel (a). Tlhenscircular portion of the trajectory &sc
indicated with circular markers in panels (b) — (e)
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The grain highlighted in red was first (1992) because the grain was being advected
mobilized and advected with the flow before during these times rather than being trapped
being trapped in the vortex, illustrated by thein the vortex. In addition, the vortices
initial straighter portion of the sediment grain observed in these experiments were not
trajectory (Figure 3(b)). As the grain began tostationary but were generated, advected then
settle, it interacted with the upward velocities dissipated with each oscillatory flow cycle.
of the vortex and was temporarily trapped in  Next, the vorticity of the flow was
the vortex resulting in a change of direction, calculated to determine the strength of the
illustrated by the circular portion of the vortex. The smoothed and temporally
trajectory indicated with the circle markers averaged fluid velocities were used to
(Figure 3(b-d)). The initial and final straight calculate the vorticity to reduce the effects of
portions of the grain trajectory differ from the small-scale turbulence and noise in the data.
purely circular path hypothesized by NielsenThe time-varying vorticity, oy, was

-0.02 0 0.02 0.04 -0.02 0 0.02 0.04

x(m) x(m)
-20 -15 -10 5 0 5 10 15 20 (5-1)
N ! T — v

Figure 4:Time series of freestream velocity is shown in pgag Instantaneous velocities are overlaic
contour plots of vorticity for the right side ofethipple, shown as gray arrows in panels ({®)-at correspondit
time steps indicated in panel (a). A scale vecdndicated in the bottom left corner of panels<¢), and th
brown line delineates the average shape of théeripgd for this trial. Shown in panels (bje} is the trajectol
of a vortex-trapped sand grain that traversed acsemlar path. The start and end times of the entiredtayy
are indicated by red square and triangle symbofmirel (a), respectively. The time steps for trepshot ar
indicated with sold circles in panel (a). The semgular portion of the trajectorig also indicated with circul
markers in panels (b) — (e).
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calculated as the curl of the smoothedidentified and determined to be a significant
velocity field (Sveen, 2004; Nichols and mechanism for mobilizing and transporting
Foster, 2007) (Figure 4). The observed vortexsuspended sediments. The vortex-trapped
was asymmetric with the strongest vorticity grain  was observed to move in a
in the upper left quadrant near the bedcounterclockwise motion  within  the
compared with the quadrants of the vortexquadrants of the vortex closest to the ripple
that were closer to the freestream. Theslope, in agreement with Nielsen (1992).
asymmetry of the vortex may be due to the These results represent one of the first
flattened trough of the sand ripples that wereobservations of vortex trapping of coarse
generated in the oscillatory flow tunnel assand grains over sand ripples under
opposed to the rounded concave shape that sscillatory flows. Vortex trapping is an
more typical of sand ripples in the nearshoreimportant mechanism for sediment transport
This may have been due to a slightunder these hydrodynamic conditions.
asymmetry in the forcing of the piston- Including vortex trapping in settling velocity
flywheel assembly driving the oscillatory calculations could improve sediment
flow. transport  predictions in  larger-scale
Figure (4) illustrates that the sediment numerical models.
grain was trapped near the region of higher
vorticity. .During the decel_erating phase of 5 ACKNOWLEDGEMENT
the flow just after the maximum freestream
velocity, the vortex was being generated and Donya Frank-Gilchrist was supported by
was still attached to the ripple slope (Figurethe National Research Council Research
4b). Later in the flow cycle prior to flow Associateship Program at the Naval Research
reversal, the vortex had fully developed andLaboratory Stennis Space Center when the
was being advected with the flow before €xperiments were conducted. Subsequent
being shed from the ripple crest (Figure 4 (C_analyses were performed while Donya Frank-

e). Although no measurements were made of?//christ and ~Margaret Palmsten were

- : : .._affiliated with the U.S. Geological Survey St.
the other side of the ripple during the opposnea : 4
flow reversals for this trial, similar vortex Petersburg Coastal and Marine Science

development and flow dynamics were Center. Allison Penko and Joseph Calantoni
- were supported under base funding to the

observed, as expected for the symmetrioypiteq States Naval Research Laboratory
oscillatory flow. _ from the Office of Naval Research. The
This effort is ongoing and further analyses gythors would like to acknowledge technical
will be performed for this rich dataset. The staff members at the United States Naval
trajectories will be determined for other Research Laboratory for their assistance with
sediment grains that were observed toexperimental setup and data collection. This
prescribe semi-circular paths, as expected fonformation is preliminary and is subject to
vortex-trapped grains. In addition, the revision. Itis being provided to meet the need
sediment grain velocities will be compared for timely best science. The information is
with the fluid velocities to perform provided on the condition that neither the
quantitative comparisons with the vortex- U.S. Geological Survey nor the U.S.

trapping hypothesis of Nielsen (1992). Government shall be held liable for any
damages resulting from the authorized or

unauthorized use of the information. Any use
4 CONCLUSIONS of trade, firm, or product names is for
descriptive purposes only and does not imply

High-resolution measurements of fluid- endorsement by the U.S. Government.

sediment interactions over natural sand
ripples under oscillatory flows were analyzed
to assess an observation of a vortex-trapped
sediment grain. Coherent structures were
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Hydrodynamic simulations of flow around a pile ugtnrbulenc-
resolving models

A. Gilletta de Saint JoseEM, Plouzané, France — alban.gilletta@france-enesgnarines.org
J. ChauchateaGl, univ. Grenoble Alpes, Grenoble, France —galchauchat@univ-grenoble-alpes.fr
C. BonamyLEGI, Univ. Grenoble Alpes, Grenoble, France — kgthonamy@univ-grenoble-alpes.fr
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ABSTRACT: With the increase of OWF in France, the questiorsediment- flow — structure
interactions has become essential. The interacigaasto the so-called scour process which is otatt
by the flow vortices around the structure. To addiis question, it is essential to have a rediflblv
model. The aim of this contribution is to evalutiteee turbulence modelling approaches: RANS, LES,
hybrid RANS-LES and inlet boundary conditions tewately predict the flow around the structure.

the scour process occurs around a wall-
mounted circular cylinder is a major stake in
order to size structures to protect them from
. — . damages. This phenomenon is driven by two
With future ObjeCt'V.e of.carbon “eE‘”a"ty hydrodynamical vortical structures namely
by 2050, France is invested in the yo porseshoe vortex upstream the pile and
development of new renewable source Ofy,q \ortex.shedding downstream the pile. As
energy on its territory. As it is ranked Secondthese vortical structures are rather small, the

g‘ termfs' OC'; n]lfarr;tlme s.pzce, the I:renChrequired resolution for numerical simulation
ottom-fixed Offshore Wind Farms (OWF) j,ces important computational cost. When

the technical potential is esti_mated at 80 Gigahe flow is highly turbulent, a way to capture

Waits (G.W)’ enough to p_rowde about half fthe main eddies is to model turbulence.
the national consumption. The English pigarent approaches exist, the most common
Channel is an important potential area,n4e| ysed in the engineering field is
penefltlng from strong and steady wind OverReynoIds Averaged Navier-Stokes (RANS).
time and a moderate water depth 10aquanced models, such as Large Eddy
|mpllement grounded structure. MOdelling of Simulations (LES) provide more accurate
marine DUnes: Local and Large-scales qoq,ts by increasing the resolution part of
EvolutionS  in  an .OWF Context v rpulent structures while Hybrid RANS-

(MODULLES) French project led by France | £q iodels combine the two approaches. In
Energies Marines (FEM) focuses on the s contripution, we analyze the accuracy of
interactions between high and mobile y, 00 ¢,rhylence modelling approaches,
submarine dunes and the future OWF Oﬁnamely RANS, LES and hybrid RANS-LES

Dunkirk. This study is dedicated to small y, gjmjate the flow around a wall-mounted
scale modelling of scour process around.yjinqer An important technical question is

foundations of a single wind turbine facing ne influence of the inlet boundary conditions
turbulent current. The ability to predict how especially  for  turbulence  resolving
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simulations (LES, hybrid RANS-LES). behaves as a standardwk-imodel in the
These two points are investigated usingviscous sublayer and as & knodel in the
pimpleFOAM on two configurations: the outer layer.

plane channel flow and the wall-mounted LES equations are obtained by applying a
cylinder case. filtering operator to equations (1) and (2). In
the Dynamic Lagrangian LES model
(Meneveau et al. 1996), the turbulent eddy

2 GOVERNING EQUATIONS viscosity is defined in equation (4).

2.1 Navier-Stokes equations -
) . . x=C x,tIA°[S| 4)
When dealing with turbulence modelling,  \\here C = function ok and t andA =

the Navier-Stokes equations are introducingintegra| scale of the subgrid-scale.
the turbulent eddy viscosity, a fundamental  1his model is part of the dynamic
parameter in turbulence modelling. ThereforeSmagorinsky group model in which C is no

these equations are presented by the couplelyger associated to classical Smagorinsky
mass ~conservation equation (1) andggnsiant (Smagorinsky 1963) but varies over
momentum equation (2). time and space. It enables more realistic
turbulent features such as backscattering

ﬂzo 1) effect.

CX; Hybrid RANS-LES combines both

é—ﬁ#—"*ﬁﬁ _=1 Q+ approaches. The switch between the two

ét ox; ' _Tc?‘x} depends on the model used. This study
. ' (6 &) (2) focuses on the kw SST Scale Adaptative

| ‘(_‘+_‘)] Simulation hybrid RANS-LES model

i [ oy Sy (Menter & Egorov 2010b). By introducing a

new term in the turbulent specific dissipation
where = velocity {" component, p = rate, based on a turbulent length scale defined
modified pressurep = fluid density,v = as the velocity gradient over the velocity

kinematic viscosity,ws = turbulent eddy laplacian, the turbulent viscosity takes the
Viscosity and ~ = time-averaging or fi|tering value of the classical &6 SST model when

operator. the flow is homogeneous and follows a
classical Smagorinsky LES model when it is
2.2 Turbulent eddy viscosity “disturbed”.

RANS equations use time-averaging 2-3 Inlet boundary condition

k-w SST model (Menter et al. 2003a) in stryctures is to reproduce a well-developped
which the turbulent eddy viscosity is defined tyrpulent flow at the inlet for turbulence-

as follows : resolving model (Kirkil & Constantinescu
2015). While periodic boundary conditions
v— ak 3) are used as a reference for the plane channel

*"max|a, w,SF, flow configuration, two other approaches are
tested for the wall-mounted cylinder:

where a = 0.31, k = Turbulent Kinetic Divergence Free Synthetic Eddy Method

Energy (TKE), w = turbulent specific (Poletto et al. 2013) and non-uniform

dissipation rate$ = invariant strain rate and Poundary  conditions  implemented in

Two transport equations for k and are ~ GroovyBC respectively. DFSEM generates
added to close the system. This modelSynthetic eddies based on random locations
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and intensities while GroovyBC imposes a

steady profile at the inlet. This study is 3 RESULTS

mainly focusing on an influence of the inlet  This section is dedicated to simulations

boundary conditions on the flow dynamic.  results of the two configurations performed
_ _ with OpenFOAM.

2.4 Configurations

Two configurations are studied in the 3-1 Plane channel case
present article. First, the plane channel flow  Figure 3 represents the streamwise profile
configuration in order to assess best turbulengf the friction velocity W in the symmetry
inlet boundary conditions. A first simulation axis of the plane channel calculates as
using periodic boundary conditions succeedSo|lows:
in reproducing a converged fully developed
turbulent flow, this simulation will be used as  y = TS (6)
a reference. The computational domain is )

20rtH long, 1tH large and 1H high with Hthe  yhere 1., = bottom shear stress in the

Fuhrman and co-workers —experiment \ye introduce the notion of wall units
(Furman et al. 2010). The friction Reynolds jefined as follows:
number is often used to describe this

configuration and is defined as follows: . vu. @
y =2l

Re =tel 5) .
€ ' where y = distance to the wall or other

length.

Here Re ~ 1000. The wall-mounted ?hree simulations are plotted using
cylinder configuration is similar to Roulund Dynamic Lagrangian LES model and same
and co-workers experiment over a rigid bedcomputational grid having & z 6, y = 30
(Roulund et al. 2005). The computational gng ¥ = 130 respectively in the vertical,
domain is 12D long, 8D wide and 1D high spanwise and streamwise directions in
with D the cylinder diameter equal to 0.536 3greement with the resolution required for
m. The friction Reynolds number is higher in | gs simulations (Métais 2018). The blue line
this configuration, Re =~ 7000. Both corresponds to simulation using periodic
configurations are shown in Figures 1-2. boundary conditions and indicates an
averaged friction velocity of 0.014 s

i e slightly under the experimental value of
:// ~~, 0.016 m.8. Result from a RANS k¢ SST

[ o model using an imposed RANS profile

“Io’ //HH boundary conditions with same mesh has

20mH

Figure 1. Plane channel configuration

A1 A

S 2

P

7
7
I e ‘
ol ‘ ///
-« > /// 8D
»
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Figure 2. Wall-mounted cylinder configuration
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Figure 3. Time-averaged friction velocity profilethe symmetry axis

been added and shows a constant value clossndition simulation is taken over the entire
to the experimental friction velocity. LES computational domain while at least 25% of
simulations using imposed RANS profile and the channel length is taken for the three other
DFSEM inlet boundary conditions are quite simulations.
similar since the friction value starts from the  For all simulations, the velocity profiles
desired value due to the input parameterare quite in fair agreement with the
wished and drastically decays of about 50%measurements represented by the blue
until x/tH = 6. Then, they both increase until crosses. Concerning the Reynolds stress,
reaching the same value as the periodigeriodic boundary conditions has a linear
boundary condition simulation. DFSEM expected shape Ilikewise the RANS
reaches it sooner than the imposed RANSsimulation but underestimates the maximum
profile by about Z1H. compared with the theory, that is to sa¥/=
Figure 4 represents three vertical profiles2.56 x 10-4 ris2 Without periodic
of the velocity, Reynolds stress and TKE boundary conditions, DFSEM results are
scaled with experimental friction velocity.
The average value for the periodic boundary

1.0
—— LES Periodic —— LES Periodic —— LES Periodic
—— LES DFSEM —— LES DFSEM —— LES DFSEM
—— LES GroovyBC —— LES GroovyBC —— LES GroovyBC
—— RANS GroovyBC —— RANS GroovyBC —— RANS GroovyBC
0.8 x Fuhrman et al. (2010) -- (1-2/h) x Fuhrman et al. (2010)
: --- Log layer
...... Viscous sublayer
103
0.6 >
10
T +
N N
10!
0.4
1003+
0
0.2
0.0 : A 3
00 05 10 15 20 000 025 050 075 100 00 02 04 06 08 10

(@"elue lel (") elu? klu? lel

Figure 4. Time and space averaged velocity pr@gli), Reynolds stress x-yomponent (centre) and TKE (rig
with different inlet boundary conditio
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Figure 5. Timeaveraged velocity profile of streamwise componarthe symmetry plane at two elevations
Dynamic Lagrangian LES mod

quite good as the curve fits relatively well
with the viscous sublayer profile but remains T H (8)
b

constant in the first part of the log layer and U
IS overestimated. The linear expected profile U - %
is not retrieved with DFSEM, however it vel\(l)\gi]t?/re = 0.326 m's the average

works better than imposed RANS profile
where the Reynolds shear stress is

overestimated in the log layer. Concerning _ The mesh used for all simulations is quite
the TKE vertical profile, the periodic coarse withz=4,y =x"=100 for cells in

boundary conditions simulation is in good the vicinity of_ the cylinder. The results are
agreement apart in the sublayer region wher&ompared with Roulund and co-workers
a peak is observed that is not present in th&XPeriments (Roulund et al. 2005) and show

measurements and in RANS result, Overall good agreement. No important
Complementary tests (not shown here)dlfferences are observed between the two

concluded that a finer mesh resolution Nlet boundary conditions. The main
reduces this peak. As the objective of this tesfliScrepancies are observed at the upstream
is to evaluate inlet boundary condition, it @1d downstream side, on the near bed
clearly shows the superiority of DFSEM over velocity that is underestimated. Whatever

the imposed RANS profile as the peak isPoundary —conditions used, Dynamic
intensified with the latter. Lagrangian LES model succeeds in

representing the average streamwise velocity

) profile especially in the horseshoe vortex area
3.2 Wall-mounted cylinder case where the velocity reaches a minimum value.
The result from RANS ko SST, very
similar, confirms the ability for LES model to

Figure 5 shows the streamwise velocity reproduce mean velocity.

profile averaged in the symmetry axis in the
vicinity of the cylinder over about 70 bulk
time defined as follows :

3.2.1 Dynamic Lagrangian LES model
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Figure 6. Averaged bed shear stress amplificatidm w
DFSEM boundary conditions (top) and GroovyBC
boundary condition (bottom) for Dynamic Lagrangian
LES model.

0.4
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Figure 6 shows the time-averaged bed
shear stress amplification map over 60
outputs for LES simulations using DFSEM
boundary conditions in the top figure and
imposed RANS profile in the bottom figure.
The results are clearly not converged. When
the average is taken over all time step, both
simulations contain noises that represent
extreme negative values far outside the
expected range. This issue emphasizes the
unstable behavior of Dynamic Lagrangian
LES model for bed shear stress. Numerical
schemes are probably the main reason of such
instabilities. Therefore, Dynamic Lagrangian
LES model fails in reproducing bed shear
stress. As LES requires fine resolution and
high computational cost, Hybrid RANS-LES
models have been designed in order to
reproduce more accurately the physical
processes compared with RANS model, at an
affordable cost. Results for dx-SST-SAS
Hybrid RANS-LES model are presented
next.

3.2.2 k-w SST-SAS Hybrid RANS-LES
model

As mentioned previously, this model
switches from RANS to LES mode if a
perturbation of the flow is generated or
detected such that the turbulent length scale
defined is smaller than the length scale

-
/If“'
‘4

u(m.s™ 1)

Figure 7. Timeaveraged velocity profile of streamwise componerihe symmetry plane at two elevations

k-0 SST-SAS Hybrid RANS-LES model
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Figure 8. Time-averaged bottom shear stress agtiidin profile in the symmetry plane foukSSTSAS Hybric
RANS-LES model
modeled by the RANS model. In the plane profile boundary conditions prevents hybrid
channel case, there is no perturbation of thesAS model to switch from RANS to LES
flow and the model behaves as akSST mode. Secondly, the two hybrid simulations
RANS model. In the wall-mounted cylinder give also similar results, which was not the
case, the obstacle generates separated flosase for LES results (not shown here). Both
and disturbs the velocity so that the inlet boundary conditions reproduce the same
turbulence model is switched to the LES patterns as the experiments with a minimum
mode. value representing the horseshoe vortex
Figure 7 shows the velocity validation around -0.7D corresponding to an
with the same mesh as the one used for thamplification of about 2. This minimum
Dynamic Lagrangian LES model. Both value is negative meaning that a reversing
boundary conditions give similar result flow is taking place in this area, namely a
except at the upstream side of the cylinderclockwise rotating vortex. The main
near the bed where DFSEM simulation difference between the two simulations is the
slightly underestimates the velocity. local maxima observed at -0.8D with
Compared with LES simulations, the imposed RANS profile simulation whereas
downstream near bed velocity is alsotwo smaller ones are seen with DFSEM
underestimated by the Hybrid model. Despitesimulation at -0.8D and -0.9D.
this discrepancy, it can be infered thai k- The explanation of such a difference can
SST-SAS Hybrid RANS-LES model gives be understood in Figure 9 representing
reasonable result. Adding to that, RANS snapshots of the simulations at two different
result is closer to the imposed RANS profile times in the horseshoe vortex area. The
hybrid simulation. results are colored by the spanwise vorticity.
Figure 8 shows the time-averaged Experiments show that the horseshoe vortex
amplification of the bed shear stress profile
upstream the obstacle over all time steps.
Experimental results from Roulund and co-
workers are shown as red dots. First, likewise
Figure 7, RANS and hybrid simulations using
imposed RANS profile give very similar
result. It suggests that an imposed RANS
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Time: 152,50 - Time: 202,50

Time: 155.50 e Time: 205.25

Figure 9. Instantaneous snapshotspanwise vorticity with streamlines current for Gvg BC (left) and DFSEI
(right) at the zer-flow mode (top) and the backflow mode (bottc

is composed of several dynamic vorticesflow without periodic boundary conditions
(Baker 1980). In this figure, for both for LES simulations, either DFSEM or
simulations, it is clearly observed, from imposed RANS profile at the inlet boundary
downstream to upstream: one large primaryconditions can be used. However, the
clockwise vortex, one bottom-attached turbulence is establishing quite far away from
triangular counter clockwise vortex and onethe inlet, namely 15 &H.

secondary  clockwise  vortex. Both  Implementing such a computational
simulations are able to reproduce vortexdomain length in the LES simulations of
system. What is also seen from thesewall-mounted cylinder case is difficult as it
snapshots is the dynamics of the systemwould increase drastically the computational
evolving in a bimodal oscillation. The first cost. However because of the obstacle
mode takes place where all vortices movepresence, no periodic boundary conditions
close to the cylinder, it is called the zero flow can be used. No matter what inlet boundary
mode. The second mode takes place where attonditions is used, both give unstable result
vortices move away from the cylinder and it in terms of wall shear stress using Dynamic
is called the backflow mode (Kirkil & Lagrangian LES model. & SST-SAS
Constantinescu 2015). Snapshots from theHybrid model gives almost as good result as
two simulations represent these two modesLES model used in terms of velocity profile
While the imposed RANS profile simulation but is also much more stable for wall shear
shows a relatively short amplitude of about stress. With deeper analysis in the prediction
0.02D between the two modes, DFSEMof the horseshoe vortex, DFSEM can
predicts a larger amplitude of 0.13D in betterreproduce a more realistic vortices system
agreement with existing high Reynolds than an imposed RANS profile that tends to

number simulations (Kirkil & prevent hybrid model to switch to LES mode
Constantinescu 2015). and should be preferred.
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ABSTRACT: Predictions of waves, currents, sedimeansport, and the acoustic response of the
seafloor depend on reliable estimates of seaflooghness due to bedform geometry. To predict the
spatial and temporal dynamics of seafloor roughnesser changing wave conditions, we have
developed a modular modelling system, the Navafl@@aEvolution Architecture (NSEA). NSEA is
included in a repository of bottom boundary layeod®ls within a larger modelling framework
(Sediment Mobility Regime Estimator — SeaMoRE) deped to ingest regionally simulated wave and
current conditions and output near bed hydrodynataiclrive smaller scale models. The near bed wave
and current velocity output from SeaMoRE is usedli@ge a nonequilibrium spectral ripple model
within NSEA to estimate the time-dependent powegctpm of the seabed elevation. From the
timeseries of the amplitude power spectra, stasistharacteristics of the seafloor, such as roegn
lengths, can be derived. We illustrate the applitgf this model framework by using it to estitea
seafloor ripple evolution during a field experimeit the coast of Panama City, Florida, USA and its
potential to forecast seabed roughness varialtitther locations using web accessible global hsode

instantaneous forcing, which is not wholly
1 INTRODUCTION realistic. Coupling (either one- or two-way) a

seafloor spectral model to a hydrodynamic

Seafloor roughness can enhance bottonmodel allows for the generation of time-
boundary layer turbulence, is evolved bydependent seafloor elevation realizations
sediment transported at the seafloor interfacegorrelated to the shear stress on the seabed
and can have a dynamic feedback betweewcaused by the propagation of surface waves
the waves/currents that generate bedforms bypnd bottom currents. This method takes into
also attenuating wave and current energyaccount the time history of the forcing,
after formation. allowing time for the roughness to adjust to
Seafloor roughness is defined here as théhe changing forcing conditions.

unresolved variations in bathymetry at higher Presented here is a modelling framework
resolutions than gridded bathymetric datafor estimating seabed boundary conditions
and/or unresolved in a numerical model. given user chosen wave and current models
High-resolution models O(1mm-1cm) can and a one-way coupled spectral seabed model
directly simulate the interactions betweento produce time-dependent realizations of
fluid and sediment on the seafloor [Salimi- seafloor roughness. The Seabed Mobility
Tarazouj et al. (2021); Penko et al. (2013)],Regime Estimator (SeaMoRE) [Penko and
but are too computationally expensive toPhillip, in review] ingests hydrodynamic
couple with regional nearshore wave andinformation and outputs seafloor boundary
current models. Modules to predict layer forcing for input to the Naval Seafloor
roughness within hydrodynamic models areEvolution Architecture (NSEA) [Kearney
typically empirical in nature and based on theand Penko, 2022], which characterizes the
roughness being in equilibrium with the
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spatial and temporal evolution of seafloor Data is written in both NetCDF and CSV
roughness. formats for reading into one-way coupled
bottom boundary layer models (e.g., NSEA).
For validation purposes, observational data
2 MODEL DESCRIPTIONS can also be input to SeaMoRE, and the output
Seabed Mobility Regime Estimator from the sediment mobilization estimations
can be compared to local observations of

SeaMoRE is designed to extract angSediment transport as presented here.

reformat a variety of publicly available : :
meteorological and oceanographic (METOC) Naval Seafloor Evolution Architecture

data from webservers. Current models (e.g., . ) .
Navy Global Hybrid Coordinate Ocean NSEA consists of four modules: forcing,
Model (HYCOM), Navy Coastal Ocean seafloor evolution, seafloor synthesis, and
Model (NCOM)) ’data are available via oPservations. Information naturally flows
NOAA's National Centers for Environmental ffom one module to the next (i.e., the seafloor
Information (NCEI) Environmental Research €volution —module uses the forcing
Division’s Data Access Program (ERRDAP) information and its outputs are used by_the
server. Python code has been developed t§€2f100r synthesis module). The forcing
automate the extraction of data needed fofnformation is directly —provided by
calculating the current bottom boundarylayersealvIORE at 'the location of interest. The
forcing information by SeaMoRE [Penko et seafloor evolution model [Penko et.al., 2017,
al. 2022]. Additionally NOAA's Kearney and Penko, 2022], approximates the
WaveWatch Il (WW3) Production Hindcast €volution of the amplitude spectrum of the
multi-grid spectral wave model provides Seafloor —elevation by ~modelling the
historical and recent global and regional '€/@xation of the amplitude spectrum toward
wave data. The WW3 Production Hindcast!tS €duilibrium value calculated from an
model can be used to provide the data fofquilibrium ripple predictor method [e.g.,
SeaMoRE’s wave bottom boundary layer Ni€lsen, 1981; Nelson et al., 2013] with a
calculations. SeaMoRE ingests the wave andiMe scale based on the instantaneous ripple
current model data along with sediment9€0metry and sediment transport rate
information (mean grain size and sedimentlTraykovski, 2007]. Under strong forcing

density) and outputs gridded estimations ofconditions, — sheet flow conditions are
expected to exist, in which case the entire bed

seabed sediment mobility (based on the} - :
critical threshold for sediment incipient 'S Mobilized and ‘any ripples present are
washed out. In the absence of hydrodynamic

motion and sheet flow) and near bed : : ; ' :
hydrodynamics (bottom current magnitude f0rcing, bioturbation will slowly modify the
roughness, leading to a decay of ripple

and direction, wave orbital velocity, wave

bottom orbital excursion, and wave direction) @Mplitude and is modelled as a diffusive
(Figure 1). process [Jackson et al., 2009]. The output of

the seafloor evolution model is the amplitude
spectrum, which characterizes the statistical
properties of the random seafloor elevation
field. statistics of seafloor roughness such as
the root-mean-square elevation or the peak
ripple wavelength can be computed from the
spectrum. Random realizations of seafloor
elevations can then be generated from the

Mean grain size, ds, CaaMADRE . .
Sedimentdensity, p, SRS output spectrum through a Fourier synthesis
approach. Finally, the seafloor realization

( Sediment Mobility \

Figure 1: Flow chart depicting SeaMoREputs
and outputs.
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Figure 2: Flow chart of the input and output of thedules in NSEA.

elevations can be used to simulate awave height, period, and direction were
timeseries of acoustic data A flow chart recorded by a Nortek AWAC-AST at 2 Hz

depicting the inputs and outputs of the NSEAfor 1,024 s every 30 minutes. Linear wave
modules is shown in Figure 2. For completetheory was used to estimate the bottom
model description see Kearney and Penkgyitg| velocity and the semiorbital excursion
[2022]. from the observed significant wave height.
The forcing data input to NSEA included the
bottom orbital velocity), wave semiorbital

L L . excursion 4), and the wave directionpj
The applicability and validation of this Figure 3). A 2.25 MHz rotary sonar

model architecture is pre§ented by estimating(|magenex 881b) installed at a height of 1.05
seafloor roughness during the Target andy ghove the seafloor imaged approximately
Reverberation Experiment  (TREX13) 56 m x 6 m area under the quadpods every

deployed off the coast of Panama City, FL, 15 minutes. A fast Fourier transform of a 3 m

USA in 2013. Instrumentation on a quadpody 3 patch of the backscatter image was
in 8m water depth collected data for 34 days'computed and the wavenumber

1 corresponding to the maximum Fourier
amplitude was extracted and converted into

3 RESULTS & DISCUSSION
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Figure 3:(A) Bottom orbital velocity, (B) bottol
semiorbital excursion and (C) wave direction
North) from the TREX13 field experime

an estimate of the ripple wavelength.

The SeaMoRE-NSEA coupled framework
was validated with observations of the ripples
generated on the seafloor recorded with the
rotary sonar (Figure 4). SeaMoRE ingested
the wave observations and estimated whether
the seafloor was in a stable state (the
estimated bottom shear stress was below the
critical shear stress for sediment incipient
motion), an active ripple state (the estimated
bottom shear stress was between the critical
threshold for sediment incipient motion and
the critical threshold for sheet flow), or
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turbulent (the estimated bottom shear stressvhen the ripple wavelengths are constant,
was above the critical threshold for sheetindicating that SeaMoRE is in good
flow). The contours in the top panel of Figure agreement with the observations for the
4 shows the times when SeaMoRE predictsstable regime.
the stable (white), rippled (blue), and The blue shading indicates that sediment
turbulent (red) regimes for the entire TREX is predicted as being mobilized and/or ripples
experiment. The observed ripple wavelengthsare actively evolving. At times (b) and (d),
extracted from the rotary sonar backscatterfSeaMoRE predicts that the seafloor
image are plotted with black dots also in theroughness is evolving, which is also observed
top panel. The middle panels (a-d) are 3 m xin the sonar images. Note that the blue
3 m images of the rotary sonar backscatter ashading generally corresponds to times when
four different times of the experiment the ripple wavelengths are observed as
showing the variability of the ripples. changing, showing that SeaMoRE is in good
At time (a), the seafloor is stable; agreement with the observations for the
however, ripples are present due to beingipple regime. At both times (b) and (d),
generated by a previous forcing condition. NSEA predicts that the ripples are actively
NSEA predictions of a random seafloor evolving and the wavelengths are increasing;
realization at the same time as the sonahowever, it doesn’t quite capture the three-
image is plotted in the bottom panels. Thedimensionality or the orientation of the ripple
ripple geometry predicted in the seafloor fields. The complex and three-dimensional
realization in (a) is qualitatively similar to the ripple field could be a result of interacting
sonar image. The ripple wavelengths andwaves and currents of varying directions
orientations are in good agreement with thewhich is presently not resolved in the model.
observations. Note that the white color blocks The red shading indicates that the bottom
in the top panel generally correspond to timesboundary layer is in a sheet flow regime, and

SeaMoRE Regimes (Color Blocks)
T

o
5

SeaMoRE

I:I Stable regime

Sediment mobilization/
Ripple regime

_ Turbulent regime

o
»

Observed ripple length (m)
o
w

TREX13

Ripple Wavelength
(Rotary Sonar)

Acoustic backscatter return

- (Rotary Sonar)

NSEA
. Seafloor Elevation

meters meters maters meters

Figure 1: Output from SeaMoRE (color blocks in top panel)idgating the instantagous seafloor regime &
random seafloor elevatigralizations output from NSEA (bottom panels) mdttith the rotary scanning so
images (middle panels) and the peak ripple wavéteexgtracted using Fourier analysis on the sonar is
(black dots in top panel). The grey lines in the panel indicate the times of the faonar images and NSl
model realizations.
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the ripples are being washed out. SeaMoREhe condition that neither the U.S. Geological

accurately predicts the two times in the timeSurvey nor the U.S. Government shall be

series that the ripples are sheared offheld liable for any damages resulting from

completely by the flow and a smooth, flat bedthe authorized or unauthorized use of the

results. NSEA also accurately predicts thisinformation. Any use of trade, firm, or

result at time (c) as shown as no variations ifP'0duct names is for descriptive purposes

seabed elevations in the bottom panel. only and does not imply endorsement by the
In general, both SeaMoRE and NSEA areU'S' Government.

in good agreement with observations of

ripple fields as observed from rotary sonar6 REFERENCES

bac_kscatter images in 8 m of water depth'Jackson, D. R., Richardson, M. D., Williams, K. L.,

While both models  compare  well Lyons, A. P., Jones, C. D., Briggs, K. B., & Tang,

qualitatively, a more quantitative analysis p. (2009). Acoustic observation of the time
and sensitivity testing is needed before the dependence of the roughness of sandy

models can be applied at other locations. seafloors. [EEE ~ Journal ~ of  Oceanic
Engineering, 34(4), 407-422.
https://doi.org/10.1109/joe.2009.2021287

4 CONCLUSIONS Kearney, W. S., & Penko, A. M. (2022). The Naval

Seafloor Evolution Architecture: A Platform for
A near bed hydrodynamic and sediment Predicting Dynamic Seafloor Roughness.

. . Nelson, T. R., Voulgaris, G., & Traykovski, P. (&)1
with a  seafloor roughness architecture Predicting wavenduced ripple equilibrium
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ABSTRACT: The shallow nearshore waters of the seatitern Baltic Sea are a sediment stal
environment. Between the wide outer Bay of Kiel #melnarrow Fehmarn Belt, a transition from flow
parallel sand ribbons through starved dunes inlly tieveloped dunes can be observed. While their
general orientation aligns with residual flow pattandividual dunes exhibit a complex 3D structure
Having been described as dormant, give an estiofdtng- and short term migration rates. We also
present an approach for measuring starved dunthiepgeserving global self-similarity and aspetibra
The transition from sand ribbons to dunes is linteethe thickness of the mobile sand layer on top o
rigid glacial till deposits.

These limitations in both sediment

1 INTRODUCTION availability and transport capacity make Iarge_
flow transverse bedforms a rare phenomenon in

Lacking sediment input from major rivers, this region. Nevertheless, in parts of the narrow
many shallow parts of the western Baltic Sea arestraits where  both  sufficient sediment
considered sediment starved environmentsvailability and higher current velocities come
(Niedermeyer at al., 2011). The substratum igogether, high energy bedforms such as giant
dominated by till deposits from the last ripples and dunes can be found (Werner &
glaciation. This heterogeneous materialNewton, 1975; Kuijpers et al., 1993) amongst
spanning grain sizes from clay to boulders isthe abundance of other bedforms (Winter et al.,
reworked and sorted by wave and current actionthis volume).
Mobile sands are available from the erosion of o
active cliffs (Averes et al., 2021) and abrasionl-1 The bedform field in the southwestern
on submarine platforms (Healy, 1980). Larger F€hmarn Belt
sand bodies are often confined to the littoral |n the southwestern Fehmarn Belt (FB), a
regions and form wave-dominated shore-|arge bedform field extends ca. 8000 m in the
parallel bars or shore-oblique ridges. main flow direction and ca. 1700 m laterally
The hydrodynamics of the microtidal western (Fig. 1a). The bedforms have first been
Baltic are governed by fetch-limited waves anddescribed as asymmetric giant ripples with
wind-induced seiching. Flows generated bylength of around 60-70 m and heights of around
basin scale oscillations are channeled through.8—2.0m on the basis of single-?beam
narrow straits, belts and over shallow sills. Theechosounder recordings (Werner & Newton,
Fehmarn Belt is considerably stratified due t01970)_ Adapting more recent definitions we use
the water mass exchange between the North Sege term dunes to describe the bedforms.
and the Baltic Proper. However, significant Sidescan sonar surveys over larger areas of the
inflow of cold, saline and oxygen rich water Bay of Kiel towards the West show a series of
from the North Sea occurs only during Major flow parallel sand ribbons which have been
Baltic Inflow (MBI) events, which play an proposed exist on lag deposits and serve as
important role in hydrodynamics and ecology of conduits feeding sediment into the dune field
the Baltic Sea (Mohrholz et al., 2015). (Feldens et al., 2015). Investigations including

detailed diver observations of individual dune
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morphology and fauna distribution found adult digital elevation models (DEM) of bathymetry
specimen of sessile species in the surface laye@nd beam backscatter intensity.

interpreted as to that the bedforms had been

immobile for several years (Werner et al., 1974),2.2 Sub-bottom profiles

leading to the field being described as dormant.  ghallow sub-bottom profiles were recorded
Although later studies showed an eastwardp combination with the MBES data with an
progression of the eastern boundary, migratiorhy|l-mounted parametric sub-bottom profiler

rates could not be determined with certainty dug|nnomar SES-2000® medium, 8/100 kHz).
to lacking positioning accuracy of the

positioning systems used (Feldens et al., 20092.3 Sediment samples
2015). Advances in GNSS technology and the

use of online correction services (RTK) Ve
available in nearshore areas now allow for
centimeter accuracy in horizontal and vertical
domain (Lycourghiotis & Kariotou, 2022). For
this study multibeam echosouder (MBES)

surveys from recent expeditions were used fo (AL574, 2022). The position accuracy is

the generation of high _resolutior)_ maps of estimated as O(1 m) for the USBL and O(0.1 m)
bedform topography. Precisely positioned grabfor the RTK antenna. In combination with the
samples allow for an investigation of .

. ) . o RTK positioned MBES surveys, this allows for
sedimentological properties across individual

" a resolution of elements of the dune morphology
dune geometry and across the transition from{stoss/lee slope, trough) in contrast to the
sand ribbons to dunes. ’

previously used differential GPS positioning
which did not allow to differentiate between

Seafloor surface samples were taken by van
en grab sampler. The position of the samples
were recorded using an USBL transponder on
the device combined with an RTK GNSS
(AL552, 2021) and an RTK GNSS antenna
Ipositioned on the A-frame above the wire

2 METHODS dune and lag sediments (Feldens et al., 2015). At
the time of writing, the samples are being
2.1 Seafloor morphology analyzed by dry sieving to obtain grain size

Bathymetry and backscatter data werediStributions.

recorded with a MBES (Norbit WBMS STX,
550 kHz, 512 beams at 0.9° width) onboard RV
ALKOR during cruises AL536 (05/2020), Flow velocities in the dune field were
AL552 (03/2021) and AL574 (06/2022) with estimated from a numerical model of the North
typical survey speed of 5 kn, 12 Hz ping and Baltic sea (modelling system GETM)
frequency and a swath of 120° which in theavailable from the COSYNA data web portal
range of water depths between 15 and 25 nfhttps://codm.hzg.de/codm/). Averaged over a
resulted in an beam spacing of roughly 0.2 byrepresentative wind year 09/2016 — 08/2017, the
0.15 m across/along-swath. For positioning, amain residual current direction was 99° (Fig.
differential GNSS system with online real time 1b).
kinematic (RTK) corrections was used which
allowed a horizontal and vertical position 2-5 Bedform morphology
accuracy < 0.02 m. Attitude (heave, pitch and The dimensions height and length (H, L) of
roll) was provided by the build-in motion sensor the bedforms were calculated using the 2020
(Applanix WaveMaster). bathymetry. Bed elevation profiles (BEPs) were
The raw MBES data were processed in MB-extracted from the DEM in the main flow
System (V5.7.9beta26) with corrections for direction (99° E) with an along-profile spacing
attitude and raytracing using sound velocity of 0.5 m and a lateral spacing of 10 m between
profiles from CTD casts. The point cloud datathe individual profiles using the Generic
was gridded in 0.5 mresolution to obtain aMapping Tools software (GMT V6.0.0, Wessel
et al. 2019). The resulting profiles were further
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analyzed in GNU Octave (V5.9.0). First, the 2.6 Bedform migration rates
BEPs were filtered using an (5, 100) m bandpass 1, ayajuate migration rates a MBES

filler to remove high frequency noise and athymetry from 2007 was compared to data
secondary bedforms as well as the backgrountﬁ,

i : om surveys in 2020, 2021 and 2022. Lacking
bathymetry. The resulting zero-mean profiles

| db ; p ciJositioning accuracy, the 2007 was geo-
were evaluated between zero-crossings 1o finGeterenced with the help of ground control
crests as local maxima. As — in the starved stat

h b q b ints taken from immobile morphological
—the space between two Unes can b€ COMPOSglyyres in the western part of the survey area.
of boulder clay or lag deposits a seemingly

he remaining positioning error is estimated at
random topography unrelated to the dunes and, o, The |atest surveys were carried out with

no well-defined troughs may occur (Fig. 2). This ptk GNSS with positioning accuracy below
environment is challenging for the established 02m. In a first step, migration rates were

method(sj of slepardati?g indévitljual bedformds ffoM ostimated manually from the comparison of
BEPs developed for tidal or river dunes;. ., :

(Gutierrez et al., 2018; Cisneros et al., 2020;|nd|V|dual profiles over a few dunes.

Wang et al., 2020). Especially the actual lengths

of starved bedforms are difficult to obtain. Using 3 RESULTS

crest-to-crest spacing would result in an

overestimation of bedform lengths, due to the3.1 Bedform morphology

wide, additional space between individual  Generally, the dune field is separated into an
starved bedforms. Therefore, the first andypper terrace in around 14 m water depth and a
second maxima in the five-point averaging jower terrace at 21 m (Fig. 1a). The lateral slope
smoothed curvature were extracted as lee slopgetween the terraces steepens from West to East.
end (first peak) and stoss slope onset (secongthe field is further grouped into at least six
peak). For fully developed dunes, this closelydistinct trains of dunes. Their origin can be
corresponds with the trough location (Fig. 2).traced to flow parallel sand ribbons curving into
Stoss and lee slope lengths and heights wergehmarn Belt from the larger Bay of Kiel
taken as differences in along-profile distancetowards the East. The individual trains merge
and vertical elevation between those thregaterally but defects and bifurcations along in
points. The total dune length was computed agheir merging flanks can be traced for a long
the sum of stoss and lee length and total heighgistance, in some cases throughout the entire
as the average of stoss and lee height}ength of the dune field.
Asymmetry was computed from the ratio of |ndividual dunes show complex 3D
stoss and lee length. The resulting bedformgeometries with lengthening and increasing
dimension parameters were stored and exporteglanform curvature of crests, bifurcations, and
for the position of the crest. _ isolated barchanoid dunes. Dune trains
Slope angle and direction of the gradient oftrayersing the bathymetry gradient at an oblique
the bathymetry were calculated from the DEM angle show a behaviour similar to the refraction
using GMT grdgradient. To identify slipfaces, of shallow water waves: Dune crestlines bend
the resulting DEM was masked with a 10° jnward when located in greater depth.
cutoff. The prOf”eS used for the calculation of The dunes are asymmetric with peaks of 3°
the bedform dimensions described above werging 13 in the distributions of stoss and lee slope
extracted from the masked DEM. Sllpfaces Wereang|es respective|y_ The steeper leeward faces
identified where at least three successive pointgip towards ESE (median 100°). However, local
at the grid spacing of 0.5 m had slopes >10°. Thejipface directions differ across the individual
slipface direction was averaged over thetrains from West to East and appear to follow the
respective segments and exported as vecCttfhanging residual flow direction into the FB.
components towards East and North (Fig. 1a). Throughout all available surveys starting from
SBES in the 70s to recent MBES surveys
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-

Figure 1. a) Overview map with detected dune creSwors indicate dune height. b) Current rose thase a
representative wind year 2016/2017. Data: COSYNAMetailed view showing dune topography, detectedts with

height and slipface direction vectors for an exemplransitions ob bedform states from flow-pagaiaiand ribbons
over barchanoid forms to starved dunes. The cyanitidicates the track of the SBP profile. d) SBéfife indicating

increasing thickness of the mobile sandy bed lapewe glacial till deposits (dashed black line).

(2022), a no reversal has not been observed, n

%t.s Transport layer thickness
even of individual dunes. P yer thi

A SBP profile which follows the transition
3.2 Bedform migration rates from sand ribbons through short-crested
Mean long term average migration ratesbarchanmd dunes to starved long-crested dunes

(2007-2020) are estimated to 1.1 m/a Theshows the increasing thickness of the overlying

. : bile sand on top of a downward dipping
comparison of the three successive surveys fronq1oPN€ | : . -
05/2020, 03/2021 and 06/2022 showed almos r']‘?‘ck'a' ull dfetphos'ts (Fig. 1%)] Ilis seen thae}h
no migration between 2020 and 2021 and ICkness of the Upper sand fayer Increases from

migration distances of about 2 m between 2021West to East, in general. The highest, most

C : : regular and fully developed dunes are found in
and 2022 indicating intermittent dynamics. the shallow eastern part of the bedform field.
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Figure 2. Separation of dunes and measurementrafrdiions. Examples for bed elevation profiles @¢g) row), slope
dz/ds (middle row) and curvature d2z/dz2 (bottomv)réor starved dunes (left panels) and fully depeld dunes (right
panels). Red (down) and green (up) lines mark gewesings of the BEPs, red dots mark crest positiomagenta
rightward triangles mark stoss slope onset and tyamgles mark lee slope end.

locally influence bedload transport directions
leading to converging and diverging transport
patterns. This potentially influences the
sediment supply to the respective downstream
In this study a large number of dune shapesiune. Further investigations have to be made
(16,372) were analyzed and show a large scatteénto the relation between slipface direction,
in height (29 and 98 percentiles: kb=0.25m, near-bed flow and bedload transport direction as
Hos =2.14 m; loo = 24.54 m, kg = 109.36 m). the latter may be bound to the small scale
Feldens et al. (2015) stated that the dunelownslope gradient direction.
steepness “H/L plot beneath the global mean
line" of Flemming (1988). This is true when 4.3 Bgdform transitions in rela_tion to transport
crest to crest distances are used to measure duf@Pacity and transport layer thickness

length (Fig. 3). When length is measured Bedform transitions from sand ribbons to
between first and second curvature peaks agstarved) dunes have to be re-evaluated based on
illustrated above and in Fig. 2, H/L ratios of bathymetry and sub-bottom profiles following
individual dunes plot closer to the global meanthe sand ribbon and dune train axes. By
given by Flemming (1988) as H = 0.0677 evaluating transport direction and capacity from
L0.8098 (Fig. 3). When the projected length inhigh  resolution numerical models and
the direction of the slipface gradient is used indetermining transport layer thickness of the

addition, the H/L ratios along individual dunes available mobile sediment above a rigid base
fit even better. layer from SBP profiles the bedform types can

be plottet against stability diagrams (e.g.

4.2 Planform structure of dunes in relation to ~ Kleinhans, 2002).
local flow and transport pattern

The asymmetric shape of the dunes agree§ CONCLUSIONS
with the direction of Baltic Sea inflow events, In the microtidal southwestern Baltic Sea, a

which are possibly the main driver for dune fie|q of starved bedrforms is characterized by

directions agree with the main flow direction migration with a long-term average migration
during inflow events, individual dune crests rate close to 1.1 m/a. Short term changes in
show a complex 3D structure with both inward migration rates obtained from annual surveys
focussing and outward fanning which may can help to understand the link between the

4 DISCUSSION

4.1 Determination of starved dune length
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Figure 3. Dune dimensions H, L. The red dashedifideates the global mean following Flemming (1p&&ft: Entire
dune field containing 16,372 dune geometries. MidBkample for a starved dune. Right: Example fiullg developed
dune. Grey squares indicate crest-to-crest lengthsk circles indicate adapted length based @t éind second BEP
curvature peaks and red triangles indicate thetiaddi projection of the curvature-based lengthgaials the direction
of the corresponding slip faces.

history of forcing events and morphodynamic
response of the dunes.
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ECOWInd-ACCELERATE:accelerated seabed mobility arot
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ABSTRACT: To identify opportunities for wider comsation with stackable benefits around
offshore windfarms (OWF), we need to quantify erigtchanges and predict future changes to the
marine environment from OWF expansion, with tropimteractions that start at the seabed. We are
therefore building a calibrated and validated higbelution local area coupled flow-sediment tramspo
model to quantify the impact of OWF modified flows seabed mobility (sediment transport, seabed
composition and morphology). This will then be caondd with impacts on the seabed from climate
change. Here we focus on using various sizes of GAMIF representing realistic seabed sediment
composition, and preliminary results from flumededtory experiments and TELEMAC 3D modelling
will be presented at the MARID conference. This kvigr part of the new ECOWind-ACCELERATE
project, where the team will quantify the impactlod seabed modifications on seabed habitats &nd th

knock-on consequences for epi-benthic fish distidouand deep-diving seabirds.

changes modify the properties and mobility
regimes of the seabed, particularly at shallow
1 INTRODUCTION cable corridor sites. It has been suggested that
Offshore windfarms will be developed at the effects that relate to the growing size of
an accelerated schedule under fast-tracKOWFs may be felt regionally, rather than just
plans to switch away from fossil fuels. With locally (van Berkel et al., 2020).
ever larger offshore windfarms, and the N o _
cumulative effects of climate change, we thus1-2 Seabed mobility driving habitats.

urgently need to understand the way the Habitat maps and models, which underpin
seabed is modified in response and how suclycal to regional marine spatial management
changes affect the wider marine ecosystem. via valuations of ecosystem services (ES),

1.1 Seabed mobility around seabed rarely consider dynamic changes to the

Infrastructure. sediment load can define habitats, across a

The seabed infrastructure associated withrange of spatial scales, including: (i)
OWFs includes turbines, foundations andchanging extent and distribution of habitats
cables, plus the protective materials to keep i{e.g. Fig. 1 — see end of this document); (ii)
all safe. When natural currents in the waterchanging structure and function of habitats;
column deviate around such objects, theand (iii) changes in supporting processes
forces acting on the seabed enhance by up teuch as sediment suspension on which
a factor of four, with impacts stretching habitats rely. The close association of habitat
several kilometres beyond the object (Smythtype with the identity and diversity of benthic
and Quinn 2014, Whitehouse 1998, fauna mean such changes in habitat are likely
Vanhellemont & Ruddick 2014). These to have significant impacts. For example, the
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coarsening of habitat and introduction of hard1.5 Physical modelling and field
substrates is likely to enhance speciesobservations to validate/calibrate sediment

richness, abundance and productivity transport.

(Benoist et al 2019). On sand banks, even Real-world observations (see Section 2)
subtle changes in the proportion of silt drivesznd scaled physical experiments (see Section
changes in important high-calorie epi-benthi03) of flow modification can be used to
prey for deep-diving predators (Wright et al., cajibrate and validate modelled predictions of
2000; Langton et al., 2021). local hydrodynamic modifications and
seabed sediment transport. We recently
validated TELEMAC-SISYPHE model
outputs against observed flow deviations
To assess the impact of OWFs anywherearound individual objects, such as the SS
around the UK, an in-depth study is requiredApapa shipwreck to the north of Anglesey,
across a range of depths, seabed habitats ambrth Wales, UK (Fig. 2), with 18 repeat
OWEF sizes. The Eastern Irish Sea is the ideaseafloor surveys since 2012. Larger scale
test bed for accelerated ecosystem impacteffects will be assessed during the new
from OWF expansion. This area hosts severaECOWind-ACCELERATE project.
existing OWFs and four large planned OWFs
(Fig. 1) lie within 10-20km of each other, and 1.6 Aims of this work.

of other sites (incl. planned carbon storage). Ng field-scale data exist yet from the

The variable seabed (Fig. 1-Cl) definesych |arger planned OWFs, to determine
habitat suitability (Fig. 1-C2), and the sand heir cumulative impact from the increased
banks amid coarse sediments represent man¥aicn”. We will thus use the world-class

environments also found in the S North Sealaboratory of HR Wallingford to run

(Fig. 1-A). experiments to investigate the impacts of
different OWF array scales on sediment
transport, using existing length scale
approaches (Frostick et al 2011) to ensure
Uncertainty in sediment transport models geometric similarity between experiments,
is greater when the seabed is mixed, and witlbffshore data and the hydro-morphodynamic
seabed composition as an important driver ofmodel, with a best practice scaling approach
habitat suitability (Fig. 1), benthic habitat (Whitehouse 1998). The main questions we
maps are only relevant when the changingfocussed on:
state of the seabed is considered. Mixed beds
can experience energetic conditions just’
under the threshold of motion for the sand
fraction, modified by the presence of gravel
(McCarron et al, 2019). Any flow
amplification could dislodge this sand and
even form mobile sand waves. These could s 1
amplify the flow further and sand wave trains ~ Properties (i.e., downstream and cross-
can extend many kilometres in the far-field of ~ Stream flow velocity anomalies)?

the original obstruction (see Section 2). * How will increasing monopile diameter
affect flows and bed morphodynamics?

1.3 The mixed nature of seabed sediments
in the Eastern Irish Sea.

1.4 Problems with predicting seabed
mobility.

How  well do the predicted
hydrodynamics (using a sub-grid scale
representation of a monopile or monopile
array) represent actual effects on flow
velocities?

How does monopile diameter affect wake
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increase in TKE which persists up to 35m

2 OFFSHORE DATA AS INSPIRATION above the bed.

2.1 Seabed mobility due to flow diversion

around objects. TKE (m?%s?) at %

& \\o°°

© 65m deep

The team has been monitoring change in} »
seabed mobility around seabed objects or{} =
mixed and coarse beds, as this is where man| i ‘
Offshore Wind Farms (OWF) around the UK
will be built. Flow diversions around OWF
objects and sedimentary bedforms are
responsible for additional energy in the water
column and for winnowing of the sand
fraction with subsequent generation of 50
migrating sand waves inducing further sand L L atis S
winnowing. This can result in mobile sands Figure 3. Seabed observations to capture impact of
many kilometres beyond the initial flow accelerated flow on bed mobility: Enhanced TKE in
diversion, even at depths of 50-80m (Fig. 2-the wake of a 15m high sediment wave.

A, B1), and these can host different benthic

communities (Cheng et al., 2021). A small ; 3 geaped changes in the wake of a wind
disintegration of the SS Apapa wreck { pine.

resulted in a demonstrable shift in seabed

mobility regime (Fig. 2-B2) with lateral ~ From SEACAMS data around the scour-
changes in seabed composition over 100s oProtected monopiles of the Rhyl Flats OWF,
metres, new scour pits and a reversal in thdéhere are also signs of increased seabed
migration direction by a 2.5m high sediment Mobility (Fig. 4) and changes to sedimentary

1
3

§ Rl N
“;.ikm&l\i‘.:\f“&- "‘:KQ‘ 1

Height above bed (m)

wave. bedform dimensions. The monopiles are
nearly a third of the size of the monopiles we
— will see in future installations. The effect of
\\. S5 Apapa wreck - 50m deep flow diversion has altered the seabed from an
'\,))'))Iw}mm-,,,, : exposed glacial bed of sand and gravel to a
‘ "-?/, ?@* sandy bed with sediment waves in the wake
Lo of the turbine (Fig. 4 — bottom image). The
gesafteltl intparsionpfiveck =) B2 reversed process can also happen, where the
W \"WW»JS:E,‘ sediment waves already existed, but they
\ . Newf;;“r holes have been washed away in the wake of the
R T 7 Reversal sediment turbine (Fig. 4 —top image). These effects can
— e | weve mereten extend for more than 100 times the diameter

Fig“rle 2t' ieﬁ‘bed Obsberzj’a“o”sl.tto Cli‘lpt“re d.impa.Ct 9bf the monopile, and where sediment waves
accelerate Ow on beda moollity: Oow diversion .
causes sediment wave trains to forym around glatial are generated, they often set Off a train of
platform (A) and a shipwreck (B). sandy bedforms for many more kilometres.
The way heterogeneous beds of glacial
2.2 Enhanced turbulent kinetic energy in tills supports ecosystems will differ from the
the wake of a large sediment wave. way a clean sandy bed does. So the impacts
are profound and the impacts are variable,
and the ECOWind-ACCELERATE project

@ims to predict this.

In the summer of 2021, our Bangor
University team deployed an upward-facing
ADCP on a frame near a 15m high sedimen
wave (Fig. 3). There is quadrupling of
turbulent kinetic energy (TKE) 200m away
from this large sediment wave (Fig. 3). The
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3.2 Instruments.

E““‘i"“f“e"e: Hydrodynamics will be monitored using a
vertical array of acoustic Doppler
velocimeters (ADVs) and a Vectrino Profiler.
These velocimeters will provide flow
information at:

gl ; | <+ 80% of flow depth (Top): Sideways
Figure 4: Increased seabed mobility by monopiles of |000klng ADV(; _

the Rhyl Flats OWF in the Eastern Irish Sea. The® 60% and 40% of flow depth: downwards
seabed images are hypothetical. looking ADV.

* 20% to bed: Vectrino Profiler.

highly variable.

2.4 Many different seabed substrates. Measurements will be taken across a 2D

The Irish S h ¢ . grid of points surrounding the monopile.
€ Irsh >ea was € Scene of a MaSSIVE& 4 haq6e of the water surface will also be

ice stream draining the British-Irish Ice Sheet .o rded using a high frame rate camera

(Clark et al., 2022). This left behind nnsitioned directly above the monopile.
sediments of all sizes and consolidation, andsrface flow information will be obtained

in the Irish Sea, there is great spatialfrom PIV analysis of footage to support the
variability in seabed sediment type (e.g. Figvertical flow information.

1 and example seabed images in Fig. 5). Bed morphodynamics will be assessed
Having these gradients of different seabedusing pre- and post-experiment bed scans
substrates will allows us to use the spatialcollected using a 2D laser bed scanner.
variability of today’s relationships between

bed and habitats to predict the future use of-3 Experimental design and integration
habitats. with numerical models and offshore data.

The experimental setups includes cases
with a single turbine, with a diameter that
represents existing developments (e.g.
monopiles of 5m in diameter) and a future
Round 4 larger style monopile (12m
diameter). Flow measurements and their
morphodynamic extent will be measured
offshore in the summer of 2023 in the wake
of OWF. The TELEMAC-SISYPHE model
will be configured to emulate the physical
R AV I modelling setup, cross checked in both 3D
Figure 5: Images from the variable seabed intish Ir  g3nd 2D mode.

Sea (Van Landeghem, 2008). Due to a slight delay in the work schedule,
we cannot present preliminary results of the

3 EXPERIMENTAL FLUME LAB SETuUp flume laboratory experiments in this
extended abstract, but they will be presented

3.1 Wave-current-sediment basin. at the MARID conference.

The UK Coastal Research Facility at HR
Wallingford is a 27m wide by 54m long 4 CONCLUSIONS
wave-current-sediment basin. Within the  The forces acting on the seabed are
basin, a flume with working area of 3m wide gyaranteed to change more rapidly over the
by 30 m long was built. With an operational next few decades due to accelerated effects of
depth up to 0.8m, discharge is less than 1.Zhe climate crisis, interacting with the
me/s. combined accelerated flows around new

LN
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large OWF infrastructure. These have theClark, C., Ely, J.C., Hindmarsh, R., Bradley, S.L.,
potentlal to Change Seabed moblllty reglmes’ IQHECZI, A., Fabel, D., (@) COfaIgh, C., Ch|Verre”,

. . . . R., Scourse, J., Benetti, S., Bradwell, T., Evans,
thus mducmg Changes to the Integrity of the Roberts, D., Burke, M., Callard, S.L., Medialdea,

seabed, its habitats and associated benthic A "saher, M., Small, D., Smedley, R., Gasson, E.,
biodiversity and ecosystem services (both Gregoire, L., Gandy, N., Hughes, A., Ballantyne,
positive and negative). C., Bateman, M., Bigg, G., Doole, J., Dove, D.,
Our outputs will provide valuable Duller, G., Jenkins, GII L(;vingstone, S., McCarron,
information not onlv for terminina th S., Moreton, S., Pollard, D., Pra_eg, D., Sejrup,
rat(és :n((j) Iocioofosegbeod c?falr? e forgbentehic H.P., Van Landeghem, K. and Wilson, P., 2022.
; 9 Growth and retreat of the last British—Irish Ice
habitat assessments, but also for the future sheet, 3000 to 1500years ago: the BRITIGE
design of resilient OWFs and inter-array and CHRONO reconstruction. Boreas 51(4), 699-758
export cables that are vulnerable to theFrostick, L.E., McLelland, S.J. and Mercer, T.G.,ed
impacts of seabed currents, waves and human 2011. Users guide to physical modeliing and

L i ; experimentation: Experience of the HYDRALAB
activities such as fishing. We thus aim to network. CRC Press (IAHR Book Series)

inform decision making by project partners | angion, R., Davies, I.M. and Scott, B.E., 2021.
on designing future climate change-adaptive  Seabird conservation and tidal stream and wave
and resilient structures. power generation: Information needs for
predicting and managing potential impacts. Marine
Policy 35, 623-630
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Fig. 1: A: About 24% of UK seabed has mixed andreeaediments: many where windfarms are in place or
planned (dashed polygons) and with sand banksI{e) where sand is winnowed out. Data extractechfro
EMODnet — Sept 2021 version. B: Eastern Irish 8éth, OWFs Mona (a), Morgan (b) and Morecambe (ddhiv
10-20 km from the planned OWF Awel-y-Mér (d), thesting OWF Gwynt-y-M6r (e), Rhyl Flats (f), North
Hoyle (g), Walney sites (h), and from a plannedoarstorage site (i). Cable instalments for whiehhave data

in grey, and two modelling domains of high-resauotbed stress modelling in red. C1-2: The Rhiardataset (j

in (B)), has seabed sediment types (C1) defininghie habitat distribution (C2).
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M arine dune mor phodynamics and sediment fluxes (off Dunkirk,
France). Spatio-temporal variability and relations with
hydr odynamic for cings.
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ABSTRACT: In the context of the future wind turbine projeét Dunkirk (North of France)the
morphodynamics of six medium to very large dunestéwdepth around 14.5m LAT; heights around 1-
3m; wavelengths around 84-232 m) is investigatedil@ basis of eight bathymetric surveys realised
between November 2019 and July 2021 (20 monthsle duorphometric parameters, migration rates
and associated sediment fluxes have been quantiflesl spatial (intra- and inter-dune) and temporal
variability in dune mophodynamics has been insgktheough statistical analysis in relation with
meteo-marine forcings. A strong intra-dune and weakterdune variability is observed in dune
morphology (e.g. wavelength, height, width), whilene migration and sediment fluxes display a simila
response to forcing modifications. Some recommeadsican be drawn up concerning the monitoring
of dune fields in offshore wind farn

consequences and needs to be anticipated and

constrained.

1 INTRODUCTION Dunes morphodynamics is controlled by

On the continental shelf, bedforms are many factors such as sediment grain-size and
mobile morphologies under the action of hydrodynamics. It responds to variable
tides, winds and waves. The installation of meteo-marine forcings (tides, e.g. Tonnon et
offshore wind structures is concerned withal., 2007 ; winds, waves, storms, e.qg.
major technical challenges, such as scouringcampmans et al., 2018) and sediment fluxes
around the pile foundations, burying and with modifications of their morphology and
unearthing of cables (Carter et al., 2014),migration rates. However, the variability in
phenomena  which are  particularly dune morphodynamic response at the scale of
exacerbated when the sedimentary dynamicghe dune and the dune field is barely
is important and when submarine dunes arénvestigated (e.g. Salvatierra et al., 2015).
present (Couldrey et al., 2020). Marine dunes The objective of the present study is to get
are located on sediment transfer pathwaysjnsights on dune morphodynamics in the area
they constitute essential functional areas forof the future wind turbine area off Dunkirk,
many biological species, and are suchwith a special focus on the spatio-temporal
classified by the MFSD and Natura 2000 as avariability of dune morphology, migration
determinant habitat. The disturbance of thesgates and associated sediment fluxes in
environments with the installation of seabedresponse to various meteo-marine conditions.
man-made structures can have significant
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less than 1% of observations. Waves are
2 STUDY AREA AND CONTEXT mainly form SW and NE and attenuate on

A 50-km2 600 MW wind turbine project reaching the subtidal sandbanks with heights
is planned in the southern North Sea, 10 kmnot exceeding 1.2 m for periods of 4 to 8 s in
offshore Dunkirk (Fig. 1). This project aims 80% of cases (Latapy et al., 2019).
to install a maximum of 46 wind turbines
placed on the Binnen Ratel sandbank,3 MATERIAL AND METHODS
connected to the land by cables passing in
between the different coastal sandbanks up to To characterize dune morphodynamics,
Dunkirk. In order to better understand the sedimentary fluxes and their relation with
burial and wunburial of cables, the hydrodynamics, bathymetric data as well as
morphodynamic characteristics of the dunesdtide and wind data have been collected over a
and the associated sedimentary fluxes wer@l-month period.
studied within the framework of the DUNES , ,
project. The results presented here relate to 4-1- Bathymetric data to morphodynamic
field of 6 dunes of around 0.5 km2 located Parameters
along the cable corridor, in water depths Eight bathymetric surveys (namely S1 to
between 14 and 17 m (Fig. 1). S8) have been acquired between November

. 2019-July 2021 by GEOxyz wusing a
Kongsberg EM2040C multibeam
echosounder. Data resolution and accuracy
are respectively 0.5 m and 0.05 m. A DEM
has been produced at a 0.5-m resolution for
each date.

51 (Nov. 2019) 53 (Mar. 2020) 54 (Aug. 2020)
=

o

= L N ik Gl i T
r= " "'&—41 S . SE
e DUNKIRK ™%

o

Figure 1. Localisation of the wind turbine projecid
the study area. .

In the study area, the seabed is mouldec
with Holocene sandbanks, covered with large
marine dunes, with heights about the metel®
and wavelength about the hundred of metres
and composed homogeneously of unimodal
slightly gravelly sands with a mean median® :
of 327.8 mm (Robert et al., 2021).

Ti r mi-diurnal with a macrotidal Fig_ure 2. Bathymetric data proce_ssing. a: raw DEMs,
des are semi-diurna a macrotida : filtered DEMSs, c: DODs, d: vertical profiles (B8d

regime (3.5 and 5.5m in mean neap 3“0214) in raw (black) and filtered (red) DEMs for S8,
spring conditions respectivelyp SHOM).  vertical profiles (T8 and T14) in filtered DEMs faff
Flood and ebb currents flow towards the E-surveys (S1 to S8).

NE and W-SW respectively, with velocities  pynes are covered with smaller

mainly between 0.75-1 m/s and 0.5-0.75 M/Sqherimposed dunes (Fig. 2-a,d). In order to
(© SHQM)- , ] focus on the largest forms, DEMs have been
Residual flow is oriented towards the E- fjitered using a spatial low pass filter (Fig. 2-
NE. Winds are mainly from SSW-WSW, p) Dune crests and feet have been digitized
with a secondary component from N-NE (Fig. 2.c). Morphometric parameters (height,
sector. Strong winds (>50 km/h) representyyayelength, width, sinuosity and asymmetry
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indexes, crest depth) and migration distances The volumic mass of silica (2650 kgim
of the dune crests have been measured frors used to express the fluxes in t/m/yr.
DEMs using QGIS along 20-m spaced A code developed by Blanpain (2009) is
profiles, perpendicular to dunes (West-Eastused to estimate sediment fluxes with

oriented) (Fig. 2-e). empirical formulas for the S2_S3 time-period
_ . where North-East have prevailed. The
3.2. Meteo-marine forcings objective is to: (i) compare the sediment

Data on meteo-marine forcings have beerfluxes values obtained from “Dune tracking”
compiled. Coefficients indicative of tidal Mmethod and empirical formulas, and (i)
ranges © SHOM) indirectly inform on tidal Petter understand the reversal of dune
current strength and have been classified in Anigration direction observed during L2-1.3
classes (neap, weak and strong SIOringperlod. The formulas of van_len (_1984) a_nd
exceptional spring). The SW and NE eventsWU et al. (2000) are used in Fhelr class[cal
of strong winds (>50 km/h) were identified form, and the formula of Yalin (1963) is
from the hourly data recorded at the Dunkirk @d@pted to include the wave influence:
meteorological station (infoclimat.fr). For 05. U.(u2-u2,)
each of the 7 periods in between bathymetric ¥¥ ~ (s-1g (4)

surveys(,j thef Tlneteo.-mgnne have bee;;\Nhere U =u. + u, describe the sum of the
resumed as follows: (i) percentages o bottom current and orbital velocities, =

occurrence of each tidal range class, and (ii)oottom friction, u.; = critical velocity at

the duration and the number of strong wind, .1 the sediment motion is initiates =
events from SW and NE sectors. the ratio between water and sediment
volumic mass; andg = the gravity
acceleration.

Sediment fluxes have been estimated over The fluxes are estimated at the center of
the 7 time-periods using the “dune tracking” the study area where the water depth is 15.6
formulation (Schmitt et Mitchell, 2014). This m. Bottom current and free-surface elevation
method considers that the sediment volumenhourly timeseries were extracted from a

change of the dune form during the studiedMARS3D simulation while hourly wave
period can be related to sediment flux duringconditions were extracted from a

3.3. Sediment fluxes

this period, and is described by following waveWatch 1l (WWIIl)  simulation
formula: (Boudiere et al., 2013). Following the “Dune
Q,=C-H-f-(1—¢) (1) Tracking” method, sediment fluxes are

o expressed in t/m/yr and projected over the
where C = dune migration rateti = dune  \yest-East axis (the transport direction is

height; f = dune shape factor; an@® =  considered equal to the current direction).3.4.
sediment porosity (0.4 classically used for gtatistical analysisStatistical analysis were
sands). performed to inspect the spatio-temporal
The dune shape factof) (is given by variability of dune morphodynamics.
Equation 2: Statistical analysis was performed using R
v software (version 4.2.0; R Core Team, 2022)
f=15 (2)  to analyse the spatio-temporal variability of

_ _ a dune morphodynamics. A linear mixed
where) = dune wa've'length, and V = dune model was considered to investigate the
sgrface (o_|une aSS|m|Ia_ted t_o a reCt"’mgUIareffect of the dune, the survey (i.e. S1 to S8)
triangle) given by Equation 3: and their interaction on dune wavelength, by
V=(L-H)/2 (3) considering a random effect of the transects.
The model was fit using the R package Ime4

where L = dune width. (Bates et al., 2015).
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For each dune, the maximum height, thehigh values of the wind index (number of
maximum width and the maximum sinuosity events x cumulative duration of events)
among all transects were calculated for eachndicating a strong influence of wind
survey. The difference between dunes wasconditions. Considering tidal conditions (Fig.
tested for these parameters using a non3-b), periods L1 L2, L2 L3, L4 L5 and
parametric one-way analysis of variance,L6 L7 are concerned with spring conditions
since assumptions of normality and for more than 10% of the time period duration
homoscedasticity of data were not verified. A (up to 18% for L2_L3).
post hoc pairwise Wilcoxon rank sum test
with  Bonferroni correction was then

a: numbe nts (normalized by period duration x 1000)

performed to compare differences between
pairs of dunes.
STATIS method is a multidimensional '
factorial analysis adapted for 3D datasets -
(variables*sites*dates) which cannot be
explored by principal component analysiS & cumusive dustion of vents (3. the period duration)

(PCA). It proceeds in three steps which
allows us to focus the analysis at different .

temporal and spatial scales. The - ' _'_'l
interstructure step realizes a classification of .. .' -
2D tables (variables*samples). The -
compromise step performes a PCA to all 2D

tables weighted by their contribution to the
total variance. The intrastructure computes &

PCA to every 2D table (variables*sites or
dates) and plots the results in the compromist = __' i
s"'b 4“’% '-?5 f—P

>
‘;\‘:\

c: relative importance of SW vs NE e

—

factorial plane to allow us the comparison of
all factorial planes (Fournier et al., 2009).

o
&7 & <V

d: ranges of tidal coefficients (% of period duration)
85 < Coeff w95 < Coeff< 105

Coeff <85

4 RESULTS AND DISCUSSION

4.1. Meteo-marine scenarios

Over the entire study period, 174 wind = I S P SV
events greater than 50 km/h and 145 days 0.  *
cumulative duration of these events wereFigure 3. Tide and wind conditions during the 7
recorded (Fig. 3). studied time-periods (S1_S1 to S7_S8). a: windsifro
During the 7 periods studied (S1_S2 tOSW and NE sectors per period: number of events,

cumulative event duration and wind index (number of
S7_S8), the wind conditions were Varlableevents X cumulative duration of events). b: tidal

(Fig. 3-a). Three scenarios can be coefficient (>95 for spring tides).
distinguished according to the proportion of
strong winds coming from the South-West
and North-East sectors: 90% of the winds
coming from the South-West sector (period : : .
S1_S2), 100% of North-East winds (S2_S3 SO winds for L1 L2 but variable wind
S7_S8), and more variable winds, coming fordIreCtIonS forl4_L5and L6_L7. The L2 |3
55-70% from the South-West and for 30% peno_d_ IS concemed with moderate_; energetic
from the North-East (S3_S4, S4_S5, S5 86condltlons, but winds come exclusively from
S6_S7). The periods S1_S2, followed byNE sector.

S4 S5, S6_S7 and S5 _S6 periods, display.2. Dune morphology

In summary, the periods L1 L2, L4 L5
and L6 L7 display the most energetic
hydrodynamic conditions, with preponderant
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The bedforms observed on the seabed of thavithin and between dunes. The model
stud area are medium to very large dunesshowed a strong intra-dune variability, i.e.

named D1 to D6. They are oriented North-between sampled transects (Fig. 4-a). The
South, perpendicular to tidal currents, with mean wavelength varied significantly

crests around 14.1-14.5 m water depth. Theibetween dunes (p < 0.05) but not between
mean heights and wavelengths are between &urveys (p > 0.05). However, it did not vary

and 3 m and 84 and 232 m respectivelysignificantly in the way between surveys on

(Table 1). A significant relationship is found each dune (p < 0.05; Fig. 4-b). The smallest
between dune height and wavelength (notdunes (D4 to D6) seemed to show higher
observed with water depth) displaying a verytemporal variability in wavelength between

low mean height/wavelength ratio of 0.012 surveys.

(0.007 to 0.019) indicating dune equilibrium 2 =

is not reached probably due to important

wave effects and suspension increase (e.¢ |

Ernsten et al., 2006; Tonnon et al., 2007): 1

H = 0,01371%9988 (R?=0,66) (5)

b) S

Table 1. Dune morphometric parameters, migration
rates and associated sediment fluxes (“dune trgtkin

- ® u
€ o
approach). H atsifeng
2
Parameters  Symbols Mean or s.d. D1 D2 D3 D4 D5 D6 i 2 B52%eE_g
g T -
8

Amean

Wavelength m mean 164,61 216,1 232,92 164,32 120,77 84,65
s.d. 8,02 6,04 5,76 4,34 4,62 10,18
Height H(E?" mean 296 293 232 145  11¢ 1,03 IIITIITIIL TIIIII
-
s.d. 0,08 0,16 0,11 0,13 0,16 0,19 . . B .- .
Lmax Figure 4. Spatio-temporal variability in dune
Width mean 241,83 27596 187,61 169,19 14516 7367

™ wavelength highlighted by: a) an example of spatial

s.d. 80,07 23,18 26,64 9,66 8,0€i 8,97 ) -

Agmmmetry o om0z oz 0xm oS variability measured along the 20-m spaced trassect
index . .

sd. 003 002 002 004 016 007 perpendicular to dune 2 (D2) during a survey, and b
Siuesity g mean 082 077 087 08 08 085 the spatial and temporal variability between duares

s.d. 006 005 005 008 005 01 surveys tOgether.
Cr&:'eﬂ"‘ﬁ‘e' (zn(]:) mean 1452 -1438  -1439 1412 -1445 -1454 . . .

sd. 01 008 01 o1  om 01 Over the study period, maximum height
Migration c

Twe  uyg ™en s w2 see w5 e s gnd maximum width varied significantly
s e meamomes me 27 petween dunes (Fig. 5-a,b respectively;
mean 44,65 36,72 23,84 18,57 23,29 18,22

s.d. 33,2 12,04 8,59 28,31 33,5L 13,3 KrUSkaI-Wa”iS teStSXZ = 42'605 df = 5! p =

2 — — —
Smaller superimposed dunes are presenf'%'108 a;_nd)l( B 35'8% df = 2 ]P - %'Q‘i‘iob
with heights and wavelengths around 0.4-0.5” respectively), as observe or height by
m and 10 m respectively, which have beenEmSten et al., 2006 over a semi-diurnal tidal

: ) . cycle. Dunes are distributed according to a
:gtr:%\éii fr;)nm tlﬁeEMpsrirt:]ya%asset()j?grdmllteqrr\l% spatial West-East gradient, with the highest

. . . : . and largest dunes at the West (i.e. D1 to D3)
mggi ryvcillljlzleess agi;vllggaly solr;léouzrleméossgg/ and the smallest at the East (i.e. D4 to D6).

although D1 and D2 are clearly barkhan-type a) K
dunes with higher sinuosity indexes,
indicative of stronger currents (e.g. Venditti : -
et al.,, 2005). The dune asymmetry is;:
important (asymmetry index between 0.22 g =
and 0.58) with a permanent East polarity
(Table 1). E A g A wEEE S
A spatio-temporal  variability  of
morphometric parameters was observe

" Q
Sediment flux (Umiyn)

C{:gure 5. Comparison of maximum height (a) and
aximum width (b) between dunes.
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Only the dune D2 showed significantly a (beginning of L2-L3 period) (Fig 6-a). The
smaller maximum sinuosity index (Kruskal- free-surface elevation data, also shows that
Wallis testsx? = 13.47, df = 5, p = 0.02). the flood peak is synchronized with the high
tide while the ebb peak is synchronized with
4.3. Dune migration rates the low tide. The waves extracted from the
At the scale of the whole studied time- WWIII model are consistent with the strong

period, the six dunes migrate toward the easVind conditions coming from the North-East.
with rates of the same order of magnitude, Table 2. Synthesis of the sediment fluxes (tm/yr)
comprised between 20.57 m/yr (s.d. 34.68)estimated using the « Dune Tracking »method and an
and 37.20 miyr (s.d. 11.69) (Table 1) Theseempirical approach over L2-L3 period. +/—: East/¥Ves

) .o S ) ) direction of the sediment fluxes, respectively. @1
rates are similar to ones observed for duneg,g ¢orrespond to the 6 dunes.

in the Dover Strait, some tens of kilometres

« Dune tracking » approach Empirical approach
away (Le Bot et al., 2000). S Taim o Rgn Wit et al
. . . . . DI D2 D3 D4 D5 D6 |adapted (1984) (2000)
The six dunes display important migration 1963
rateS tOW&I’dS the Ea.st durlng Ll_LZ, L4_L5 ;Ieli::m” -1591 41,49 22,38 -29,77 -16,50 -2,73 |-25.98 -21.85 -9.86

and L6 L7. During L2 L3 and L7_LS,
migration decreases towards the East, even The results show that the fluxes strongly

reverses towards the West (e.g. the smallesiepend on the waves (e.g. maximum fluxes
dunes D3, D4 and D5). over the 27/03-30/03 period and the 14/04

where significant wave height is respectively
4.4. Dune associated sedimentary fluxes 2.0 and 1.5m; Fig. 6-b,c), even if the flux
maximums are not synchronized with the

- “Dune tracking” approach: I . )
. . significant wave height maximums but
At the scale of the whole time-period, . .
moreover with the low tide.

mean sediment fluxes are of the same order

of magnitude for the 6 dunes, comprised A meniueins)

between 18,22 + 13,80 et 44,65 + 33,20

t/m/yr and oriented towards the East (Table, |

1). The fluxes are higher for the largestdunes .~ =%
The 6 dunes display consistently the same  _2- sinifntwae g

time-evolution as the migration rates, in N

intensity and direction (see 4.3.2). This result | w’“"-‘lm 'y

|
mloh N LAY ‘\M- M

H . 05) "' ]
was attended since the “Dune tracking” . . =4 S ans 3003 o0

C - Sediment
fluxes

es (m*/m/s)

Sediment flux:

2003 30103 08/04 Date
method is based on dune migration and
morphology. Figure 6. Realistic hydrodynamic conditions exteact
from MARS3D and WW3 simulations over the L2-L3
- Empirical approach: period. Instantaneous sediment fluxes estimatewusi

Yalin adapted (1963), Van Rijn (1984) and Wu et al.

First, the similar values obtained for (2000) formulations,

sediment fluxes during L2_L3 (period with
Strong NE Winds) with both methods (“Dune In Comparison, the current does not have a
tracking”, empirical formulas) attest the significant influence on these fluxes, except
consistency of the values, and, as fact, allowduring the strong tides (and strong tidal

a validation of the values of sediment fluxescurrent asymmetry) around the 11/04.

obtained for the 6 other time-periods (Table Consequently, sediment flux is stronger

2). Second, the data extracted from MARS3Dduring low tide and then more sediment is

and WWIII models show that, in these strongtransported by currents on ebb period,
NE wind conditions, the flood period is bringing an explanation for the inversion of

dominant with a ratio between ebb and floodthe migration direction.

peaks varying between 0.5 for strong tides

(end of L2-L3 period) and 0.8 for weak tides
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4.5. Interrelations between dune F1 axis distinguishes the period of strong and
morphodynamic parameters and forcings  frequent SW winds (L1_L2; right part), the 2
periods of NE winds (L2_L3 and L7_LS8; left

Th ifferent rameter n - '
e differe parameters ~ (dune part) and periods of more variable strong

morphology and migration rate, sediment™" _ o
fluxes, meteo-marine forcings) have beenWInOIS (L3_L4to L6_L7; central position).

jointly analysed thanks to a STATIS analysis. The spatial analysis reveals a strong,
to inspect the correlations in-between in orderlnterstructure (but weaker than the temporal)

to evaluate the spatio-temporal variability of with 85% of variance with lower correlations

- , : .. between 2D space tables defined by RV
?nuquz_mrg?iﬁ): ?:r}é?ﬁglcs i relation with coefficients [0.56-0.92] carried by the 1st

The temporal analysis reveals a Veryfactorlal axis, indicating that a large part of

strong interstructure since the 1st factorialtr;le Vf‘“?t{P”S ftll‘rl] dthe morp_hodynam|c
plan gathers 93% of the variance with 4 Characteristics of the dunes remains common.

strong correlation between 2D time tables]jl-he ratedof E[june m'gf"’:}'on.' sedlmfntt)a:y
defined by Rho Vectorial coefficients (a uxes and meteo-marine forcings contribute

multivariate generalization for matrix of the very litle to the inter-dune variability, which

. - inly expressed at the level of
squared Pearson correlation coefﬂuent)'S main :
[0.74-0.95], and is mainly carried by the D3 morphology (Fig. 7-b-1). Overall, the

and D1 dunes. This F1 axis in compromise'nfraStrUCture always ShOWS : the same
factorial plan accounts for the transversetrajectoryWhateverthe period, with a passage

morphology of the dunes (Fig. 7-a-1), with from quadrant F1-/F2- to middle F1/F2+ then

dunes of smaller dimensions and greate 1+/F2- from dune D1 to dune DS,

: . supporting the existence of a West-East
asymmetry for strong SW wind regimes and . . . .
- S spatial morphological gradient (Fig. 7-b-2).
which present larger migration rates anOIWe can distinguish 3 groups of dunes (D1 on

associated sediment fluxes. The F2 axis
indicates that the dunes are more sinuous foP"'¢ hand and D2, D4, D6 on the other hand)

conditions of strong tidal currents and aS|gn|f|cantIy different from a morphological

regime of strong NE winds (Fig. 7-a-1). point of view, while the dunes D3 and D5
present fluctuating similarities with one or

Flagme  fT i | g it another group.

a0 | T e 5 CONCLUSION

J = In the framework of the wind turbine

‘ : | project off Dunkirk, a dune field has been
monitored at a plurimonthly scale during 20
months to analyse dune morphology,
migration and associated sediment fluxes in
relation with meteo-marine forcings.

The main results indicate: (i) a West-East
spatial morphological gradient within the
Figure 7. STATIS results in compromise (A1-B1) and dune field with, to the West, largest, more
intrastructure (Ag—BZ) factorial planes for temgora sjnuous dunes with higher migration rates
(A1-A2) and spatial (B1-B2) analyses. and sediment fluxes, suggesting an hydraulic

Overall, the intrastructure still shows the attenuation along the dune field from West to
same evolution trajectory of the East, in the direction of the main residual
characteristics of the dunes over time (Fig. 7-current, (ii) a similar dune response in terms
a-2). Distinct behaviors of all the dunes canof migration and sediment fluxes to meteo-
be identified according to the periods, andmarine  scenarios, while the dune
confirm the 3 scenarios identified in 4.1.;: the morphological parameters can evolve
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What is a dune?
Towards a homogenisation of the nomenclature ofdoet
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E. MiramontesvARUM & Faculty of Geosciences - University of BezrmBremen, Germany

ABSTRACT: Despite a workshop and recommendes published 30 years ago on the nomencle

and description of large flow-transverse bedformany terms are still in use. It is uncertain whethe
these names are used because of intrinsic diffeselpetween bedform types (e.g. river dunes, marine
sand waves, sediment waves) or for other reasoaswvdld like to have an open discussion about this
topic. We are conducting a literature survey tovgte a comprehensive basis of the current termd.use
We will invite MARID participants to share theiradbghts and ideas about the subject and conduct an
online survey to reach the wider community. To Ifeate the discussion, we propose a preliminary
classification.

to as megaripples or secondary dunes. It is
1 INTRODUCTION current!y gnc_lear_ if different terms are used

due to intrinsic differences between bedform

In 1990, Gail M. Ashley published a types, or if it is due to the different scientific

manuscript entitled “Classification of large- communities. Ashley (1990) already noted
scale subaqueous bedforms: a new look at athat the “poor communication among
old problem”. She reported on a symposiumscientists and engineers has perpetuated the
conducted in Texas three years earlier, duringnultiplicity of terms”. Researchers from
which the nomenclature of large-scale fluvial, coastal or deep marine environments,
subaqueous flow-transverse bedforms wagrom industry or academia, from various
discussed by 27 researchers. The symposiurdisciplines, such as  sedimentology,
panel (consisting of 19 participants) proposedoceanography, coastal and  offshore
to name all large-scale subaqueous bedformengineering or geomorphology may use a
“dunes” instead of the variety of terms usedspecific vocabulary. Furthermore,
until then (e.g. megaripples, dunes, sanderminology may be different depending on
waves, etc.). They also provided a set ofthe country or working group in which they
primary and secondary descriptors towork.

describe dune properties (Table 1). We therefore feel the need to bring

Despite the recommendations given intogether researchers working on as many
Ashley (1990), a plethora of terms continuesenvironments and disciplines as possible to
to be used to describe large-scale flow-discuss and define the different types of flow-
transverse bedforms, often without cleartransverse bedforms. Everyone is invited to
definition or distinction between the different participate in the discussion and bring their
nomenclature. For example, (marine) dunesown expertise and views. On this basis, we
and sand waves are used interchangeably inim to produce an updated and extended
many  contexts. Smaller  bedforms classification scheme.
superimposed on larger ones may be referred
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Table 1: Classification scheme recommended by &M Bedforms and Bedding Structures Research Symposium
(Ashley, 199C

Subaqueous Dunes

First Order Descriptions (necessary)

Size: Spacing= small 0.6-5m medb+10 m large 10-100 m erplarge > 100m
Height* = 0.075-0.4 m 0.4-0.75m 0.75-5m >5m

Shape: 2-Dimensionnal
3-Dimensionne

Second Order Descriptors (important)

- Superposition: simple or compound (sizes and kedairientation)
- Sediment characteristics (size, sort

Third Order Descriptors (useful)

- Bedform profile (stoss and lee slope lengths arglesh

- Fullbeddedness (fraction of bed covered by bedfprms

- Flow structure (time-velocity characteristics)

- Relative strength of opposite flows

- Dune behaviol-migration history (vertical and horizontal accre)

*Height calculated using the equation H = 0.06°%%8(Flemming, 198¢

The database will be made publicly
available for researchers to use and further

2 METHODS develop it.

2.1 Literature survey 2.2 Discussion during MARID

A Survey Of the SCIeI‘ltIfIC |itel’ature related During the Conference’ we WOUId ||ke to

to large-scale flow transverse bedform isinyite interested scientists to share with us
done to identify some common definitions thejr ideas and thoughts.

and specific names, possibly depending on
the communities. Some of the characteristic2.3 Community survey
which are identified for each paper include:
bedform type (e.g. number of times the term
“dune”, “sand wave”, “megaripple”,
“sediment wave”, “bedform”, etc. are used),
author affiliation, environment in which the
bedforms are found (e.g. flume, river, tida
inlet, continental shelf, continental slope,
deep environment, etc.), the processe
forming the bedforms (e.g. river flow, tidal
currents, bottom currents, internal waves,3 DISCUSSION POINTS
etc.), bedform characteristics (height, length,
migration rate, presence of secondary In this section, we address the three topics
bedform, etc.) and other relevant informationwhich were raised by Ashley (1990). We
(e.g. water depth, sediment type, etc.). provide an update about these topics in view
The database will be analysed to assess i®f the recent literature and suggest discussion
there is a nomenclature dominantly usedpoints. Preliminary results of the literature
depending on e.g., environment or affiliation. survey are given and a classification scheme
It can serve as a basis for the discussion bys suggested in order to foster a lively
providing a comprehensive and detailedconversation between the participants.
depiction of the many names still used for
flow-transverse bedforms, and by whom they
are used.

s Asurvey will be carried out after MARID
VIl in order to get some quantitative and
qualitative information. This survey will be
widely distributed in order to provide the
| opportunity for as many scientists as possible
(also those who were not at MARID) to share

dheir views on the subject.
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“sediment wave” are also used, more and
more as the environment gets deeper.

n=7 n=28 n=13 n=13 n=535 n=38

100

The literature survey highlights some
developments which happened since the
publication of Ashley (1990). The use of
multibeam echosounder surveys has made
high-resolution mapping possible for large
portions of the seabed. Bedforms have now
been identified in many regions of the world
j00 NS1252 6112 1882 1733 7828 4049 which previously could not be mapped
accurately, including on the continental shelf,
slope and abyssal plain. These bedforms have
been named dunes, cyclic steps, sediment
waves, or more precisely mud waves, sand
waves or gravel waves, if the sediment in
which they form is known.

50

% paper

flume river estuaries inlet shelf slope

50

% mention

flume river estuaries inlet shelf slope The main question which we need to
I bedform [ sand wave answer as a community: is there a physical
B dune [ Isediment wave difference between bedform types from

. . . varied environments?
Figure 1. Preliminary results of the literaturevayr.

Upper panel: percentage of papers depending on main  Ashley ~ (1990) recognised three
b:?gggt“a etyg? mg';‘]goneg}’"g’e”;‘:r’:# t 'Og"?cr)r gﬁr‘tﬁt} environments with different settings: rivers,
Bapers ig each environment. n refgrg to the totalSandy coastal embayments ,and Cont,m,ental
number of papers or mention for the specific SN€lves. For the literature review, we divided
environment the environments into 6 categories: (1) flume
with unidirectional flows, very low water
depth (typically less than 50 cm) and

3.1 Types of flow transverse bedforms relatively high Froude numbers (typically

. 0.3-0.6); (2) rivers with channelized

Ashley (1990) stated that "1) all large nigirectional flow, and a wide range of grain

flow-transverse bedforms_are a similar gi>es  and hydrologic characteristics: (3)
phenomena; the morphologic variety reflects

St ~“~estuaries with channelized flow, tidally-
the response to channelization, ﬂucwat'ngvarying currents (either with a full flow

water level, speed, and direction; 2) large eyersal but sometimes with flow variations
bedforms occur as a continuum of sizes, Notyithout reversal), seasonal river flow

as discrete groups; and (3) large bedforms 5 iations and possible influence of estuarine
should be given one name rather than be spligj;cjation: (4) tidal inlets, with channelized

into classes.” flow and tidally reversing currents; (5)

The workshop participants managed tocontinental shelf, with relatively deep,
agree on the term “dune” and Ashley (1990)unchannelized flow, with the influence of
recommended using this term for futuretidal currents, wind and wave-generated
communication. However, until now, there is currents and bottom currents; and (6) slope
still a variety of terms used to describe largewith the influence of internal tides and waves,
flow transverse bedforms, as our literaturealong-slope bottom currents and turbidity
survey illustrates (Figure 1). In laboratory flows.

and fluvial environments, only the terms  cqngigering the wide variety of sediment
dune” and “bedform” are used. However, in yynes water depths and hydrodynamics in
marine environments, “sand wave’ and ihese environments, we are questioning if

165



Marine and River Dune Dynamics — MARID VII — 3-5iAP023 - Rennes, France

there is an intrinsic difference between river,Janssen (2005) made a distinction between
tidal and marine shallow and deep-waterriver dunes and marine sand waves. They first
bedforms. Is there a continuum of bedformsnoted their similarities, especially their large
or can separate entities be defined since thepatial scales compared to the water depth,
driving hydrodynamic forcings creating which differentiate them from ripples and
them, their morphology, interaction with the megaripples. They then highlighted their
flow and internal structure are different? difference: marine sand waves were defined

In order to determine the different &S sinusoidal-like bed features, quite
bedform types and their properties, Wesymmetric with small temporal variations

suggest some points to discuss: (migration speed and amplitude) compared to
' river dunes; and river dunes are described as

(1) Origin. Bedforms generally develop asymmetric, often with flow separation,
as the flow transports and deposits sedimentmigrating fast, and being more pronounced
Research about the origin and growth ofduring river floods than during low river
bedforms has been carried out in laboratorydischarge. Since then, however, it has been
settings with unidirectional flow and waves, demonstrated that bedforms in large rivers
and with numerical simulations on have low to intermediate lee side angles
unidirectional and reversing flows (tidal (Cisneros et al., 2020). They are therefore not
currents and waves). Against this as steep as angle-of-repose bedforms which
background, the question can be asked: doegspically form in shallow water (e.g. flumes)
bedform formation vary depending on the and are unlikely to produce a permanent flow
hydrodynamics (unidirectional currents, tidal separation. Therefore, we can ask: is flow
currents, wind waves, internal waves, etc.)above marine bedforms  significantly
and sedimentological properties (e.g. muddy different from flow above river dunes?
sandy and gravelly sediment)? Obviously, flow in tidal environments

(2) Interaction with the water surface  feverses, so there will be noticeable
and link between water depth and dlﬁgrences. But, |f we .thln!< about _the Flme
bedform size. In river environments, dunes during which flow is going in one direction,
are often opposed to ripples. River dunes aréS there some differences due to bedform
defined as bedforms which interact with the MOrphology? Venditti (2013) noted that
water surface and whose size is controlled byPPles are generally steeper than dunes, but
water depth (Bradley and Venditti, 2017). Wlt_h an ov_erlap suggesting that larger aspect
Ripples are small elements that do not'atios .(helght / Iength) are not a mutually
interact with the water surface and with sizes€Xclusive property of either ripples or dunes.
controlled by sediment grain size and waterUntil now, there has not been a systematic
depth (Venditti, 2013). Bedforms found on Study of the steepness of marine bedforms
the continental shelf can be very large (up toWh'Ch_WOUId help in assessing thfe variability
> 30 m in height, (Franzetti et al., 2013)) but of their slopes and cl_arlfy if there isa notable
are often relatively small compared to the difference between river and marine bedform
water depth and are therefore unlikely toSlOP€/steepness.
interact with the water surface. Their height  (4) Internal  structure.  Bedform
may also not be controlled by water depthstratification and their deposits are important
but, at least some cases, depth controls thefor interpreting past flow conditions and
steepness (Damen et al., 2018). Therefore, wenvironments. Differences can be recognised
can wonder if river and marine bedforms arepetween small-scale  cross-laminations
different bedform types based on their created by ripples and large-scale cross-
interaction with the water surface and depth. pedded sequences created by dunes, but also

(3) Bedform morphology and influence between bedforms formed in rivers and tidal

on hydrodynamics. Hulscher and Dohmen- €nvironments, as well as depending on
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bedform  morphology, notably three- or very large bedforms on the upper
dimensionality and bedform superposition continental slope generated by episodic
(Dalrymple and Rhodes, 1995). Wynn andinternal waves (Reeder et al., 2011).

Masson (2008) described sediment waves as
very large depositional features (length of
several km, height up to 50 m) formed by
bottom currents with poorly developed
laminae and intense bioturbation resulting
from steady quasi-continuous sedimentation

We repeat here the first questions asked by
Ashley (1990) “do all large-scale bedforms
relate to the same hydrodynamic
phenomenon, and do they occur in a
continuum of sizes or as discrete groups? If
. they are all related, is there a single
Cartigny et al. (2011) proposed aacceptable term?” We propose a tentative

cIa§S|f|cat|on of sed!ment waves into dunes,’classification (Figure 2) which we are happy
antidunes and cyclic steps based on the”ﬁo discuss. This classification defines

morphology, stratigraphy ‘and migration. . o following Ashley (1990) as all the

Dunes develop at Froude number < 1’Iarge-flow transverse bedforms found in

migrate downslppe, and have an 'ntemalfluvial, estuarine and marine environments,
structure sh_owmg some lee-side CIOSS+ith the precision that they show cross-
bedding. Anti-dunes form at.FrOL.'de rlurnberbedded stratigraphy. This distinguishes them
between 1 and 2'. can be migrating dO.W” from ripples, which are small in size, from
upslope, and their internal structure is N0t diment waves. which are much larger, form
well known. Cyclic steps, created by ; ’

wurbidit o f ¢ hiah Froud in muddy sediment and show laminar
urbidity currents, form at very high Froude stratigraphy, and anti-dunes or cyclic steps,
numbers (>2), are migrating upslope, and

. which form at very high Froude numbers. We
their internal structure shows parallel or Cross, |, recognise a number of different types of
bedding from their stoss sides. Based on thi :
description of bedforms, it seems that their%unes (Figure 2, not all are represented here).
internal structure could help in differentiating 3 2 Bedform superimposition

some bedform types. )
Ashley (1990) asked “what is the

(5) Continuum in environments. Until  gjgnificance of bedform superposition?”.
now, we treated the different environments, First, we note that since 1990, the word
and especially river and marine, as separatésyperimposed’ has been used more
and distinct environments. However, theréfrequently than ‘superposed’. The definitions
are transition zones bet\_/veen_ rivers - andgiven by Oxford Languages are as follow: (1)
oceans, namely estuaries, in which NUMEroussperposed: placed on or above something
bedforms are found. The hydrodynamics,g|se, especially so that both things coincide;
sedimentological inventory and water depth(2) sSuperimposed: placed or laid over
characteristics are intermediary betweensomething else, typically so that both things
fluvial and marine settings. Furthermore, the gre still evident. Since both definitions are
marine environment also presents a variety Ofroughly equivalent and superimposed is the
hydrodynamic forcings and sedimentaryterm predominantly used in recent

properties. Therefore, there is not just onepyplications, we will keep on using it here.
type of “marine bedforms” but a variety of

them, such as for example, the large fields of N€ question that was discussed in 1987

bedforms controlled by tidal influence on the @d  can still be discussed is: are
Dutch continental sheif (Damen et al., 2018)'super|mposed bedforms inherently different

coarse-grained bedforms in the tidally- from large primary bedforms in terms of flow
dominated Irish Sea (Van Landeghem et al. and sediment transport? The panel concluded

2009), deep-water bedforms formed bythat superimposition “appears to be a
bottom currents on drowned isolated function of available space and time for

carbonate terraces (Miramontes et al., 2019Prowth and migration and reflects complexity
of conditions rather than fundamental
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Underwater flow-transverse bedforms

Ripples Dunes Sediment waves Antidunes and cyclic steps
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Some types of dunes
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Figure 2. Top: at least 4 types of flow-transvdysdforms are recognised and differentiated basedesnorigin,
interaction with theflow, their morphology and their stratigraphy. Rwtt: examples of dune tyy

processes of bedform genesis”. Theyinternal structure, morphology and the flow
suggested that bedform superimpositionthat created the bedforms. They should
should be kept as second-order descriptoimprove communication amongst scientists
(simple or compound bedforms) rather than aworking on bedforms or their deposits.

classification term. Following the progress of bedform

However, superimposed bedforms are stillresearch during the last 30 years, we believe
called by a variety of terms, such as “sandthat the descriptors given by Ashley (1990)
waves” (Venditti et al, 2005), (Table 1) can be updated to better consider
“superimposed dunes” (Ernstsen et al.,the relevant bedform parameters. For
2006), megaripples (Bellec et al., 2019) orexample, the definition of “bedform profile”
simply “secondary bedforms” (Zomer et al., can be made more precise by including some
2021). Using superimposition or bedform information such as the mean and maximum
size as a classifying parameter implies thatee side angles, as well as the position of the
there is a fundamental difference betweenmaximum angle. The anthropogenic
large simple bedforms and superimposed omctivities (e.g. dredging) should also be
compound forms. detailed, as they may have a strong impact on

dune characteristics.

3.3 Descriptors

The third discussion point of Ashley
(1990) concerned the descriptors of bedform
morphology and  behaviour.  These
descriptors were chosen to be hydraulically
significant in order to provide a link between
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Table 2: Some descriptive parameters of underwater

dune:

M or phology

Sizé

Small: L=0.6-5m

Medium: L=5-10 m
Large: L= 10-100 m
Very largeL.= > 100n

3D organisatiohand
fullbeddedness

Isolated, field, on a
bank; fraction of bed
covered by bedforn

Three-dimensionality

Non-dimensional spal
bifurcation index,
morphological type
(barchans, rhomboidal,
trochoidal, transvers

2D shapé*

Asymmetry, stoss and
lee slope lengths and
mean angles, value an
position of maximum
angle

Hierarchy

Simple or compound,
primary orsecondar

Environment

Water depth

Total water depth and
relative bedform heig

Anthropogenic impact

Dredging activities,
offshore constructic

Sedimentology
Sediment Size, sorting, skewness
characteristic:
Stratigraphy Internal structur

Hydrod

namics

Main hydrodynamics

River discharge, tidal
flow, waves, internal
wave

Flow structure

Velocity and turbuleng
characteristic

Flow variatior

In time and/or spau

If tidal flow Relative strength of
opposite flow
Biological activity
Biota and fisl | Distribution
Dynamics

Dune behaviour

Migration history and
rate:

1 Ashley (1990)

2 Garlan et al. (2016)

8 Cisneros et al (2021)
4 Lefebvre et al. (2021)

range of scientists studying bedforms and the
variety of applications, the focus on bedform
deposit can be questioned. Therefore, we
think there might not be a need for
classification between different order
descriptors, but with other parameters such as
morphology, environment, sedimentology,
hydrodynamics, biological activity and
dynamics (Table 2).

4 CONCLUSIONS

Despite the recommendation on the
nomenclature of large flow-transverse
bedforms given over 30 years ago, a variety
of terms are currently in use. We propose to
discuss and clarify the classification of large
flow-transverse bedforms.
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The influence of lee side shape on flow above lxeado
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ABSTRACT: Underwater dunehavea diversity of morphology, ranging from low to h-angle lee
sides, and sharp or rounded crests. We carried lauge number of numerical simulations of flowove
dunes with a variety of morphologies to investigtte influence of lee side morphology on flow
properties. Our results show that the value ointiean lee side angle and the value and positioheof t
maximum lee side angle have an influence on the ffsoperties investigated. We propose a
classification with 3 types of dunes: (1) low-andignes (mean lee side < 10°), over which there is
generally no permanent flow separation; (2) intefiaie-angle dunes (mean lee side 10-20°) over which
there is likely an intermittent flow separationgdai®) high-angle dunes (mean lee side >20°) oveciwh
the flow separates at the brink point and reatmchertly after the trough, and over which turbaken
is high.
is rarely a straight line but rather made of
1 INTRODUCTION sevgral steeply and ggntly sloping portioqs.

Typically, a comparatively steep slope is

Until recently, most studies focussed onobserved somewhere along the lee side with
so-called “high-angle dunes” which possess agentler slopes towards the crest and/or the
steep lee side with slopes of around 30°.trough. In large rivers, the maximum lee side
These dunes commonly form in small riversangle is on average 20.5° (Cisneros et al.,
and in flumes (Van der Mark et al., 2008). 2020). In constrained tidal environments (e.g.
Over such dunes, flow separation andestuaries and tidal inlets), maximum lee side
recirculation over the lee side produces aangles are usually less than 20° (Dalrymple
turbulent wake and induces bedformand Rhodes, 1995, Lefebvre et al., 2021,
roughness. However, many dunes haveProkocki et al., 2022) (Figure 1c). It is likely
recently been observed to be “low-anglethat marine dunes (i.e. dunes found in open
dunes” with lee side angles much lower thanmarine environments such as continental
the angle-of-repose. Over low-angle dunesshelves) have a variety of mean and
flow separation is absent or intermittent, andmaximum lee side angles. In any case, it
turbulence and roughness are lower than oveshould be noted that in tidal environments,
high-angle dunes (Kwoll et al., 2016, flow reverses from one tidal phase to the
Lefebvre and Winter, 2016). In large rivers, next. However large dunes usually stay
mean lee side angles are commonly betweepriented in one direction during the whole
5° and 20° (Cisneros et al., 2020) astidal cycle. Therefore, lee sides may be steep
illustrated in Figure 1 by data from the during one tidal phase but gentle during the
Mississippi and Waal Rivers. Bedform lee following tidal phase.
sides in tidal environments are also often low, Interestingly, the shape of river and
with, for example in the Weser Estuary, estuarine dunes differs. River dunes have
typical values of 5 to 20° (Lefebvre et al., their steepest slope close to the trough and a
2021, Figure 1). rounded crest (Cisneros et al., 2020), whereas

In addition, contrary to previous estuarine dunes have their steepest slope
simplifications of lee side shape, the lee sideclose to the crest and a sharp crest (Dalrymple
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and Rhodes, 1995; Lefebvre et al., 2021). In
open marine  environments, various
morphologies are found, from sharp to round
crests (Van Landeghem et al., 2009, Zhang €
al., 2019). Therefore, the difference in dune Numerical experiments were carried out
shape is not strictly reflecting differences using Delft3D (Deltares, 2014), a process-
between river and tidal environments, butbased open-source integrated flow and
rather the complex interaction between duneransport modelling system. In order to
morphology, sediment properties and capture non-hydrostatic flow phenomena
hydrodynamics. such as flow separation and reC|rc_uIat|on on
The influence of the lee side morphology the lee of dunes, the non-hydrostatic pressure

and how it fits within the coupling of Ccanbecomputed.

feedbacks in the morphodynamic triad has '€ Delft3D modeliing system has been
not yet been systematically studied. The aimiSed to setup a two-dimensional vertical
of this work is therefore to characterise flow (2DV) numerical model using the non-

properties (velocities and turbulence) overnydrostatic pressure correction technique to
low and high-angle dunes with their Steelc)eslslmulate horizontal and vertical velocities

slope close to the crest and close to the trougRnd dturk)bu(;fent kinegli_c;] energé/ ?TKhE) al%ove
using numerical experiments. IXed Dediorms. ~1he model has been

previously calibrated, validated and verified
(Lefebvre et al., 2014a, Lefebvre et al.,

2 METHODS

g.l Model description

Mississippl 2014b). The simulations were performed on
al o a 2DV plane Cartesian model grid over a
- 0.15 fixed bed (i.e. no sediment transport)
=02 composed of 10 similar bedforms. The
g o following conditions were prescribed
501 0.0 constant in time at the lateral open boundaries
of the model domain: a logarithmic velocity
% 10 20 3 % 20 40 profile at the upstream boundary, and a water
Waal surface elevation of 0 m at the downstream
03 02—— boundary. The bed roughness was set as a
- 015 uniform roughness lengthy z 0.0001 m. The
=02 dune height and length, the water depth and
8 0.1 the vertical and horizontal grid size were kept
80.1 8.0 similar for all simulations. The horizontal
grid size was set as dx = 0.09 m (271 grid
- 5 o point per dune)._ A non-unl_form yertlg:al gr!d
Weser size, stre_tched in the vertical direction Wlth
03 0.2 fine spacing near the bed and coarser spacing
in the water column, was used.
-‘?0.2 0.15
g i 2.2 Model experiments
g0 08 A total of 88 simulations were carried out
to test the influence of lee side morphology
5% w m o o ™ i on flow velocities and turbulent Kinetic
mean lee side (°) max. lee side (°) energy. For all simulations, bedform height

(Ho = 0.89 m) and length (L= 24.4 m), water

depth (h = 8 m) and mean flow velocity (0.8
Figure 1. Mean and maximum lee side angles fromm/S) were kept similar. The StOSS_ side
dunes found in the Mississippi and Waal Riversddat followed a cosine shape and the lee side was
from Cisneros et al.,, 2020) and the Weser Estuarymade of either a line (straight lee side) or
(Data from Lefebvre et al., 2021). three lines (complex lee side). The straight
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straight lee side config. 1 config. 4
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Figure 2. Horizontal streamwise velocity (u), veativelocity (w) and turbulent kinetic energy (TK&)er dunes
with mean lee side of 5°, a straight lee side (befitel), a max lee side angle of 10° situated dogbe crest
(config. 1, middle panel) and close to the trougdnfig. 4 right panel)

lee side experiments were made with lee sidenaximum TKE over the 7 bedform were
angles varying from 5° to 30°, in increments computed as indicators of the overall
of 5°. For each mean lee side angle,turbulence produced and dissipated over each
simulations were done with the lee sidedune shape. The turbulent wake was defined
composed of three segments: a steep portioas the region where TKE is more than twice
where the maximum angle was fixed andthe average TKE above a flat bed with similar
upper and lower lee sides which had angleswydrodynamic conditions.

adjusted so that the mean angle would be

between 5 and 30°, in increments of 5°. The
steep portion height was one third of the3 RESULTS

bedform height. For each maximum lee side  gased on our results, it is useful to make a

angle, four configurations were tested, with gistinction between low-angle, intermediate-

the position of the steep portion varying from :
angle and high-angle dunes.
close to the crest to close to the trough. g g g

2.3 Model output analysis 3.1 Low-angle dunes

. . . Flow and turbulence patterns over low-
From the simulation results, the horizontal . o
angle dunes (mean lee side < 10°) are

and vertical velocities and the TKE above the. y )
7" bedform (from a total of 10 bedforms) illustrated by Figure 2, which shows dunes

were investigated. The position and size ofWith @ mean lee side of around 5° and a
the flow separation zone, when present, wagnaximum angle of 10° the most common
calculated as the region in which the flow configuration in the Weser Estuary. As
going upstream (i.e. negative horizontal typically observed over dunes, the horizontal
velocity) is compensated by flow going Vvelocity is highest above the crest and lowest
downstream. Because Delft3D uses theabove the trough. Vertical velocity shows
Reynolds-averaged Navier—Stokes flow going downwards above the lee side,
equations, it was not possible to modelwith the strongest downward flow observed
intermittent flow separation zone; only apove the steep portion, and flow going
permanent flow separation can be simulated pwards above the stoss side. There is
and was considered here. The mean angenerally no flow separation except if the
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straight lee side config. 1 config. 4
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Figure 3. Horizontal streamwise velocity (u), veativelocity (w) and turbulent kinetic energy (TK&)er dunes
with mean lee side of 20°, a straight lee side flahel), a max lee side angle of 25° situatedectoghe crest
(config. 1, middle panel) and close to the trouggnfig. 4 right panel)

steep portion is at least 20° and situated closexperiments, field measurements and
to the trough. However, it should be noted Reynolds-resolving models in order to
that this type of dunes (with a mean lee sideprecisely characterise time-dependant flow
angle < 10° and maximum angle > 20°) is notproperties.
commonly observed. The turbulent wake
generally starts over the steep portion and3.3 High-angle dunes
extends downstream down to a distance of ca. Qyer high-angle dunes (defined here as
5 m after the trough. Therefore, although theqmean lee side angles over 20°), a flow
mean and maximum TKE are strongest forseparation is always observed. The flow
steep portions closest to the trough, thegenerally separates over the steep portion and
turbulent wake is longest for steep portionsyeattaches shortly after the trough (Figure 3).
close to the crest (Figure 2). As a result, flow separation is longer for
maximum angles situated close to the crest
than for those situated close to the trough.
Flow over intermediate-angle dunes The highest downward velocity is always
(defined here as mean lee side anglesituated just after the crest, independently of
between 10° and 20°) is difficult to correctly the maximum angle position. Significant
characterise from the results of our differences are observed for the turbulent
simulations. No systematic variations in flow wake: it is especially strong (i.e. high TKE
separation zone and turbulent wakeintensity) and spatially developed for steep
properties with mean and maximum anglesportions close to the crest. As the position of
could be established. This is likely becausethe steep portion is getting closer to the
over intermediate-angle dunes, thesetrough, the turbulent wake decreases in size
properties are time-dependant. For exampleand intensity.
flow separation is likely to be intermittent. As
tlme-deper_ld_ency is not resolved in the r_nodel4 DISCUSSION
we used, it is difficult to draw conclusions
from our results. We suggest that these dunes Our results show that the mean lee side
should be investigated with laboratory angle has the strongest control over flow

3.2 Intermediate-angle dunes
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separation and turbulence over dunes, with
secondary influence of the position and value% CONCLUSIONS

of the maximum lee side angle. We propose Numerical simulations were carried out in
a distinction between three types of duneigrder to estimate the influence of the value
low-angle dunes, intermediate-angle dunesand position of the maximum lee side angle
and high-angle dunes. This differs from moston flow above dunes with varied mean lee
classifications which recognise only high and side slopes. Based on our results and previous

low-angle dunes but not intermediate (Best,jiterature, we propose a distinction between
2005, Kostaschuk and Venditti, 2019, three types of dunes:

Venditti, 2013). We base our classification - Low-angle dunes, with mean lee side
between low, intermediate and high-anglelower than 10°. Over such dunes, there is
dunes on flow properties investigated in thegenerally no permanent flow separation. The
present study, but also on flow properties andurbulent wake is weak, but strongest and
sediment dynamics from previous researchmost contained (limited spatial extent) for

Properties of each dune category can bhé&teep maximum angles situated close to the
identified. Over low-angle dunes (mean leetrough. . .

side < 10°), there is no flow separation, .- Intermedlate;angle dunes, with mean lee
except if a very steep portion (slope > 20°) igside of 10 to 20°. Over such dunes, there is
found. Low-angle dunes generate little 'a7€lY @ permanent flow separation but it is
turbulence and are likely to induce little likely that an intermittent flow separation

. forms. When present, flow separation is
bedform roughness (Lefebvre and Winter, ’ -
2016; Kwoll et al., 2016). Over intermediate observed over the trough, independently of

\ the maximum lee side angle position.
dunes (mean lee side angles between 10° and _ High-angle dunes, with mean lee side of

20°), flow separation is intermittent (Kwoll et more than 20°. Over such dunes, the flow
al., 2016). Turbulence and roughness areseparates at the brink point and therefore,
intermediate between low and high-angleflow separation is longest if the maximum
dunes. No pattern can be found between thangle is close to the crest. The turbulent wake
position of the maximum angle and flow is strong, strongest and most extended for
properties. Our results show the limitations of steep maximum slopes situated close to the
studying intermediate dunes with Reynolds-crest.

averaged models such as Delft3D. Over high- This classification is more specific than
angle dunes (mean lee side > 20°), aprevious classification, —which  only
developing to fully-developed  flow mtrod_uced low and_hlgh-angle dunes, and
separation is present, a strong turbulent flowd€scribes the specifics of flow properties

is observed and a high bedform roughness i?epending on lee side morphology. It allows
created. If the maximum angle is close to the or a precise consideration of the interaction

crest, flow separation is longer and thebetween dune morphology and flow. To

turbulent ke | ¢ th i th correctly take this interaction and its
urbuient -wake 1S stronger - than | € consequences into account, detailed reports
maximum angle is close to the trough.

of dune morphology from varied
This  distinction  between  low, environments are needed.

intermediate and high-angle dunes is

important for a range of processes such as the

evaluation of bed roughness, understandingg ACKNOWLEDGEMENT

the relation between hydrodynamics, _ _

sediment transport and dune morphology, Alice Lefebvre is funded through the
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processes leading to different lee side angle
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ABSTRACT: Simulating river dunes, with the eventual goal tedict dune dimensions al
propagation speed in the field, offers many chakesn In this study we simulated river dunes in & 2D
numerical dune development model and evaluatedfthet of different processes in bed load transport
on the dune. This is done based on the Meyer-Retdiiller transport formula, with two different
adjustments. First an increased critical shearsstigas used and secondly spatial relaxation was
implemented. The results of this study show thatt@lance between the bed shear stress and thalcrit
shear stress, is more important to obtain correats for dune height for low flow than for higbvis.
Parameterizing these processes needs to be ddneargt.

validated on flume studies representing high
flow regimes (Paarlberg et al., 2009) and has
1 INTRODUCTION been applied for the transition to upper stage

In heavily navigated rivers, such as thePlane bed (van Duinetal., 2017, 2021), it still
Rhine’ dredging to maintain a prescribed needS validation for low flow regimes. As
navigable depth is of utmost economic duringlow flows shoals caused by dunes may
relevance. This fairway maintenance hamper shipping most. '
focusses on reducing bottle necks caused by Sediment transport during low flows is
local shoals. One of the sources of theseaSsumed to be bed load dominant. In the
shoals are river dunes, often propagating ovelVaal River, dunes during low flows decrease
already shallow areas in the river. in height but increase in length (Lokin et al.,

Predictions of river dune propagation and2022). A similar pattern is visible for dunes
height can support efficient planning of during extreme high flow in the transition
maintenance dredging, or estimations of thetowards upper stage plane bed (Nagshband et
shallowest points in the fairway_ To al., 2017) However, dunng these low flows

determine both dune height and propagatiorfhe underlying mechanism is different.

for such predictions, numerical dune Therefore, the objective of this study was

development models can be used. Thes&0 investigate the influence of different bed

types of models vary from models based onl0ad ~ dominant  sediment  transport

the 2D Saint-Venant equations in the verticalmechanisms, included in the Meyer-Peter &

plane (Giri & Shimizu, 2006; Paarlberg et al., Mller (1948) transport equation. on dune

2009; Nelson et al., 2011) to fully 3D models development during low to median flow.

using direct numerical simulation (Nabi et

al., 2013) The main C_OnSt_raint for 2 MODEL DESCRIPTION

predictions is that the calculation times of the

predicted variables should be shorter than The dune development model used in this

real time, preferably by at least 1 to 2 ordersstudy, is the model developed by (Paarlberg

of magnitude smaller. et al., 2009). This model was built on work
A model that has been validated for dunefor marine sand waves (Hulscher, 1996;

development with small calculation times is Németh et al., 2006; van den Berg et al.,

the dune development model by Paarlberg e2012). Further model development has been

al. (2009). While this model has been focussing on (extreme) high flows and the
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transition to upper stage plane bed (Van Duing, tor set to 3. The ter 92b] is related
& Hulscher, 2014; van Duin et al., 2021) and ' |[r1 +n 6x]

dune splitting (Warmink et al., 2014). In this t0 the bed slope correction, withis th bes
section, the model set-up as used in this stud§lope parameter which is inversely related to

is shortly introduced. the angle of repos¢ andaai; the local bed

21 Flow slope. Equation 2 shows the bed slope
' correction on the critical shear stress, whith
The flow is described by the 2D Saint- ¢_, as the non-corrected critical shear stress,
Venant equations in the vertical plane. Thehich is dependent on the critical Shields
most important assumption within the flow parameter 1) and the median grain size
module is the turbulence closure, which iS(Dso) (Eq. 3).
solved through a constant eddy viscosity. The Optionally, the Meyer-Peter & Miller
vertical boundary conditions are periodiC. formula can be extended by a spatial
This simulates a virtually infinite row of glaxation formula (Equation 4). This
identical dunes, by only one dune in the gxtension was proposed by Tsujimoto et al.,
model domain. . (1990) and is based on the assumption that
For a full description of the equations and segiment transport needs some distance to

the numerical implementation we refer to the 3gapt to spatially changing flow conditions.
work by Paarlberg et al. (2009) and van den

Berg et al. (2012). 94y _ dbe=Ab 4
ax A ( )
2.2 Sediment transport and bed update

Sediment transport is based on the Meyer-Where dpe IS the equilibrium transport

Peter & Milller (1948) formula (Eq. 1). This determined by Equation , is the actual
formula is based on bed load transport andransport, and\ is the step length (Einstein,
through the critical shear stress incipient1950)and is defined by:

motion is taken into account. Because of the

relatively steep slopes found in dunes, the A = aDs, (5)
shear stresses are corrected for the slope (e.g.

Sekine & Parker, 1992). The total bed loadwith « is the non-dimensional step length,

transport is determined by the following set determined following (van Duin et al., 2021)

of equations: The sediment tranport as determined
based on the flow field is translated into a bed
ap = 5 update using the Exner equation, with a
{[S’ [T —t]"[1+7n %] ft—t.>0 (1) correction for the bed porosity J:
0 fr—7.<0
aZb _ _%
o (1-e)%t=-2t (6)
ax
Te= Te0 =0, = (2)
1+(37) 3 RESEARCH METHOD
Teo = TegADsg (3) 3.1 validation data

To validate the model results, the dune
height and propagation speed are compared
to these parameters as found in the Waal
River (Netherlands). The derivation and the
density of sand normalised by the density ofexact values of these parameters can be found
the water,r is the local shear stressg, the in Lokin et al. (2022). While the aim of this
critical shear stress, amds the non-linearity study is to assess the influence of the

wheref is the calibration factor determined
by g = % with m is 4 andA the relative
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Zdune [M]
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Zgune [M]

Zdune [M]

Xmoder [M]

q [m?/s]
— 31 — 41 —— 53 64 —— 74 —— 83 —— 96

Figure 1. Simulated dune shapes for the differedinsent transport conditions. The vertical axigespnt% ¢,
which is the bed level with respect to the troumhNormal Shields stress conditions b) Increadedl®s stress
conditions and c¢) normal shields stress with spegiaxation conditions.

sediment transport equation, the trends inthe effect of a lower flow velocity due to
these data are more important than the exadpartial) flow separation at the lee slope. The
values. Therefore, the model is not calibratedthird condition has the normal critical Shield

to fit perfectly to the data. stress combined with the spatial relaxation
process.
3.2 Simulations and model settings The hydraulic conditions mimic the flow

conditions varying from low to median
conditions in the Waal River, while for all
conditions the domain length is kept constant.
The model settings are shown in Table 1. All
simulations are run for 100 days, which
ensures that dunes have reached their
equilibrium shape.

Flow conditions and sediment sizes are in
line with the conditions in the Waal river
(Lokin et al. submitted.). With these
conditions three different variants of the
Meyer-Peter & Mduller equation are tested.
The first condition is the “basic” formula
with the bed slope correction and a critical
Shield stress oft; = 0.05. This is a value
representative for the median grain size. Thed RESULTS
second condition has an increased critical
shields stress,; = 0.1, which can be seen as 4.1 Dune shape and height

Table 1: General simulation settings Each individual simulation, with the
Parameter Value different transport conditions, results in
Domain length {) 100 m plausible dune shapes (Fig. 1); the simulated
Specific dischargeg) 31-96 m¥s shapes can be found in rivers and for each
Bed slope(i) 565 mim simulation the lee slope angles are smaller
_ pe(l_ _ than the angle of repose. However, the trends
Median grain sizells) 10 mm with regard to the specific discharge and
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Figure 2. Propagation speed (a), dune height (@)dane height over water depth (c) as functiorhefdischarge
for the three sediment transport variants. Thet lgghy dots in the background are the observedesditom th
Waal River (Lokin et al. 2022)

therefore the flow conditions show  Adding spatial relaxation barely
distinctive differences between the threeinfluences the propagation speed. Because
transport conditions. the dune height is smaller than without spatial

The dunes simulated with the “normal” relaxation and the total sediment transport is
critical shear stress all have the same shapthe same in both cases, not all sediment
(Fig. 1a) and the dune height decreases by 1@ansport in the spatial relaxation case
cm between the lowest and highestcontributes to dune propagation. This is an
discharges (Fig. 2b). While an increase ofartefact of the processes which are
dune height is expected, since the water deptiparameterized by adding this spatial
increases as well. relaxation; suspended sediment.

The increase of dune height from low to
high discharge is found in the simulations
with the increased critical Shields stress (Fig.
1b). While the rate of increase in height .
decreases with the increasing discharge (Fig-1 The effect of the critical shear stress
2b). For the low discharges the transport The results show that realistic dunes can
capacity, mainly depending o —7t., be simulated with different variants of the
determines the dune height. While at highel’Meyer-Peter & Miller sediment transport
discharges this parameter appears to be dbrmula. However, the effect of increasing
less importance. the shear stress on the dune is height opposite

For the dune height over water depth (Fig.to the effect of adding spatial relaxation.
2c), the trend in the field data is best |ncreasing the critical shear stress can
represented by the normal shields stress anghimic or correct for several processes that
linear relaxation simulations. Combined with influence the total sediment transport, which
the trend of the dune height only, it can beare not explicitly included in the dune
deducted that the simulated water depth is nOﬂeve|opment model. A first processes is
corresponding to the water depth found in thelinked to the turbulence closure model.
Waal. Calibration of this water depth may Because of the sudden flow expansion at the
improve these trends and therefore predictivgee side of the dune, partial flow separation

5 DISCUSSION

power of the model. occurs. This results in energy losses which
_ are not resolved by the constant eddy
4.2 Propagation speed viscosity. A second process is linked to

The propagation speed of all dunes arehiding and exposure. The model only uses the
fairly similar to the propagation speed found median grain size to calculate sediment
in the field data (Fig. 2a). Decreasing thetransport, while the Waal river is bi-modal
critical Shields stress, decreases the(Ylla Arbos et al., 2021). Hiding and
propagation speed accordingly.
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exposure increases the shear stress neededtttat where upper stage plane bed may be
bring sediment in motion. expected.

Both these processes result in a smaller
transport capacity, ensuing a smaller dune
height and smaller propagation speeds. Fop CONCLUSIONS

the case withg = 3.1 m2/s, this is most  |n this study we compared the effect of an
significant as here the dune height is limitedincreased critical shear stress and spatial
by the transport capacity. The dune crest cafe|axation implemented in the Meyer-Peter &
only move due to a fairly small transport pgller transport formula on simulated dune
capacity, where most sediment is thenshapes. Processes mimicked by the increased
deposited in the dune crest. A small transporkyitical shear stress, decreased flow velocities
capacity can only maintain small dunes.  due to flow separation and hiding and
Increasing the discharge, thus flow exposure, result in a realistic trend for the
velocity will lead to higher transport capacity relation dune height to discharge, for low
on the stoss slope and the dune crest, whilgow cases. Spatial relaxation parameterizes
also the dune trough deepens. Eventually thene processes important for the transition to
dune height will reach a balance where theypper stage plane bed. To further improve the
dune troughs will have no transport and thegune development model for forecasting,
crest enough to maintain the equilibrium these processes need to be parameterized

dune height and to propagate steadily. with great care, to ensure the correct
. . processes are dominant in the dune
5.2 The effect of spatial relaxation development.

De dune height decreases with increasing
discharge for the simulations with spatial 7 ACKNOWLEDGEMENTS
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ABSTRACT: We recorded aerodynamic roughness and shear vetdoity transects on and arot
crescent-shaped barchan dunes of 4.5 m and 27 ghthei the Qatar desert. The data revealed
unexpected evolution of aerodynamic roughness frem large on the desert floor to much lower than
the prescription of Nikuradse (1933) for a smoatinfacce. While qualitatively conforming to the
predictions of Jackson and Hunt (1975), the shekcity also exhibited an anomalously high value at
the slope discontinuity between the upwind andanaie faces. These measurements call into question
the formulation of boundary conditions in numerisahulations over evolving bedforms, whether they
are designed for aeolian or marine experiments.

p U*2 on the surface to velocity in the next

grid cell aloft, as prescribed by the profile in
1 INTRODUCTION the core of the turbulent boundary layer,
Turbulent flows over large bedforms are ut 7
difficult to compute with fidelity (Smyth u(z) == In (Z—) 1)
0

2016). Most efforts have focused on
improving the size and resolution of
numerical simulations, by scaling-up the
domain of methods such as Large-Eddy-
Simulations (LES) (Stoll & Porté-Agel 2006,

where u* is the shear velocity, z is elevation
above the surfacey is the fluid density,
k=0.41 is von Karman’s constant, andszan
effective aerodynamic roughness. In fluvial

. . : environments, the Chézy condition (Lefebvre
Omidyeganeh & Piomelli 2013, Fang & s )
PortéYAgeI 2016, Liu et al. 2019 Hardyget al et al. 2004, D’Ippolito et al. 2021) amounts to
2021, Zheng et, al 2021’ Iin ’et al 2021)'a similar prescription. If the domain is small
Reyn’olds-Averagecj Navier-Stokes ('RANS)’enough that the solver can resolve the viscous
(Jinetal. 2021, Lane et al. 2004, Lefebvre etS.Ublayer 'epr|C|tIy, for e?<ample on sand
al. 2014, Michelsen et al. 2015), or methodsrIppIeS (Jin et al. 2022) or in Igboratory-scale
coupling morphodynamics with a fluid bedforms in ~flumes (Omidyeganeh &

mechanics solver such as Lattice methodéD |om_enII|t2033t)), thrin a n%'S“tp ang'tﬁn u= Or
(Narteau et al. 2019, LU et al. 2018, Zhang emay Instead be Imposed at z = . HOWever,

al. 2022), LES or RANS (Sotiropoulos & e required space discretization is, for the
Kﬁosrone’jad 2016) capabilities of current machines, too fine to

However, less attention has been paid tohandle large objects such as desert or

verifying boundary conditions at the surface sutlj\/lmarlnehpliunés. 1 al q ¢ ¢
on the geophysical scale. As suggested b eanwniie, £q. 1 alone does not accoun

: the role of the inertial inner layer that
Launder and Spalding (1974), most models or .
adopt a condition that relates shear sttess Jackson and Hunt (1975) dlscovered_. These
authors showed that, over a low hill, gas
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inertia compels the maximum shear stress to d

arise upstream of the maximum speed at the zo=— (3)

hill crest. Unfortunately, because numerical w

simulations rarely resolve the thickness ofwhere w=~33. This expression, which

this inner layer, they cannot capture thiscaptures the limit of large roughness or large

important effect, which contributes to dune Reynolds number, now explicitly involves a

inception (Kroy et al. 2002). geometrical characterization of surface
Another common situation is to find dunes bumps. Assuming a universal character of

surrounded by a flat desert floor covered withwall-bound turbulence, it is commonly

stones. For instance, in our field of barchansadopted even for external flows that do not

sands of 351um mean diameter were resemble Nikuradse’s pipes, for example on

surrounded by rocks of decimetric size the surface of sand dunes at sufficiently large

(Louge et al. 2013), thereby creating a sharpi* (Andreotti et al. 2002). However, as the

discontinuity in  geometrical surface next section shows, we found instances

roughness. While it is possible to simulate awhere aerodynamic roughness is

complicated rugged bedform topography onconsiderably smaller than what Egs. 2 or 3

the size of flume experiments (Hardy et al. suggest.

2021), such endeavor is not feasible in the

field. Instead, to handle geophysical scalgs i FIELD EXPERIMENTS

such meteorological situations as win )

transitioning from the ocean to a coastal W€ measured shear velocity and

forest, Walmsley et al (1986) incorporated an@erodynamic roughness by positioning triads

evolution of geometrical roughness within of ultrasonic anemometers to penetrate the

inertial inner layer described by Jackson and
the framework ofJac_:kso_n _and Hunt (1975). Hunt (1975). All measured profiles closely
In general, one implicitly assumes that

. . . conformed to the log-law for the core of
aerodynamic roughness s related to its ¢, pylent boundary layers. As Fig. 1

geometrical counterpart. For turbulent flows jjjystrates, shear veiocity first decreased, then
n _smoothplpes, reconciling Eq. 1 with the recovered as air climbed on the small dune
universal turbulent core profile in wall units along a centerline transect, with a local

yields an effective aerodynamic ‘roughness’ maximum ahead of the crest as Jackson and

satisfying Hunt (1975) predicted.
*
" <u ZO) =—ayx (2) [ e ey
. B L tecs¥aml\ 43 .
where @=5.1 andv is the kinematic fluid =| === & e

viscosity. However, as u* rises with pipe °5 I %o distance (m) 200
Reynolds number, Nikuradse (1933) showedFigure 1: Shear velocity relative u* to its valuettze
that the Darcy friction factor reaches an crestU* along the transect on the centerline of a
asymptote that becomes invariant with ux, Parchan dune of 4.5m height.

but that now depends on the geometrical size
of wall roughness. By integrating the velocity do

profile in Eq. 1 for internal turbulent flows in anomalous peak of shear velocity arose on
pipes, one can recover the measured DarCy,q qyne centerline at the brink. By forsaking
friction coefficient and, reconciling it with descriptions of the wake as a bubble bound
the asymptotic data of Nikuradse (1933) forpy a solidified streamline (Kroy et al. 2002),
internal pipe wall roughened with sand of our direct application of the theory of Jackson
diameter d, extract the classical effectiveand Hunt (1975) to the actual dune shape,
aerodynamic roughness at high u*, including its discontinuous slope at the brink,
suggested the origin of such anomaly (Louge
et al. 2023).

At odds with existing models of the
wnstream dune wake (Kroy et al. 2002), an
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We also recorded the evolution of u*=ur*, where y* is the reference shear velocity that
aerodynamic roughness along the samave simultaneously recorded with a fixed anemometer
transect, from its high value on the roughtriad upstream of the dune, on the origin of distan
desert floor to lower ones on the dune and itglotted. (B) Dune topography with superimposed
wake. To question whether the Nikuradse©Vind anemometer positions and arrows proportional
(1993) formulation remained valid, we to u_*/ur* and aligned with the wind velocity. (C)
referred aerodynamic roughness to itSProflle of In at along the transect. The dashed

toti tricall h limit in E horizontal straight line is Inn¥=6.9 from Louge, et al.
asymptotic geometrically-rough fimit in £q. (2023). The dotted line is aerodynamic roughness fo

3 and defined Inat = In( w /d). If, as .iS a smooth surface (Eq. 2). In (A) and (C), the slitid
often expected, Ingzcannot fall below its shows dune altitude along the transect with an

asymptotic value In(dj) at large shear arbitrary scale.
velocity, then one should always observe

In zo1>0. However, as Fig. 2 shows, there are
locations near the dune’s upstream toe wheré3 CONCLUSIONS

this inequality is not met. Turbulent boundary conditions on the
surface of large isolated barchan dunes
.1.08 Hlalong the dune ] standing on a rough_, nearly horizontal (_jesert

N o brink a0, d floor are not as stralghtforward to spe_C|fy as

= ° o OOO\ © o0, what numerical simulations typically
—0 — | - | prescribe. First, we found that it is important

0 distance 100 200m to resolve the relatively thin inner layer

described by Jackson and Hunt (1975).
Without such precaution, a simulation is
unlikely to capture the peaking of surface
shear stress ahead of the dune crest, or the

Figure 3 confirms these observations€Xisténce of a sharp maximum of shear

along a similar transect on the larger dune of/elocity at the brink, both of which are
27 m height. There, we also observed a peaRSsociated with the inner layer.
of shear velocity at the brink, as well as S€cond, we observed that, as the log of

sharply negative Ingt. More remarkably, @erodynamic roughness evolves from a

were even smaller than those prescribed b)geser_t floor to the smoother dune, this
Eq. 2 for a smooth surface (dotted line). quantity can descend well below the classical
model derived from data for internal flows in

rough pipes (Nikuradse 1933). Therefore,
sadly, it appears that numerical simulations
of large, field-size bedforms must resolve the
turbulent boundary layer closely, at least
through the inner layer — and possibly closer

Figure 2:Log of the aerodynamic roughness relative
to its value at high u*, Ingz= In(z w/d), vs distance
along the transect of Fig. 1.

to the surface —, so the evolution of
aerodynamic roughness can be properly
captured.

These observations should also be relevant
to marine and fluvial bedforms, which are
subject to similar variations in detailed
topography between sea floor and dunes, and
which also possess slope discontinuities
where gravity currents first arise.

In this context, dune fields with steady,

JU it O T T agbm
4

o C nearly unidirectional winds constitute a

Figure 3: Observations on the larger dune of 27.2 mnatural laboratory where turbulent surface
height. (A) Profile of u*/y* along the transect shown boundary conditions may be measured at
in (B). The horizontal dashed line marks scale.

185



Marine and River Dune Dynamics — MARID VII — 3-5iAP023 - Rennes, France

We are currently writing an article (Louge Jin, T., Wang, P., and Zheng, X. (2021).
et al. 2023) that presents our desert data in Characterization of wind-blown sand with near-wall

a0 . - . motions and turbulence: From Grain-scale
greater detail, including their interpretation distributions to sediment transport. Journal of

within the Jackson and Hunt framework Geophysical Research: Earth Surface 126,

(Jackson & Hunt 1975, Kroy et al. 2002), the  e2021JF006234. doi:10.1029/2021JF006234.
existence of multiple thresholds of sandJin, C., Coco, G., Tinoco, R. O., Ranjan, P., Gahg,
entrainment, and variations of shear velocity Dutta, S., San Juan, J. E., and Friedrich, H. (2022
and aerodynamic roughness during aeolian High re_solutlon Large Eddy Slmulat|0n_s of vortex
t t th h the | fB Id's f | dynamics over ripple defects under oscillatory flow
ranspo_r roug € lens ol bagnold's 1ocal - ;6,,na| of Geophysical Research: Earth Surface
point in the turbulent boundary layer 127 ¢20213F006328. doi:10.1029/2021JF006328.
(Bagnold 1941, Jenkins & Valance 2014).  Kroy, K., Sauermann, G. and Herrmann, H. J. (2002).
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Simulation of bedform formation using an Eulerigmiphase flow
model
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ABSTRACT: A full understanding of the mechanismspensible for bedform formation is not yet
achieved. In this work, we apply a new tool, aneiah turbulence-resolving two-phase model. to
investigate the formation of ripples starting framinitially flat bed. An experimental configurai is
reproduced numerically and numerical experimergsparformed to assess the predictive capabilities
of the two-phase model. Although the results shayidsize dependency, the main features of ripple
formation are reproduced by the model. Results sth@nmportant role played by turbulent coherent
structures in the early stage of ripple formatMfe hypothesize that the grid-size dependency aeel
to timescale of ripple evolution and closure models

Eulerian two-phase flow modelling represent
1 INTRODUCTION a good opportunity to tackle this challenge

The evolution of bedforms in the fluvial (Mathieu et al. 2021, Mathieu et al. 2022). In
and coastal environment has beenthe Eulerian two-phase flow model, both the

investigated for more than a century (Buchercarrier and the dispersed phase composed of
1919, Engelund & Fredsoe 1982, Best 2005sediment particles are seen as a continuum.
Charru et al. 2013). Yet, no consensus on th&Jsing the Eulerian two-phase flow model is
mechanisms responsible for the generation oft g0od compromise between computationally
bedforms has been reached. SignificaneXpensive Lagrangian two-phase flow
insight on the initiation of bedforms has beenmethodologies for which individual particle
revealed by both linear stability analysis anddynamics have to be computed and single
experimental observations (Kennedy 1963,phase flow models for which sediment
Kuru et al. 1995, Fourriére et al. 2010, Perillotransport is assumed as empirical bedload
et al. 2014). However, from the numerical and suspended load and bed morphology
point of view, the large spectrum of spatial relies on the Exner equation.

and temporal scales involved in bedform Inthis study, we apply for the first time the
formation makes simulation of the turbulence-resolving Eulerian two-phase
phenomenon extremely challenging, flow methodology to investigate bedform
especially for the investigation of the role formation from a flat bed in a unidirectional
played by small scale turbulent coherentflow. ~The model and numerical
structures on the subsequent morphologicaFonfigurations are presented in section 2,
evolution into larger bethymetric features. results are shown and discussed in section 3,

Recent developments in turbulence-resolvingthen, conclusions are drawn in section 4.
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F1—adf fa-¢yul vt
2 MATERIAL AND METHODS o (13 LA (18“’)”1 Yo
t Xj
: ) apf 0 r.f f

2.1 Eulerian two-phase flow model -(1-9¢) o + o [Tij + 0]

The turbulence-resolving  two-phase  —J, + pf (1 — ¢)g; + (1 — P)f” 3)
model sedFoam (Chauchat et al. 2017,
Mathieu et al. 2021)
(https://github.com/SedFoam/sedfoam)  is  apspu! | apSpufu apf  9ps
used to simulate the formation of bedforms in e T axj T ox; ox
unidirectional flows using the Large-Eddy — +9ns o s71. 7 4 s v
Simulation (LES) methodology. o [T” * 0”] Tt P 9gi+ ¢, (4)
2.1.1 Governing equations With pf andp® the fluid and solid densities

In the Eulerian two-phase flow and P' and PS the fluid and solid phase
formalism, coupled mass and momentumPressures. The effective fluid and solid stress

conservation equations for the fluid and thel®nsors Tand P are given by

solid phases are solved. The mass p od  auf  20uf
conservation for the fluid and the solid phase T;; = p/ (1 — ¢)v/ <6_xj o 30 O
are given by 5)
a(1-¢)  a(1-¢)ul
+ =0
at 0x; (1) s
s s = psgyys (24 4 0wl _ 20Uk o
Z—d) + —ad)ui =0 Tl} =P ¢V (6xi + ax]' 3 0xy 5”) (6)
t 0x; (2)

Where ' andv® are the fluid and solid
phases viscosities, gis the acceleration of
gravity andf' a volume force driving the
flow. Coming from the filtering of the non-
linear advection termg' and¢® are the sub-
grid scale stress tensors. The momentum

The flud and solid momentum exchange term between the two phases
conservation equation are written as modelled using a drag law.

respectively with x the position vector,
I=1,2,3 representing the streamwise, vertical
and spanwise components, the filtered
sediment concentration arigandd the fluid
and solid Favre filtered velocities.

Table 1: Flow, particle and numerical parameters

Configurations h(m)  u/(mfs) d,(mm) Re, L/h L,/h Ax" " (intAe gg;ce)
Venditti - coarse 150 0,028 05 4200 63 3.1 114 57 20.0
Venditti - fine 0.150  0.028 0.5 4200 63 3.1 75 38 14.0
Num. Exp. 1 - coarse  0.075  0.020 0.5 1,500 63 3.1 5 13 3.0
Num. Exp. 2 - coarse  0.050  0.020 0.5 1000 9.4 4.7 5 13 3.0
Num. Exp. 3 - coarse  0.025  0.020 0.5 500 188 94 5 13 3.0
Num. Exp. 3-fine  0.025  0.020 0.5 500 188 94 20 9 2.4
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2.1.2 Closure models Four other configurations are preformed

In the LES framework. the effect of the 25 numerical experiments for which there is

unresolved turbulent scales are taken inta'® experimental data for comparison to

account by modelling the sub-grid scale Investigate the effect of the water depth and
stress tensors. In our study, and o° are grid resolution on the bedform development.

. : . Compared with the experimental
mgfiheo”c?glo;;mdger}cgd d¥(;1 rarr:rl]ce Ltsv%rir;ggg configuration of Venditti et al. (2005), these

model by Mathieu et al. (2021). numerical experiments have a smaller water

To represent to complex behaviour ofthedepth OZQ'WS' 0'.05 f‘nd 0.025m) a}nd a
dispersed solid phase, the solid phaséowerfrlctlonvelo<:|tyur—0.02m.slresultmg

pressure and viscosities are modelled usin n 3 Ié)(\;\(/)ergeynolds nttjmbéter:150.0, %QOO i
the kinetic theory for granular flows from n - Lonsequently, we can signiticantly

Chassagne et al. (submitted) coupled with increase mesh resolution and better resolve
frictional model .at high volume fraction he interactions between the fluid turbulence

(Johnson & Jackson 1997, Schaeffer 1987). anthr?ee S?}?Jlr;n:rri]éa?ledc.jomain tor all six
2.2 Numerical set-up configurations consis_tsr of a.periodic box wjth
) o cyclic boundary conditions in the streamwise
In thls.study, we present six dlffe_re_nt and spanwise directions, a symmetry plane at
configurations to assess the predictiveihe top and a deposited sediment bed having
capabilities of the two-phase flow model. 5 depth 0. at the bottom (see Figure 1). It
Two  configurations  reproduce  the giffers between the configurations in the
experimental configuration from Venditti €t \yater depth, the mesh resolution and

al. (2005) designed to investigate the gimensions in the streamwise and spanwise
mechanisms of bedform formation. This gjrections (I and L respectively).

configuration consists of an unidirectional
flow having a depthh=0.15m developing
over a flat sediment bed composed of3 RESULTS

particles having a median diametep= For all the configurations presented in this
0.5mm. The Reynolds numbRe based on  gy,dy, bedforms develop spontaneously at the

the friction velocityu:=0.028m.s is equal to top of the sediment bed everywhere in the
4,200. The two configurations investigated ,;merical domain consistently with the
differ by the numerical resolution in order to yphservations of Venditti et al. (2005).

investigate the grid size dependency.
Information on the grid size in wall units for
all the configurations are presented in Table

Table 2: Quasi-2D ripple length predicted by the-tw
phase model compared with experimental results

1 together with flow and particle parameters.  Configurations Az2p(Num) A2p(Exp)
Venditti - coarse 0.103 m 0.110 m
Symmetry
\ Venditti - fine 0.059 m 0.110 m
X
) h Num. Exp. 1 - coarse 0.028 m
! - _Cyclic™ P
) ,J_’ ¢ Wall 10.2h Num. Exp. 2 - coarse 0.029 m
“ = = 1.
L, z Num. Exp. 3 - coarse 0.030 m
Figure 1: Sketch of the numerical domain and
boundary conditions Num. Exp. 3 - fine 0.026 m
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Highly unstable in the first few seconds,
initial bed defects taking the form of
streamwise sediment ridges generated by
turbulent coherent structures rapidly
transition to more stable quasi 2D ripples
having an identifiable length-scalep. This
length-scale is presented in Table 2 for all the
configurations.

It appears that for the two configurations
aiming at reproducing the experiment from
Venditti et al. (2005), there is a difference in
the lenght-scalel>p predicted by the two-
phase model for a different resolution. Using
a coarser mesh gives a larggyripple length
closer to measured data.

Snapshots of the bed taken from the
experimental configuration of Venditti et al.
(2005) and the numerical simulation using
the coarser mesh are presented in Figure 2.
The comparison between experiments and
the simulation show that the spatio-temporal
development of bedforms is qualitatively
reproduced by the two-phase model. Starting
from a flat bed, turbulent coherent structures
drives the generation of small flow parallel
sediment ridges which then rapidly evolve
into cross-hatch pattern which eventually
transition to quasi 2D ripples.

The qualitative prediction of the
temporal evolution of bedform formation
shows that the turbulence-resolving Eulerian
two-phase flow model can potentially be a
great tool to investigate the role of the flow
hydrodynamics and the fluid turbulence on
the mechanisms driving in the initial stage of
bedform development. However, it seems
that simulation results are significantly
affected by the mesh resolution. Grid size
dependency needs before the model can be
used to predict ripple evolution, which is

Venditti et al. (2005) Two-phase model

oyl

" dsa it ual Ve o . .
LAY 1 AN § known to strongly depend on grain size and
¥ e flow intensity.

For the numerical experiments, the
predicted Z1p slightly increases for
decreasing water depth. However, this
Figure 2: Snapshots of the bed from experimentalincrease can not be considered Significant

configuration of Venditti et al. (2005) (left) and
numerical simulation with coarse mesh (right) at
different times.

considering that2p only increases by 7% for

a water depth smaller by a factor 3. This
confirms that our numerical experiments lie
in the ripple regime for which the length-
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scale associated with the bedform is o012
independent of the water depth. W Vendithi 1 soase
Snapshots of the bed elevation for the o.10- : xi';f'té;'p)f'f‘ioarse y
three numerical experiments using a coarst ® Num. Exp. - fine
resolution are shown on Figure 3. 0.08 1
§’ 0.06 1
e 017 ,- E
| : |
g% 0.0 0.04
! 01 0.02 -
0.1 J
= 1:3:3:14 0.00 . . . .
o~ .’ ’ F 0.000 0.001 0.002 0.003 0.004 0.005
SE oofdnatiiiidiiiieg (LIS Ax (m)
g & i : : % $ia " ’ Figure 4: Predicted ripple length by the Eulerian-t
—0.11%faq¢d:: . =708 Q@ y phase flow model as a function of the grid sizéhim
‘ 014 streamwise direction
<
ET 40 Figure 4 confirms that there is a clear
7" : . : dependency between the predicted ripple
< 1 TR § DL ER : length and the grid size in the streamwise
02 -01 00 0.1 0.2 direction. This issue needs to be addressed in
x (m) the future by more comprehensive grid
convergence test and comparison with linear
| , T stability analysis to determine its origin and
-1 0 1 to be able to quantitatively predict the spatio-
bed elesation {mm) temporal evolution of the ripple formation

Figure 3: Colormaps of bed elevation for numerical process.
experiments 1, 2 and 3 using the coarser mesteat th
quasi-2D stage of ripple development

4 CONCLUSIONS

Even if the streamwise length-scale |n this study, numerical simulations of
associated with the ripples is similar for the bedform formation in an unidirectional flow
three numerical experiments, it appears fromstarting from a flat bed using a turbulence-
Figure 3 that the spanwise morphological resolving Eulerian two-phase flow model are
evolution of the bed is more affected by thepresented. It is the first attempt to apply this
water depth with more sinuous ripples for modelling ~ methodology =~ to  bedform
increasing water depth. This can be attributedormation configurations. Using turbulence-

to the interaction between the ripples and thd€sSolving two-phase flow model can
large-scale turbulent structures scaling withSignificantly improve our understanding of
the water depth. the mechanisms at the origin of bedform

Similarly to the  configurations formation, especially the interactions
: ) , . between the turbulent coherent structures and
reproducing the experimental configuration

- ) the sediment bed.
of Venditti et al. (2005), the ripple length Two configurations reproducing an

predicted for the numerical experiment 3 i gy heriment if Venditti et al. (2005) and four

sensitive to the mesh resolution. additional numerical experiments allowed to
investigate the effect of the water depth and
the numerical resolution on the predicted
ripple length. Comparison between snapshots
of the resolved bathymetry from the
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ABSTRACT: A study using thdune Tracking method and based on bathymetric sarpesformec
over the Dunkirk future windfarm cable corridor @rshow that dune migration is mostly eastward.
However, during a month between March and April@@sh the study area which comprise 6 dunes, 4
of the dunes move toward the west while two otf@lsw the general eastward tendency. An estimation
of the sediment fluxes using empirical formulatidantify the influence of the current, waves arekfr
surface evolution and brings a first explanatiorttos inversion of migration direction. Howeveristh
study is made in 0D (calculations are made at @glesipoint) and do not allow to understand the intra
or inter-dune variability as shown by the measurggration speeds. To overcome this limitation and
start to investigate the dune migration, a fullynsiimear three-dimensional numerical model was
implemented using the CROCO modelling system, whittiuded the sediment transport module
developed by USGS. An idealized case was setumomarical domain covering the dune field (1000m
x 500m) using bathymetric and sediment grain-sate ds ground boundary and forced with idealized
current and waves.

eastward and reaches up to several meters per
month. However, between March and April
1 INTRODUCTION 2020, based on the crest movements, most of
In the next few years, an offshore wind them seem to have a westward propagation
farm (OWF) will be installed off the coast of due to the presence of strong winds coming
Dunkirk on a large marine dune field. To from the East-North-East. An estimation of
ensure the safety criterium for the windfarm sediment fluxes associated to the dune
structures and to evaluate their impact on thenobility was performed using a zero-
seabed it is necessary to understand théimensional (0D) model (Michelet et al.,
dynamics of the underwater dunes. Eight2022). It brings a first explanation on this
bathymetric surveys were performed migration direction inversion by highlighting
between November 2019 and July 2021 on ahe major influence of the wave forcing.
box located along the export cable corridorWhen there is no storm, the stronger flood
(Table 1). Morphometric parameters andcurrents than ebb currents result in an
migration rates was measured from theeastward dune migration. However, the
bathymetric data and the dynamic of thesesynchronization of the low tide with the ebb
dunes was estimated through the associatedurrent peak during some storm can generate
sediment fluxes calculated using the Dunea stronger current-wave bottom stress during
Tracking method (Bary et al., 2021). Resultsthe ebb period than during the flood. More
showed that the dunes migration is generallysediment are thus mobilized and the bedload
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flux increases during the ebb compared to theneight is generally lower than 1.2 m and
flood, and results in an overall westward could reach 3 m during storm events (Latapy,
propagation. This calculation was however2020).

made in OD and cannot explain the fact the* :
during the same survey period, some dunc =
migrate eastwards and other westwards.

Table 1: Bathymetric surveys dates.

Survey name Date
S1 16/11/201!
Sz 17/03/202
S& 16/04/202
S4 31/08/202! _ _ _ _ N
. Figure 1. Location of Dunkirk windfarm area (red
St 05/12/202! area) and the area of interest where bathymetric
SE 22/01/202. surveys were performed noted 1 on the figure.
S7 27/05/202.
Se 03/07/202. 2.2 CROCO model description

CROCO is a three-dimensional, free-

Using the second bathymetric Surveysurface numerical model that solves finite-
(named S2) as the initial state of the bed, dlifference approximation of the Reynolds-
three-dimensional simulation was setup withAveraged Navier Stokes (RANS) equation
idealized forcing. The aim of the study is to Using the hydrostatic and Boussinesq
understand the relative influence of theapproximations. The flow is assumed to be
current and waves on the morphologicalturbulent over a rough bottom allowing the

changes and bring insight to understand the@xistence of a logarithmic profile. The
observed migration patterns. computation is performed using a C-Arakawa

2 DATA & METHOD

2.1 Study site

The numerical domain is based on an area
(named B1) located off the Dunkirk coast
along the windfarm export cable corridor
(Figure 1). On this area, the bathymetric
surveys show a dune field with, from west to
east, two barchans, a sinuous one and three
rectilinear dunes.

The area is macrotidal with a stronger
maximum flood than ebb velocities (1.25 m/s
against 0.75 m/s, Latapy, 2020). In term of
wave forcing, the major part comes from the
English Channel, from the west, while the
other comes from the inside of the North Sea.
Bonnefille et al. (1971) collected data and
showed that the wave period is comprised
between 5 and 12 s while the significant wave
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Figure 2. Current magdtude and direction comparison between regiomalition and Acoustic Doppler Curr
Profiler (ADCP) on B1 area.

grid over horizontal dimensions and a terrain  The height of the bed, is then function
following o coordinate along the vertical of the bedload fluxy,, the sediment porosity
dimension. p and the morphological acceleration factor

, here set to 10.
2.3 Sediment module Jmor

Like the water column, the sediment is 2-4 Model setup
represented as a constant number of layers Current and free-surface elevation were
that extend under the horizontal water cellsdefined following the results of a preliminary
(Warner et al., 2005). Each layer is initialized regional simulation performed on an area
with a thickness, sediment-class distribution,covering the Eastern part of the English
porosity and age. The in-situ analysis showedChannel and the southern part of the Northern
that the sediment is homogeneous over the&Sea. This simulation was validated against
area so that a medium sand with=328 um  tidal gauge (not shown here) and Acoustic
is considered in the class distribution. TheDoppler Current Profilers data (ADCP). The
porosity is also set constant (0.41). Since namean averaged error for the barotropic
suspended sediment is considered, theurrent magnitude is 0.11 m/s (Figure 2).
sediment age is left to O the default value. To Based on these results, an idealized mean
initiate the morphodynamic study, only the spring tidal cycle were created accounting for
bedload transport was considered. Thethe asymmetrical features regime in this area.
formulation of Meyer-Peter Muller (1948) is The current direction was extracted at each
used. Therefore, the bedload flux depends ompeak and are respectively N70° and N250°
the skin-friction component of bottom stress during flood and ebb periods. In the same
which is calculated with the maximum wave- way, an idealised free-surface elevation was
current combined stress. The bed evolution isreated  which  accounts  for  the
calculated using the Exner equation. Sincesynchronisation of the low tide with the ebb
the suspended sediment transport is nopeak and the high tide with the flood peak
considered, no erosion or sedimentation is(Figure 3).
included in the equation which is then written

as follow:
D
ac 1-p \ 0x (1)
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Two cases were setup and run over 4 daysrest, the stronger the bathymetric variations.
with a morphological acceleration factor of Indeed, the barchans have a mean height of
10. In both cases current and free-surfac2.04 m and 1.95 m while the third dune is
elevation conditions described above arel.61 m height. The variation of this last one
repeated in loop. On the Case 1, no wavas lower than those of the barchans with
forcing is accounting while on Case 2, values comprised between 0.25 and 0.75 m.
constant wave conditions were consideredVariations are strongly reduced for the three
and fixed to the maximum significant wave rectilinear dunes located to the east in
height observed during the period betweenaccordance with their mean heights of 1.08
S2 and S3 (Table 1). It is then fixed to Hs =2m, 0.85 m and 0.69 m, from west to east
m with a peak period of Tp = 6 s. Wave respectively.
direction is also set this way to come from the
East-North-East (N33.75°).

3 RESULTS AND DISCUSSION

3.1 Effect of tidal currents

The following figure 4 represents the
difference between the initial and final
bathymetry after a simulation without waves.
The current induces an important sediment
transport over the dunes with the stronger
bathymetric difference on the two barchans
varying between 0.5 and 1 m depending on
the position on the dune. This difference
indicates that the stronger sediment transport
is located over the higher dunes. Since the
current forcing is the same over the entire
area, these higher values are due to the dune
morphology and especially to the shallow
depth of their crests. The shallower the dune
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Figure 4: Top Difference between initial and filathymetry for the case without wave forcingpeTred lini
shows the location of the longitudinal profile degged on the lower panel. Bottormitial (blue) and fine
(orange) longitudinal profiles from the case withaave forcing.

The lower panel of figure 4 represents thelocated on the troughs and the crestal parts of
longitudinal profile of the initial and final the dunes. This movement is in accordance
bathymetry for the simulation without waves. with the flood dominant current which then
The initial profile show that the six primary induce a sediments transport from the crests
dunes are superimposed with smallerto the eastern troughs.

secondary dunes and ripples. These

structures are smoothed by the model which3.2 Effect of the waves

does not consider their migration. It thus  op Case 2, the forcings were tidal current
estimates a stronger erosion over the foung wave. This wave climate is homogeneous
dunes on the east compared to the 2 barchangq constant over the whole period which
on the west. This model does not consider theneans that its influence on the sediment
migration of these smaller structures andiransport is then related to the bathymetric
since their presence should favour thegifferences. The combination of current-
migration of the primary dunes (ldier et al., waye bed shear stress is naturally higher and
2002), the influence of the current here mighthen induce stronger sediment transport than
be underestimated. _ _ in Case 1 with current alone. Le Bot &
The migration of the primary dunes is Trenteseaux (2004) have noted that the

however in accordance with the forcing. Thejnfluence of strong waves formed by a storm
difference between the two profiles, showscan reduce, cancel, or even inverse dune

that the highest bathymetric variations are
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migration direction. Here, the results are inasymmetry of this dune. Its morphology
accordance with their observation. The stresadapts to the forcing and its crest is then
induced by the wave is stronger during themoving toward the west while the eastern
ebb period due to the synchronization withtrough is following the general tendency.
the low water level. The difference of bed This difference of migration direction
shear stress between flood and ebb period ibetween crests and troughs brings more
then weakened. Over the tidal cycle, theinsight on the migration inversion observed
residual transport is then lower which could between surveys S2 and S3. Indeed, the Dune
result in a migration reduction. Tracking method was applied on a short
This influence is well represented over the period of 30 days (March — April 2020). The
second dune with an increase of its heightdune migration speed and direction were
Indeed, as described by Tonnon et al. (2007)estimated following the difference of the
as long as the bedload transport is dominantgrest’'s positions between these two surveys.
a symmetrical tidal current will result in the However, during this period, the influence of
increase of the dune height. Here, thea storm and the waves coming from the East-
difference between the bed shear stress at eliforth-East could then induce a temporary
and flood current peaks is reduced but stillreduction of its asymmetry or the movement
slightly stronger during flood period. of asecondary dune (at the crest) to the west.
Therefore, the influence of this forcing is It could then let think that it is moving toward
closer to a symmetrical tidal current. In could the west. Figure 5 also displays the migration
then explain that in Case 2 (contrary to Casalirection of the crests and troughs. As we can
1) the second dune crest depth is reducedee, all troughs are moving toward the east in
while at the same time its trough is moving accordance with what is expected. However,
eastward. the crests of the dunes 3, 4 and 5 show an
Over the two barchans on the west, theopposite movement. Here on the dune 4, the
forcing induces either an increase of the dunesmoothing of the secondary dunes artificially
height for the second dune or only a weakmoves the crest to the west but for dune 3 and
change of the crest for the first dune.5, the westward movement of the sediment
However, on the following dunes, the mostinduce a clear reduction of the asymmetry.
notable changes concern their morphology. By estimating the migration with the crest
In the case of the third dune, the differencepositions difference for the Dune Tracking,
between the initial and final bathymetry the results would then show an inter-dune

shows a reduction of the horizontal variability with multiple dunes moving
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toward the west and some towards the easbathymetry initialized in the model come
However, over this short period, by only from an in-situ survey (March 2020) while
considering the crest position, it is difficult to idealized hydrodynamic forcings were setup
assess if we are looking at the crestwith and without waves. Two simulations
movement or the entire dune movement. Inwere run with idealised boundary conditions,
order to avoid this potential bias creating bythe first with the influence of the tides only,
dune crest movement, Ernstsen et al. (2006)the second with tides and waves. On both
recommend applying this method by simulations, the model smoothed the
considering the troughs positions. They alsosecondary dunes, and results can only be used
suggest to perform it on surveys conducted ato consider the primary dune
similar times during the tidal period. That is morphodynamic.
because they saw some strong variations of Submitted to a (eastward) flood dominant
the crest position during a tidal period. Our current, all dunes follow an eastern
results show a modification of some dunesmigration. An erosion is predicted on the
morphology which are created by wave crest and deposition is observed at the foot of
activity. In this case, the influence of the the dune steep side, in the trough, inducing its
waves is much stronger than in reality sincemovement to the east. Sediment transport is
it is considered constant during 4 days.stronger over the shallower crests than over
However, it illustrates some modifications the deeper ones. Including the influence of
that could appears during a short period ofidealised waves (representing a storm
time and should be considered whenimpact)change this migration and equilibrate
analysing bathymetric surveys. the bottom shear stress between flood and
This limitation on the estimation of the ebb periods. Some dune movement is then
migrations parameters is however limited tocloser to morphodynamic observed in a
small migration distances. For the othersymmetrical tidal environment. The height of
surveys that have shown movement of tens othe symmetrical dunes is increasing while the
meters for each dune, the movement of thehorizontal asymmetry is reduced for others.
crest or the change of its horizontal These results show that the movement of a
asymmetry would not induce any differencedune is then not homogeneous. The
on the migration direction. Therefore, to movement of the crest may not represent the
make sure that the dune migration wasmigration of the whole dune. Indeed, beside
affected between surveys S2 and S3, thets migration, a dune morphology could also
migration speed and direction estimationchange. In particular cases like between S2
used in the Dune Tracking method shouldand S3, the migration might then be
also be performed on the trough. Moreover, itmisunderstood if only the displacement of the
could be interesting to apply the methoddune and not its morphological evolution is
proposed by Knaapen (2005) which usedconsidered. A combination of the
either the movement of the crests and troughsnodification of the crests and troughs
to determine the dune migration. A positions should then be applied to avoid
comparison of the results of both methodsaccounting for short-term processes and/or
would then give more information on the morphology evolution in the study of the
dune movement during this short period. global migration of these forms. A
perspective of this study would be then to
4 CONCLUSION esf[imate _the migrgtio_n speed and direc_tion
using this combination and a classical
An idealized three-dimensional model method and compare the different
including the morphodynamics was information that could be extracted using
implemented to understand the migrationboth.
direction observed between two bathymetric
surveys performed off the Dunkirk coast. The
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Coexistence of two dune growth mechanisms
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ABSTRACT: We review field measurements, subaqueous laborapgriments and numeric
simulations documenting dune growth, shape and@lént under multidirectional flow conditions. In
zones of infinite sand supply, dune patterns seéfecbrientation for which the sand flux perpentiicu
to the crest is maximum. In zones of low sand atbdity, dunes tend to align with the directiontbé
resultant sand flux at the crest. In the first ¢cgmiodic dunes grow in height from the available
sedimentary resource in the interdune area. Iis¢leend case, dunes elongate by developing a finger-
like structure on the non-erodible ground. These tlune growth mechanisms are modelled and
quantified from the dynamic interactions betweegoography, flow and sediment transport to predict
dune orientation, wavelength, migration speed arwvth rate. This framework can provide new
information about flow conditions and sediment gndigs in remote places where dunes exhibit
different orientations, especially in marine enwirents.

They all exhibit a strong asymmetry between
a gentle upstream slope and a slip face in the
1 INTRODUCTION lee. On the other hand, network dunes and star
In all environments in which they occur, in dunes are observed_ in_major d(_eposmqnal
arid deserts, underwater, or on other planetscen.ters gxposed to wide multidirectional wind
dune fieds often exnibt complex snape P9I (€ WHere e SOPERue o
combined with ridges of variable orientation. '

Accorting 10 locl sedimert transport and/arebIt, Inear denes ceyelop, Guer he
flow properties, it is therefore essential to 9 ’

understand the origin of such diversity bythese linear dunes are widespread in terrestrial

documenting the mechanisms of dune growt@ﬁ)ndezes; butrtehaetllr aggnrenne dr;:]s, Sgr:nmztré’::s
based on elementary physical processes. pes vary ¢ y depending
availability and the wind regime.

Dunes have been primarily classified

according to their shape considering both sandigh dbe il
availability and flow directional variability /_//Jj? Symmetric

(Wasson & Hyde, 1983). In aeolian research, P rcerdunes

the wind directional variability is usually %’ 7~ s

measured by the RDP/DP dimensionlesss
parameter (Fig. 1). It is the ratio between theZ
resultant drift potential (RDP, the norm of the
mean sand flux vector) and the drift potential,5
DP (the mean of the norms of the individual *

ment

Y <> / ‘ -'\\Y|
Ta? N Fule U0 4 s
; Nl s - i
i )

sand flux vectors). In zones of low sand e M (@R
availability under nearly unidirectional winds Lov & ' - —>
(i.e., for high, close to one, RDP/DP-values), Multidirectional Unidirectional

. Flow directionality, RDP/DP
crescentic barchan dunes propagate on a nop- L .
dible ground (Fig. 1). Under the same win igure 1. Classification of dune shape according to
ero I_ . 9 g. e X ind directionality and sediment availability (m&edd
conditions, barchanoid and transverse lineagom wasson & Hyde, 1983).

dunes form where sand availability increases.
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Dunes have also been classified accordingrest orientations, one associated with the
to their orientation. The crest lines of barcharmain crescentic body, the other associated
dunes are approximately perpendicular to thevith the alignment of the longer arm. All these
resultant transport direction, whereas, byobservations indicate that there was a hidden
definition, the interlaced arms of star dunesontroversy about dune orientation and that
have no unique orientation (Zhang et al.current models were not sufficient to explain
2012). For linear dunes, Hunter et al. (1983}he observed diversity of dune patterns.
used the angl® between their crestlines and  Using underwater laboratory experiments,
the resultant transport direction on a flat sandReffet et al. (2010) showed that under
bed to describe them as longitudin®k(5°), symmetric bidirectional flow with a
oblique (15°®<75°) or transversab>75°). divergence anglé:>90°, a sand pile located

A significant breakthrough in on a non-erodible bed slowly transforms into
understanding the relationships betweera longitudinal linear dune. Its crest is aligned
bedform orientation and flow regime was thewith the mean flow and advection directions,
work of Rubin & Hunter (1987). When causing the growth of a finger-like structure at
considering a bidirectional flow regime, theythe downstream end of the crest. By
experimentally showed that subaqueousumerically exploring different
bedforms select the orientation for which themultidirectional flow regimes with no
sum of the normal to crest components of theesultant transport on a flat sand bed
two transport vectors reaches its maximunm{RDP=0), Zhang et al. (2012) reproduced for
value. Thus, they introduced the grosshe first time the formation of star dunes with
bedform-normal transport rule (from now thearms elongating in multiple direction.
GBNR), which can be generalized toOverall, we demonstrated that the finger-like
multidirectional flows in natural environment structures associated with star-dunes arms
(Ping et al., 2014). Using this rule togetherwere in fact not aligned according to
with the dune shape classification, a givermpredictions of the GBNR (Fig. 2a). Instead,
wind regime should therefore be associatethis specific type of dunes elongate in the
with a specific dune type and a singledirection of the sediment flux at the crest,
orientation. This unique line of reasoning hasvhich may significantly differ from the
been recently challenged on the basis oflirection of the sand flux on a flat sand bed
experimental, numerical and field because of the speed-up effect (i.e., the
observations. Here, we review theseacceleration of the flow over a positive
observations and present a set of evidencdspography). It then became clear that this
that demonstrate that two dune growthessential ingredient had to be taken into
mechanisms can be at work and coexistaccount to predict dune orientation and that it
According to sand availability and flow was necessary to evaluate the impact of
properties, we develop a formalism for dunesediment availability, not only on dune shape,
pattern recognition, including qualitative andbut also on dune growth and orientation.
guantitative variables such as dune shape, On the basis of this evaluation, a new set of
orientation, wavelength and growth rate. underwater laboratory experiments with

asymmetric bidirectional flow regimes, and
2 TWO DUNE GROWTH MECHANISMS different conditions of sediment availability
dhave been developed. According to the
Gbedform dynamics observed in these
gxperiments, Courrech du Pont et al. (2014)
demonstrated that there are indeed two dune
growth mechanisms and that sediment

Comparing the dune orientations in ari
desert on Earth with the alignment predicte
by the GBNR, Lancaster (1991) observed
clear mismatch for linear dunes. In addition,

dunes with different orientations are locallyY =~ " .. - .
availability selects the overriding mechanism

observed in many planetary environments ) . : _
and asymmetric barchans clearly exhibit twofor dune formation or evolution (Fig. 2b):
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Figure 2. Two dune growth mechanisms: (a) Numesaallations of star dunes (Zhang et al., 201Q}est

alignments switch from the bed instability to tHengating mode where sediment is no longer availal{b)
Subaqueous laboratory experiments with the samd wigime (see arrows) but different condition afisent
availability (Courrech du Pont et al., 2014). Dakhad dotted lines show the bisector and the wasudediment
flux on a flat surface, respectively. (c) Samdl@susing numerical simulations (Gao et al., 20fbB)different
angles of divergencéy. (d) Landscape scale experiment showing the ctade of the two dune growth

mechanism under natural wind conditions (LU et2021; Lu et al., 2022)
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1- On an erodible sand bed, dunes grow in Let us consider an infinite linear dune of
height and migrate selecting the orientatiororientationa of height H, and width 2W. To
al for which the normal-to-crest account for the wind speed-up, the shear
components of transport are maximum, aselocity vectorusa: and the flow orientatiof
result consistent with the GBNR when can be used to determine the shear velocity at
considering the speed-up effect. This is thehe crest
bed instability mode, which refers to the _ .
ability for a sand bed to organize in et U (1*B (/W) Isin®- @) (1)

periodic bedforms as soon as there igvhere (H/W)[sing- o)| is the aspect-ratio of
transport the dune experienced by the flow afda

e dibl d d bdimensionless coefficient that takes into
- N a non-erodible ground, AuN€s grow by, ..qynt other physical ingredients (e.g.,
elongation away from the source of

sediment in the directiauf of the resultant roughness) affecting surface wind speed

d fl t th t This is the fi ._(Jackson and Hunt, 1975). Then, a transport
sand fitxat e Crest. 1his 1S the TNgerngp,,, adapted to the studied environment can be
or the elongating mode. Classical

used to determine the flux vecto@sa and

geom(_)tr_prr:ollogrlcal i ﬁngt sourtiels rr.are?crest on a flat sand bed and at the crest,
epositionalareas related to coastal orrive espectively. The parallel- and normal-to-

systems, topographic obstacles or prez oo components of transport at the crest are

existing dunes (Gadal et al., 2020b). P P

Hence, the same multidirectional wind Q= Qerest | cos(6- @) (2)
regime is associated with two modes of dun Q.= ||Qurest || sin(6- @)

orientations according to the sand availability. _ )
These two modes may locally coexist as d Ne growth rate of dunes is taken proportional

result of changes in sediment availability orf0 the overall normal-transport at the crest
due to the development of superimposed"veraged over the entire time period under

bedforms. consideration,
In addition to the model described below (3)
(Sec. 3), the spatial and temporal developmer 0 = <[QLH/(HW)

of incipient dunes in the bed instability modeAccording to the GBNR, but taking into
can also be theoretically analyzed through @account the speed-up effect, dunes in the bed
linear stability analysis (Elbelrhiti et al., 2005; instability align in the direction for which the
Narteau et al., 2009, LU et al., 2021). Ingrowth rate is maximum:

multidirectional flow regimes, it predicts not
only dune orientation but also the selectec
pattern wavelength, the associated initia

growth rate, and propagation velocity (GadalDunes in the fingering modes elongates in the

et al., 2019; Gadal et al., 2020a; LU et al'direction of the sand flux at the crest, the

2021). While the elongating mode of dune_ . . - - >
growth is not associated with a specific Sizepgentatlon for which(Q1)=0 and (Q//)>0,

selection  mechanism, the observe
periodicity in fields of elongating dunes Q|1
reflects the interdependence of dune patterr W B
over the course of their evolution, when they A
develop from periodic dunes in the bedwhere yris the unit vector in the directias.
instability mode or interact through collisions The orientations di, ar} of the dunes in the
or flow perturbations (Gadal et al., 2020b). ped instability and the elongating modes
being determined, all the parameters
3 AMODEL FOR DUNE ORIENTATIONS characterizing their dynamics can be

estimated. For example, Egs. 2 and 3 give the
206

do (4)

=0
da

a

drccos

(5)




Marine and River Dune Dynamics — MARID VII — 3-5iAp023 - Rennes, France

sand flux vectors at their crestQf wind regime, these longitudinal dunes are
Qr}={ Qerest(au), Qerest(aF)} and their growth ideal bedforms to isolate and quantify the
rate {oi, or}={ o(w), o(ar)}, respectively. The elongation mechanism. From the elongation
growth-rate ratiwr/o; can be used to estimate rate of individual dunes, we then derived the
the predominant mode of dune orientation irsand flux parallel to the crests to show that this
zones of low sand availability. specific dune type can also be studied for

assessing transport and wind conditions,
4 VALIDATIONS AND APPLICATIONS  comparably to the more traditional methods

o ) . using the migration of transverse and barchan
4.1 Validation of the elongation mechanism gynes in the bed instability mode.

Using the wind data of climate reanalyses(a),
over the past 30 yr, Courrech du Pont et al
(2014) verified that the predicted orientations
{ai, ar} agree within 5° with the alignment of
aeolian dune patterns in terrestrial sand sea
not only for small dunes (~30 m wide) but also
for larger and older dunes (~1 km wide).
Interestingly, most of the linear dune patterns
are oriented according to the elongating mode
of dune growth, suggesting that most of them
develop along aeolian transport routes from
source areas (Chanteloube et al. 2022).

Gao et al. (2015) numerically investigated
the development of bedforms for two different
conditions of sand availability to provide
evidence for the expression of the two dune
growth mechanisms across the entire
parameter space of bidirectional flow regimes
(i.e., divergence angle, transport ratio). The
complete phase diagrams of dune shape an
orientation in both the bed instability and the
elongating modes are used to quantitatively
validate the prediction of the model (see Sec
3). In the simulations, different dune patterns
emerge in zones of low sand availability (Fig. ?
2c), and there are systematic transitions fron(c)
trains of barchans to isolated linear elongatinc
dunes. These transitions are well captured b
the growth-rate ratias/ci;, which compares
the ability of the flow to build the dune
topography in the two modes of dune growth.

Based on 50 yr of aerial and satellite
imagery of aeolian landforms in Niger, Lucas
et al. _(2015) demonstrate for the first t!me InFigure 3. (a) Raked linear dunes in the Kumtagledes
the field that dunes can elongate in then china. (b) Evolution of dune shape from 2006 to
direction of the resultant sand flux at the crest2014 showing (c) elongation of the linear pattend a
with no lateral migration. As they develop the oblique migration of the superimposed duneepatt
downwind of residual hills in a zone of low ™ the bed instability mode of dune growth.
sediment availability submitted to bimodal

11-Nov-2006
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4.2 Coexistence of the two growththe leeward side of the primary ridges
mechanisms according to the direction of propagation of
A landscape-scale experiment at the edgE,he su.perlmposed. bedforms. AS shown by
numerical modelling, raked linear dunes

of the Gobi desert is a unique site to study - where both th bli entation
dune morphodynamics under natural wingPceur Where bo €se oblique orientations

conditions and controlled boundary and dynamics are met.
conditions (Ping et al., 2014). After flattening4
a dune field in 2013, and based on 4 yr of
high-resolution topographic data, Li et al. On Titan, a moon of Saturn, dune fields
(2022) showed how, depending on sandover more than 17% of the surface. Their
availability, the same wind regime can lead toconfinement to the equatorial belt, shape, and
two different dune orientations, which reflecteastward direction of propagation offer
the two dune growth mechanisms (Fig. 2d)crucial information regarding both the wind
As periodic oblique dunes emerge from a sanéegime and sediment supply. Lucas et al.
bed and develop to 2 meters in height, wé2014) presented a comprehensive analysis of
analysed the initial linear phase of the bedlitan’s dune orientations using automated
instability (LU et al., 2021) and then the defectdetection techniques on radar images. By
dynamics that drive the non-linear phase ofnvestigating the two dune growth
pattern coarsening. Starting from conical sanénechanisms using wind fields generated by
heaps deposited on gravels, we observed ti@dimate modelling, we found that the giant
transition from dome to barchan anddunes on Titan grow by elongation on a non-
asymmetric barchan shapes (LU et al., 2022)nobile substratum. To be fully consistent
We identified a minimum size for arm Wwith both the local crestline orientations and
elongation and evaluate the contribution ofthe eastward propagation of Titan’s dunes, the
wind reversals to its longitudinal alignment.sediment  should  be  predominantly
These experimental field observations suppoitransported by strong eastward winds, most
the model and the numerical simulations (Gadikely generated by equinoctial storms or
et al., 2015; Rozier et al., 2019), providingoccasional fast westerly gusts (Charnay et al.,
practical solutions for quantitative analysis 0f2015; Rodriguez et al., 2018). Additionally,

dune evolution under various wind regimesthe meridional transport predicted in models
and bed conditions. can explain why Titan’s dunes are confined

Raked linear dunes keep a constanwithin £30° latitudes, where sediment fluxes

orientation for considerable distances with &0nverge.

marked asymmetry between a periodic pattern Dunes on Mars also show clear evidence of
of semi-crescentic structures on one side andhe coexistence of the two dune growth
a continuous slope on the other (Fig. 3). Lii emechanisms. Using the high contrast between
al. (2017) showed that this shape is associatébe dune material and substrate, Fernandez-
with a steady-state dune type arising from th&ascales et al. (2018) provided the first
coexistence of the two dune growthquantification of relationship between

mechanisms. Primary ridges elongate in théediment availability and dune orientation.
direction of the resultant sand flux. Semi-Abrupt and smooth dune reorientations are

crescentic  structures result from theassociated with inward and outward dynamics

development of superimposed dunes growingf dunes approaching and ejecting from major
in the bed instability mode. In the particularsedimentary bodies, respectively. These
case of raked linear dunes, these twdeorientation patterns along sediment
mechanisms produces primary and secondaiyansport pathways are interpreted as
ridges with similar height but with different discontinuous and continuous transitions
orientations, which are oblique to each otherfrom the elongating to the bed instability
The raked pattern develops preferentially orinodes of dune growth and vice-versa. In

.3 Planetary dunes and the inverse problem
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addition, assuming bidirectional wind  modes for dune orientation, Geology, 42, 743-746.
regimes, the intersections between mode'?'be'f_fc‘j'“v H-’fC'aUd'fn’ P. Andfegtt' Bd’ _20?569|th“ f
redictions for the two m rmitt evidence for surface-wave-induced instability o
gotla\(/::r? Oofstheoinve?se (r)oble?ge; pridictir(?d sand dunes. Nature 437, 720-723.

.g ) P . p_ g Fernandez-Cascales L., Lucas, A., Rodriguez, S, Ga
the yvmd regime from dune_orlentatlon. The x Spiga, A., Narteau, C., 2018, First quanti-
relationships between sediment cover and fication of relationship between dune orientation
dune orientation can therefore be used to and sediment availability, Olympia Undae, Mars,
constrain the flow regime in environments Earth and Planetary Science Letters, 489, 241-250.

where direct measurements are impossible. Gadal, C., Narteau, C, Courrech du Pont, S., Rozier
0., Claudin, P., 2019, Incipient bedforms in a

bidirectional wind regime, J. Fluid Mech., 862,
5. CONCLUSION 490-516.
The two dune growth mechanisms havesadal C., C. Narteau, S. Courre(_:h du Pont, O. Rozie
now been observed in many planetary E- Cllaudln,t 2f02|033 _ S|toaga| a”dG Terr;npqrall
nvironment n ment in the fiel evelopment of Incipient Dunes, Geophysical
€ onments a d documented e field Research Letters, 47, e2020GL088919.
thro“gh a dedicated set of Ia_ndscape'scal_gadal C., C. Narteau, S. Courrech du Pont, O. Rozie
experiments. For both mechanisms and their p_ claudin, 2020b, Periodicity in fields  of
interactions, the results of various laboratory elongating dunes, Geology, 48.
experiments and a large number of numericabao X., C. Narteau, O. Rozier, S. Courrech du Pont,
simulations support comprehensive 2015, Phase diagrams of dune shape and
theoretical models, boosting confidence in Cs’”?mf,‘]f_'or;z delft’e”g'”ﬂmo?” sand availability,
. . T : . [ cientuiic reports, o, .
tr]le(;r appllcablrlllt)(/j for qu.amlt?ltlve preQICttlotl’_]S Gao X., Narteau, C., Gadal, C., Migration of reuregs
Or dune morp o yn.amlcs (shape, orien a 10N, qunes against the sand flow path as a singular
growth and migration rates) under various expres-sion of the speed-up effect, Journal of
flow regimes and bed conditions. Geophysical Research, 126,
Opposite flow directions are ubiquitous  doi:10.1029/2021JF006492.
over Subaqueous bedforms in tida|HUI'lter, R. E., RIChmOﬂq, B. M., Alpha, T. R., 1983,
environments. In addition, there are many Storrtf"éontlroged Zb“q;e||d;:ef4g£ t1h4e650re9°”
possible sources of tidal asymmetry and thgacic;?)i' PeZ'HSﬁi Jm' 1;75 T’urbule;n win.d flow
;gg‘naleet):;[y i?lf Sé)setﬁg'ﬁesbatzg?etr%rogzge over a low hill. Q. J. Roy. Meteorol. Soc. 101, 929
955,
multidirectional flow regimes. Hence, the Lancaster N., 1991, The orientation of dunes wgth r
dune growth mechanisms discussed here may spect to sand-transporting winds: a test of Rubin
also coexist in river and oceanic settings. In and Hunter's gross bedform-normal rule, NATO
this case, marine and river dunes may offer f‘g‘;ﬁgﬁedt‘go”;iﬁ’igr?” Sa"’:]r:jd dlli‘t?gr‘:‘d ;?g;l‘iéze'r
new opportunlt_les for be_tter characterization University of Aarhus, 47-49.
of the flow regimes, sediment resources angy p. ¢ Narteau, Z. Dong, O. Rozier, S. Courrgich

transport properties. Pont, Unravelling raked linear dunes to explain the
coexistence of bedforms in complex dunefields,
Nature Communications, 8, 14239, 2017.
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Direct validation of the dune instability theory
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ABSTRACT: We designed a landscescale experiment at the edge of the Gobi deserhaClto
quantify the development of incipient dunes under bhatural action of winds. We identified two
successive phases, from the initial flat sand bedmeter-high periodic pattern. During the iniphhse,
we measure the growth rate of dunes of differeeleangths. We identify the existence of a maximum
growth rate, which readily explains the mechanigmwinich dunes select their size, leading to the
prevalence of a 15 m wavelength pattern. We qusiviily compare our experimental results to the
prediction of the dune instability theory usingisport and flow parameters independently measuared i
the field. The remarkable agreement between thaod/ observations demonstrates that the linear
regime of dune growth is permanently expressedwrdmplitude bed topography, before larger regular
patterns and slip faces eventually emerge.

process associated with the turbulent flow
1 INTRODUCTION response to the topography and a stabilizing
process due to transport inertia.

Dune research has always been stimulated by Linear stability analysis of flat sand beds
the question of the origin of periodic bedforms sheared by a fluid flow provide the so-called
that are ubiquitous in rivers, oceans anddispersion relation (Andreotti et al. 2002,
planetary sand seas. However, the size-selectioNarteau et al. 2009, Gadal et al. 2019, Charru et
mechanism leading to the emergence of periodi@al. 2013), i.e., the growth rate€) of sinusoidal
dunes have never been observed and quantifieded perturbations over the whole range of
in a natural environment . possible wave numbeks(wavelength=27/k).

Underwater experiments have shown that, ad’hese stability analysis are by definition
soon as the flow is strong enough to transportestricted to the linear regime of incipient dune
grains, a flat sand bed destabilizes into periodigrowth, the period during which the amplitude
bedforms migrating at a constant speedof each mode (wavelength) grows exponentially
(Kennedy 1963). Wind tunnel experiments andand independently from one another. The
Ralph Bagnold's attempts in the field to createtheoretical relation writes
artificial dunes have failed because the initial —Ol2 2
sand piles were not large enough (Bagnold o(k)j=Qi(B-Akka)/(1+(klsa)") @)

1941). There is indeed a minimum length-scalevhere Q is the mean sand flux anida the
for the formation of dunes, which has beendistance downwind required for the sand flux to

estimated to be of the order of 10 m in aeolianfeéach saturation (i.e., transport inertia). The
systems on Earth based on the smallesperturbation of wind streamlines near the bed, in
wavelength of the superimposed bedformsthe so-called inner layer, is described with the
observed on the flanks of large dunes (Elbelrhiti@erodynamic parametess and B, so that the
2005). After 20 years of intensive research, thisupwind shift between the wind speed and the
characteristic length-scale is assumed to b&ed topography can be expressed as
regulated by the balance between a destabilizingrctar{B/A)/k.
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growth and to account for windy periods, these
B topographic data are not regularly distributed in
] : time and are more frequent in 2014 as well as in
i) the spring and fall of each year. To compare
g ] datasets from different scans, we installed a

R reference system of concrete posts over the
entire experimental dune field.

Sand fluxes ‘

Q=18 dm?yrt 3 RESULTS

3.1 Sand transport properties

As in most of the Tengger desert, the mean
grain size in the experimental area is of about
190um. Using an impact sensor placed
above a flat sand bed, we monitored saltation
activity under winds of varying strength. As
shown in Fig. 2, the empirical relation between

: : wind speed and the impact rate yields an
Figure 1. (A) The landscape-scale experiment sitthé  estimated threshold wind speed for aerodynamic
Tengger desert (37°33'38”N, 105°2'0.8"E). The red entrainment of sand graing;=0.23+0.04 m§.
square shows the location of the flat sand bedréxpet. Combining this threshold value with local wind
(B) Wind and sand flux roses. (C) The sand bedrafte yat5 e calculate the saturated sand flux on a
flattening. (D) Incipient dunes at the end of tiveedr flat sand bed using the eolian transport law of
phase of dune growth. (E) Mature dunes during the n
linear phase Ungar and Haff (1987). From January 2014 to

November 2017, the mean flux is
Here we present the results of a Iong-teer:18_4i4_2 Ay

measure in the same desertic area all thesgynstructed a flat bed armored with coarse
parameters. Thus, we obtain a comprehensivg ayels and cobbles, which acted as a sand trap.
description of incipient dune growth under the a 5 time without active transport, we build a 12-
confronted to the dune instability theory (LU et horm immediately downwind of the coarse bed,
al. 2021). as determined from the direction of the
prevailing wind. We measure the surface
2 A LANDSCAPE-SCALE EXPERIMENT elevation of this sand berm using the terrestrial

laser scanner before and after a wind event. The
_ Landscape-scale experiments started in 200Qifference in topography along the wind
in the Tengger desert at the southeastern edge gfrection gives the mean transport rate profile
the Gobi basin in China (Fig. 1A, Ping et al. for this time interval. There is a net erosion on
2014). The experiment dedicated to incipientthe whole sand slab, with an amplitude that
dune growth has been conducted from April gampens with respect to the downwind distance
2014 to November 2017. Preexisting dunes wer¢rom the nonerodible bed. These observations
leveled on 9 April 2014toform_aflat rectangular jndicate an increasing sand flux converging
bed 100 m long and 75 m wide (FigZ). We  toward its saturated value. Assuming an
monitored dune growth over the following 42 exponential relaxation of the sand flux
mo (Fig. 1D,E) through a series of 20 (Andreotti et al., 2010), we obtain

topographic surveys using a ground-based lasqt,=0.95+0.2 m (L et al. 2021).
scanner (LU et al. 2021; Lu et al. 2022). To get a

better resolution on the early stage of dune
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anemometers at heights of 50 and 100 cm. This
indicates that, on incipient dunes in our

e meww ,,ﬁ experimental area, the thickndssf the inner
3 i = W ‘%M W %um layer is between 12 and 50 cm. Within this inner

o2 Impact rate [Hz layer, using the upwind shift{ m) and the
amplitude of the perturbation in wind speed
recorded by the two bottom anemometers, we

3

OCime p> 1 getA=3x1 andB=1.5+0.5 for dune aspect ratios
[F" g varying from 0.012 to 0.025 (Fig 3C).

<

A Wind speed [m s™!]

1.

t

3.3 Emergence of a periodic dune pattern

Within the experimental plot, we select a
central rectangular area with a width of 48 m and
a length of 82 m (red square in Fig. 1A). The
L long side of this rectangle is oriented northwest—
54 6 8 10 12 14 Southeast to align with the prevailing transport
Wind speed [m s~ direction. We remove the mean slope of this
Figure 2. (A) Grain impact rate and wind speed with fectangular area by fitting a plane to the
respect to time. (B) Picture of the impact sendaced  elevation data. Throughout the experiment, this
above a flat sand and below a cup anemometer. (Chlane maintained a gentle southwest-facing
Relationship between grain impact rate and win@spe  gione 35 observed after the flattening of the dune
The solid line is the best fit ¢t*—uw?) to the data witha . . .

field. The residual topography is shown for

critical entrainment thresholdizn=4.16 m s'. Periods ) ; . . o .
above the transport threshold are highlighted lfowein different times in Fig. 4. Within the observation

—_

o
Ut

Impact rate [10? Hz

o
o

(A). area, we chose to follow the time evolution of
_ o elevation along 34 parallel transects with a
3.2 The upwind shift in wind speed constant spacing of 1.4 m. These transects are

To estimate the values of the aerodynamicoriented perpendicularly to the final dune
parameterd andB used in Eq. 1, we measured orientation observed in November 2017. Fig. 4
the flow properties on dunes of small amplitude.Shows the elevation profiles with respect to time
We recorded wind speed at heights of 4, 12, 50for a given transect. Over the 42 mo of the
and 100 cm above the bed by moving anexperiment, the amplitude of the dunes increases

anemometer mast upwind of a known elevationPy two orders of magnitude from a few
dune profile (Fig.3A). The wind speeds centimeters to a few meters. Whereas no
measured at different heights were synchronizedperiodic pattern is discernible after flattening, a
and normalized by the wind speed measured ggharacteristic wavelength of 15 m emerges over
1 m high by a reference cup anemometer locatethe first few months of the experiment
at the top of a larger dune in the vicinity, which (Fig. 1D,E). The variation of the mean
allowed us to reconstruct the perturbation inamplitude of the dune pattern, defined as the rms
wind speed on low dunes at different stages oPf the topography, is not homogeneous over
dune growth. As predicted in the limit of low time and displays a sudden change in rate at the
sinusoidal bedforms, Fig. 3B shows that theend of 2014 (Fig. 4). Before, from April to
wind perturbation at all heights reflects the October 2014, this amplitude stays almost
topography of the underlying incipient dunes, constant. During this time period, despite a
both in amplitude and wavelength. The Smoother topography, there is nothing to suggest
amplitude of perturbation in wind speed that @nesl will appear at a specific wavelength.
decreases with height above the bed. MoreStarting in November 2014, the surface
importantly, there is always an upwind shift in €levation exhibits a periodic dune pattern with
wind speed for the two bottom anemometers afarked crestlines and a northeast-southwest
heights of 4 and 12 cm but not for the two toporientation.
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Figure 4. The upwind velocity shift on low sinusalidhedforms. (A) The mobile anemometer mast, witbraometers
located at heights of 4 and 12 cm inthe inner layat at heights of 50 and 100 cm in the outer lajke decameter
aligned with the mean wind direction gives the clilen followed during the successive measurementsiousoidal
incipient dunes. (B) Elevation and normalized wépaed according to distance along the dune pi@iie, red, yellow,
and purple for anemometers at 4, 12, 50, and 1QCespectively). The normalized wind speed is thedwspeed
measured along the profile divided by the one @edby the reference anemometer. Note the upwiftdrskvind speed
in the inner layer near the bed but not in the olatger above. Dashed lines show the two dune <@asd the trough
along the elevation profile. Dotted lines show tmaximum and minimum wind speeds in the inner layen)
Aerodynamic parametesandB measured during dune growth (circles) and on fiighg dunes (squares). The blue
area shows the best-fit valuesfoaindB to the experimental dispersion relation shownim BB for 0.6<lsa<1.2. The
distributions ofA andB are illustrated by green and red histograms, cisdy.

Then, the mean amplitude increases.elevat'on data to isolate the contribution of

significantly at a constant rate of 0.5 ity individual - modes (Wavelength_s) to the
for 3y (Fig. 4). We found that the transition overa}II topography. The variation Of the
between these two different stages of dun mplitude of these sgrface waves IS not
growth occurs for a mean slope of the order omogeneous over time and displays a

of 0.03, when dune crests and slip facesSUCICIen change in rate at the end of 2014

. . .__(Fig. 5A) for a mean slope of the order of
emerge and begin to spatially organlze( L .
throughout the experimental plot. Steeper(.)'os' V:/e fr\]scnbe Ilt to the;ransmo]p tfrrlomdthe
slopes highlight the increase in dune aspec{Inear 0 the noniinéar phases of the dune

ratio (Gadal et al., 2020; Phillips et al., 2019),gr0Wth in_stability. During the Iinea_r phas_e,
which is the main control parameter for we obtain the experimental dispersion

aerodynamic nonlinearities. Hence, we relation of the dune instability by plotting the

ascribe the two different stages to the IineargrOWth rate of the different modes as a

and the nonlinear phases of the dune growtﬁunCt.Ion of thelr Wave_numbdxr(F_|g. 5B). It
instability. provides eolian experimental evidence of the

difference in growth rates of nascent dunes of
various wavelengths when they are not large
enough to generate flow recirculations. These

For each topographic —survey, We raqits are consistent with the theoretical
performed a spectral decomposition of the

3.4 Experimental dispersion diagram
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prediction of the linear stability analysis with benefits of combining field observations with
a clear maximum and a continuous trendtheory to derive information about the

from unstable (growing waves>0) to stable
regimes (decaying waves<0). The most

sediment transport and flow properties from
the morphodynamics of incipient dunes.

unstable mode corresponds to the wavelength We provide an original dataset for an in-
of the emerging dune pattern in the field depth understanding of the linear phase of the

(=15 m); the neutral mode%0) is about 9 m
(Richards, 1980).

dune instability, when the growth rates of the
different modes evolve independently from
each other (Lu et al. 2021). We find that this

! w linear phase is at work from the earliest stage
————— ~——_—— _ of dune growth, as soon as sand transport
—————— 7T/ {% starts even when, at first glance, no regular
S g w " structure seems to be in place. It takes time
\/\W/\/\Ai o AN~ fOr the most unstable wavelength to prevail
I e over all of the other modes that contribute to
T U T U B Distance [m] L
PR RN Y s the sand bed topography. When periodic
H . dunes are observed, the nonlinear phase has
/\/\/\/\ o o already taken over, aerodynamic
W = o nonlinearities have developed, and the
AN £ o different modes interact with each other to
PaW.iovd e N N lead to pattern coarsening (Gao et al., 2015,
%5 mﬂ'. LU et al. 2022; Valance et al., 2010). We
: ' show here that the continuous transition from

0 L
2014 2015 2016 2017 2018
Time [yr]

b pinee a7 the linear to the nonlinear regimes is
Figure 4. Dune growth in the flat sand bed expenime controlled by the dune aspect ratio for
Detrended elevation profiles along the same transecremarkably low values=~(.03), consistent

from 10 April 2014 to 7 November 2017 (left). \wjth |aboratory measurements on sinusoidal
Zoomed-in view of the elevation profiles from 10 beds (Charru et al. 2013). This transition

April 2014 to 30 October 2014 shows the evolutiébn o incid ith th tial iz ati f
topography during the linear phase of dune grovvthCOIrlCI es wi € Spatial organizalion o

(top right). The mean amplitude of bedforms with bedforms according to the alignment of
respect to time. Colors and dashed lines are used tmature dunes. For mean slope values of 0.07

separate the linear (orange) and the nonlineae)blu (4°, typical of the flattest dune slopes), the
phases of dune growth. transition is completed, and it is no longer
possible to differentiate between the growth
rates of the different modes. Nevertheless, the
most unstable mode can still be observed to
In order to meet the challenge of provide relevant length and timescales of the
comparing and evaluating theoretical modelsdune instability.
of dune growth with observational data, the Our experiments bridge the gap between
landscape-scale experiment conducted in atheoretical physics and geophysical surveys
active dune field under the natural action Ofand can translate into concrete research
wind yields a unique set of quantitative gvenues across scientific domains, in
relationships. By removing uncertainties particular for river and marine dunes.
about boundary and initial conditions, we |nstability theory applies to many natural
verify that dunes can emerge from a flat sandsystems, especially to examine the
bed and validate the theory behind this duneelationships between flow and surface
growth mechanism. We elucidate the origin properties on subaqueous bedforms in rivers
of periodic bedforms, showing the or oceans. For all these natural systems, we
wavelength selection as dunes increase ishow here that, when the technological step
height. Meanwhile, we highlight the inherent in data acquisition is taken, field studies can
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be carried out to test theoretical outputsElbelrhiti, H., Claudin, P., Andreotti B., 2005.¢fd

against observations and to develop better

forecasts of landscape morphogenesis.
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ABSTRACT:

Mobility of the sedimentary substrate, both throtigh flow of sedimentary particles and throughrtigration
and evolution of sedimentary structures, has diraplications on the design, implementation, loriggwand
safety of ORE (ocean renewable energy) devicesingatunes are very present on the English Chamuel a
North Sea coast where most of the future Europe#fabore windfarms (OWF) are located and plannedeo
constructed. Cable installation and foundations@®YF in this environment is a challenge due togdbabed
mobility. This mobility can bring risks of cable ewburying or un-burying and uncertainties abouinfdations
scouring conditions. Consequently, there is a ieeohticipate variations in sediment thicknessrtitldamage

to infrastructure and to design anti-scouring te and better anticipate OWF costs. Furthermoraine
dunes are areas of high ecological importance titarefore important to understand the effectttiainstallation

of MRE infrastructure can have on dune morphodynarto limit the impacts on the ecosystem. To acddatis
these issues for OWF industry, two research andldpment collaborative projects have been set WNES &
MODULLES. The first project (DUNES) aimed at collieg in situ data on seabed, hydrodynamics and
ecosystem via bathymetric surveys, current measmesmand biological sampling. The second one
(MODULLES) aims to model the influence of these esion offshore wind farms at different spatio-terapo
scales from a few seconds and centimeters to depgaes and kilometenga numerical and physical modeling.
During MARID, marine dunes issues for ORE sectoll Wwe depicted. An overview of the DUNES and
MODULES projects will be given to present how welisebs these issues with research and developnwectipr

Sea. At the end of 2021, offshore wind
1 MARINE DUNES AND OFFSHORE turbines represented 28.3 GW of installed
WINDFARM capacity in Europe, almost all of it in the

North Sea. The European Commission aims

Marine dunes are among the mostto have 300 GW of installed capacity by 2050
dynamic sedimentary bodies and are very(rigure1).

present on the English Channel and North
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cable

Figure 1 : Bathymetry of the North Seas (North Sea,
English Channel, Irish Sea, Celtic Sea), plannekian
operation Offshore Wind Farms (OWF) and power
cables (data from EMODNET)

Cable installation and foundations of OWF in

’

Cable exposed

cable expose to current, wave action and fishing

this environment is a challenge due to the
high seabed mobility. This mobility can bring
risks of cable over-burying or un-burying and
uncertainties about foundations scouring
conditions FEigure2). It is therefore important
to anticipate variations in sediment thickness
to limit damage to infrastructure (heat
transfer diffusion, exposition to fishing) and
to design anti-scouring protection.

2
dune

. Cable overburied
displacement

heat transfer

Marine dunes are essential functional areas a
feeding and breeding grounds for many
species. They are classified by the Marine

Strategy Framework Directive (MSFD) and [~

by Natura 2000 as key habitats. The French
Ministry in charge of the environment
therefore asks developers to asses!
particularly the impact of offshore wind
farms on the habitat of marine dunes and thei
ecosystem.

b dune

displacement

foundation o |

Scoured area

foundation stability

Figure 2 : Effect of marine dunes on OWF component:

In this context, it is important to address thea) cable under marine dunes; &) unburied cabée aft
following question: how to study marine marine dunes displacement, a”) overburied cable

dunes in an offshore windfarm context.

u
foundation experiencing stability

nder a marine dune experiencing heat issue, b) OWF
issue due to

To answer this question, France Energiesscouring.

Marines initiated two collaborative projects:
DUNES (2019-2022) and MODULLES
(2021-2024). These projects aim to deepen
our knowledge of the marine dunes field off
Dunkirk where an OWF is planned in 2027
via:

in situ morphodynamic observation
and analysis,

Marine dunes numerical and physical
modelling,

Thermal modelling,
Ecosystem characterisation.
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2 IN SITU MORPHODYNAMICS OF positioned on weighted cages that were

MARINE DUNES launched and recovered by diver. The length
of deployment was chosen to limit risks of

2.1 Data acquisition silting while offering a relatively long
timeframe.

100 200 m

Bathymétrie (m)
| -22

Il -17.3

Il -125

1 -7.75
-3

0 100 200 m
| -

Boite 3| -

Figure 3 : Dunes morphologies off Dunkirk, bathyrizesurveys realized in march 2020.

A protocol was implemented to acquire
high spatial and temporal resolution data. To
study the impact of forcing (wind, waves and The acquired bathymetric data were
current) on the marine dunes, it wasprocessed to obtain a DTM (Digital Terrain
necessary to perform numerous bathymetrioModel) with a resolution of 0.5 m, which was
surveys with a short time step. To allow this used for a morphometric study and numerical
type of measurement and limit costs, threemodelling (Figure 3). The morphometric
boxes were defined with an area of about 1 analysis has been performed for boxes 1 and
0.5 km(Figure 3). The boxes are located on3 because dunes morphology of box 2 was
the corridor of the connection cables and injudged too complex. DTM has been analysed
the future OWF. They include different types as follow:
of dunes: barchans, straight and three- 1) DTM filtering to smooth the roughness
dimensional dunes. Eight bathymetric and limit the influence of secondary
surveys of these three boxes were carried ougedimentary figures (ripples and small dunes)
over a period of 21 months betweenin morphologies identification
November 2019 and July 2021. 2) Digitization of crest and troughs along

transects perpendicular to the crest at 20 m
The bathymetric surveys were complementedntervals.
by an Acoustic Doppler Current Profiler  3) Measurement and calculation of
(ADCP) campaign. Three ADCPs were morphometric parameters (bathymetry,
deployed for 1.5 months in spring 2021 to height, wavelength, width, sinuosity) along
measure the hydrodynamic. Two of themthese same transects.
were positioned at the entrance and exit of 4) Calculation of the migration speed (in
box 1 near the buoys of the access channel ah/year) of the crest along the same transects
Dunkirk’'s harbour. The third ADCP was between two successive surveys.
positioned north of box 3 in an area between
two banks free of dune. The ADCPs were

219

2.2 Morphometric analysis



Marine and River Dune Dynamics — MARID VII — 3-5iAP023 - Rennes, France

Estimation of the associated sediment fluxes2007) (see Michelet et al. 2023, in these
(in t/m/yr) has been done with the "Dune proceedings for results).
Tracking” method and three empirical The open-source TELEMAC-
equations (Hoekstra et al., 2004). “Dune MASCARET modelling system (TMS) is an
tracking” uses morphometric indices of integrated modelling tool for use in the field
marine dune (height, wavelength, and width),of free surface flows. The space discretisation
sediment parameters (porosity and density)s performed with unstructured triangular
and migration velocities to approximate the elements, which means that it can be locally
volume of dune sediments that moves overefined in the area of interest. The three-
time. All the figures obtained were compared dimensional (3D) discretisation is performed
to meteocean data (wind data at Dunkirkby extruding each triangle along the vertical
meteorological station and tidal data) todirection into linear prismatic columns,
evaluate the influence of meteorological andspanning the water column from the bottom
oceanic forcing on the morphodynamic (seeto the free surface. In TMS, simulation
Le bot et al. 2023 in these proceedings formodules can be internally coupled to
more details on the results). simulate sediment transport and

Flux calculations were performed using morphodynamics. Modules Telemac-3d and
realistic forcings and compared to the resultsTomawac solve respectively the current and
of the "Dune Tracking" method. Then, the wave fields to the sediment transport and bed
calculations were performed on an idealizedevolution module Gaia (see Durand et al.
case to refine the study of the influence 0f2023, in these proceedings for results).
hydrodynamic processes (Michelet et al., The two models will test different
2022). scenarios in term of waves, current and
anthropogenic structures (cables,
foundations...).

Numerical results from both numerical
To better understand the dynamics Oftools will be compared with each other and

marine dunes and their interaction with owrF With field and laboratory observations. A
at different space and time scales (from dayspartlcular focus will be put on the strengths
to years), marine dunes are modelled a@nd limitations of each numerical approach
different scales numerically and physically and modelling strategy.

using bathymetric and current data acquired . . .
from 2019 to 2021. 3.2 Fine scale numerical modelling

3 MARINE DUNES MODELLING

The aim here is to carry out small-scale
modelling of the scouring phenomena around

At mesoscale (from a dune to a dunea ground-based structure (e.g., wind turbine
field), two different numerical models are foundation) lying over a sandy seabed,
implemented using CROCO and subject to wave and current actions at
TELEMAC-MASCARET modelling intermediate depths.
systems. The two major scientific barriers

CROCO is a free-surface modelling identified in the simulations of small-scale
system that solves the finite-difference modelling of scour around structures are: i)
approximations of the Reynolds-averagedturbulence  modelling and  accurate
Navier—Stokes equations. Space simulation of flow hydrodynamics including
discretisation is performed with structured vortices dynamics and ii) sediment flux
squares element. Waves are considered bgnodelling. To address the first point,
coupling the spectral model Wave Watch 3hydrodynamic simulations are performed
(WW3). The sediment dynamics is solved using different turbulence modelling
thanks to USGS sediment model (Blaas et al.approach ranging from LES (Large Eddy

3.1 Mesoscale numerical modelling
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Simulation) to RANS (Reynolds Averaged are not so well controlled. Indeed, marine
Navier Stokes) and Hybrid to accurately sediment is porous and contains a variable
reproduce the Horse-Shoe-Vortex dynamicspart of water that may influence heat
and the lee-wake shed vortices. Sedimentransfers. Therefore, a set of numerical
flux modelling is performedia various two-  experiments is planned to simulate the impact
phase flow simulations of scour around aof dune migration on the distribution between
cylinder using sedFOAM with the best advective and conductive heat fluxes. Several
turbulence modelling approach deduced frommodels of varying complexity will be used
the hydrodynamic simulations. (see Gilletta and compared: 1D analytical model provided
et al. 2023, in these proceedings for results).by IEC, 1D model not considering advection,
1D model considering advection, and 2D
3.3 Flume modelling of marine dunes Finite Element Model taking all phenomena
Marine dunes are modelled in two iNto account (see Morvan et al. 2023 in these

different flumes: In one of them, the Proceedings for more details).
hydrodynamics will focus on the interaction

between unidirectional currents a_nd a4 CARACTERISATION OF MARINE
comple>§ wave spectrum, whereas in theDUNES ECOSYSTEMS

other, tidal currents will be reproduced. . _ .
These experiments will permit to: (i) extend ~The installation of the offshore wind
the range of explored dimensionless turbines will change the local environment
quantities (such as Reynolds number ordepending on the phase of the OWF project;
Shields parameter) to derive genera”ﬁhe resultlng pressureS/ChangeS WI” then
formulation and deepen our knowledge of influence dune ecosystems depending on the
dune morphodynamics under complexPressures/changes intensity —and the
forcings, (ii) investigate the influence of resistance/resilience of dune systems. From a
superimposed  bedforms generated bygeomorphological point of view, the changes
combined flows on the overall bed Potentially induced in the shape of dunes, in
roughness, and subsequently on flowgdrain size, in time of refilling after

properties and dune dynamics. perturbation, all have effects on living
communities; indeed, the communities living

in sediment are strongly related to sediment
characteristics (Robert et al., 2021), some are
adapted to muddy environment and others to
tlean coarse sand.

In a second set of experiments, a cylinder will
be added to the experiment to better
understand scouring in a marine dune’s
context (see Vah et al. 2023 and Abroug et al
2023 in these proceedings for more details).

3.4 Modelling thermal diffusion in marine
dunes

Dense grid of power cables is part of each
OWEF, connecting individual turbines to the
substation. Export power cables are then use
to reach the mainland. These cables are
sensitive to heat as they are designed to worl |
below a specific internal temperature, above
which materials (specifically, the insulation)
can be damaged. The thermal models foi
power cable sizing is well established for
cables in open water or in air, or buried on
land. The thermal boundary conditions of a
subsea cable buried in the marine sediment

Figure 4 : Marine dunes sampling performed to study
their ecosystem (Robert et al., submitted)
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Marine dunes affect benthic species
distribution (Robert et al., 2021). As we see T L, {
above, OWF installation create marine duneJieatl ":‘n‘,._""‘*
morphodynamic disturbance, which can e
cause effect on benthic habitat. SRS b

To study marine dune ecosystem and
prevent effect of OWF construction, a
sampling of all organisms from the water
column to the sediment was performed
(Figure 4).

Macrobenthic organisms (>1 mm) were
collected with a Van Veen grab (0.12m
whereas megabenthic organisms (> 10 mm
as well as fish species were collected with &
commercial bottom-trawl. The latter was
equipped with a reduced cod-end mesh of 2(
mm stretched to improve the catch of
juveniles and small fish. A total of twenty-
three stations were sampled with grabs and
twenty-six trawl hauls were performed. Figure 5 : binocular photographs of some
Stations were distributed in three boxes’charactenstlc invertebrates of the dunes off Drknki
according to a gradient of distance from the
coast (coastal area, transitional area, and CONCLUSION
offshore area). This sampling strategy was
performed both in Autumn 2019 (October)
and Spring 2020 (May) to assess the season

Va”ab'“ty of the ben.thlc food web. ._developers are closely interested in these
Organisms (meiofauna, —macrobenthic gejimentary features to prevent their effect
organism and ichtyofauna) were then s, components (cables, foundations).
identified in the lab to establish a list of 145 petter our knowledge on relation
species for each compartmenres). between marine dunes and OWF off Dunkirk,
Then, stable isotope signatures ofwe build an innovative multi-disciplinary
potential sources of carbon and nitrogen inapproach including:
the benthic ecosystem were gathered from an
aliquot of sediment, extracted from grab
samples (Sedimentary Organic Matter;
SOM) and by filtering water on a GFF filter

Marine dunes are common in the North
gea where many OWF are planned. As they
are very dynamic structures, OWF

In situ observation and analysis of
morphodynamic and ecosystem of
marine dunes

with a Niskin bottle (Particulate Organic - Numerical modelling of marine dunes
Matter, POM). This isotopic analysis has at two different scales (meso and
permitted to understand the relation of each finescale)

compartment of marine dunes ecosystem and

. . o . Physical modelling of marine dunes in
decipher spatio-temporal variations in the

food web structure (see Robert et al. 2023 in flumes

these proceedings for more details). - Thermal diffusion modelling of heat
produced by an export cable in marine
dunes.

All these results will permit to help
developers to better anticipate cost related to
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marine dunes and prevent effect of OWF onRobert A. E., Quillien N., Bacha M., Caulle C., Nex

(2023) How it works: benthic ecosystem

functioning of submarine sand dunes, from traits-
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Modelling effects of shoreface-connected sand sdgethe
shoreline evolution: Application to the Belgium sba

A. NnafieIMAU, Utrecht University, Utrecht, the Netherlands..nnafie@uu.nl

H.E. de SwartvAuU, Utrecht University, Utrecht, the Netherlands
T. Verwaestlanders Hydraulics Research, Antwerp, Belgium

ABSTRACT: This study explores potential impactsafiserved onshore migration of shoreface-
connected sand ridges (sfcr) on the Belgium shelthe evolution of the adjacent shoreline using a
coupled shelf-shoreline model. Results suggestthigatioser sfcr are located to the coast, theng&o
are the undulations along the shoreline. These gdsaim the shoreline are explained in terms of
topographically-induced changes in wave charatiesisKey topics of future research will also be
discussed.

2021) have demonstrated that these ridges
affect the onshore wave propagation and
1 INTRODUCTION thereby the patterns of wave breaking and
An analysis of historical bathymetric data refraction in the nearshore zone, the observed
of the Belgium shelf reveals that a field of Onshore migration of the sfcr on the Belgium
shoreface-connected sand ridges (hereafteshelf might have significant impacts on the
referred to as sfcr, see Figure 1) migrateevolution of the adjacent shoreline.
landward, at rates in the order of meters per The aim of this study is to investigate the

year (R Houthuys, personal imnacts of onshore migrating sfer on the
communication). As previous studies (Xu et ayolution of the Belgium shoreline at

al., 2015, Safak et al., 2017, Nnafie et al"timescales of decades. To this end, the shelf
a)

, 2P

/

Figure 1. a) Bathymetric map (LAT, m) of observeslds of shorefaceonnected sand ridges (sfcr) and
more offshore located tidal sand ridges (tsr) enBeIlgium shelf. b) Bathymetrjarofile along a transect o\
the ridge "Stroombank".

225



Marine and River Dune Dynamics — MARID VII — 3-5iAP023 - Rennes, France

and shoreline areas will be studied in(x; <x <x;,0<y<y;), inthe nearshore
conjunction with each other. This will be zone 0 <x<x,, 0<y<y,) and in a
done by using an existing coupled shelf-coupling zone X; < x < x,) between the
shoreline numerical model (Nnafie et al., shelf and nearshore zones (Figure 2). On the
2021). The model and experiments areshelf, the depth-averaged currents, waves and
described in Section 2, followed by results their interactions are computed with Delft3D-
(Section 3) and conclusions (Section 4). SWAN (Lesser et al., 2004, Booij et al.,
1996). The water motion is forced by an M

2  MATERIAL AND METHODS tide and constant waves at the sea\_/vard
boundary, having a significant wave height
2.1.1 Model Hgy, peak periody,, and wave directio,

The model is similar to that in Nnafie et (rélative to the shore-normal, positive

al. (2021), but it has been modified such thatounter-clockwise). In the nearshore zone,
it is representative for the Belgium shelf and Waves, sediment transport, as well as changes
nearshore coastal zone. This modelln bed level and position of the shoreline are

distinguishes between processes on the sheffdlculated with Q2Dmorfo (Arriaga et al.,
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Figure 2. Domains of the shelf,(< x < x;, 0 <y < y,) and shoreline modeld € x < x,, 0 <y < y,),
with x — y pointing in, respectively, the croskore and alongshore directions. The red rectatgietes th
coupling zonexX; < x < x,). Bed levelz = z,,,z = z, andz = z,, denote the bottom levels of the nearst
coupling zone and the shelf, respectively. Shoedfiasitionx, (y, t) marks the border between the dzy &
0) and wet beachesy < 0). Tidal forcing is imposed at the seaward boundaditye shelf £;) as an Mtidal
wave. Furthermore, only mean wave conditions aresidered, having a significant wave height, peal
periodT,, and wave directiofl, (relative to the shore-normal, positive counteeklvise).
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2017). Bed levelg = z;,,, z =z, andz = (Figure 3). An increasingmeans that sfcr are
zp, denote the bottom levels of the nearshoreJocated more onshore. The shoreline is
coupling zone and the shelf, respectively.initially straight and is situated at; =
Shoreline position(y,t) marks the border 500 m. As a reference case, a fourth
between the dryzf,, > 0) and wet beaches experiment ("Couple-Exp0") was carried out
(zp; < 0). Initially, the beach has a width in the absence of sfcr on the shelf (top panel
Xso. Note that the shelf model is in Figure 3). With this experiment, the
morphostatic, i.e., the bathymetry is keptrelative impact of the presence of sfcr on the
fixed, whereas the nearshore model isadjacent shoreline can be obtained by

morphodynamic. comparing the situations with and without
their presence with each other. The
2.1.2 Model parameters experiments were run for 50 years.

Dimensions of the coupled model domain,
bathymetry, tides and waves were based on
observations on the Belgian coast. Other
parameter values were adopted from the wor RESULTS AND DISCUSSION
by Nnafie et al. (2021) and Arriaga et al. Results of the experiments with the
(2017). The dimensions of the coupled modelcoupled model are presented in Figure 4a.
domain are x, Xy, =55Xx75km. The Shown are snapshots of the shelf and
coupling zone stretches between, = nearshore bed-levels after 50 years of
2.5 km andx, = 5 km. The dry beach has an morphodynamic evolution for different
initial width of 500 m (i.e., x;o = 500 m)  offshore locations of the sfcr ("Couple-
and its height is 1 m. Depth increases fromExpi", i = 1,2,3’). The reference situation
Om at the shorelinex{) to 43 m at the (i.e., no sfcr on the shelf) is depicted in the
seaward end. The imposéf} tidal wave at top left panel. The simulated longshore
the seaward boundaryx & x;) has an profiles of shoreline positionx at t =
amplitudel, = 1.8 m. Regarding the waves, 50 years are presented in Figure 4b. The
S-SW wave conditions were prescribed at thenitial positions of the shorelinexy,) is
offshore boundaries (with parametéfg, =  situated at 500 m. These figures clearly
1m, T, =57s, 6, =50°), which is a demonstrate that the presence of sfcr on the
crude Simp”fication of observed wave shelf causes the formation of shoreline
climate in the Belgian coastal region. The undulations along the adjacent shoreline,

computational grid of the morphostatic shelf which are absent when there are no sfcr. The
model has sizes of aboZf0 m in the cross- More onshore the bedforms are located, the

and a|0ngsh0re directions’ respective]ylstronger these undulations become. As was
while the hydrodynamic time step is explained by Nnafie et al. (2021),
1 minute. The alongshore grid size of thetopographic wave refraction due to the
shoreline model is the same as that of thdresence of the sfcr leads to the focussing of
shelf model. However, to resolve the surfwave energy density over the crests of the
zone processes, the cross-shore grid size idges and defocussing of energy in their
much smallerZ0 m) and its time step is set

t0 0.01 days.

2.1.3 Experiments

Three experiments ("Couple-EXp i =
1,2,3) were carried out with the coupled
model. An artificial field of sfcr was
superimposed on the sloping bed of the shelf
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Figure 3. Initial bathymetries in run series "Casfilxp", i = 0,1,2,3". In the lower panels artificiadfcr were
superimposed on the sloping bathymetry, while towere present on the shelf in the top panel (eefee cas
"CoupleExp0"). In each panel, the coast is located onitite. The thick black lines denote the initial shline
position ).

troughs. Consequently, areas of alternatingshoreline. However, as this model is still
high and low wave energy occur along theunder development, these results cannot be
shoreline, which are associated with strongtranslated into projections of the impact of
and weak longshore sediment transport. As anshore migrating sfcr on the Belgium
result, large alongshore gradients in theshoreline. The used wave forcing is crudely
alongshore sediment transport occur, therebwgimplified. Also, the geometry (offshore
creating hotspot areas of erosion andextent, orientation with respect to coastline,
accretion along the shoreline. The morealongshore spacing) of the artificial sfcr used
onshore the sfcr are located, the stronger aren the model do not reflect that of observed
the alongshore gradients and thus the morefcr on the Belgium shelf. These two issues
distinct are these erosion/accretion areas. are key topics of future research.

These results suggest that an onshore
movement of sfcr is expected to induce
stronger shoreline undulations along the
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Figure 4. Results of run series "Couple-Exp = 0,1,2,3' (bathymetry). a) Snapshots (with zodns) of the
shelf and nearshore bed-levelg at 50 yr. In each panel, the coast is located on the.rifje thick black line
denote shoreline position, att = 50 yr. Alongshore profilex, after 50 years for theifferent cases are sho
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Exploring the main drivers of sand wave dynamics

P.H.P. Overesniversity of Twente, Twente, Deltares, Delft, ldedinds — p.h.p.overes@utwente.nl
B.W. Borsjeuniversity of Twente, Twente, Netherlands — b.veje@utwente.nl

A.P. Luijendijk Deltares, Delft, Netherlands — arjen.luijendijk @ees.nl

S.J.M.H. Hulscheuniversity of Twente, Twente, Netherlands — s.jimlscher@utwente.nl

ABSTRACT: Offshore developments, such ithe constructionwind farms, requiredetailed
predictions of sand wave dynamics. State-of-thgyatess-based models have not been able to satisfy
this need due to several model limitations and gapsir understanding of sand wave dynamics. & thi
study, the influence of tidal and non-tidal cureenh sand wave dynamics is investigated. Using the
newly developed, highly efficient Delft3D Flexibldesh model, the local hydrodynamics can be
reproduced very well, as shown by a validation gidield measurements. Moreover, its efficiency
allows for computing multi-year hydrodynamics aretidevel changes in reasonable computational
efforts, which is unprecedented in sand wave mouglThe results show a significant influence & th
non-tidal currents on the sand wave morphologyluging periods of sand wave migration opposing
the long-term migration direction. Improved understing of these tidal and non-tidal processes and
their effect on the delicate balance of sand waymandhics is vital for modelling in-situ sand wave
dynamics for engineering purposes.

stability analysis to explain their occurrence.
She found a delicate system of tide-averaged
1 INTRODUCTION residual circulation cells, which causes sand

All over the world offshore activities have Wave growth through bed load transport.
been on a rise over the last decades. With an TO enable construction in sand wave
ever-growing population, the offshore areaareas, data—c!rl\_/en analyses has been used to
can fulfil various functions, such as green Provide predictions of future bed levels. In
energy production, for which space on land isthese types of analysis measured sand wave
lacking. Moreover, with a growing bathymetries are extrapolated into the future,

connectedness, through goods, energy andsing migration rates from historic data (e.g.

data, a well-maintained infrastructure is Deltares, 2016). However, these extrapolated
needed. However, many sandy, shallow seafathymetries are subject to significant

around the world, such as the North Sea, aréncertainties. Process-based models could
covered with active bed forms (Damen et al.,@ssist in increasing our understanding of the
2018). As a result of their size and dynamicsand wave system and reducing these
character, tidal sand waves may pose a threatncertainties. Furthermore, these types of
to offshore constructions and navigation models could offer solutions for data-scarce

channels. Through deformation  and areas and give insight into the effect of
migration of these bedforms, cables andhuman interventions and extreme conditions.
pipelines can become exposed and Past effOI’tS to numel’ica”y S|mU|ate the

navigational depths can be reduces (Nemeti$and waves have resulted in increased
et al., 2003). understanding of the sand wave system. It

Tidal sand waves are found on shallowWas found that residual currents (Nemeth et

seabeds throughout the world. These sandl., 2002) and superposition of the M4 tidal
waves have lengths of hundreds of meterscomponent (Besio et al., 2003) can cause
can grow up to 25% of the water depth migration of sand waves. Moreover,
(Damen et al., 2018) and migrate with speedd-eenders et al. (2021) found a significant
up to tens of meters per year (Van derinfluence of underlying tidal sand banks on
Meijden et al., 2023). Hulscher (1996) usedSand waves, causing upslope migration.
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Campmans et al. (2018) studied the influencediscovered height reductions of over a meter
of wind waves combined with (steady) wind (for sand waves with a height of ~15m) and
driven currents on sand waves. They found amomentarily increased migration rates of the
increased migration rate and a reduced sandand waves.
wave height due to surface waves. The aim of this paper is to determine the
However, in all long-term modelling influence of irregular time-varying currents
studies the quilibrium sand wave height ison sand wave dynamics. It is hypothesized
largely overestimated (e.g. Van den Berg etthat non-tidal currents from hydrodynamic
al., 2012, Van Gerwen et al. 2018), althoughgyents, such as storms, have a significant
comparison with the field is complicated due ) ence on the temporal sedimentation and

to numerous model simplifications. -
: erosion rates, and thereby on sand wave
Krabbendam et al. (2022) were the first tomigration and shape.

apply a sand wave bathymetry based on
measurements in their Delft3D-4 model.
Although the migration rates seemed to be2 METHODS

well represented, the results showed growing , , ,
sand waves, while, in reality, they were stable 10 study the influence of time-varying
in height. Moreover, the shapes of the sandlydrodynamic influences on sand wave
wave deformed during the simulation, dynamics, a Delft3D Flexible Mesh (FM)

leading to reduced steepness of the lee-sigé@nd wave model is set up. To allow for
slopes. validation of the hydrodynamics within the

These differences between the modelModel a location is chosen where Acoustic

results and reality indicate that there are stillDoppler  Current  Profiler  (ADCP)
processes missing in our simulations. AMeasurements are available.
common factor between these and other .
studies are the simplifications made in the2-1 Study site
hydrodynamic forcing of the model. In all The chosen location lies within the
cases it is assumed that sand wave dynamiagollandse Kust Zuid (HKZ) offshore wind
are purely caused by the main tidal farm area. In relation to the development of
components (M2 and M4), possibly the wind farm, two ADCP buoys were
combined with a constant residual current.deployed here for a period of two years. At
However, in the field we often see shapethe site location (shown in Figure 2), sand
deformations and changes in migration ratewaves are present with a height of around 3
over time (see for example Figure 1). Thismeters and a wavelength between 300 and
cannot be explained through purely periodic700 meters. The mean water depth is 23
forcing. Moreover, at the Taiwan shoal a meters. The sand waves migrate with 1-2
substantial influence of a passing tropicalmeters per year towards the north-east.
storm was found by Bao et al. (2020). They

2.1.1 Measurement data

-20.5

— 2002 An ADCP measurement buoy was
i — 2008 deployed at the model site from June 2016
= ~2L5] = until June 2018. The buoy measured among
3 —22.01 others the current profile over depth and the
9 o5z water level. The current was measured at
3 intervals of 2 meters, between 4 and 20
—23.04
meters below the surface. Measurements are
285 available at intervals of 10 minutes and are
-24.0 - - ‘ , , publicly available via RVO (2018)
P00 P00 e atong tansecttm The current data has high coverage (94%)

Figure 1 Observed changes in sand wave heigh and showed excellent correlation with a

migration rate over time. From MBES data ¢ neighbouring buoy (deployed for
transect close to Texel, The Netherlands robustness), see Deltares and Fugro (2018).
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36 contrary to its predecessor. Combined with a
time-varying timestep, automatically defined
based on the Courant number, the efficiency

21 is increased significantly. For the numerical
scheme refence is made to the user manual

E (Deltares, 2023)
z -22¢
g % 2.3 Sand wave model set-up
g § The model set-up used in this study is
£ e based on the Delft3D-4 model by Borsje et al.
2 (2014). Some alterations had to be made, to
- make the model suitable for simulating
realistic, time-varying hydrodynamics in this
study site. In this section the main focus will
-25 be on the differences in the set-up.
567 568 569 570 571
Easting UTM-3IN [km] 2.3.1 Model lay-out
Figure 2. Measuredasd wave bathymetry at mo .
location (2016)including sand wave transect in To reduce computational effort a 2DV
model indicated by line and thiecation of th model is set up, limiting the domain to the
ADCP buoy indicated by the cross. direction perpendicular to the crest and the
This data is thus judged to be highly Vertical (see Figure 2). Since the sand waves
trustworthy. are quite regular and long crested in this

The measurement device for the waterdomain, this simplification is expected to
level measurements showed more problemshave limited effect on the results. The
The device was frequently out of order andoriginal domain length from Borsje et al.
thus only has a coverage of 26% of the(2014) is reduced from 50 to 17 km. By
period. Moreover, significant offsets were pringing the boundaries closer to the area of
observed between the data of the two buoysinterest, the hydrodynamics at the boundary
The data was corrected for the offset usinggre more alike what is present in the sand

the large scale DCSM model (see Deltaresyaye domain. In the middle of the domain a
an(Ij Fulgr?, 2?18): d farm devel ¢ also S2Nd wave area of 7 km is present, where the
n relation to wind farm development also o, \yayes are dampened over the outermost

high resolution Multibeam Echosounder ;. .
(MBES) bathymetry data was collected. Thek'lomEtre' This sand wave bathymetry,
composed from measurements, is

survey took place in the spring of 2016, ) q h ic bath
which perfectly aligns with the available SUP€rimposed on the static bathymetry. At
hydrodynamic data. the location of the sand waves, horizontal

grid cells of 2 meters are used, which increase
in size towards the boundaries, outside of the
2.2 Delft3D Flexible Mesh model area of interest. In the vertical 40 sigma
layers are used, with increasing size from

To simulate hydrodynamics, sediment 0.05% at the bed to 14% at the surface.

transport and morphology the newly
developed Delft3D FM modelling software is .
used. IEI)'his model is the sucgessor of the?-3-2 Hydrodynamic set-up

Delft3D-4 model (Lesser et al., 2004), which  The Riemann boundaries in the original
is established in sand wave modelling (seemodel set-up (Borsje et al., 2014, which are
a.0. Borsje et al., 2014; van Gerwen et al.geveloped to simulate tidal conditions, are
2018 and Leenders et al., 2021). The Delft3Dyepjaced by one velocity (SW) and one water

FM model offers the possibility to use : i
unstructured grids (flexible meshes) and canleveI (NE) boundary. In this way non-tidal

. . currents can be included, which is not
run models in parallel (on multiple nodes),
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Table 1: Model cases. Positive velocities indidkted direction (from left to right in the figures)

Case I I 1
Forcing type M2, M4, Z( M2, S2, M4, Z( Complete timeserit
Residual current tyj Constar Constar Time-varying
Residual current strength [m +0.02¢ +0.02¢ Betweer-0.40 anc+0.7¢

possible using Riemann boundaries. Thetidal component and a constant residual
timeseries for the boundary conditions arecurrent (leading to migration). In Case Il the
derived from the large scale DCSM model S2 tidal component is added, which generates
(see Deltares, 2018), which includes tidal@ SPring-neap tidal cycle. The Case Ill model
flows, meteorological influences and density!S forced by a timeseries of the full

driven flows. With this model a hindcast is hydrodynamics (including meteorological
fluences). All models are run for 2 years.

done for the measurement period (June 201 or Case lll this period spans June 2016 until

T oParscn ol aune 2015 (concidng wih the ADCP
9 measurements).

currents, also purely tidal models are set up
(see Table 1). For these models, specific tidal
components are filtered out of the current and3 RESULTS

water level timeseries.
3.1 Hydrodynamic validation

2.3.3 Morphodynamic set-up To assess the quality of the model nesting

For simplicity the morphodynamic and the ability of the model to reproduce non-
parameters are not tuned and purely based otidal currents and water levels a validation is
measurement or previous model studies. Adone between the sand wave model and the
single fraction sediment is used, with a log- ADCP measurements. For this validation the
uniformly distributed grainsize. The median current measurements at a depth of 12 meters
grainsize is chosen as 350n based on below the surface are used, since here the best
Deltares (2016). The Chézy bed roughnessagreement between the two buoys was found
(C) is taken as 70 His® and the bed slope (Fugro and Deltares, 2018). The modelled
parametennsof 3 is applied, following Van velocity at this depth is constructed through
Gerwen et al. (2018). Only bed load transportinterpolation. As shown in Figure 3, a good
is included in the model, since this is @greementis found between the modelled and
expected to be the dominant transport modemeasured velocities. The mode_l is well able
The bed load transport is calculated following ©0_féproduce momentary —high current
the Van Rijn 2004 transport formula. No velocities. Some outliers are visible, which
morphological scaling is applied, so that theSa" be attributed ~ to ~ measurement

hvdrod it Is th hologi Imaccuracies, and the velocity is slightly
lydrodynamic ime equals the morphological o e rastimated in the sand wave model. A
time. The first 2 days of the simulation are

, - "'~ similar comparison between the sand wave
used as hydrodynamic spin-up, excludingmode| and the large scale DCSM model

morphological change. shows a RMSE of 0.036 m/s, indicating that
these errors cannot be reduced much further,
2 3.4 Model cases while using the DCSM model as nesting host.

) _ The modelled and measured water level

To assess the impact of_non-tldal currentS ghow good agreement (see Figure 3). Since
three model cases are defined. The cases affere were some technical issues with the
listed in Table 1. The Case | model mostyyater level measurements only the first 4.5
resembles the state-of-the-art model set-UPmonths of measurements at the end of 2016

Here the M2 tidal component (which causesyre sed for the comparison here. After a long
sand wave growth) is combined with the M4
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Figure 3. Validation of the modelled current vetms (left) and water levels (rightfrom the Case Il sand ws
model with the ADCP measurements.

interception, the last 1.5 months of consecutive days. Events can cause large
measurements in 2018 showed a larganstantaneous migration. At other times, a
absolute offset, probably caused by incorrectsedimentation-erosion pattern indicating
referencing. The model shows a slightmigration opposite to the long-term
overestimation of the water level variations, migration direction can be distinguished.
but otherwise a nice match is found. Again, This can be recognized by the erosion of the
with a 0.02 m RMSE between the sand wavdee-side slope. The tide averaged
model and the DCSM model, not much roomsedimentation and erosion rates during these

for improvement is left. events can easily be 4-8 times higher than
. what is found using a simple tidal forcing
3.2 Morphodynamic results (Case I). The different periods in the model

showed similar results, with a highly chaotic

e morphodynamic development o € character.

sand waves clearly shows the influence of
time variations in the current velocities. In the
more traditional model set-up in Case | we4 DISCUSSION
see a steady pattern of erosion at the crest of
the sand wave and deposition at the steep lee In this research we have improved the
slope. This indicates migration of the sandmodel set-up of the state-of-the-art sand wave
wave in flood direction. Since every tide is model and shown the importance of non-tidal
the same with this type of forcing (M2, M4 current for sand wave dynamics. By applying
and Z0), the sedimentation and erosiona different kind of boundary conditions more
patterns stay the same throughout the run. realistic hydrodynamics could be included in
When we add the S2 tidal component inthe model and the accuracy of both tidal and
Case Il we see more variation in the non-tidal hydrodynamics was improved. The
sedimentation and erosion patterns due to théwitch to the Delft3D FM modelling software
creation of a spring-neap tidal cycle. During increased the efficiency of the model
neap tides the bed is quite stable, whilesignificantly. This offers the possibility to run
during spring type significant migration is years of hydro- and morpho-dynamics in a
occurring. 2DV sand wave model in just a few days
Lastly the full forcing model shows a very (without using a morphological scale factor;
scattered pattern, where spring-neap tidal-€. morfac). The morphological results show
cycle can still be distinguished in the results,2 large influence of the time-varying
but the rates differ significantly between hydrodynamics on sand wave migration.
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Periods with sedimentation-erosion patternthan an entire year of tidal forcing. These
indicating opposite migration are observed. events thus lead to a certain stochasticity,
One limitation of this study is the which should be considered when predicting
exclusion of free surface waves. Waves carfuture bed levels in sand wave areas. The
influence sand waves even at large wateisame holds for areas where tidal currents are
depths. Campmans et al. (2018) found thatlose to the critical current for sediment
especially extreme waves have a significanttransport. Here the ability of the tides to cause
influence on sand wave migration, even with migration and deformation of sand waves is
a low probability of occurrence. The limited, increasing the importance of specific
hydrodynamic events present in the Case lllevents.
model would, in reality, largely coincide with
the periods of intense wave action. In this
way the sedimentation-erosion pattern5 CONCLUSIONS

leading to migration caused by these wind-  Thjs research shows the delicacy of the
driven currents are amplified and the patternssand wave system. Relatively small changes
will be even more stochastic. in hydrodynamic forcing can have a large
Due to the 2DV set-up of the model, jnfluence on sand wave dynamics. We should
currents with an angle of |nC|denc_e with thus be careful when trying to predict the
respect to the sand waves were only include@ynamics of sand wave fields using
with their component in the along transect simplified models.
direction. Although sediment transport along  As a next step the morphodynamic results
the crests will not directly lead to sand wave gf the model can be validated using field
migration, these currents may well help in measurements. Since there are no
reaching the sediment transport thresholdmeasurements available for the simulation
Moreover, in sand wave fields with more period used in this study, this is not an option
variation in the bathymetry this along crest here, By running the simulation for the period
direction cannot be left out of consideration. petween two bathymetry measurements, the
The morphological parameters used in thisneed for calibration of the morphological
study were not calibrated. They are purelyparameters can be determined. With a
based on recent papers and fieldcalibrated model, more accurate predictions
measurements. These parameters are nejf sand wave migration and deformation can
expected to have a significant effect on thepe realized using process-based models.
qualitative results of this study, although the pjoreover, these models can give insight into

magnitude of the sedimentation and erosionyncertainties in predictions related to extreme
could differ. The scattered pattern of gyents.

sedimentation and erosion caused by the non-

tidal currents will still be present and may

even be amplified through different 6 REFERENCES
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ABSTRACT: A sand and mud balance is calculated for the Se-estuary for 3 different perioc
since 2001. The balances are calculated over difftesegments of the estuary, each 5 to 10 km long,
using topo-bathymetric surveys. The differencesinmes are explained by sediment transport at both
the up-estuarine and down-estuary boundary, battgtdhuman interventions (e.g. dredging, disposal,
extractions). The distinction between sand and masl made based on bottom samples, taken along
estuary, covering all habitats. The sand trangmtvs an up-estuarine transport over the entitapst
The mud transport has a different pattern, witlvarmestuarine transport over most of the estuary.

cohesive sediments (Baeyens et al. 1998).
1 INTRODUCTION The _Schelde-_estuary serves different

estuarine functions and therefore faces

Sediment transport is important for severalmanagers  with  multiple  challenges:

estuarine functions. The morphology increasing tidal propagation vs. safety against
determines both the tidal penetration in theflooding; sedimentation in the navigation
estuary and the port accessibility (Smolderschannel vs. port accessibility, changing
et al. 2015). Suspended sediment influenceslynamics vs. ecology.
the light penetration in the water column and 2
therefore it is crucial for ecology (Meire et al. \?L\‘ }
2005). The residual sediment transport is~"" - Wth;/j
crucial for the future evolution of the estuary. ,_ \\‘ﬁi
To visualise this residual sediment transport /;L
on a longer time scale (years), a sedimen

balance was calculated for the Flemish part }

of the Schelde-estuary. {

1.1 Schelde-estuary . »1\,
The Schelde-estuary is a macro-tidal i .

estuary with a length of 180 km in Flanders Figure 1. The Schelde-estuary and the schematsatio
and the southern part of the Netherlandgn boxes

(Figure 1). The sediment balance is

calculated for the Zeeschelde, the part upo> METHODOLOGY

estuary of the Dutch-Belgian border (KM 60

to KM 160). The morphology is characterised 3 1 sediment balance concept

by single channel system with neighbouring . . :
tidal flats and salt marshes. The estuary is | "€ Sediment balance (Rosati 2005) is

characterised by semi-diurnal tides, causingcalcmated starting from the principle of

ebb and flood currents with important conservation of mass applied to a simplified

. : hematisation (box f th tem (Figur
sediment transports of both cohesive as non-SC ematisation (boxes) of the system (Figure
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2). The boxes were defined as 5 to 10 km-were merged to get a full coverage of the
long segments (Figure 1), which were estuary.

previously defined within the OMES-project.

Within a certain box, changes in sediment2.3 Fluvial sediment influx

volume are explained by (1) an up-estuarine
flux of sediment, (2) an down-estuarine flux

of sediment and (3) external factors creating . i
a flux of sediment (eg. sediment mining). The &€ calculated from daily values of discharge

changes in volumes are derived from topo_and sediment concentration measurements

bathymetries for different moments. At the (Vandenbruwaene et al. 2022). For each
most up-estuarine boundary, the sedimenferiod, the total fluvial influx can be
flux is derived from measurements. The calculated.
external fluxes are derived from registrations. . _
Starting from these known parameters the2-4 Human interventions
down-estuarine sediment flux is derived, ithin the Schelde-estuary sediment is
which is also the up-estuarine flux for the gyiracted at several locations, both for
neighbouring box. commercial purposes, as for dike
construction/improvement. Also dredging
and disposal takes place to guarantee port-
accessibility. With regard to this last aspect,
Up- Down- detailed information is available containing
estuarine flux estuarine flux . . .
PESN Am, > the exact location and time of the dre_dglng
*€ and disposal works. For the sediment
extraction the information is aggregated at a
Am,ey = Up-est. flux— Down-est. flux + Disposal - Dredging - Extraction larger spatial scale, however this information
Figure 2. Concept of sediment balance was converted at the required spatial scale of
the boxes. In this way, the external sediment
Where non-cohesive (sand) and cohesiveluxes are taken into account in the
(mud) sediment have a different influence oncalculation of the sediment balance.
ecosystem services, it was decided to make a
distinction between both sediment fractions.2.5 Sand-mud distinction
Therefore a sand balance and a mud balance
was calculated.

At the up-estuarine boundaries, fluvial
sediment fluxes are available. These fluxes

Extraction Disposal Dredging

The distinction between sand and mud
was made based on the sand-mud-percentage
2.2 Topo-bathymetry for several 100’s of bottom samples. The
samples were taken over different habitats
[deep/moderate  deep/undeep  subtidal,
Iintertidal, supratidal, anthropogenic subtidal,

For the Schelde-estuary topo-bathymetric
information is available for several decades.
However, the sediment balance requires a ful - :
coverage of the estuary, this was On|yanthropogen|c intertidal (Van Ryc|_<egem et
available since 2001. Within the last 20 years 2: 2022)], and results showed important
4 topo-bathymetric datasets were availabledifferences per habitat. The respective
allowing the calculation of the balances for 3fraction of sand (>63 pm) and mud is

different time periods: determined on the samples. Subtidal habitats
= 2001-2011 are dominated by a large (~ 80%) sand
= 2011-2016 content, while inter- and supratidal habitats
= 2016-2019 have a more muddy content. Therefore a

Bathymetric data was collected using specific sand-mud-percentage as applied per
singlebeam echo sounding (2001) andhabitat-class.

multibeam echo souding (2011, 2016, 2019).

Topographic data (intra- and supratidal) was

collected using LIDAR. Different datasets
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Figure 3. Sand-mud percentage for different habitat

2.6 Volumes to mass conversion

Some data were available as volumes
some
dredging/disposal information) while other
some dredging/disposal

information) were available as masses.
Therefore it was necessary to convert th
values - and the choice was made to conve
the volumes to masses, using both porosity

(changes in  topo-bathymetry,

(fluvial  influx,

e
rEhe years.

3 RESULTS

3.1 Sand balance

The sand balance for the period 2016-
2019 (Figure 4) shows up-estuarine transport
of sand over the entire estuary. For the
previous periods 2011-2016 and 2001-2011
the most upstream parts of the estuary show
down-estuarine transports (Figure 4). The
location where the residual transport changes
from down- to up-estuarine transport, moves
progressively more down-estuary when
going back in time. What causes this shift still
has to be determined. The sensitivity analysis
shows that differences in sand-mud
percentages cannot account entirely for the
differences in sediment transport, and human
interventions haven’'t changed much through

Period 2016 - 2019
og7

SAND

nnnnn Dendr

and sediment density. Based on Koltermann i i ol s s s

et al.
depending on
within the specific habitat:

If @, < 0.4

0= e W bw)

If @, >0.4
_ (‘pv B (pm)
Pt 1o @)
* (¢Sh - ¢m)

With: ¢, relative mud fraction [-]
¢sq: porosity of pure sand = 0.4 [-]
¢sp: porosity of pure mud = 0.8 [-]

¢m: minimum porosity = 0.24 [-],
occurring for mud fraction equal to 40%

(1995) the porosity was derived
the sand-mud-percentage

bume. Tiom

Bumb. Tiam

fump. Tiom

Figure 4. Sand balance for different periods (see
figures 4 and 5 at the end of the paper)

3.2 Mud balance

The mud balance for all periods is shown
in Figure 5. The residual transport is down-
estuary throughout most of the estuary Only
for the period 2016-2019 the transport at the
downstream border of the Zeeschelde is
directed upstream, while the Durme tributary

From the porosity, the mass of a certainiS characterised by an influx of cohesive
sediment volume can be calculated. Asediment(mud).

sensitivity analysis was performed on the

At the most down-estuarine part of the

importance of this conversion method (vs zeeschelde, the residual mud transport is

fixed porosity overall).

much larger than in the other parts of the
estuary; This is related by the dredging and
disposal of muddy sediments in the
navigation channels and tidal docks of the
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port of Antwerp-Bruges in this region. The periods. A possible explanation is the
disposal strategy in the shown periods, istemporal variation of fresh water discharge in
characterised by disposal locations (OMESthe Schelde-estuary. This will certainly have
11) up-estuary from the major dredging an effect on the mud transport, but seems to
locations (OMES 9 and 10). The recirculation have an effect on the sand transport as well.
of this sediment comes clearly out of the 1S analysis has shown the temporal and

calculated mud balance spatial variation in sand and mud transport is
' an instrument that can be used in future
estuarine management.

Period 2016 - 2019

MUD

nnnnn

D )

Figure 5. Mud balance for different periods (see
figures 4 and 5 at the end of the paper)

4 CONCLUSIONS
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Figure 4. Sand balance for different periods
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Tidal sand waves on the lower shoreface:
effects on basin-scale hydrodynamics

L. Portos-Amilluniversity of Twente, Enschede, The Netherlandsortbsamill@utwente.nl

P.C. ROOSJniversity of Twente, Enschede, The Netherlands fops@utwente.nl
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ABSTRACT: Lower shoreface seabed dynamnare poorlyunderstood. Tidal sand waves (as wel
other bedforms) play an important role in the sesttriransport and bed evolution of this region., Yet
they are usually overlooked in basin-scale modeadingies. The present work presents a novel method
to parametrize bedform friction in order to inclusend wave effects on the hydrodynamics of basin-
scale domains (such as the North Sea, hundreds)ofPkeliminary results show that, due to the prese
of sand waves, the flow is deflected and modifrechagnitude.

waves, and/or sand waves on top of ridges
(van der Spek et al., 2022). Thus, they can
1 INTRODUCTION interact and affect the flow through a
The lower shoreface forms the transition modified bed roughness (Soulsby, 1983). As
between the inner shelf and the uppera result, they also affect sediment transport,
shoreface. It is usually covered by bedformsand thus the morphodynamic evolution of the
characterized by different spatial and seabed, resulting in a closed hydro- and
temporal scales. We can find ripples (a fewmorphodynamic loop (Fig. 1).
decimeters long), tidal sand waves (100 — However, sand waves as well as other bed
1000 m long), and ridges (5 — 10 km long). patterns are mostly studied in isolation (e.g.,
These bedforms are usually found to co-exisBlondeaux, 1990; Hulscher, 1996; Roos et
in the field, for example ripples on top of sand al., 2004). Little is known about the two-way

Sea surface elevation

e )
A 7
_» currents - - - .
/ - TN
" \
Effects of ’
bedforms Effects f[)f reference
X - currents | water depth

N 7 scale 4 f

_interactions i

~bedforms

Figure 1. Sketch of the proposed research: Weimistigate the effects of bedforms on the currdmis also
the interactions between sand waves and largee-beglforms, which affect (and are affected by)cineents.
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couplings between sand waves and other By addressing the above mentioned
bedforms, and how these affect the flow.knowledge gaps, the proposed research aims
Consequently, the effects of bedforms onto: (1) explain bedform effects on basin-scale
basin-scale flows (such as in the North Seahydrodynamics; (2) understand how sand
see Fig. 2a) are usually not considered inwaves affect the flow at sand wave field
modeling studies (see Brakenhoff et al.,scales; and reveal sand wave
2020, and references therein). Similarly, themorphodynamics superimposed on a sloping
effects of sand waves on the flow at a sandbackground topography (such as ridges or the
wave field scale (Fig. 2b) are poorly lower shoreface) during (3) the sand wave
understood. The above mentioned knowledgdormation stage, and (4) the subsequent
gaps primarily concern the hydrodynamics ofevolution. Aims (1) and (2) will serve to
the lower shoreface. In addition, there is abetter represent bedform-induced
lack of knowledge regarding the hydrodynamics on larger-scale domains
morphodynamics of sand waves on the lower(basin scale or sand wave field scale,
shoreface. More specifically, the effects of arespectively). Aims (3) and (4) will serve to
sloping background topography on sandgain system knowledge on sand wave
wave evolution (Fig. 2c)and vice versa dynamics on the lower shoreface.

remain unclear. As part of the MELODY
project (ModEling LOwer shoreface seabed
DYnamics for a climate-proof coast), the
proposed research will tackle these

knowledge gaps in order to better understan re presented and discussed in §2. Future

the dynamps of sand waves on the IOV\’erresearch approaches are summarized in 83.
shoreface. Since sand waves (as well as other

bedforms) affect the flow and hence sediment
transport, more insight on their dynamics will
contribute to a better understanding and
representation of the processes shaping the
lower shoreface.

This work focuses on the first aim, i.e.,
the effects of sand wave-induced friction on
basin-scale hydrodynamics. An overview of
he methodology used and preliminary results

(a) Basin scale (b) Sand wave field scale (¢) Individual sand wave scale
~ 100 km ~ 10 km ~100m - 1 km

Figure 2. Sketch of the different spatial scalesstdered in the proposed research: (a) basin ssadb, as the
North Sea, corresponding to hundreds of km, (bjl seave field scale, containing several sand wavdsmit,

and corresponding to tens of km, and (c) individsehd wave scale, corresponding to hundreds ofha. T
proposed research aims to include sand wave effiectse hydrodynamics at basin (a) and sand wale (D)
scales, as well as understanding sand wave (c) hndymamics superimposed on a sloping background
topography
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sand wave fields are present. Each sand wave

2 BEDFORM-INDUCED FRICTION IN field is characterized by the sand wave field

BASIN-SCALE FLOWS profile h(x,y) mean water deptiH and
orientation angle (defined as the angle of
2.1 Motivation the crest-normal direction with respect to the

x-coordinate). The momentum and continuity

The effects of sand waves and/or ridges onsquations for a depth-averaged, shallow
hydrodynamics are usually overlooked in\yater flow on thd-plane read

modeling studies considering basin-scale 3 p
domains. In such cases, the friction%® 9% u f 4 tbx

coefficient is usually taken as an overall 0t  0x * vay H+h+¢
calibration parameter, thus taken constant in _ 0 (1a)
the entire domain (see Brakenhoff et al., B gax'
2020, and references therein). In order togy, ov ov Ty
better represent bedform-induced effects onz- + U= tv—+fut—0

. . . x ady H+h+(
basin-scale hydrodynamics, we hereby derive aq
a parametrization of the bed shear stress, =—g—, (1b)
which incorporates local bedform field dy
information. Therefore, by using the given a7 0
parametrization on a basin-scale domain, thé; + Ox [(H + h+ Ou]
effects of bedforms can be accounted for, d
without actually resolving them. + @ [(H +h+Qv]

=0. (10)

2.2 Methodology
. . . Here, u and v are the depth-averaged
Consider a basin-scale domain (such a3elocities in the X and y directions,

the North Sea, see Figure 3a), where differenFespectively. Furthermord, is the Coriolis

(a) Basin scale (b) Sand wave field scale

~

Y

reference
friction
coefficient r

X

effective friction
coefficient r.g (H,h)

Figure 3. Sketch of the 2DH hydrodynamic model uggdbasin-scale domain with several sand wavedigach
characterized by the bedform averaged orientatighes?, sand wave field profil@(x,y) and mean water depth
H), and (b) sand wave field-scale domain with haxis pointing in the cross-crest direction. Asault of this
choice of axis orientation, the friction experietidy the bedform-averaged flow is differentiimndyj directions.
Note that two different reference systems are clamed at asin scale,x’,y’) being rotated with respect tx,y).
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parameterg is the gravitational acceleration, a¢ -

andZ is the vertical displacement of the sea _ga_y =G, (3b)
surface with respect to the mean (defined at
= 0). The friction terms are written in terms
of the bed shear stressesy and,y. In the
absence of bedformk & 0), we adopt

where F and G are the components
corresponding to the tidal wave, thus
spatially uniform at sand wave field-scale.
The corresponding momentum  and
Tpx =TU, Tpy =17, (2) continuity equations in the local reference

where for convenience, as a first step, the be§YStem read

shear stresses are parametrized to scale g ~ rii B {

linearly with the flow velocities. Herejsthe o=~ fU+——F=-F—-g=2, (4a)
referencefriction coefficient, corresponding
to a mean water depttH. The main §_— . ¢4 -G (4b)
motivation ~ behind  the  following 0%
methodology is to obtain parametrizations for o B
the bed shear stresses such that thggl(H +Mu]=0. (40)
dependence on bedforms is already
accounted for inp xandty,y, and it is thus not
explicitly included in the equations. We will
see that due to the presence of sand wave
the expressions for the bed shear stresses will 1t
differ from those in Equation (2). As a result, ()= Zfo - dx,
To,xandtp,y Will depend on both flow velocity . .
components andv, and on sand wave field With L covering an integer number of
characteristics, such as bedform height, shapgedforms. We also define sand wave field-

From Equation (4c), we infer a spatially
uniform discharg€®) = (H+h)ii. Furthermore,
we define the spatial averaging operator

(5)

and angle of orientation. averaged flowd/ = (@) andV = (#), such
We define three reference systems (Fig.that
3): two basin-scale reference systemg)( _ Q Q 1
and Q(’,y’_), the latter being rotated by an U=(u)= <H_+h> —E<m>
angled with respect to the former. The third 0 nooR2
reference systemi(y), is defined at sand =14 —_
wave field scale (also referred to kxal H H  H? >
reference system). Th&axis points in the Q (h?) Q
cross-crest direction, and tljeaxis int the ~ ﬁ(l + F) T (6)
along-crest direction. _
By zooming in on the local reference thusi can be written in terms of as
system £, ¥), we can assume periodicity in _ H
the ¥ direction and uniformity iry, because & = alp——. (7)
we consider regular bedforms (Fig. 3b). For _
simplicity, we assume steady flow and a low H€ré we have defined the factoas
Froude number, such that the contribution of H?
the free surface displacement to the local® = ;2 (5ay - (8)

water depth can be neglected. We also o ) ) )
decompose the forcing terms into two Substituting Equation (7) into Equations

components, (4a,b), and by ta_king the sp_atial average over
o1 o7 the sand wave field, Equations (4a,b) reduce
P R ) to
~ Tefo ~
—fV+ I =—F, (9a)
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~ 1V - ov N ov N ov P Tpy
of Ut =-G Ob) Gt et ey T M T
respectively, where we have defined the = _ gﬂ _ (12b)
effectivefriction coefficientres as dy
) 1 Given that we are interested in the effects of
Test = aH <m> : (10)  pedform-induced friction, and for the sake of

simplicity, a has been approximated to 1 in
We thereby identify two different friction the Coriolis terms. Yet, it is included in the
Coeﬁ|C|entS aCt|ng on th.é andj; dlreCtlonS parametrization foreﬁ (Eq 10)’ on WhiCh’b,x
(rert andr, respectively), witlrer comprising  andt,, depend, i.e.,
sand wave-induced effects. Thus, sand wave-

induced friction effects are experienced inthe, . = u Tett +7
crest-normal direction. ' 2 _
+ Tetf — 7 (ucos 206
By zooming out on the basin-scale and 2
rotated reference system;,y’) (Fig. 3a), we + v'sin 20) (13a)
can include sand wave-induced effects on the T+ Toge
basin-scale flow by considering the aboveTsy =V 5
obtained friction coefficient. Hence, sand Teff — T ]
wave information is already accounted for, + (usin26
and we do not need to explicitly inclutden —vcos 26), (13b)

the momentum equations, yielding which replaces Equation (2). Indeed,

ou' Jou’  ou’ , Teffl' Equation (13) shows that both velocity
ettt v tay + componentsu and v affect both bed shear
aC stress components. Note that the present
=95 (11a)  apalysis only considers hydrodynamics, so

the bed is considered not to change over time.

ot ox' ay’ H+( 2.3 Preliminary results
= _ga_Z’ ) (11b) The described analysis has been applied in
oy a local reference system with two different

By transforming to the non-rotated basin- (synthetic) bedform patterns, both uniform in
scale reference systenx,\) (Fig. 3a), we they direction, one purely sinusoidal and the
obtain the depth-averaged, shallow waterother more sharply crested,
equations for a basin-scale, non-steady flow, .\ _ 7 -
on the f-plane, in which the effects of hy (%) = hcos(k%), (142)
bedforms are implicitly incorporated trough S
the bed shear stressgs andty. As aresult, h, (%) = hz — cos(jkX). (14b)
the flow is not resolved at sand wave scale, j=1]
yet the effects of bedforms on the flow are yare K corresponds to the bedform
considered. The corresponding momentu

: rr\Navenumberﬁ is the bedform amplitude,
equations read

and we have taken a mean water depth of
ou au+ ou N Tpx H = 20 m (Fig. 4a). Note that both bed
Yax v@ fv H+ profiles have the same mean water depth.

at " “ox
—g % ) (12a)  The respective values oji increase with the
dx bedform amplitude relative to the mean water
depth (Fig. 4b), withress being always larger
thanr. Furthermore, the sinusoidal sand wave
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Figure 4. (a) Different sand wave profiles usethapresent study, and (b) resulting effectiveifsit coefficient
rer relative to the reference friction coefficiantor different sand wave field amplitudes. Thickidgdines in
panel (b) correspond to the situation in whichlibd shear stress is parametrized linearly on tive ¥elocity,
while thick dashed lines correspond to a bed skass scaling quadratically on the flow velocitiisther
discussed in 8§2.4.1). The vertical dashed lineaneb (b) corresponds to the situation depictedanep (a),
where the sand wave field amplitude is 1 m. We haken a Coriolis parameter representative forlNbeh
Sea f=1.15-10~* ¢1), anc a linear friction coefficient ¢r = 2.5 - 1073 m/-.

field results in a higher friction coefficient This results in variations in flow magnitude
(for equal sand wave field amplitudes). Thisand angle (Fig. 5). These effects depend,
IS because the region over which the bedformhowever, on the angle¢, of the flow with

is above mean water depth is larger in therespect to th& axis. When the flow is purely
sinusoidal bedform case, thus resulting inin they direction ¢, = +90°) the flow is not
higher friction. Note that the results are modified because the sand waves are straight-
independent on the chosen bedformcrested in this direction.

wavelength.
2.4.2 Simplifications
2.4 Discussion Several simplifications have been made in
) order to obtain the sand wave field-scale
2.4.1 Flow deflection over a wavy bed friction parametrizations. Most importantly,

Starting from Equation (9) and further the bed shear stress has been taken to scale

Considering the situation in which the Same”near|y on the flow Ve|OCitieS, whereas it is

forcing is present, but now on a flat bed, weusually taken to scale quadratically (Soulsby,
can obtain the flow on a wavy bdd,{) with ~ 1997). The effects of bedforms become more

respect to that on a flat bedo(Vo), relevant if the bed shear stress is taken to
S 5 scale quadratically on the flow velocity
__r HZ+f (15a) (dashed lines in Figure 4b). Future work will
TertTH™% + af 2 o’ incorporate this formulation in order to better

f reg—ar capture the effects of bedforms on friction.

— U, .
HregrH 2 + af? °

V=V,+ (15b)

Separately, for simplicity we have also
assumed steady state and low Froude number
when computing the parametrizations at sand
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Figure 5. Effects of sand wave-induced friction lopal flow (sand wave-scale) depending on the saade
amplitude with respect to the mean water depth thedlow angle with respect to tlieaxis. There are variations
in flow magnitude(a), andangle(b). Theappliedsand wave field is sinusoidal (Eq. 1:

wave field scale (Eq. 4), but we aim to use
them in 'non?ste.‘ady models, which do not5 REFERENCES
necessarily lie in the low Froude number
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ABSTRACT: Sediment preservation is a selective process itlwpreservedunestrata preser
themselves as the equivalent of short TikTok videbshe rock record, capturing only partial and
selective information. By recognising and accoumtfar this bias, we can unlock the potential of
preserved dune strata as a source of informaticioromative flow and sediment transport conditions.
This paper examines the state of knowledge froranteand current publications and highlights three
areas that require further systematic researcht, Fgsearch is needed that examines the linkseleetw
flow, form, and preserved strata with explicit erapis on bedform scour. Herein, specific attentson i
also needed to examine precisely homecess-to-product modetan be used in reversgréduct-to-
proces$ to interpret the multiplicity of controls thatagbed the rock record. Secomaultiple lines of
evidencdrom, e.g., depositional units associated witl,, €lunes, bars, and floods can be used to reduce
uncertainty in palaeo-hydrological interpretatioRgally, a focus on the definition Gfepresentative
samples for preserved dune deposits’needed to resolve the temporal and spatiabbiity in
preservation potential within depositional systefitee broad concepts discussed herein apply widely t
all sedimentary systems, and as such, dune préseryaresents an exemplary case for the wider
analysis of the long-term burial or re-mobilisatmircarbon and microplastics in our sediment system

the rate at whichcarbon is sequestered
1 INTRODUCTION through burial within sedimentary systems
such as mudflats. Thus, there exist two
Preserved dune deposits present a ricltentral questions as to what precisely
record of the past, yet one that is incompletecontrols dune preservation, and how we can
and inherently biased. Precisely what palaeoadapt and use the conceptual models
hydrological information is contained in the accounting for dune preservation for different
sedimentary record can only be interpretedconditions.
reliably after the preservation bias has been Preserved dune deposits present
quantified. The analysis of dune deposits alsdhemselves as the equivalent of short TikTok
has a wider significance for our videos of the rock record, capturing only
understanding of sediment preservation. Wepartial and selective information. The
need to know how to use and adapt processpreservation bias that characterises the rock
based and quantitative models of sedimentaryecord and is a crux problem in geological
preservation if we are to understand, forinvestigations (Barrell, 1917; Sadler, 1981;
example, the fate ahicroplasticsor predict Paola et al., 2018). Recurrence of erosion is a
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mechanism in the ‘shredding’ of the strange ordinariness of the stratigraphic
environmental signals (Jerolmack & Paola),record, and in particular of river channel
and yet dune deposits themselves are usedeposits (Paola et al., 2018).
widely and with increasing nuance and Because of our ability to create dunes
success to reveal information on formative experimentally under a range of conditions,
hydrological conditions (e.g. Wood et al., dunes have become quite possibly the most
2023; Lyster et al., 2022). These studiesintensely studied case of sedimentary
demonstrate, but do not constrain, the valugreservation (e.g. Paola and Borgman, 1991;
of dune sets as palaeo-hydrologicallLeclair and Bridge, 2001; Jerolmack &
indicators. Mohrig, 2005). The analytical and
To visualise how dune deposits are linkedmathematical models of sedimentary
to the dynamic evolution of dunes, the preservation (Kolmogorov, 1951; Paola and
morphodynamic feedback (Leeder, 1983) canBorgman, 1991) are based on the premise that
be extended to include a unit for thethe recurrence of erosion (‘random
sedimentary deposits (Fig. 1). This usefully topography’ cf. Paola and Borgman, 1991)
highlights that the interpretation of dune can be linked to specific characteristics of the
deposits requires knowledge of hydraulics,preserved dune-set distribution. This concept
and that dune deposits provide invaluable— referred to as variability-dominated
information that helps us constrain the preservation— is widely applicable to all
natural form-flow dynamics of dunes. This sedimentary systems, and provides a crucial
paper examines this premise and summarisegiece of knowledge for ‘hot topics’, such as
a number of gaps in our understanding of thehe fate of microplastics in sediment
links between ‘live’ dunes and their systemsand carbon sequestration by means of
preserved deposits in order to define somehe long-term burial of carbon-rich sediment.
focal points for future research. A flexible examination of the key premises
that underpin this key model has the potential
to unlock its application more widely, and a
study of dunes has the potential to fulfil this

Fluid | | Sediment | | Bed form | Sedimentary ) .
flow | transport |l 1 structures important function.
Tt = % — The classicvariability-dominated model’

. . . . of dune preservation (Paola and Borgman,
Figure 1. A simple diagram of the morphodynamic . TN
feedbacks that control the dynamic evolution ofakin 1991) describes the distribution of preserved

and their deposits — ‘bed form’ includes scour Hept ~ S€ts as a function of the distribution of dune
scour (central theory in Fig 2). The core

concept of the variability-dominated model is

its focus on the tail of the scour-depth
2 PRESERVATION AS A FUNCTION OF distribution. Assumptions are made about the
tail of the scour distribution in order to arrive

A DUNE SCOUR DISTRIBUTION at a quantitative analytical solution that links
To examine preservation, it is useful to deposits back to their scour distribution. The

first consider some fundamental principles. AProcedure of quantitatively linking a scour
preserved dune set, like any sedimentary becdistribution to the associated strata has been
is defined by its lower and upper bounding Validated —through — flume-based research
surfaces: they are the deepest and secondLeclair and Bridge, 2001) and constrained
deepest scour that occurred during the period0Ugh examination of exceptions to the rule
of its formation. This observation indicates (Reesink et al., 2015). The key weakness of
the overriding importance dhe ‘extremes’  this model appears to be its dependency on
in the distribution of scour depthslowever, —Our understanding of relative importance of

this notion of extremes is contrasted againsf(‘ll‘ﬂmfl)e co-operating controls on dune scour
ig 1.
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Spatial limitations to the theory

3) Bedform hierarchy: interaction of bars with dunes changes
preservation (down-climbing decreases recurrence of scour)
Vertical trends in dune size should change both strata types
and the nature of dune (dis)equilibrium

Sets exist most likely within stage-dependent depositional
units that link to floods, which varies with river plan form

Temporal limitations to the theory

1) Flow unsteadiness results in dune growth and
decay, which changes average scour depth, and

2) Dune growth/decay creates local surplus and
deficiency of sediment, which changes form-flow
interactions and sediment redistribution,
including focally enhances scour

4

5

F\ow Fiow o SRR Sediment redis(nbution

W Cross strata

Central theory: Preserved cross stratified sets are linked to the recurrence of scour in a dune field (cf. Paola and Borgman, 1991). The causes of the along-stream
terminations of the sets drawn in here remain largely unexplained, as many of the limitations to the model require further systematic research.

Limitations linked to the assumed distribution of dune scour:

6) Scour can be limited by pavements in supply-limited conditions, which may be common in the thalweg

7) Scour could be changed by vertical grain size sorting as larger grains require more shear stress to move

8) Increased cohesion and/or viscosity of the flow can change the bed morphology and nature of scour

9) Dune size distributions remain poorly quantified and may not follow idealised gamma distribution
Common focus on dune size detracts from knowledge of scour depth and scour processes

Figure 2. Review of the central theory on how arittigtion of dynamically evolving dunes create stigely
preserved cross-stratified sets, with a numbeingfdtions.

not captured properly by the variability-
3 CONSTRAINING THE VARIABILITY- dominated model because the deposits are not
DOMINATED MODEL the product of a ‘distribution’. In de.celerating.
flows, each dune deposits sediment as it
In research aimed at constraining thedecreases in height downstream (Rubin and
existing models, there have been three recerfiunter, 1982). This observation highlights
key advances on how dune morpho-dynamichat dune scour, aggradation, and migration
processes affect preservation potential. are not independent variables, which is
First, the unsteadiness hypothesigif  problematic for the application of the
Leary and Ganti (2020) examines how variability-dominated model. The evidence
unsteady flow affects preservation. The of zones of net deposition by down-climbing
greater potential for deep scour when dunesiunes is common in the rock record (e.g.
are out of equilibrium with the flow during Haszeldine, 1983).
waning flow stages (cf. Reesink et al, 2018) Third, the transport stage hypothesisy
is likely to create a systematic bias in theDas et al. (2022) examines how decreased
preserved strata. The spread in the preservescour at both low and high transport stages
dune set distribution (covariance) might be anaffects preservation. Any such change in
indicator of the degree of disequilibrium scour depth affects the recurrence and
between the flow and the dunes. distribution of dune scour. The conclusion
Second, the Hierarchy hypothesisby  herein is that set thickness may be more
Ganti et al. (2020) examines how interactionssensitive to transport stage than flow depth,
between dunes and larger-scale morphologyand as such, that estimations of palaeo-flow
such as bars affects preservation. It is welldepths based on cross stratified sets may be
known that dunes decelerate and decrease inecessarily low in resolution.
size as they deposit sediment on the low-Simultaneously, dune sets may be useful as
angle lee slopes of unit bars (Reesink et al.indicators of transport stage, which raises
2015). Areas of significant net deposition arequestions about what variables shape the
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rocks record, and which ones may be

interpreted from it. Experimental research >
To test the viability of models derived

from such experimental studies, Colombera Tansport stage high/low decrease

scour

et al. (in review) examine a large dataset of
measurements of preserved cross stratifiec

Pavements & poor sorting

set thicknesses from different river systems. Sediment cohesion set
Their findings indicate that only a quarter of Disequilibrium hickness
the investigated cases matches expectation

based on the idealised variability-dominated =~ "t AN T e scour

follow the idealised model, nor do they Rock record interpretation

indicate  another  simple  systematic
correlation between set thickness statisticsrigure 3. A multiplicity of formative factors
and hydrological parameters. Although thecomplic_ate_s the inter_p_retation of the rock _record,
absence of a clear relation between crosgecessitaling the addition of further parallel snef
stratified sets and formative hydrological evidence In an interpretation.
parameters may be in part due to the nature Second, the lack of a clear correlation
of a meta-analysis (Colombera et al. inbetween preserved sets and hydrological
review), it also highlights interesting Parameters may be linked to the inherent
hypotheses for further research. variability within river systems. For example,
First, a multitude of factors act river depth and width scale to discharge, and
simultaneously to create preserved duneds such are perpetually re-adjusting to
strata (Fig. 3). When there is a multiplicity of changes in river flow. Bridge (1993)
factors or processes leading to a singlehighlighted that in addition to re-
product, a simple inverse interpretation mayequilibration of the channel, the main zones
not be possible (Fig. 3). Instead, multiple Of scour and deposition change over time and
parallel lines of evidence may be needed tovith stage. This notion has since been
resolve the uncertainty. Fortunately, a rangeconfirmed and expanded through field
of options is available, including the use of studies (e.g. Szupiany et al., 2012; Hackney
covariance alongside the mean of setét al., 2018). Furthermore, floods vary, and
thickness (Leary and Ganti, 2020) and theall perennial rivers have an ephemeral zone
addition of, among others, analyses of unit-over the bar tops where changes in flow are
bar sets (Alexander et al., 2020), unit-barmuch greater than those seen in the thalweg

cross strata (Reesink, 2018), and co-sets andPemyanov et al., 2019). Significant
other coherent depositional units (e.g.differences in dune development and scour

Reesink et al., 2014). may be expected within rivers.

model. The majority of the results do not <

4 A SIMPLE STOCHASTIC
EXAMINATION

For the case of dunes, a major question
appears from the recent researcbw much
do dune distributions vary, and how are
different scour distributions reflected in the
sedimentary record?This paper examines
this question through some simple forward
modelling. Figure 4 presents two contrasting
distributions: 1) a gamma distribution with a
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Figure 4. Two contrasting scour distributions {lefhe stratigraphy they create under zero depwoséind net
deposition, and the thickness distribution theyéelaehind (right).

distinctive concave tail, and 2) a contrastingscour and the ultimate distribution of
‘circular’ distribution that has a finite, convex associated strata.
tail (a simple Monte-Carlo solution from The value of simple stochastic analyses is
random data with %y?<1). This simple of course limited. The recurrence or erosion
stochastic modelling as makes it possible tos not the same as a ‘scour distribution’
examine how different scour distributions because dune sequences are not random. For
may be reflected within strata in the rock example, scour depth varies with discharge.
record. Furthermore, ‘superimposed’ aggradation
Figure 4 shows that the contrast in thedoes not account for the fact that sediment
shape of the tail of the scour distribution leadstransport occurs through dune migration —
to major differences in the preserved aggradation and dune migration are not
stratigraphy. A long and thin tail (Fig 4. top) independent variables. Dune sequences are
Is associated with fewer deep scours, and thisonstrained in time and space. However, the
creates greater gaps in the record, and thickesinalysis highlights that the shape of the tall
sets. The more abrupt end of a distribution’sand recurrence of the deepest scours are the
tail is associated with smaller gaps in thekey. The key focus in the analysis of
record, and thinner sets. The contrast betweepreserved set needs to shift away from
the two different tails of the scour controls on dune scour towards what
distributions  highlights the need to determines the formation of the deepest
understand the controls on the distribution ofscours in a sequence.
dune scour. Dune scour distributions are One key process, dune interaction,
known to be controlled by a number of presents itself as a reasonable candidate for a
contrasting factors, including transport stage,dune-scour process-hypothesis for dune
water depth, dune interactions, sedimentpreservation.Dunes that grow compete for
cohesion, fluid viscosity, and grain-size space, and dunes that decay have to shed
sorting. Each factor has a different control onsediment and split (Reesink et al., 2018). This
dune scour, thus changing the recurrence osimple premise is a foundation for thinking
about dune disequilibrium, with notable
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implications for the nature of dune scour. If opposed to scour in general. Secand|tiple

we accept that enhanced dunes scour is linketines of evidencefrom, e.g., depositional
to the dynamic interaction between dunes,units associated with, e.g., dunes, bars, and
then it may follow that dune preservation is floods can be used to reduce uncertainty in
controlled by interactions  between palaeo-hydrological interpretations. Finally,
successive dunes. This has two majora focus on the definition dfepresentative
implications: 1) additional knowledge is samples for preserved dune deposits’
needed on the nature of dune interactions imeeded to resolve the temporal and spatial
relation to scour; and 2) if correct, the tail of variability in preservation potential within

a dune scour distribution might be dominateddepositional systems.

by specific conditions — locally enhanced

scours — which are _hydrodynamlcally and6 REEERENCES
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Potential thermal impact of wind farms within a dymc seabed

A. RiviéreMines Paris-PSL, UMR 6251, CNRS, Univ Rennes, 35042ce
agnes.riviere@minesparis.psl.eu
A. MaisonFrance Energies Marines, Plouzané, France — antoiaéson@ite-fem.org

ABSTRACT: Offshore wind farms (OWF) have an enormous potepofiaeplacing convention:
energy sources. These wind farms are connectduk tshiore by high-voltage power cables. The cables
are usually buried in the seabed. Depending opdiner transmission, the cables produce more or less
dissipative heat, which is released into the sedimeédeat is carried through the sediments by condu
tion, and by advection and mechanical dispersidh flowing pore water. Marine dunes are among the
most dynamic sedimentary bodies found in the Ehdlisannel and North Sea, where most of the future
Europeans OWF are expected to be located. Howthesheat flow pattern in dynamic marine dunes
around such anomalously high heat sources areypdeskcribed. The objective is to better understand
the thermal regime of sand around a buried cabtkerua marine dune and to simulate the impact of
dune migration on the thermal processes. This wgart of the MODULLES project: MOdelling of
marine DUnes: Local and Large-scale EvolutionSnrO&VF context, funded by France Energies Ma-
rines and the French government, under the “Insssitinents d’Avenir” program managed by the French
National Research Agency ANR.

This study investigates the impact of the therregime of sandy sediments within and below dy-
namic dunes through coupled numerical simulatidingat transport inside the cable and Darcy-ground-
water flow and heat transport in the sedimentss $tudy provides a guidance on the choice of optima
models and procedures for numerical modeling othleemal processes of buried cable.
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ABSTRACT: Thanks to the combination of various measures wérdity (structural diversity
functional diversity and isotopic diversity) theepent study investigates the spatio-temporal dymami
of the benthic ecosystem of bedform areas. Resufjgest that the macro-scale distribution of sjgecie
is mainly driven by the migration rate of bedfor(eandbank, barchan dune and transversal dune) which
changes the sediment grain size and reduces mathabdiversity. Conversely, the high frequency of
migration events homogenizes macrobenthic comnagigetween the troughs to the crest of bedforms.
The benthic community structure also changes betveeasons due to the massive recruitment of
juveniles. However, if species identity and struakdliversity change it have little consequenceshen
general ecosystem functioning. Especially, the tierfbod web of bedforms areas appears very stable
with limited variations, both in space and timedisplays very simplistic trophic pathways, and the
present study confirms the major role of Phytoplankblooms (and especiallPhaeocystis in
sustaining the benthic food web.

As bedform areas are targeted for the installatiboaffshore windfarms, this study will provide a
sound scientific basis for future impact assesssent

classification of subaqueous bedforms by

1 INTRODUCTION Ashley, 1990). These structures differ in their

. morphology (Aernouts, 2005; Le Bot, 2001;

Thg I Fr(?]nch contlner)t?]l ihelf and Le Bot et al., 2005; Van Lancker et al., 2009)
esp?_mr? yht N I?ove:j s:]ra|g t, the g’eSt?r_nbut also in their dynamic: whereas sandbanks
English Channel, and the Iroise and Celticy o giapie over hundreds of years, subtidal

Seas exhibit sandy bedforms such  asy,,eq are mobile, moving up to one hundred
sandbank, dunes and ripples (see the
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meters per year in the southern bight of thethe future commissioning of an offshore wind
North Sea (Le Bot, 2001). The morphology farm.
of sand ripples changes at short time scale
(tidal cycle). 2.2 Sampling strategy
Knowledge on benthic communities  Biological material was collected
inhabiting sandy bedforms stems from large-according to a stratified sampling design
scale studies that did not specifically target(Figure 1). Samples were perform (i) in a
these habitatse(g. Desroy, 2002: 800 kfn  coastal area with barchan dunes (crescent-
Van Hoey et al.,, 2004: 2600 K They shaped dunes), (ii) a transitional area with
revealed the presence of two principaltransversal duned.€. straight-lined dunes)
macrobenthic  communities  distributed and (iii) an offshore area with a sandbank.
according to the seabed substratétephtys Macrobenthic organisms were collected
cirrosa/ Ophelia borealiscommunity found via 23 stations distributed between the
in medium to fine sand assemblage, and drough, the slope and the crest of each
Magelona johnstoni/ Hesionura elongata bedform (and not only sandbanks). Three
community on muddy heterogeneous additional stations were positioned within a
sediments. In the French part of the Northreference area, free from bedforms. Three
Sea, these communities exhibit a remarkablyreplicates were collected at each sampling
low diversity and density with respectively station using a Van Veen grab (0.19m
4.7 and 11.7 species.0.5%ms well as 19.2 approximately with a 5-10 m accuracy in the
and113.4 ind.0.5 % (Desroy, 2002). positioning (the vessel size was 20 m length
At a smaller spatial scale, certain studiesoverall). One sub-sample has also been
revealed a decrease in species richnesgxtracted at each station for grain size
abundance and Shannon's diversity along thanalysis.
slope of bedforms, from the trough to the This sampling strategy has been
crest, in relation to grain size increasereproduced in autumn 2019 and spring 2020
(Baptist et al., 2006; Damveld et al., 2018; in order to assess the temporal dynamic of the
Ferret, 2011; Mestdagh et al., 2020; van Dijkecosystem.
et al., 2012). These studies were based on
taxonomic approaches artk factg did not 5 3 Material collection for stable isotopes
consider the role played by species in thegpgjysis
ecosystem. More generally, the benthic , , .
ecosystem functioning, and especially At each sampling station, one additional

trophic relations, are poorly known on grab sample has been collected in order to
bedform areas. analyse the stable isotope signatures of

Thanks to various measures of macrobenthic organisms. In order to provide
biodiversity (structural diversity, functional & larger insight about the benthic food web,

diversity, and isotopic diversity) the present 26 trawl hauls (commercial trawl with a

study aims at improving the knowledge on ‘Grande Ouverture Verticale”) were also
the dynamic of the benthic ecosystem onPerformed on the coastal, the transitional and

bedforms areas. the offshore area (Figure 1). The cod-er_ld

mesh was reduced to a 20 mm mesh-size
2 MATERIAL & METHODS (stretched) in order to improve the catch of
2.1 Study area juvenile fish and megabenthic species.

The present study focused on an 80 km
area located within the French Flander bank,
offshore the Dunkirk harbor (Figure 1). The
study area was chosen because it exhibits a
large variety of bedforms and is targeted for
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Figure 1 Map of the study area. Red dots represent
the location of grab samples whereas black lines
represent the location of trawl hauls. Source ¢dda
Shom, 2016. MNT topo-bathymetrique cétier a 20m
du détroit du Pas-de-Calais (Projet TANDEM).

2.4 Data analysis

Structural diversity, functional diversity

as well as isotopic diversity were assessed
thanks to a combination of multivariate
analysis
Scaling, fuzzy Principal Component Analysis
and 83C vs. 8N biplot) and univariate
indices (see Table 1).. Biological traits scores
used to assess functional diversity have been
published as open access database in the
SEANOE portal
doi:10.17882/80785).

Table 1 Univariate indices used to assess strdctura

diversity, the functional diversity as well as the
isotopic diversity of bedform areas

(non-metric  MultiDimensional

(Robert et al.,, 2021.

A total of 37 species contributing to _Diversity

almost 90% of the biomass was selected for
stable isotopes analysis. A maximum of 5
sub-samples per species and size class was
dissected at each zone. Samples consisted of
muscle tissue for fish and large organisms
(bivalves, crustaceans) whereas the entire
organism's body was used for the smallest

species (small annelids).

Stable isotope signatures of potential
sources of carbon and nitrogen were gathered
from an aliquot of sediment, extracted from
grab samples (Sedimentary Organic Matter;
SOM) and by filtering 500mL of water on a
GFF filter thanks to a Niskin bottle
(Particulate Organic Matter, POM).

Samples processing for stable isotope
analysis was similar to the method described
in Quillien et al., (2016).

The §'3C values as a proxy of food source
(Bearhop et al., 2004; Post, 2002) aieN
values as proxy of the trophic position
(Hussey et al., 2014; Post, 2002) were

Univariate indice Referencs
> Species richness ( <
B annon
o L . ~ and
% Shannon'’s diversity (H’) Weaver
© (1949
= . , , Pielou
§ Pielou’s evenness (J) (1966
n Total abundance (Ab
Total biomass (Biom
> Functional Richness
@ (FRic)
g Functional Evenness Villéger et
© (FEve al. (2008)
e Functional Divergence
1=} (FDiv)
2 . van der
3 Functional Redundancy Linden et
(Fred) al. (2012
5%3C range (CF Layman et
2 5N range (NR al. (2007
S Isotopic Richness (IRi
0 o
= Isotopic divergence Cucherous
2 (IDiv) set and
s Isotopic dispersion (IDi: Villéger
5 Isotopic evennesi|Eve) (2015)

Isotopic uniqueness
(1Uni)

determined by weighting thé*C:2C or
N:1“N ratio of a sample relative to the
13C:12C ratio in a standard (Vienna Pee Dee3
Belemnite for carbon and oNin air for
nitrogen) :

813C or 5°N=[(Rsampi¢Rstandar) - 1] x 1G

with R corresponding to the ratiC/*?C
or 1N/N.,

RESULTS-DISCUSSION

3.1 Spatio-temporal variations of benthic
communities

Benthic communities are shaped by

sediment movements - It is well known that

sediment movements represent a natural
source of disruption for macrobenthic
organisms by burying them, in the same way
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as dredging deposition (Foster et al., 2010jmpacted with a cumulative rate of migration
Jones et al., 2016), or by disrupting theirequivalent to 108 m in ten months (not
metabolism. The selectivity induced by suchshown). The impact was lower on the barchan
environmental constraints is reflected in thedunes, with around 40 m of migration in ten
trait composition of species within the months, and considered null on the sandbank
Dunkirk area. Most organisms are depositand on the reference area. These differences
feeders or mobile predator-scavengerswere reflected in the species richness (Figure
Several species have short life cycles and®?) and biomass that showed a gradient
high productivity, in relation with their small between bedforms. To our knowledge, no
size (Brey, 2001), which allow fast additional studies investigated how structural
recolonization and the ability to sustain high and functional diversity vary with the kind of
mortality rates. Moreover, most of the bedform.

organisms have pelagic eggs and larvae, A classical pattern of seasonal

variability - Structural diversity and to a less
107 extent, functional diversity, were generally
higher in spring, relative to autumn. For
instance species richness increased by 1.7
and 2.1, and abundance by 8.7 and 2.1 on the
transversal dunes and the sandbank,
respectively. Spring settlement was reflected
by very high densities of juvenildsanice
conchilegabut also by higher abundance of
Ifl small species such ddagelona filiformis
Hesionura elongataCrangon crangonSpio
martinensis Bathyporeia gracilis Eumida
sanguineaand Salvatoria clavata This was
consistent with several studies conducted in
S S —— the North Sea where benthic communities
Bedform exhibit a maximum at the end of summer and
Figure 2Distribution of the species richness betw beginning .Of. autumn due to Settleme.nt' They
the different bedirms and within the reference ai Shola a minima gt the end Pf th_e W'.nter and
Statistical differences have been assessed thar  beginning of spring due to immigration and
pairwise-Wilcoxon tests. Stars denote theapie o high mortality rates (Reiss and Krodncke,

the tests: “**": p-value <0.001; “**": p-value 6.01 2005; Van Hoey et al., 2007).
“*": p-value <0.05.

@
&
'

Species richness (species.m'z)

;

Sediment movements homogenize the
which provide the capacity to avoid the benthic community within bedforms --
disturbance by living out of the sediment Sedimentary characteristics varied along the
during their first development stages. Someslope of the transversal dune and of the
species were also emergente.g Sandbank (Figure 3). The median grain size
Gastrosaccus spiniferand/ or sufficiently —increased towards the crest of transversal
mobile  @.g. Bathyporeia pelagica dunes, which was consistent with previous
Bathyporeia elegans, Urothoe brevicoitis ~ Studies (Carvalho et al., 2018; Damveld et al.,
avoid burying. Finally, and as observed by2018; Mestdagh et al., 2020), probably
(Breine et al., 2018) on Belgian dunes, sessildecause transversal dunes are oriented
species and suspension-feeders were almo@erpendicular to the tidal current which
absent from the studied area. induces a trap of fine sediment in inter-dunes

Magnitude of the natural disruptions was depressions. Conversely, a very slight
uneven within the studied area. Thedecrease of the median grain size (not
transversal dune can be considered the mostignificant) was observed between the trough
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and the crest of the sandbank (Figure 3). Thidilter feeders/deposit feeders, (iii) small
bedform is oriented parallel to the main tidal benthic  predators and (iv) large
currents. Bed shear stress could be stronger ipredators. This simple structure is in
inter-banks depressions, which, in turn, mayaccordance with the low diversity of bedform
induces the advection of fine sedimentaryareas (14 + 6 macrobenthic species péran
particles. Dunkirk).

Variations of sedimentary characteristics
within bedforms did not alter the structural
and functional diversity along the slope of the
sandbank and dunes. This result differs from
those obtained by a few rare studies
performed on this topic, revealing a higher
benthic diversity in the trough compared to
the crest of bedforms (Damveld et al., 2018;_
Ellis et al., 2011; van Dijk et al., 2012). did
not show any clear trend along the sandbanl l
and the transversal dune profiles which differ
from previous studies. It is hypothesized thats==o=«w-
natural sediment reworking induces a small-Figure 4 Schematic representation of the benttad fo
scale homogenization of macrobenthic Web of subtidal sand dunes. Width of arrows are

e - ., proportional to the contribution of each food s@uirc
communities within bedforms of the Dunkirk the diet of each consumer multiplied by the refativ

Particulate Organ ¢ Matter

area. biomass of consumers to provide an idea aboutizoph
fluxes.
800 - Wseason s41
S Importance of the bentho-pelagic
e coupling - In the study area, the organic
E o0 JHI T e matter content in the sediment remains below
g e 0.5% (not shown) so that the benthic
é organisms may have been adapted to feed on
400 TR other source. Effectively, outputs of mixing
- . szs:?.f"/‘ y mode_ls clear_ly suggest a strong bentho-
2 s2r® 7 pelagic coupling, with POM contributing to
286+ s24 more than 80% in the diet of primary
consumers (deposit feeders and filter
, , , , , feeders/deposit feeders). The southern North
-25 -20 -15 -10 -5

Sea is typified by major phytoplankton
blooms wherePhaeocystis globose often

the dominant species (Karasiewicz et al.,
2018; Karasiewicz and Lefebvre, 2022;
Lefebvre and Dezécache, 2020). As
Phaeocystisrepresents an important part of

Depth (m)

Figure 3Relationship between the median grain
against the depth as proxy of the position of
sampling stations within each type of bedfc
Significant relationships are represented b
regression line associated with a grey polygon ka

corresponds tothe confidence interval of t
regression. Nomignificant trends are nonethel
represented but the confidence interval has nat
drawn.

3.2 Dynamic of the benthic food web
A simple food web structure - Stable

POM, it is thus very likely to sustain the
benthic food web of sandbanks, as described
by Franco et al. (2008) in the Southern Bight
of the North Sea.

Temporal variationsin the signature of
the main food source — A decrease in the

isotopes analysis revealed a very simplisticmean values of 08'°C of POM has been
but particular food web, composed by four observed between autumn and spring. It may
trophic guilds only: (i) deposit feeders, (ii) result from the selective consumption of
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Dissolved Inorganic Carbon by
phytoplanctonik cells (thé?C is primarily
consumed while th€C accumulates) during

the growth period, and/or a switch toward
the utilization of HC@ instead of CQwhen -
the latter is depleted (France et al., 1997;;8
Leggett et al., 2000, 1999). Conversely, the ™ "
35N decreased in spring due to a possible g
shift of dominant species in the plankton &
community with a larger proportion of
heterotrophic organisms (Aberle et al., 2010;
Agurto, 2007).

The structure of the food web remain
relatively stable between seasons - A
significant decrease in the rangeséiC has
been observed between autumn and Sprin(jigure 5 Spatio-temporal variations in the values

but seasonal variations decreased as th f isotopic diversity indices for each trophic Igui
tatistical differences have been assessed thanks t

trophic level of trophic guilds increased pajnise-wilcoxon tests. Stars denote the p-valie o
(Figure 5). This result suggests the utilizationthe tests: “**": p-value <0.001; “**’: p-value <@1;

of a narrower spectrum of food sources“: p-value <0.05.

(Layman et al., 2007). Here it may reflects a

Iar_ger contribution of POM in the diet_of 4 CONCLUSIONS

primary consumers duringPhaeocystis

blooms, which, in turn may cascade in the The present study provides evidence that
rest of the food web. Despite this, 8#C vs.  sediment movements associated with
55N biplot remained relatively similar bedform migrations are responsible for the
between autumn and spring (not shown),spatial (between bedforms) variations of
which suggests that no particular shift in thebenthic ~communities and to their
diet of trophic guilds occurred and that the homogenization over the slope of the
higher diversity found in spring (see bedform. However, if species identity vary to
paragraph 3.1) has little impact on trophic some extent in space and time, the ecosystem
relationships. This result is probably due tofunctioning, and  especially  trophic
the remarkably low diversity of bedforms relationships, remains relatively stable with
areas (whatever the season), which limit theonly with minor variations.

number of possible trophic pathway.

eason

el

T

S tors S
sit feeder ders . predat edatos
) cecders! depost peposit fee mal penthic e \arge P*
Alte

Trophic guild
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ABSTRACT: The relationship betweeasymmetricasancwaves: morphology, surface sediment a
multibeam backscatter is investigated by analydimge sand waves fields located on different
sandbanks in the Belgian part of the North Seah iHggolution multibeam bathymetric and backscatter
data, Van Veen grab samples and sediment profdgimg data were acquired specifically for this gtud
in October 2022. Special care was taken to ensungate positioning of sediment samples and seafloo
images to allow reliable correlation with acoustata and assignment of each sample to a sand wave
morphological unit (stoss side, crest, lee side tamaigh). Grain size analysis of the fraction ab8ve
mm completes the data set. Overall, the variatiorbackscatter levels is in line with the dune
morphology, but shifts are observed locally. Thghlest backscatter values are detected along thg sto
sides and on the crests. A significant positiveradation is observed between backscatter and the
percentage of gravel composed mainly of shell frexgih The highest correlations correspond to grain
classes close to the wavelength of the acoustiakifn the northern area, a particular multi-gestnd
waves morphology is observed likely to be relatethe antagonism of ebb and flow and the particular
nature of the sediment, half of which consistingloélls and shell fragments ranging from 2 mm to 8
mm.

the calculation of appropriate angular and
1 INTRODUCTION insonified area corrections to be applied to
The sorting of surface sediments acrossthe raw BS measurements. Once corrected,
tidal sand waves shows that, in generalthe BSis an excellent proxy for the sediment,
coarser grains tend to accumulate on the stoss Well as, if calibrated, comparable from one
sides and crests while finer sediments ardVBES to another, as long as the
concentrated on the lee sides and troughgheasurements are taken in the same
(Van Lancker and Jacobs, 2000; Cheng et alfrequency range (Lurton and Lamarche,
2020; Gaida et al., 2020). Modeling studies2015).
largely confirm this pattern (Roos et al., This paper presents a series of MBES
2007; Damveld at al., 2020). However, measurements controlled by Van Veen grab
reverse trends are also mentionedsamples and Sediment Profile Imaging (SPI)
(Wemmenhove, 2004; Anthony and Leth, on three areas locates on the Belgian part of
2002). These antagonisms could be related téhe North Sea and shaped by sand waves. The
differences in hydrodynamics and sedimentaim is to analyse, compare and evaluate the
composition (Van Oyen and Blondeaux, relationships between surface sediments and
20009). sand wave morphology. Some critical
Multibeam echosounder (MBES) methodological issues are also highlighted.
technology, which simultaneously records
bathymetry and backscatter (BS), is a2 MATERIAL AND METHODS
particularly well suited tool for the mapping
of sand waves with a high spatial resolution.2.1 Study areas
The high resolution bathymetric data allows
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The three study areas are located on The WH area is located at the northern
different sandbanks in the Belgian part of theextent of the Westhinder sand bank. This area
North Sea (Figure 1). covers 18.3 ha (870 m by 210 m) with depths

The southernmost BR area is located northranging from -10.8 to -28.5 m LAT. Giant
of the Buiten Ratel, on the northern edge of asand waves curving westwards at the
depression that divides the bank into twonorthern end of the Westhinder bank are
sides in its northern central part. Deep from -oriented NW-SE in the WH area. These sand
14.8 to -20.7 m Lower Astronomical Tide waves have variable wavelengths ranging
(LAT), BR area covers 13.7 ha (670 m by 205from 240 to 320 m and variable amplitudes
m) and is modelled by sand waves orientedirom 5 to 11 m (Figure 4a). These sand waves
NW-SE with wavelengths of 200-250 m and show asymmetries with values of about 0.4 in
amplitudes of 3-4 m (Figure 2a). In BR areaopposite directions: eastward for the sand
the sand waves show a rather pronouncedvave located at the west of WH and
asymmetry(““’s”"de‘L e 5"‘”) with a mean Wwestward for the two sand waves located at

L stoss side+L lee side

value of 0.6 (Figure 2b). Bathymetric time the centre and east of WH. The _compari'son
series collected from 2010 to 2022 indicate©f the current morpho-bathymetric situation

an average migration speed of the sand wave¥th those of 2009 and 2013 demonstrates an
of 2.7 mlyear to the north-east. This average migration rate of 0.6 m/yr in the two

displacement is lower than the displacemenOPPOSite directions in agreement with the

values given for sand waves of similar @ymmetry orientation.

= . . i —

asymmetry (Knaapen, 2005). A cumulative [i§ Ly

volume of 143 10° m? of sand was removed. .~ M\ EBEEam 7
from this area mainly from 2003 to 2014. | / Yy N Uk @
Since then, this part of the sandbank has bee et O i
closed to sand extraction. ; f S / o

Located in the western part of the | = - /o ® Fa
Thornton sandbank, TB area occupies & & = # ox ¥ ;
seabed surface of 9.5 ha (533 m by 179 m |- Lﬁk%f ol
with depths ranging from -20.3 to -25.5 m / | S g ;

LAT. The sand waves modelling this area are o e
oriented NW-SE with wavelengths around & = =

150 m and amplitudes of 4 m (Figure 3a)." =~ =
These sand waves are substantially’ e M '
asymmetric with a mean value of 0.4 (Figure ey u
3b). For these sand waves, an averagi . =~ = L 7 e

migration speed of 2.6 m/year towards the. = | A e

NE has been estimated on time series o/ i)
bathymetric measurements made from 2014 i

to 2022. As for BR area, this displacementis. = .. =

lower than the values published by Knaaper, =~ =~ =« s o

(2005) for sand waves of similar asymmetry.” . ;

Overall, these sand  waves are == i f« < g
morphologically very similar to those of the WP E | Ul A ‘9&“
BR area. TB area was subject to fairly = = ' g ST
intensive sand extraction between 2014 anc———1 1 S /T, < b
2020 with a cumulative extracted volume of @ 23008 ot >

221 10® ms3. Since 2021, extraction is Figure 1. a: Regional location of the surveyed srea
prohibited in this area. b: Detailed location of the surveyed areas in the

Belgian part of the North Sea. BR area, northem pa
of the Buiten Ratel sandbank (W: 51° 18.8550', 2°
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36.2477'; E: 51° 18.9914', 2° 36.8075); TB area, morphological  units and  sediment
western part of the Thorntonbank (W: 51° 29.9222', granulometry.

fos £ 51 000 7 47 i), Wi ren UG he use of BS 1o ths angular
2°34.7586"; E: 51° 33.5969', 2° 35.4870); latitachd  fange has a double advantage: within it, the
longitude in WGS84 degree decimal minutes; baseBS values are stable regarding the incident
map: Hydrographic map BNZ 2014 from Flemish angle and, as they are essentially controlled
Hydrographic Service combined with Bathymetric py the jmpedance contrast, the roughness and
tse:s;ge ;nn%dﬁlpsl‘ 'gorfgorg_ Flemish - Hydrographic o olume scattering of_ the_ s_ediment, _they

are the ones that best discriminate sediment

types. (Jackson et al.,, 1986; APL, 1994;
2.2 MBES data Lamarche and Lurton, 2018).

Bathymetric and backscatter (BS) data

were collected using a Kongsberg EM20402.3 Ground truthing

MKIl 04 Dual Rx multibeam echosounder i

(MBES) installed on the RV Simon Stevin. FOr €ach area, a series of Van Veen grab
This system is coupled with an IX Blue §amples and Sediment Profile Imaging (SPI)
Octans motion sensor and an MGB-TechiMages were taken along a transect
RTK GPS positioning system, together perpendicular to the sand wave crests
ensuring decimetric XYZ accuracy of the immediately after the acoustic measurements

data. A SBE 21 SeaCAT thermosalinograph(17 for BR, 13 for TB and 4 for WH). The
provides  continuous sound  velocity grab samples and SPI images are not strictly

measurements. To ensure inter-comparabiliy the same position: the Van Veen was
of BS levels, all MBES data were recorded operated with the starboard winch of the RV

using the same acquisition settings (300 kHz Simon Stevin, the aft winch was used for the

normal multi-sector transmission mode, SP!- The raw positions of the grab samples
medium pulse length of 108 us). and SPI images were carefully corrected for

The bathymetric data were processedthe respective distances of the two winches

following a standard workflow with QPs- from the GPS antenna and for the ship's

Qimera® (2.5.1, 2022): integration of the N€ading at the moment the instruments
RTK correction, reduction of the Z values in touched the seabed. These corrections are

the LAT, fine-tuning of the roll, pitch and essential to ensure a correct spatial match
heading, offsets  and cleani,ng of the Petween the sedimentological and acoustic

soundings. Finally, a bathymetric model with data. The corrected positions of the grab
a resolution of 1x1 m was calculated for eachS@mples and SPlimages are shown by area on
of the study areas. the bathymetric and BS maps in Figures 2, 3

BS data were processed using QPS2nd4.

FMGT® (7.10.2, 2022). The previously After drying the samples, a particle size
calculated bathymetric model has beenanalysis of the fraction larger than 2 mm was

incorporated to refine the estimation of Carried out by weighing, using 2, 4, 8, 16 and
incidence angles and insonified areas. The32 MM sieves. Observation of the sediments

beam pattern has been corrected for. FoPnOWs that the gravelly fraction mainly

cartographic purposes, a continuous Bsconsists ofyvhole shells and shells fragments.
is The analysis of the sandy fraction of less than
calculated with all the BS values. 2 mm in size is carried out using a Malvern

However, only BS data acquired in the Mastersizer 3000 laser particle analyser.

range of incidence angles +[20°,60°] are Semi-quantitatively, 4 classes of shell density

considered to ensure a rigorous spatial inter@t the sediment surface were estimated from

comparability of the BS values and analysis
of the correlations with sand wave

mosaic with a resolution of 1x1 m
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the raw SPI images (0 = absent, 1 = presentstoss sides reflect three times more acoustic

2 = abundant, 3 = very abundant). energy than those on the leeward troughs.
However, the BS and bathymetric profiles
3 ANALYSIS AND RESULTS show a phase shift for two of the three sand

waves in the BR area. For these two sand
The analyses were carried out at twowaves, the BS level decreases progressively
scales. Locally, in each of the areas, profilesin the middle part of the stoss sides, so that
combining bathymetry and BS in the their ridges have intermediate BS values
incidence angle interval of £[20°, 60°] make around -17 dB. The third sand wave located
it possible to assess the spatial relationshign the eastern part of BR shows a perfect
between the morphology of the sand wavesgypasing between bathy-morphology and BS.
and the BS variations. Globally, in order to The grain size analysis of the grab samples

ggal¥ﬁ: tr?]irrerl]%tl'gnsr‘(;?sthbeetg?%nVtvgflleesvzln%fdemonstrates the predominantly sandy nature
' P 9y of the surface sediments in the BR area: the

the granulometry of the sediments, thepercentage of the sandy fraction ranges from

descriptive statistics of BS (mean and std) in . :
the angular interval +[20°, 60°] were 90% to practically 100% with an average of

estimated in rectangles of 50x10 m around®7/%. The gravelly fraction is composed
the samples. The orientation of the rectanglegnostly of shell fragments between 2 and 16

was defined by calculating the median valuemm.

i

\x

of the aspect (downward direction of the
maximum rate of change in value from each
cell to its neighbours) derived from the = [
bathymetric model resampled to a 5x5 m
resolution, within a buffer with a radius of
20 m around each sample location. This
method ensures the calculation of BSb |
statistics in  homogeneous morphological |

units of sand waves surrounding the grab | ®& b
Samples. Around the pOSltionS Of the SPI = = = Cross section ¢ ® Van Veen samples o SPlimages [ BS calculation area
Images, BS statistics were extracted using thec DepthLATm BsdB —Fitered S a8

gl

same principle. Depending on its position, _=
each sample was assigned to a sand wavs.
morphological unit (stoss side, crest, lee sides™ v
and trough). Global correlations between all . T : e

T T
100 200 300 400 500 600

BSdB

in + [20°-60°] incidence angle

the variables considered were establishe(d el

using a summary table gathering all the data. o (W f |

3.1 BR area sand ;:gravel 2-4 mm 4—8:mm 8-16 mm 16—32:n:m >32mm
| |

The data collected in the BR area aree
summarised in Fig. 2. The profile in fig. 2c
shows a spatial correlation between the BS
and the bathy-morphology. The highest BS

2cm

Y N D
values, around -14 dB, are observed on thc. . .

stoss sides. In the lee troughs the BS valuesigure 2. Summary of data collected over BR area. a
drop to -19 dB. Considering the + 1 dB Bathy-morphological map (depth in LAT m) with
inherent transducer sensitivity reported forPositions of grab samples, SPI images and cross
section presented in 2 ¢, XY scale is given byctioss
Kongsberg MBES Sys_tems (HammerSta_d'section, assignment to a morphological unit is
2000), the observed difference of 5 dB isindicated below the sample ID (GS = stoss sidetlge

definitely significant. The sediments on the slope, C = ridge - crest, SS = lee side - steqpestmd
T = trough); b: BS map (dB), positions of grab
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samples, 50x10m buffers used for BS statistics | O i
calculation and c section; c: Bathymetry and BSsro \ SR
section (average of values over a 20 m corridor ona
either side of the line) (BS raw data and filtededa
using a lowess Gaussian quadratic function); d:
Granulometry of samples BR4, BR8 and BR9, outer
ring gives the percentages of sand and gravelrinne
ring gives the percentages of the gravel class&Pe
images of samples BR4, BR8 and BR9.

N
g)f). TR

o

In agreement with the spatial correlation
observed between the BS and the
morphology of the sand waves, the higheste =~~~ " i aw “mwms
percentages of gravel are observed in the > \ b

gentle slope and ridge samples and, on this- 2 \//\/ \ St
contrary, the lee side and through samples ar <. N Y 8

LR (ke

B3 T

in + [20°-60°] inci

overall very poor in gravel (fig. 2d). The & & & w0 T e e
observation of SPI images suggests a fairlyad ' - -
homogeneous seafloor with few surface

scatterers (fig. 2e).

sand  gravel 24mm  48mm  816mm  1632mm  >32mm

| |
3.2 TB area €
Figure 3 summarises the data collected 2
in TB area. The BS variations correlate very
well with the bathymetric variations of the *=

three sand waves (fig. 3c). The stoss and le€igure 3. Summary of data collected over TB area.
sides and the through show low BS quiteRefer to the legend of Figure 2 (only values, szale
stable values around -17 dB. On the stosgrab samples labels and SPIimages differ).
side, around -22.5 m LAT, the slope breakabundance of scatterers present on the
marking a quick decrease in the bathymetry sediment surface varying between absent and
is accompanied by an increase in the BS levelery abundant. However, no discernible
up to the ridges, where the values reach -14elationship is observed between this semi-
dB. Beyond the ridges, on the leeward side quantitative estimate of the abundance of
the BS decreases in parallel with thescatterers present on the sediment surface
bathymetry to return to values oscillating with the BS and the particle size composition
around -17 dB. of the sediment.

TB samples (fig. 3d) show a
predominantly sandy grain size composition 3.3 WH area
with the proportion of grains smaller than 2 .
mm ranging from 77 to 98% with an average Fig. 4 presents the data collected on the
of 89 %. The gravels are mainly composed ofVH zone. In the WH area, due to the
shell fragments between 2 and 16 mm. With®PPOSINg asymmetry of the sand waves, their
the exception of one sample (TB03) situategr€lationship with the BS has to be considered
on the leeward side, all samples with a gravefeparately. The western sand wave, shows
fraction greater than 10 % come from the BS Ievels_ that follow the _bathymetry with a
sand wave crests. Here the relationshipPhase shift, the BS level increasing from -14
between the BS, the sediment and the© -10 dB from the middle part of the stoss
morphology of the sand waves is clear. side to the end of the Ieg sjde (fig. 4c).. The

The SPI images (fig. 3e) show a BS-bathymetry phase shift is the opposite of

contrasting interface from sample to samplethat observed in the BR area.
with a semi-quantitative estimate of the
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In the eastern area, the BS fluctuates by 1
to 2 dB around -10 dB, which represents 4 to|
5 times the acoustic energy reflected by thef®
sands of BR and TB areas. These variations
are not spatially related to the bathymetry.
The particular type of sediment in this area
explains the high BS values. The gravel
fraction of the 3 samples taken in this part of
WH ranged from 22% to 50%, with an |
average of 40% (fig. 4d). As can be seen from§
the composition of the grab samples and the ~~'§:
SPI images, these gravels consist mainly of} el k3
shells and shell fragments (fig. 4e). The sand{ " S\ : —
waves in this area are made up of a sediment " — )

Depth
LAT m
-10

-30

that consists of up to 50% of shell fragmentsFigure 5. Complex sand wave pattern of the northern
with grain sizes between 2 and 8 mm.

end of the Westhinder bank around the WH area. The

arrows point to areas of sand waves with multiple
pepth ridges. FPS Economy data, RV Belgica survey
s 2009/03).

ﬂ On a larger scale, in the northern region at

$‘5‘ the end of the Westhinder bank, the
asymmetry of the sand waves indicates two

° directions of sediment transport in

u accordance with flow and the ebb similar to

s ' “  those observed in the central part of the bank.

- = = Crosssection ¢ ® VanVeensamples o SPlimages [ BS calculation area (Deleu et al, 2004)

C —Depth LATm BSdB  —Filtered BS dB

: f The tide currents convergence combined

fence angle

j ; Yo with the shelly sediment, produces a complex
o pattern of sand waves (Fig. 5). Some sand
T e R R e e waves locally show several parallel ridges
; prmsaes e modelling their tops in an undulating surface

c f \ wide up to 30m locally.
;> \ = .
_snd - gael  2amm  asmm  siemm is2em ozen 31 Correlation analysis

The extraction of BS data in 50x10m
buffers around the grab samples allows to
quantify the correlations between the BS and
the granulometric data. These correlation are
presented in table 1.

Figure 4. Summary of data collected over WH area.tapjle 1: Correlation (Pearson's r) BS mean and ol w

Refer to the legend of Figure 2 (only values, sale grayel fractionsSignificant value (p < 0.01) are in bold.
grab samples labels and SPI images differ).

mean BS dB std BS dB
in £ [20°-60°] in £ [20°-60°]
>2mm 0.86 -0.57
2-4 mm 0.83 -0.55
4-8 mm 0.82 -0.46
8-16 mm 0.42 -0.41
16-32 mm 0.08 -0.14
> 32 mm 0.34 -0.45
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The BS shows a significant positive means values which is 2.5 dB. The variance
correlation with the percentage of gravel. between the mean BS levels estimated in the
However, the 2-4 mm and 4-8 mm fractions buffers surrounding the samples leads to a
contribute the most to this correlation. The Mixed interpretation.
acoustic wave interacts with the sediment on  The pattern is clearer for TB than for BR
the scale of its wavelength and the grain sizedU® 10 a sharper grain size distribution
of these fractions are close to the wavelengttP€Ween the  morphological units. In
of the acoustic signal used (5 mm at 300partlcular, the accumulation of shells and

: shell fragments on the crests of the sand
kHz). Beyond 8 mm, the correlations are no

S ...._waves is clearly visible in the SPI images of
longer significant, the BS seems not sensitiverg | BR area. BS levels are more variable

to an increase in the coarsest fractions. Ayithin the crests. the lee sides and the
similar relationship of BS with sediment troughs. Overall, the SPIimages show a more
grain size has been observed in the Belgiahomogeneous seafloor on BR than on TB.
part of the North Sea (Montereale Gavazzi,

2019).
Only BR and TB data are considered o4 CONCLUSION
evaluate the trend of BS values with respect Ccareful sample  positioning  and

to the morphological units because these tWaappropriate corrections to account for the
(wavelength, amplitude, asymmetry andcoypling MBES bathymetric and high
migration speed) and comparable surfaceesplution BS data with ground truth data

sediments. (grab samples and SPI images) to analyse the
® BRarea ® TB area @ Overall mean # std relationships between surface sediment grain
137 size and sand wave morphology. The use of
14+ ! BS values controlled by the same sediment
s 8 .+ interface characteristics is ensured by
:39.15* !} . . extracting values within a limited angle of
Il . . e incidence range of £[20°, 60°].
é'”_ E . The BS shows a significant positive
8187 ‘ : correlation with the percentage of gravel
19 . ° which consists mainly of shells and shell
20 fragments from 2-8mm close to the
STOSS cesr | LEE roUGH wavelength of the acqustic signal u_sed (5mm
SIDE SIDE at 300 kHz). The spatial relationship between

Figure 6. Relationship between BS level and the bathymetry and the BS and the
morphological units of sand waves in the BR and TB correlations between the BS and the

areas. granulometric data demonstrate a

granulometric sorting in relation with the

The relationships between the mean BSg, morpholoaical units in line with
levels estimated in the 50x10m buffers sand waves morphological units in fine wi

around the grab samples and thepubllshed data and models.

morphological units are presented in Fig. 6. The peculllar multi-crested shape OT the
Considering BR and TB together, by mean,sand waves in an area covered by sediments

the BS levels are higher on the stoss sides angPntaining 50% of shells and shell fragments,
the crests than on the lee sides and thSYddests a sustained control of the sediment

throughs but the magnitude of this difference®n the morphology and dynamics of these
is only 1 to 2 dB. sand waves.

Within each morphological unit, the range  In the BR and TB zones, the integration of
of individual measurements is in the order ofadditional data is necessary to better define
3 to 4 dB, exceeding the range of the overallthe causes of the BS variations in relation to
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the morphological units of the sand waves:
bathymetric and calibrated BS time series,
local hydrodynamic data and granulometric

analysis of the sandy fraction.

Hammerstad, E.,

1587-1610.

2000. EM Technical Note:
Backscattering and Seabed Image Reflectivity.
Horten, Norway: Kongsberg Maritime AS.
Technical note.

The dominant role of shells and shell Gaida, T. C., van Dijk, T., A.G.P., Snellen, M.,

fragments in the acoustic response of the

sediment is largely confirmed. However, the

field data remain sparse compared to the

Vermaas, T., Mesdag, C., Simons, D., G., 2020.
Monitoring underwater nourishments using
multibeam bathymetric and backscatter time
series, Coastal Engineering, Volume 158, 103666.

acoustic data. The addition of field data,Jackson, D.R., Baird, AM,, Crisp, J.J., Thomson,

including geotechnical ones, is necessary to
the sedimentological

better understand
significance of the BS.

Walther's Law (Middleton, 1973), the lateral

P.A.G., 1986. HigHrequency bottom backscatter
measurements in shallow water. J. Acoust. Soc.
Am. 80, 1188-1199.

Knaapen, M. A. F. (2005), Sandwave migration
The approach remains surface based.
Cores are needed to verify that, according tq

predictor based on shape information, J. Geophys.
Res., 110.

ton, X.; Lamarche, G. (Eds) (2015) Backscatter
measurements by seaflomapping sonars.

distribution of sediments at the surface of the Guidelines and Recommendations. 200p.
sand waves is reflected in their vertical Middleton, G., 1973. Johannes Walther's Law of

sedimentary sequence. However, offshore

Correlation of Facies: Geological Society of
America Bulletin, 38: 979-988.

cores are expensive, so funding must beéyvontereale Gavazzi, G., 0., A., 2019. Developmént o
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Nonlinear modeling of estuarine sand dunes: fersults with
unidirectional flow
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ABSTRACT: Estuarne sand dunecan be seen dntermediatebedforms between river dunes ¢
marine sand waves. Past research has focused erstartling their growth in the linear regime. Here,
we present a new morphodynamic model with latemlogic boundary conditions to investigate
estuarine sand dune dynamics in the nonlinear edd®ing still under development, we use the model
in a riverine setting (unidirectional flow) and shhdlow properties (velocity, turbulent kinetic eqgr
and excess pressure) as well as morphodynamicageweht. The model is capable of capturing lee-
side effects and nonlinear morphodynamic interastibetween bedform modes. Future work will be
directed to extend the forcing to bi-directionahl to represent estuarine conditions.

Campmans, 2017). However, they cannot
1 INTRODUCTION give informatipq on shape and height of sand
dunes in the finite-amplitude regime.

Sand dunes occur in shelf seas (known as Nonlinear models, on the other hand, can
tidal sand waves), rivers (river dunes) andmodel finite height and shape (although
estuaries (estuarine sand dunes). Dependingnodeling bedform lengths in the finite
on the environment, they have lengths on theamplitude regime is an ongoing quest, see
order of tens of meters (rivers) or hundreds ofalso discussion). When the forcing is
meters (seas). They have been explained agsymmetric (such as in rivers or estuaries,
free instabilities of the sandy bed subject toand to a lesser extent also in seas), dunes
flow (Engelund, 1970). Modeling efforts become asymmetric as well, giving rise to
have been directed to hindcast sand dunewake effects which become important at lee
(Krabbendam et al., 2021), and to understandlopes larger than about 10 degrees (Lefebvre
the mechanisms that determine their size& Winter, 2016). In the past, the
shape and dynamics (e.g., the effect of windmorphodynamic implications of lee side
waves, Campmans, 2017 and turbulencegffects have been parameterized (Paarlberg et
Blondeaux & Vittori, 2005). al., 2009), and more recently efforts have

Such modelling efforts can roughly be been made to resolve the flow field — also in
divided into two groups: linear stability the separation zone — in a morphodynamic
models and nonlinear models. Linear model of smaller-scale bedforms (order of a
stability models linearize the sand-water meter, Doré et al., 2016), and on a larger scale
system around a basic state (i.e. flow andDoré et al., 2018). The model used in these
sediment transport over a flat bed) totwo studies is capable of capturing lee-side
investigate the initial growth of bedforms. effects because it is non-hydrostatic and uses
The strength of these models is that they ar@ k-w turbulence closure. However, the
computationally cheap, allowing for simulation times used (order of days) were
systematic sensitivity analyses, and that theyhot long enough to capture growth of large-
enable to disentangle the effects of differentscale bedforms towards equilibrium.
physical processes (e.g., the effect of bed-
load from suspended load transport,
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River flow

— gl
v z=—H+h .

Figure 1. Overview of the 2DV model domainhich represents a local portiona river withdomain lengttL,
mean deptlif and topographyt, forced by river flow; the water surface is fixgdllowing from the rigid lid
assumption).

Here, we will present a nonlinear supplemented with a bed slope correction

morphodynamic sand dune model, which jsterm (Bagnold, 1956; Lesser et al., 2004):
capable of running long-term simulations to q = alt|f (L —fz), (1)
find (large-scale) sand dunes. Herein, we will |zl

focus (for now) on the riverine case by

implementing unidirectional forcing. Results £, =1 — T T ()
will show the equilibrium height and shape of cos (arctan (ﬁ)) [tan 0+ —i]

these dunes, and the evolution thereto. Ixlt|
Here,q is the bed-load sediment transport

(m? s1), andf; is the slope correction term,

which acts stronger for larger bed slopes,

with an asymptote at the angle of rep@se

Furthermore, h is the bed level
The model domain is outlined in Figure 1. (superimposed on the mean bed leyet

The hydrodynamic module is solved with —H) andx the horizontal coordinate in our

OpenFOAM, and solves the (non- 2DV domain.

e e s i pdasty. the Euner_equaton ks th
N " . e %ivergence of sediment transport to the bed

a rigid lid, and we impose a no-slip condition evolution:

at the bed; the lateral boundaries are periodic. ’

The model is forced by a constant barotropic oh dq

pressure gradient, the magnitude of which is (1- P)E - T ox (3)

chosen such as to achieve a depth-averaged . .

velocity of 1 m/s to the right at the beginning Wherep is the bed porosity.

of the simulation, which aims to represent a

riverine scenario.

tan ®

2 METHODS

2.1.1 Hydrodynamics

2.2 Sediment transport and bed evolution

We use bed-load transport only (hence for
now ignore suspended sediment transport). It
is modelled as a power law of the bed shear
stresst (with coefficienta and powerp),
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(a) flow velocity in horizontal direction u[ms]
T T |

0 50 100 150 200 250 300
b) flow velocity in vertical direction

z [m]

(c) turbulent kinetic energy

0 50 100 150 200 250 300

z [m]

0 50 100 150 200 250 300 350
x [m]

Figure 2. Flow properties over multiple dunes in a periodamain. From top to botton(a) horizontal an
(b) vertical flow, (c) turbulent kinetic energy, )(é&xcess pressure (difference between actual pressu
hydrostatic pressure), and (e) the bed level §eiff) and in orange the bed shear stress (righ}.axi

defined as the actual pressure minus the

3 RESULTS hydrostatic pressure.
The model is, by construction, capable of
3.1 Hydrodynamics handling lee-side effects, which can be seen

by the flow reversal in the wake arousnd=
325 m. Lee-side effects give rise to increased
turbulent kinetic energy in the wake region.

actually been generated by our Excess pressure mainly varies in the

morphodynamic model, which is further horizontal direction, although it should be

addressed in Section 3.2. Figure 2 shows th‘Qoted that smaller excess pressure variations

bed pattern in all subfigures, and contains thénff thte vertical are responsible for wake
horizontal and vertical flow velocity, € 68le h ¢ q in the | id
turbulent kinetic energy, (excess) pressure €d shear stress drops in ne lee-side,

: supporting the parameterization used by
and bed shear stress. The excess prepdare Paarlberg et al. (2009) for bed shear stress in

the flow separation zone.
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We show flow properties over multiple
bedforms in a periodic domain with a domain
length ofL. = 350 m. The dunes shown have
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Figure 3. Growth curve as obtained L the
morphodynamic model in the linear (initial) ph
Here,k is the topographic wavenumb

Figure 5. Development of the most dominamde:
during the simulationHerein, the amplitude in met:
is defined as followsh,, = h, cos(2nmx/L — ¢,,),
with n the mode and the domain length (350 meters).

similar as found in an earlier similar study
(Campmans et al., 2018), and is likely due to
Firstly, we use the initial morphodynamic numerical inaccuracies.
evolution resulting from our model to find a  Furthermore, we show a time stack plot of
growth curve which allows comparison to the dune evolution from an initially perturbed
outcome of linear stability models (Figure 3). bed, which also includes bed evolution in the
It is obtained by starting with a random bed nonlinear regime (Figure 4). From this plot,
perturbation of small amplitude, the pattern formation as well as migration rates
evolution of which reveals the growth rates and merging behavior can be discerned.
of all topographic modes involved. The The development of the most dominant
growth rates we find are of similar order of bedform modes corresponding to Figure 4 is
magnitude as those resulting from linearshown in Figure 5. Initially, the bedforms
stability models (e.g. Van der Sande et al.,show exponential growth (as following from
2021). The wavenumber of the fastestlinear stability analyses). After roughly 50 to
growing mode resembles those of river dunesL00 days, the evolution of the modes starts to
(Lokin et al., 2022). The scatter in Figure 3 is deviate from this.

3.2 Morphodynamics

bed level [m]
1

200 3.3 Feedback of morphodynamics on

hydrodynamics: roughness

Due to non-hydrostatic effects of dunes on
the flow, the flow field experiences an
increased roughness as dunes grow in our
morphodynamic model. Figure 6 shows
deceleration of the domain-averaged
horizontal flow velocity as dunes develop
from a flat bed, akin to found by Lefebvre
(2013), although here we show the change in
domain-averaged flow velocity as dunes
develop.

-0.5

50

100 150 200 250 300

x [m]

Figure 4. Time stack plot of morphodyna
development during 200 days. The bed profile at
200 d is the same as shown in Fig 2.
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linear study suggested that suspended
sediment  transport dampens long
wavelengths (Borsje et al., 2014). Hence, the
omission of suspended sediment transport in
our model might be the cause that small
wavenumbers continue growing throughout
the simulation. This is also suggested by the
results of Doré et al. (2016), who included

suspended sediment transport and found
multiple dunes on a periodic domain.

However, their simulation time (order of

hours) was not long enough to ensure an

"0 50 100 150 200 equilibrium condition.
time [d] Another hypothesis (instead of limited
Figure 6.Domair-average horizontal flow velocit merging) is that dune length is limited
over time as dunes develc through dune splitting. Warmink et al. (2014)

showed instances of dune splitting in
laboratory experiments, and presented a
nonlinear model with a parameterization for
dune splitting which vyields realistic

equilibrium bedform lengths.

4 DISCUSSION

4.1 Dunes as linear instability

Some studies (e.g., Doré et al.,, 2016; o
Fourriére et al., 2010) contest that dunes aré-3 Future research directions

formed by a linear stability mechanism, and Here, we used a unidirectional forcing,
instead argue that dunes form because ofvhich represents a riverine scenario. In the
amalgamation of smaller scale bedforms (i.e future, we will also include time-periodic
ripples). The growth curve (Figure 3), forcing to better represent a marine or
nonlinear development of dunes resultingestuarine setting, and will build upon past
from our model (Figure 4) suggest that thesg'esearch on estuarine sand dunes (Van d_er
two mechanisms are not mutually exclusive.Sande et al., 2021, Van der Sande et al., in
Instead, the linear instability mechanism Press) to include the effects of salinity
allows dunes to initiate and persist while theydradients (through for instance gravitational

row further through amalgamation. circulation).
) J J Our model uses k-w turbulence closure,

which has been shown to be more accurate
o . . for flows with adverse pressure gradients
From the preliminary runs ca_lrrled out with (e.g. flow separation) than the widely uged

our model, we could not find a stable ¢ closure (Bardina et al., 1997). Hence, our
equilibrium of more than one dune in our model setup enables accurate calculations of
model domain. This is a defect encounterecthe flow field over asymmetric dunes.
in many nonlinear bedform models with Regardless, our model would benefit from
spatially periodic boundary conditions, validation against data to improve on the
which has been pragmatically dealt with in chosen (Nikuradse) skin roughness length,
the past by setting the domain length equal taand on the choice of the wall function for

the expected wavelength (e.g. as resulting The presented model is based on the
from linear stability analysis). Laboratory RANS-equations (i.e. averaged over a
experiments (Bacik et al., 2021) suggest thaturbulent timescale), which, by construction,
a combination of suspended sedimentjs not capable of simulating phenomena such
transport and turbulence (in their words: s ‘wake-flapping’ (Kostaschuk, 2000;
“sand trapping efficiency” and “turbulence Kwoll et al., 2017; Omidyeganeh & Piomelli,

intensity”) ensure the stable coexistence Of20]_]_) This phenomenon has been shown to
two bedforms in a circular flume. An earlier be important for Suspended sediment

4.2 Equilibrium dune length
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ABSTRACT: The Vietnamese Mekong Delta hrecentlyreceived increased media attention &
reports revealed the morphological impacts of @astr dam constructions and unsustainable sand
mining practices. Consequently, intensive bathyimstirveys were conducted in the dry and wet season
of 2018 to map the conditions at the bed of theheon branch of the Mekong, the Tien River. The
morphological features in this 20 km long focusaaaee analysed in this study. Our quantification of
prevailing bedform characteristics and comparisath wniversal trend lines reveals bedforms of
particularly small size. Therefore, we assess spording transport stages from a numerical mod#&l an
discuss, which influence anthropogenic processgitrhiave on the local geomorphology.

1 BACKGROUND 2 STUDY SITE

Subagqueous bedforms, such as dunes and The Viethamese Mekong Delta (VMD) is
ripples, can form under and are eventuanyhom_e to around 17 million inhabitants anq
controlled by various flow conditions, e.g. in provides food security across Southeast Asia
the deep sea (Franzetti et al., 2013), tidal inlefGSO, 2021). North of the delta, the Mekong
channels (Lefebvre et al., 2022) and riversSplits into two main branchgs: the Tien River
(Cisneros et al., 2020). Their geometric 2Nd the Hau River. On their way to the sea,
extents can reach more than a thousanahe Tien River and Hau River are further split

. . . .into eight distributary channels. The
metres in length and tens of metres in height ? > .
These dimengsions were long thought togbehydrologlcal regime in the VMD is generally

) ; characterized by a dry season (November-
directly related to water depth (Yalin, 1964), May) and a wetyseaso)rll (June-O<(:tober). The

but recent flume experiments suggest thatmonthly discharges at Kratie (Cambodia)
bedforms ultimately scale with the transportyary petween 1,600 and 37,000 m3/s (MRC,
stage (Bradley & Venditti 2019). This 2010). Furthermore, the VMD may be
indicator of potential sediment entrainment isclassified as a wave-influenced, tide-

based on the classical Shields diagram andiominated delta (Wright, 1985). With an
considers local shear stress, grain size andverage tidal range of around 2.5 £ 0.1 m at

flow velocity (Bradley & Venditti, 2017). its mouth (Gugliotta et al., 2017), the delta
In this stud tinize bath tric may be classified as mesotidal (Davies,
n this study, we scrutinize bathymetric 1964). Tidal variations can still be observed

data from two field campaigns in the Tien poyong the border to Cambodia, even though
River in Southern Vietnam. Particularly, we he tidal range diminishes in landward

quantify local bedform characteristics and girection (Gugliotta et al., 2017).

compare them with universal trend lines. The sediment inventory is highly variable

Furthermore, we assess prevailing flowin the lower 100 km of the distributary

conditions and discuss anthropogenicchannels, whereas sand dominates in the

processes that are suspected to control thapstream parts of both the Tien and Hau

morphology in this part of the Mekong. River (Gugliotta et al., 2017). Estimates for
the yearly sediment load at Kratie vary
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Figure 1. (a) The study site is located in the TR&ver between the Vietnamese cities of Sa Dec\ank Long. (b)
An extensive multibeam echo sounding (MBES) sudiayng the dry season of 2018 allowed us to produtigital
elevation model (DEM), which comprises multiple dyopulations. The dune fields assessed duringthiy are
depictecin greel. A single field that was revisited durirthewet season ihighlighted in red colou

between 40-160 Mt/yr (Milliman & Meade, field. For all bedforms identified along these
1983; Nowacki et al., 2015). Even though thelongitudinal sections, heights, lengths and
sediment flux is dominated by cohesive average water depths were calculated.
sediments, the annual sand flux entering theAssuming that conditions were nearly
delta is around 6.2 £ 2.0Mt/yr (Hackney et homogeneous across a dune field, we
al., 2020). In the distributary channels, thecombined the transect results into statistical
sediment transport is directed seaward duringnean, median and maximum dimensions.
periods of high discharge, whereas sedimenSeveral dune fields were revisited during the
is imported landward during periods of low wet season. While bedforms at some sites
discharge (Nowacki et al., 2015). were seemingly washed-out, one particular
area was evidently still populated by dunes.
Figure 1b highlights this focus area in red
3 METHODOLOGY colour. In addition, the hydrological situation

Focusing on a 20 km stretch of the Tienduring the measurements is depicted in
River, which is located between the cities of Figure 2. River discharges during the two
Sa Dec and Vinh Long (cf. Fig. 1a), field campaigns fell into the 77 % and 15 %
bathymetric surveys were conducted duringexceedance percentiles, respectively.
the 2018 dry and wet seasons (Jordan et al., Aside from this geomorphological
2019b). During the first multibeam echo assessment, we used the hydro-numerical
sounding (MBES) survey in the dry season,model presented by Jordan et al. (2020) to
various kinds of bedforms covered extendegsimulate flow velocities and shear stresses
areas of the riverbed at the surveyed section@cross the study site. The simulation also
After observing these bedforms in the @llowed insights into the distribution of
bathymetric data (Jordan et al., 2019a), wesediments, which were considered in the
selected 20 dune fields for further analysis.form of median grain sizes. On this basis, we
This was accomplished by assessing both hillvere able to estimate prevailing transport
shading plots of the digital elevation model Stages at each dune field. Specifically, we
(DEM) and its first spatial derivative, the calculated the local Shields numbets
slope layer. In a second step, we applied @ccording to Bradley and Venditti (2017).
validated, semi-automatic algorithm to Critical shields numbersc were determined
systematically measure these bedformb_y the explicit formulation of the Shields
populations (Scheiber et al., 2021). Becauséliagram by Cao et al. (2006). The transport
this routine assesses two-dimensional bedtage is given by the ratio of these two
elevation profiles (BEP), we defined multiple Variablestt. In a final step, we related the
parallel transects to characterize each dunérevailing dune dimensions and transport
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Figure 2. (a) Tide-averaged discharges at My Thatation near the Tien River. (b) While the firsh\ay was
conducted during the dry season with relatively toser discharges that were exceeded on ca. 77 day& in 2018,
the seconcampaign tok placeduring the wet seas with dischargeranging near th15 % exceedance percenti.

stages in a scaling diagram similar to the onanaximum values of a large data set published

presented by Bradley and Venditti (2019). by Flemming (1988). These lines are

complemented by the results of an own

regression depicted in red colour.

4 PRELIMINARY RESULTS In total, we assessed 12,228 individual
The Surveyed 20 km Stretch of the Tien bedfOI’mS along 377 transects from 20 dune

River Comprises bedforms Of Various he|ghtf|e|ds The water depth at these fOCUS areas

and length scales. Figure 3 belowWas 20.1 m on average but ranged between

summarizes the determined dimension pairs Table 1: Arithmeti i g . J

H H : apble 1. Arithmetic mean, median and maximum dune

In a double-logarlthmlc scatter plm' As a heights H and lengths L as well as correspondingwa

referenpe to globql observations, t.he depths d in the Tien River, Southern Vietn

illustration also contains two blue regression

. . Statistical value Median Mean Max.
lines that correspond with the mean and

Height H (m) 0.22 0.36 2.70

10% pEEeaa— e Ve;ryl'_a?g;z; Length L (m) 10.00 16.39  286.00

9 N =J7s N =6izd Nfﬂﬁ’?'" Depth d (m) 21.67 20.13 38.06

10"} Steepness H/L 002 0.03 0.25

3.7m and 38.1 m. While minimum dune
dimensions were limited by the bathymetric
resolution, maximum heights and lengths
! reached 2.7 m and 286.0 m, respectively. The
Hi=0es | 998 corresponding median and mean values are
summarized in Table 1.
T ; 3 A Evident in consideration of the dune
10 10 10 10 10 ; i
Dune length L (m) steepness is that bedforms in the study area
do not reach the equilibrium conditions
Figure 3. The double-logarithmic scatter plot postulated by Flemming (1988). On the
iIIustrates_the co_—domain of identi_fied dune height contrary, Figure 3 shows that our custom
length pairs. While dashed blue lines represent the ragragsion line lies well below the estimate
mean and maximum published for a comprehensive for global mean and maximum dimensions.

global data set by Flemming (1988), the red line .
describes the mn dimensions of the study s This can also be understood from the
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regression function, which reads as follow for for dune heights. The wet season transport

the presented analysis:
Hmean= 0.06:x |_0'656

This suggests
prevent full

that

local
bedform development.

(1)

stages, however, ranged from 5.82 to 24.48,
which suggests the beginning of upper-plane
conditions. In addition, the comparison
between these predictions and our field

constraints pbservations points in the same direction as

To Figure 3 before: dunes at the Tien River do

understand, whether this is a result of thenot reach their fully developed dimensions.
prevailing transport stages or something

different, we juxtaposed our results with the

scaling laws of Bradley and Venditti (2019). > DISCUSSION

Table 2: Minimum, mean and maximum values of
normalized dune heights and lengths as well asp@nh
stages across all dune fields during dry and wasas.

The trend lines by Flemming (1988)
suggest that dunes at the study site are either
longer or less high than fully developed ones.

Statistical value Min. Median ~ Max. The comparison with scaling functions by
Normalized Bradley and Venditti (2019), in turn,
height H/d 001 010 024  jndicates that both height and length are
Normalized unders_lzed in rglatlon to water depths. A
length L/d 0.05 044 41.42 potential reason is the scarcity of medium and
coarse sediments as a result of sand mining,
Transport stage 059 382 635 which was the original motivation for these
wlue (dry season) field campaigns. It may also result from the
Transport stage 580 1564 2448 ongoing construction of upstream dams

/1 (Wet season)

(Kondolf et al., 2014). Such underdeveloped
dune heights have been reported for
In the three panels of Figure 4, we relate thissediment-starved laboratory experiments by
crucial indicator of sediment entrainment Tuijnder et al. (2009). On the other hand, no
with different dune characteristics. The evidence pointed at crest shapes turning into
statistical values pertaining to the barchan dunes as the field observations from
constituents of this plot are summarized inKleinhans et al. (2002) would suggest for
Table 2. sediment-scarce environments.

Most prominently, the transport stages Also, concerning wet season observations,
observed during dry season conditionswe can only speculate about the fate of
ranged between 0.59 and 6.35. This is muctbedforms at the revisited focus areas without
lower than the turning point between growth dunes. Given that transport stages were
and decline, which Bradley and Venditti consistently in the range of the outlined
(2019) postulate at approximatekyrc = 18  turning point or beyond, bedforms might

0.1 0.5 15
o X Median characteristics ke X Median characteristics o X Median characteristics
< 0.08 (O Revisited dune field E 0.4 (O Revisited dune field E‘ 12 (O Revisited dune field
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Figure 4. Relations between the dune charactegificsteepness, (b) normalized height and (c) aliwed length and
transport stage. Blue crosses depict the mediaresdor all dune fields, whereat black circles hgjtt the focus area
revisited durincthewet season. The dashblack graphs represent the scaling lfrom Bradley and Venditti (201",
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have been washed out due to upper planenorphology and which are the basis of this
conditions. Alternatively, dune heights may study, were performed as part of Catch-
have declined until measurement accuracyMekong (https://catchmekong.eoc.dIr.de/), a
made reasonable tracking impossible.research project with funding provided by the
Finally, it should be noted that not all 20 dune German Ministry of Education and Research
fields could be revisited during wet season. (BMBF) (FKZ: 02WM1338D).
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The influence of geometric definitions on dune eleéeristics
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ABSTRACT: Dune height ar length aretwo widely uset measures tcharacterize bedforn, but
their geometric definitions are not consistent tiglwout the literature. In this sensitivity studye w
investigate how different definitions can influertbe dune dimensions of three benchmarking dasa set
In particular, we quantify relative differences amderpret them against the background of dune
inclination and asymmetry. Dividing the resultisubsets of bathymetries and dune sizes allows us
attribute the causes for significant differencesfotege discussing practical implications and

recommendations.

al., 2022; Scheiber et al., 2021) and
continental margins (Duran et al., 2020;
1 BACKGROUND Miramontes et al., 2020). With regard to their
Subaqueous bedforms have been thegeometric extents, individual bedforms can
subject of scientific investigations for more reach tens of metres in height and hundreds
than a century (Cornish, 1901). These geo-of metres in length (Franzetti et al., 2013).
morphological features, also known as sandWhen measuring these critical dune
waves, dunes or (mega-)ripples, can becharacteristics, however, various geometric
observed in diverse flow environments definitions are used in scientific literature
including rivers (Cisneros et al., 2020; Zomer (cf. Fig. 1). For instance, dune length is
et al., 2021), tidal inlet channels (Lefebvre etmeasured as the horizontal distancea) (L

Downstream length Lds Upstream length Lus
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inclination

Figure 1. Common geometric definitions for calcigtheight and length of a dune, which is, in case; defined
by two troughs. If these are (nearly) on the sawel| horizontal and inclined lengths can be assueogial. The
same applies for height, which can also be caledlibm average - and downtream heights
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between two troughs (or two crests) or as the
inclined distance (3. In a similar way, dune
height can either be calculated as the vertica

-20 -18 -16 -14 -12 -10

E : : : :
height (H) or inclined height (k). A third 7§200
option with regard to the calculation of height 5 150 -i N '— B -""' = 2
is averaging vertical distances between the 3 100 . l . & W ¥
crest and up- and downstream troughsg.(H e 1600 1700 1800 1900

Applying these different definitions will

result in small deviations, if the troughs are e . . . .
roughly on the same level, but larger <= RN AT LI
deviations can be expected over inclined 2 A5 F LA T NCAAEA A
bedforms. For instance, this can be the cas % . : ‘
at so-called compound dunes, where smal =~ 1600 1700 1800 1900

secondary dunes are superimposed on th x-distance (m)

slopes of larger primary dunes. This poses the&igure 2. Bed elevation map (top) and exemplary
risk of inaccuracies, especially when dunetransect (bottom) highlighting the tidally-constred
characteristics are used as a proxy for moreévedforms in the Weser inlet channel.

complex processes. In this study, we quantify

the sensitivity of existing height and length A helpful indicator for contrasting two
definitions by systematically assessing threg€sults arrays is the relative difference d
benchmarking data sets. On this basis, wevhich relates absolute differences to
discuss the available options and try to give Arithmetic mean values. For our specific case,

final recommendation. this could read as follows:
4 = Hy — Hj
2 METHODOLOGY NEELA (1)

To allow for the full range of bedform
types, we selected benchmarking data set
from three different flow environments: a
flume, a river and a tidal inlet channel. In-
depth descriptions of these bathymetries ca
be found at Bradley and Venditti (2019),
Parsons et al. (2005) and Lefebvre et al

where H is the vertical and ¥is the average
dune height. This relative difference can be
calculated for all identified bedforms. In a
second step, its frequency of occurrence can
'be assessed and displayed in histograms. This
gives us valuable information about how

. . . ‘often and where specific differences can be
(2022), respectlvely.. To avoid any bias from expected. The Pepercussions of these
the natural constraints, all data sets wergjitterences are also present in the statistical
limited to 100 transects of 450 m length each., o ameters that describe the frequency of
As an example, Figure 2 shows one of theSgeg its  most prominently arithmetic mean
transects from the Weser tidal inlet below the g percentile values, which are often used to
corresponding surface plot. After identifying cparacterize the physical properties of a dune
prevailing bedforms with the semi-automatedyie|q - After assessing the complete results
algorithm presented in Scheiber et al. (2021) y¢5 set in the first instance, we repeated the

we calculate corresponding dune dimensiongyescribed analyses for the subsets of (three)
based on the aforementioned definitions. Thepjyiqual bathymetries and (five) dune size
resulting arrays, three for dune Reights j5sses according to Ashley (1990) to better

Hi/ Hz/ Hs and two for dune lengthsiL Lz, | hqgerstand the reasons for particularly high
are then compared with each other. sensitivities.
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In this illustration, dark and light grey patches
3 RESULTS AND DISCUSSION illustrate the 50% and 90 % intervals,

Table 1 summarizes the arithmetic me(,erespectively. The depicted intervals imply
values for the most relevant parameters inthat 19 out of 20 assessed dunes show length

this sensitivity study. The first line contains deviations of less than 1.1 %. Related to the

the results for all 21,939 assessed bedformgresented mean lengths, this translates into an
and already points at a crucial finding: the absolute difference of 17.5 cm. However, the

differences between vertical and inclined Mean length itself only deviates by 3.0 cm.
dune heights (i vs. H) are remarkably This similarity of results is corroborated by
small. The same applies for horizontal angdata about the dune baseline: an average

inclined lengths (Lvs. L2), which can also be Inclination of a =2.544° corresponds to a
seen in the distribution of their relative 'atio between L and L of cosa =0.999,

differences in Figure 3 below. which makes these approaches nearly equal.
Horizontal vs. inclined dune lengths Although this trend holds true for dune
05 ‘ , heights H and H as well, deviations of the
I Parana Dunes average height tfre significantly larger. For
[ Weser Dunes instance, mean values foriHand H are
08 ——Jfmebunes |1 almost identical AH < 0.3 cm) throughout
= 90 % interval all bathymetric subsets, whereas hhean
g 03 mean A, =15.920m - values are between 9.0 and 32.7 cm higher
3 P T than H and H. This points at a systematic
“;:, 0.2 divergence, which can also be traced in the
= distribution of relative differences in Figure
& 4. One third of all dunes yields negligible
fid differences of +5 % or less. However, the
remainder of the frequency distribution
shows a pronounced left tail. Overall, the

0 Gzs U5 075 1 125 average relative difference for the complete
Relative difference d, (%) data set is -26.8 % with particularly high
Figure 3. Relative frequency of occurrence for the values in the subset of large dunes. Even
relative differences between horizontal and indine though the average baseline angle reaches its
dune lengths. Blue shades relate to the threemaximum in this group, relative differences
bathymetries and grey shades represent the 50 % ando not scale with dune inclination alone as the
90 % intervals, respectively. comparison with bathymetric subsets shows:

Table 1: Arithmetic mean values for three dune hieigH) and two dune length (L) definitions. Thesalues are
complemented by the corresponding sampling sizgsriférmation about the baseline inclinatianand cosy), the relative
difference (@ between vertical and average dune heights asasele ratio between left and right dune slopg4 ) as a
proxy for dune asymmetry. The total data set wathéu differentiated into subsets depending onyradiry and dune size
classes according to Ashley (1990), respecti

DataSet N(-) Hi(m) Hz(m) Hs(m) Li(m) L2(m) a(deg) cosa(-) d (%) Li/L:(-)

Total 21,939 0481 0.480 0.648 15.899 15.929 2.544 0.999 -26.806 2.916

Paran 10,92¢ 0.26¢ 0.26¢ 0.35¢ 9.43t 9.45] 2.25] 0.99¢ -258%4  2.80(

Wese 443¢  0.77¢ 0.77¢ 0.90¢ 33.90¢ 33.92( 1.11; 1.00C -16.88t  2.42¢
Flume 6577 0.641 0.638 0.965 14.484 14558 3.993 0.995 -35.014 3.435
Smal 732C 0.13C 0.12¢ 0.14€ 3.25¢ 3.25¢ 2.261 0.99¢ -10.839 1.46(
Mediurr 622 0.20z 0.201 0.272 6.66( 6.67¢ 2.38¢ 0.99¢ -2547¢  2.25¢
Large 826 0977 0.97% 1.35¢ 3249 3255  2.94¢ 0.99¢ -42375  4.72-
Very large 133 2.097 2.097 2.098 113.325 113.329 0.375 1.000 -0.501 1.593
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the flume data contains dunes that are evemnalyses. The presented results can be seen as
more inclined, but relative differences are nota sound basis for such decisions.

as extreme as in the set of large dunes. This
is because vertical and average heights are
only identical in case of symmetrical dunes. 4 CONCLUSIONS

Although such cases exist, bedforms under pyne height and length are widely applied
natural conditions are frequently asymmetric.to describe bedforms, but various definitions
In this study, the most symmetric bedforms co-exist in academic literature. The presented
are those from the tidally-constrained Wesersensitivity analysis scrutinizes, how the
bathymetry, which consequently coincide chojce for a specific definition can impact
with minimal relative differences (cf. Tab. 1). results. According to our systematic analysis

Vertical vs. average dune heights of three benchmarking bathymetries, the
05 | | inclination of natural dunes is typically small
I S Dunes enough to regard horizontal and direct
%'ﬁ‘gu“% trough-to-trough distances as equal. The
| Cx =l | same applies for vertical and orthogonal dune
> ~ 50 % interval heights. However, the average dune height
§ 03 R0 Hitarel ) can yield significantly larger values than the
g el M aforementioned definitions with relative
2 02 I differences occasionally exceeding -100 %.
z In the present case, the average relative
g difference is -26.8 % at a sampling size of
0. al | 21,939 bedforms in total. Although this
EII finding illustrates the importance of a
suitable height definition, it still leaves

100 50 0 50 100 readers with an independent choice: while

Relative:differenced, (%) both vertical and orthogonal dune height
Figure 4. Relative frequency of occurrence for thereflect the physical constraints of dune
relative differences between vertical and averagesd growth, average dune height can be used to
heights_. Red colours correspond with dune sizesjegcribe flow resistance. Hopefully, the
according to Ashley (1990). findings of this study can support other
bedform enthusiasts in choosing the most
suitable geometric definitions for their
research.

With regard to practical implications, we
can draw two major conclusions from these
findings: first, the inclination of a baseline
can be neglected when calculating dune
characteristics (~L2 and H~=H>), 5 ACKNOWLEDGMENT
independent of the prevailing flow conditions . .
or dune sizes. Secondly, using average dundn€ topic of this study emerged from
heights yields significantly different results diScussions between the two authors and was
for the case of asymmetric dunes;¢HH,).  initiated as a thesis at the Faculty of Civil
But nevertheless, both measures can b&ngineering and Geodesy at the Leibniz
justified. H and H, one the one hand, define University Hannover. We wish to thank the
dune height phenomenologically as thelnvolve_d examiners, Torsten Schlurmann_and
extent that a bedform crest can rise from theJ@n Visscher, as well as the supervisor,
surrounding sediment. On the other hangl, H Christian Jordan, for their abiding interest

is used to describe dune height in terms of #nd fruitful discussions. Moreover, we are
vertical obstacle or roughness element thatndebted to the working groups who provided

impedes horizontal flow. It is therefore not US With bathymetric data. The presented
helpful to discard or propagate one definition 2nalyseés would not have been possible
in general. Rather than that, a suitable heightvithout them.

definition should be chosen with care and

applied consistently throughout connected
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ABSTRACT: The worlc's shallow continental shelves are currently expergy a rapid pace (
development from the growth of offshore renewalslergy. Our ability to predict the response to new
seabed infrastructure is limited by our modelslofvfand sediment transport which were created and
validated assuming a uniform flow structure. Wespr# field results from a deployment in the eastern
Irish Sea where profiles of flow and turbulence evereasured and used to drive a range of suspended
sediment models. The range of models, and the wanways of forcing them, are tested against
measured suspended sediment concentrations fraaibsated multi-frequency acoustic backscatter
system. It was found that the bed shear streseasured via 2D depth averaged approximations (with
velocities from a bed mounted ADCP), as well asTtK& method (from a near bed ADCP) was the
most accurate, whilst law of the wall approximatmerformed poorly. We found that the method of
Garcia and Parker (1992) family of methods produtiesl most accurate measure of suspended
sediments. Transport near the threshold of mo®@34 of measurements) was poorly represented by
all combinations of methods. The highest suspes@eiment concentrations (10% of measurements)
were also poorly predicted, likely due to the chaggoed level which occurred during these high
concentration events.

equilibrium turbulence and 2) the subsequent
1INTRODUCTION effect on the forr_n of the seabed. Thesg effgcts
cause two main problems for estimating

The movement of sediment on the seabed isediment transport: 1) localised turbulence

still one of the most challenging processes togeneration lowers the bulk flow velocity and 2),

accurately model and predict (Egan et al., 2019localized sources of turbulence tend to generate

Salim et al., 2018; Tang et al., 2019) (Dey et al.non-equilibrium flow and sediment transport

2020; Tsai & Huang, 2019). One of the mostfields, which are not part of the assumptions in

pressing issues for predicting sediment transporthe sediment transport models.

in marine and coastal environments is Here we use a recently collected suite of

understanding the effects of new offshore windacoustic data from a seabed lander deployed in a

farm infrastructure on both the structure of thefield of dunes which had a section of seabed

flow, the subsequent effect on sedimentelectricity cable attached to it. We use the data

transport, and the change to the seabed. to test a variety of methods for estimating bed
A typical assumption when applying shear stress and suspended sediment

sediment transport models is the use of meagoncentrations and ask which methods work

flow parameters, usually assuming the form ofwell in this environment.

the turbulent boundary layer. The emplacement

of new infrastructure on the seabed forms a

natural laboratory for flow and sediment

transport processes to be investigated, notably

because of two effects: 1) the creation of a

localised source of pressure drag and non-
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Figure 1. (a) location of site, (b) 2 m Bathymetify“constable Bank”, with instrument frame locatoand
bedform profiles highlighted. (c) location of frasend bedforms measured during the surveys

2METHODS periods, lowering to calm conditions towards the
_ _ end of each deployment.
2.1 Field Site Grain size at the field site was measured from

The study site was on the Constable Bank int1 Shipeck grab samples taken before
the Irish Sea 6 km off the coast of North Wales,deployments, was found to be a consistent
UK (53° 22.5616' N, 3° 43.6308" W, Figure 1, uniform sand with a median grain size of 244
see end of document). This location is known tolm (Figure 2).

have active bedform migration and is close to 1 s
existing and proposed offshore wind farms. The Doy =244 b (
site has a semi-diurnal macro tidal regime, mear 0.8} [ Ps = 285 um

tidal ranges of 7.2 m at springs and 3.8 m a
neaps (measured at Llandudno, 0.6
https://ntslf.org). Dominant flood and ebb Z '
directions are 100° and 270 — 290°, respectively 0.4
Two separate field deployments were
conducted, one in September 2020 and one ii .2
July 2021. Repeated vessel mounted Multibean
Echosounder (MBES) surveys were performed g .
during the surveys to map bedform migration. 102 10°

Tides during the 2020 surveys were during the ERES

autumnal equinox and thus were some of thd-igure 2. Grain size distributions of 11 grab sasgtom
largest of the year, whilst tides during the 2021both surveys at the location of the instrument fam
surveys had an average tidal range for the site. Thresholds of motion were calculated via the

Significant wave heights during the start of eachmodified Shields curve (Soulsby, 1997):
deployment were 1 to 1.5 m high with 3 second
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D*=D ((5—1)g)1/3E 1 direction for each instrument, so théat is
S0\ 2 9. maximised and/ over time is minimised, and
« _ 03 x were decomposed into burst-mean (with
.. =———+4 0.055(—0.02D*)Eq. 2 . .
crit 14120 ( )Eq overbar) and turbulent components (with prime)
N 0.3 N _
Osus = 1+D* +0.1(=0.05D")Eq. 3 U= (U+u)[v;w].Eq. 4

whereDg, is the median grain diameteris the

acceleration due to gravity, is the kinematic 3RESULTS
viscosity of the sea water (at 15°C, 1.1384 x10-

6 n? sands = 2.58 for quartz grains in 3.1 Bedforms

seawater. The seabed bathymetry at Constable Bank
consists of sedimentary bedforms of two main
2.2 Data collected :
scales. The larger scale bedforms in and around
A suite of acoustic data was collected from athe lander site have an average length of 194 m
bespoke seabed lander which had a section dfy 0.94 m high (range from 0.8 — 1.5 m high,
undersea electricity cable attached at one en@00 — 300 m long), which have an orientation of
(Figure 3). The data presented here are from150° (Figure 1). Superimposed on these larger
AQD-1, the ABS, and the upward facing Sig1lK. bedforms are smaller dunes of a scale 19 m long
g i and 0.16 m high with a dominant angle of 100°,
which is in line with the dominant flood tide
direction. The location of the bedform crests
. changed less than 0.1 m between the surveys in
=¥ 1aim 2020 and 2021. Their shape changed during the
s . i il IV tides in a similar way to estuarine bedforms
o (Lefebvre et al., 2022). The size, shape and
o orientation of these smaller bedforms indicates
there would be no/ or little significant flow
separation from the larger host bedforms
Figtll.”e 3. g-Chfm?tiC th thef instrument 'atndef- ?She (Herbert et al., 2015). The height of the larger
outiines Indicate location Oor measurements usean ; H
survey, “B1” indicates the location of the firshinf data. .bedforms is roughly equal to the height of the
instrument frame (1.4 m) so near bed and

The section of cable is fixed to the base of tfieside of . . 8
the lander. upward facing ADCP’s will be measuring the

The combination of upward and downward turbulent boundary layer generated from the

facing ADCP’s allows for the mean and near bedbedforms (Dyer, 1986; MclLean et al., 1999;

: . Nowell & Church, 1979).
flow structure to be measured, including any
effects from the bedforms on the flow field as 3 2 Epnhanced turbulence and suspended
well as the effects of the cable and instrumenkediments
lander on the ebb tide velocities, especially near . L i
the bed. Standard thresholds for correlation and G!ven the directional setup of the experiment,

amplitude were set for ADCP’s, which removed e expect floods to have “natural” flows, whilst
< 5% of data, velocity spikes were filtered out data collected during the ebb tides will also
using a gradient threshold of 0.14 . s contain the turbulent wakes from the instrument

Removed values were replaced with |inear|yframe and cable. The example profiles in Figure

interpolated values, if the gap between good* @€ from the 2 tide of the 2020 deployment

values was smaller than 4 data points. Velocitie@"d Show the expected higher near-bed
were collected in beam coordinates angSUsPended sediment concentrations, and a

converted in post processing. A local three-St€€per near bed velocity profile in ebbs.
velocity component (UVW) coordinate system
was applied using the median flood tide
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—©— Flood
(a) |—«—Ebb (b)

altered ’Sﬁ

velocity *
0.4 profile *
inebbs %

u(z) = %[ln (%)] Eg. 9

Whereu, is the shear velocityx = 0.41 is
Ebb the von Karmon constant, z is the vertical

0.6

= |
L
o
o
o

Enhanced
suspension

Distance Above Bed (m)

— 2 < . . ,
0.2 g coordinatez, is the roughness height, and bed
& @ shear stress is:
: £
0 L
0.2 04 06 104 102 107 7, = pu? Eq. 10
U@ms™

Suspended sediment

ContaRtration (kg #) this calculation was perfumed on the burst
Figure 4. Examples of burst average (10 minute)aisy averaged by first selectlng to |0W€St 5 \_/elocmes
profiles (a) and suspended sediment concentraions O regress, calculated th ’,Eand if the fit was
Flood tides measure “natural” flows whereas ebtes ar better than a set threshold“(R 0.85), the next
affected by the instrument frame and electricitplea  datapoint above was added to the regression
illustrated on the right. until the threshold was passed. At which the
previous iteration was used to getandz,. This

Such alteration of the near bed velocity profile rocedure produced values for ~ 80 % of all

should have affects on the estimating of bed’

: measurements.
shear stress via standard methods. Alternatively, bed shear stress can be
3.3 Estimating bed shear stress calculated from near bed turbulence data, which

_ ~ have been shown to perform well in complex

For an estimate of bed shear stress usingows where the assumptions in the law of the
depth average properties, we used the 2RQyg|| and 2D approximations are invalid (Biron
approximation with a Chezy coefficienC’] et al., 2004; Kim et al., 2000; Pope et al., 2006:
based on the bed sediment samples and flowyjjliams et al., 1999).
depth (Baas et al., 2000; Van den Berg & Van
Gelder, 1993); He_re we used the Reynolds Stressed based
covariance method outlined by (Klipp, 2018):

gé_pw—UZqu5

" (ps—pw)(C")2Dsg

TKE =Juww” + v'w’ Eq. 11
, 4h
c' =18 log(D—go) Eq. 6 7, = VTKE Eq. 12

wherep,, is the density of sea water, isthe =~ The TKE method outlined by via (Soulsby &
density of the sedimertt,is the flow depth. This Dyer, 1981):
method is the default for the 2D version of TKE = 0.5p(0% + 0% + w'?) Eq. 13
Telemag¢ for example. The method used in
MIKE21, uses a manningh for roughness: 7, = 0.19TKE Eq. 14

0; = CpU?, Eq. 7 and the inertial dissipation method (Tennekes &
g Lumley, 1972)
Eq. 8

 (Mn/ey’ u, = (¢kz)/3Eq. 15

whereM was set to 32 ffis ™. Where dissipations] can be calculated from

We calculate two estimates of bed shear(Scannell et al., 2017) for both tide and waves,
stress suing the law of the wallo\) method, @nd assuming a balance of production and
one with the upward facing ADCR¢W,,) and  dissipation.

equation: far the largest scatter for any value Wffor

either floods or ebbs (Figure 5a) — likely due to
the presence of a turbulent wake in due to the
bedforms on both phases of the tide or the extra
effects of the wake from the cable and
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instrument lander are present in the ebb tide. 2Dsediment concentrations in an environment
depth averaged methods show the least scattevhere bedforms and infrastructure are on the
due to their inputs having the least noise (Figuresseabed.
5a). Regressions of observed and predicted near
The turbulence-based methods of estimatingoed suspended sediment concentrations are
u* all produce different trends, but with roughly shown in Figure 6 (at the end of the document).
the same amount of scatter per valu&/offhe = From these comparisons we suggest that the
Klipp method seems to perform worse in ebbsGarcia & Parker (1991) method, and its’
than floods, suggesting that the turbulencedecedents Wright et al., (2005) and de Leeuw et
coming from the frame and cable are negativelyal., (2020) are the most sensible methods of
affecting the results from this method. The TKE estimating near bed suspended sediment
and dissipation-based method should produceoncentration. All other methods show major
similar values (assuming a balance betweerlifferences in predicted vs measured
production and dissipation of turbulence) but it concentrations at any value.
is clear that on both floods and ebbs the Plotting the distributions of predicted
dissipation-based method consistentlysuspended sediment concentrations (Figure 7)
underpredictsi* - possibly due to the amount of allows a comparison of SSC methods arid
turbulence generated locally by the lander andnethods to be compared at the same time. For

the bedforms field. example, if a SSC model was perfect, bututhe
— data used was not, it would still not show the
0171 . MIKE21 method | - TKE method 107" same distribution as the measured data. One key
[ o LW metod] | Epaton method © finding here is the highest and lowest
BT (@) (b) - . concentrations are poorly predicted by any
s Al 10?0+ .1 combination of methods.
2 |- Using the 2D methods with Garcia and
; . TN t - Parker (1991) onlyEq. 5-6 does well at the
B 1031 i higher concentrations, but poorly for ~ 60% of
X : '{27 e the distribution, whilsgq. 7-8performs well for
ek | 70 % of the distribution but the shape of the
i Sl 10.4_M distribution at the high concentrations is poor.
935 0 05 05 0 05 The TKE method has a better distribution at the
U (ms™) U(ms™) U ms™) higher concentrations and shows an excellent

Figure 5 (a) and (b) display the variation of esties for  distribution down to 10 kg m?, where the
u* based upon the profile averaged mean velociyfr  threshold of motion and the noise flood of the
the upward facing Siglk and Law of the Wall metlood o'lo‘BS begin to be reached

the Siglk and AQD-1 data (a), and (b) methods base . . - .

upon turbulence Figure 5 (c) display measured swigmb -l__he methods of Einstein, 1950; Rijn, 2007;

sediment loads from the ABS.> 0 = floods, < 0 = ebbs. Smith & McLean, 1977, appear to do well at the
highest concentrations but considering that these

3.4 Estimating suspension models overpredict concentrations for the rest of
Next, we compare a range of methods forthe distribution, it seems likely that they provide

estimating near bed suspended sedimenthe right results at high concentrations for the
concentrations; the methods of: (Einstein, 1950V/70Ng reasons.

Rijn, 2007; Smith & McLean, 1977) and the

(Garcia & Parker, 1991) “family” of methods

(de Leeuw et al., 2020; Wright et al., 2005). We

use the range of methods of estimatiny

outlined in section 3.3 to drive those models. We

do this to try and get a measure of how good a

measure ol* is needed to predict suspended
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VdB & VG method

Einstein
1950

MIKE21 method

TKE method

Klipp method

Epsilon method u*sig Low method U’Dopp LoW method

Smith & McLean
1977

van Rijn
1984

1992

2020

de Leeuwe et al Wright & Parker Garcia & Parker
2004

> 4 N9 H > B A N O S > D I N
ST TSRS ®

Figure 6. Comparisons between methods of estimdigzy shear stress (right to left) and suspendeidneat
methods (top to bottom. X axis are measured vali&SC, Y axis is the predicted values. 1:1 slepgrovided
as a dashed line. Values are in log10 kg m-3. Red khow a best fit from a robust linear regrassio
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Figure 7. Distributions of measured and predictealn
bed suspended sediment concentrations. X axis is
concentration in kg m-3 and the y axis is the
cumulative distribution of measurements.

4 DISCUSSION

Given the complex bathymetry of the site,
and the additional drag produced from the
lander and cable during ebb tides, it is
perhaps surprising that the 2D methods of
estimating bed shear stress (used with Garcia
and Parker 1991) estimated near-bed
suspended sediment concentrations similarly
well to the TKE method which used near bed
turbulence measurements. The data from the
upward facing Siglk (used to drive the 2D
method) implicitly incorporates both the
Eulerian and Lagrangian effects of the
bedforms and sand bank on tidal forcing and
local flow velocity — something which not all
models incorporate. The result highlights that
if given good-quality data, the 2D methods do
work well.
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Given that the TKE performs roughly as RV Prince Madog for facilitating this
well as the 2D methods, one could concludefieldwork under difficult working conditions
that near bed turbulence effects ondue to COVID-19 restrictions.
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ABSTRACT: A preliminary study is performed in a r-tiltable current flume to evaluate bedl

transport quantification by passive acoustic measent with an hydrophone. Tests are conducted with

a medium sandand a pre-formed isolated dune asipedfnd for different current forcing. Bedload

transport is evaluated by two methods: dune-trackind passive acoustic measurement. Promising
results are obtained comparing the root-mean-sqpegssure from acoustic signals and bedload
transport based on excess bottom shear stresslt®Rieem dune tracking method also highlights the

sediment supply limitation induced by the isolatiedhe.

shown that the frequency of bedload transport
acoustic signal is increasing when the
1 INTRODUCTION sediment diameter is decreasing.

Passive acoustics measurements using Although the difficulties to separate the
hydrophones can assess bedload transpoftifferent components of acoustic signals, in
quantification during long periods with high particular to isolate the component related to
temporal resolution as well as during high Sediment  transport, ~ the  hydrophone
turbid eventswhich is not possible with measurements are simple to implement.
optical methods. Research on bedloadFurthermore, in-situ bedload transport
quantification with hydrophone have been quantification is a challenge. Monitoring
mainly conductedon natural streams and usedhebedload transport when submarine dunes
to quantifygravel bedload (Geay et al. 2017,Migrate is particularly important. It was
2020,Krein et al. 2016). In-situ preliminary shown that bedload transport can be
studies to estimate bedload transport using-orrelated to dune migration velocity under
passive acoustics measurements werélnlimited sediment supply as well as under
performed by Blanpain et al. 2015 over sanddimited sediment supply (Vah et al. 2020). An
and by Homrani et al. 2019 over coarse shellysolated dune is a particular case of a dune
sediment of median diameter 1.25mm. Thefield under sediment supply limitation
need of laboratory experiments was pointedconsidering only one dune. _
out in the last study to go further in the This study is based on experimental tests
analysis. carried out in a flume under unidirectional

Thorne 1985 and 1986, based oncurrent. The case of an isolated dune
laboratory experiments in a rotative drum isstudied. A comparison between results
proposed an empirical law to link the numberobtained with acoustic and dune tracking
of grain collisions to the root-mean-square Methods is performed. The main objective of
pressure. This approach is widely used in thehis preliminary work is to evaluate acoustic
literature. According to Wenz 1962, bedload measurement possibilities to quantify sand
transport acoustics signal is higher than 20pedload transport in a flume experiment.
kHz for sand. Belleudy et al. 2010 have
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2 EXPERIMENTAL SETUP AND TESTS Post-processing for dune tracking method
CONDITIONS iIs performed using images acquired with a
high-resolution camera. Dune position is
extracted after calibration from the position
of the laser beam on the images. Migration of
the isolated dune is estimated from the crest
displacement. Dune height h at equilibrium is
also measured. These two parameters allow
to calculate the bedload transport rate.

Experiments are conducted under
unidirectional flow in a non-tilting current
flume. The flume is 10.7 m long and 0.49 m
wide (Fig. 1). A honeycomb-shaped screen
isinstalled in the upstream part of the flume
(Fig. 1) to ensure uniform flow conditions.

Laser beam Jll hydrophone ) 3 .
' Two different isolated dunes are created in

B Lurrent.,. [\ x the flume: a mobile one and a fixed one. The

s y 5\1"" mobile dune is composed of medium

, h] eemlE sediment from a quarry with a medium

L ™ T diameter Bo equals to 617um. This sediment
LOpump Ohtonmeter is well-sorted, based on Soulsby 1997

criterion with a density of s=2.65. The fixed
Figure 1. Schematic side view of the current flume  dune is composed oflarge pebbles (diameter

between 2 to 6 cm) covered with small

The laser beam is placed above the fregpebbles with a diameter from 4 to 6 mm to

surface, laterally centered to the flume atobtain the smallest possible bottom rugosity
x=6m, where x is the distance from the for a fixed dune under present hydrodynamic
honeycomb measured in the horizontalforcingDuring all the tests on the fixed dune,
direction.A high-resolution digital camera no pebbles movement are observed.
(Basler acA2500-60um, 2048 x 2592 pixels) The same experimental procedure is used for
with a 16 mm focal length is used. It is fixed the two series of tests, with a mobile anda
on a tripod and positioned on the side of thefixed dune:

flume at x=6m, inclined from vertical with an - The dune is manually pre-formed
angle equal to 50° to visualize the laser plane - Current is turned on with an
on a distance of 70 cm. The image resolution acceleration phase of 1 minute to reach
was 0.27 mm per pixel. Images are acquiredat to desired flow value.
a frequency of 0.5Hz with an exposure time - Acquisition of images for dune
of 80,000us. tracking measurement is started.
A spherical omnidirectional hydrophone Acoustics acquisitions of 10s are
(Briel&Kjeer® Type 8105) is placed triggeredwith a one-minute period.
vertically at x=6.2 m, at a distance loelow - After 10 to 15 min the current is turned
the free surface and at 10 cm from the flume off.

median vertical plane in order to Ilimit No image acquisition is performed for
perturbation of the free surface near the lasetests with the fixed dune.

beam.At the beginning of test, the Conditions of the tests with the mobile
hydrophone is situated above the end of thdsolated dune are given in table 1. The same
lee side.lt is coupled to a conditioning

amplifier (Nexus Type 2692) with 10 mV/Pa Table 1: Tests conditions with the mobile isolatkahe.
calibration on a frequency range extended.P2ameters are given at equilibrium.

from 10 Hz to 100 kHz.Data were acquired ___test U (m/s) h (m) dh (M)
using an oscilloscope (Teledyne Lecroy 1 0.3 0.08 0.075
Waverunner HRO 66ZI) with a sampling of 2 0.32 0.074 0.075
2M/sec. Acquisition duration is fixed to 10 s. 3 0.34 0.075 0.075
Water level far from the isolated dune is 4 0.36 0.073 0.075
set to d=0.25m for present tests. Dune height 5 0.38 0.074 0.1
at equilibrium is noted h. Dune length is 6 0.4 0.08 01

equal to approximately 1.2m.
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tests are conducted with the fixed dune forthe ¢ — % (5)
same flow velocities. Fixed dune height is /(s_l)g Dg,

equal to 0.085m for all the tests. An
additional test was performed without flow to
obtain the ambient noise.

where Q is the dimensional bedload
transport [m?/s].
Charru 2006 showed theoretically thiat

is proportional to 0’32, based on a
conservation equation and an erosion-
deposition model. Bedload transport is
ompared with a formulation based on the
Excess of shear stress (Eq. 6), with m a
dimensionless parameter. This equation is

. . based on the one proposed by Meyer-Peter
For all the tests the flow regime is and Miiller 1948.

turbulent with a Reynolds number larger than

For the mobile isolated dune, the angle of
the lee side is 32° at equilibrium for all the
tests, which corresponds to the avalanch
angle and the angle of the stoss side near th
crestis 1.5°.

5000. The shear Reynolds number is defined & = m(8' — 6,)3/? (6)
in Equation 1.
kg 3 BEDLOAD TRANSPORT USING

R, = (1) DUNE TRACKING METHOD

v
where u: is the bed shear velocity  Regylts obtained for dimensionless
calculated from Equation 2 given belowik  pegload transport from tests with the mobile
the roughness height witk=2.5Ds0 (Nielsen  jsolated dune are shown in Figure 2 and in
2009) andr the fluid kinematic viscosity; Table 2.

u(z) 1 z
= (2) (2)
where z is the distance from the bed in the
vertical direction, u(z) is the flow velocity at 100+
a distance z from the bed+0.4 is the von
Karman constant and & a length scale.

For all the tests, the shear Reynolds
number R is higher than 70 at dune crest _
which correspond to a rough turbulent flow =
regime (Sleath 1984). The length scale z
may be estimated using Equation 3.

ks

Z0 = 3, 3) -
The effective Shields parametd¥ is 0.02 0.04 0.06  0.08
obtained with Equation 4: 74,
r— u—iz (4) Figure 2. Dimensionless bedload transport. Thekblac
(s—1)g_D50 ) line represents the best fit obtained.
where g is the acceleration due to the
gravity.

The effective Shields parameter is
calculated at equilibrium state and at the dune
crest.

The critical Shields number
Occorresponding to the Shields number at the
sediment motion threshold is obtained for the
Dsc=617um sedimentfrom Vah et al. 2022
andf. = 0.0373.

Dimensionless bedload sediment transport
is calculated from Equation 5.
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Equation 6 has been fitted to the present For the sediment size considered in this
data and the best value for the parameter m istudy, Equation 7 givesp&=173 kHz. As
m=46.3 with a correlation coefficient the acoustics signal is sampled at a lower
R2=0.96. frequency (100 kHz), the validation of this

The power coefficient proposed by Charru empirical law for this set of experiments in a
2006 is still available for present data for flume is not possible.
bedload transport of an isolated dune. Despite the weakerfrequency sampling

Based on experiments under infinite compared to the one forsome similar works
sediment supply conditions and bedforms(frequency sampling of 314 kHz for Blanpain
naturally formed with the current conditions et al. 2015 and Homrani et al. 2019 and of
in the flume from a flat bottom, Meyer-Peter 600 kHz for Thorne 1985, 1986), the
and Miller 1948 and Vah et al. 2020 found, objective is to questionif correlation between
respectively, m=8 and m=6. bedload and acoustic signal can however be

The present study is in limited supply detected. Indeed, if the acoustic signal is
sediment conditions. Conclusions for this maximum at kea=173 kHz, the frequency
supply condition found by Vah et al. 2020 in content of the acoustic signal associated to
a flume for the same sediment are thethe sand transport is extended on a wide
following ones: bedforms formed in supply range.
limited sediment condition are smaller and The mean Rs value estimated for each
their migration velocities are higher than onestestisplotted as a function of the excess of
under infinite supply condition for the same shear stress (Fig. 3).
hydrodynamics conditions. Here the isolated
dune is largely bigger than the one that would as
havenaturally been formedin the flume. Due ‘ .
to mass conservation, sediment bedloac ? 1
transport is higher in this case than expectec 25
for this sediment and this range of excess & ,

shear stress under infinite supply conditions. g .
This explains the larger value found for the o =
coefficient m than the one predicted by e
Meyer-Peter and Mdaller 1948 or Vah et al.  os5; ¢ .
2020 i ‘ ‘ ‘ ‘
0.02 0.03 0.04 0.05 0.06 0.07
4 BEDLOAD TRANSPORT USING il

PASSIVE ACOUSTIC METHOD Figure 3. Mean RsVvalues as a function of the excess

) ) shear stress.
For acoustic measurements, a high pass

filter is applied on acoustic signal with a 10 Taple 2: Dimensionless bedload transport for expenital
kHz cut off frequency (Blanpain et al. 2015). tests

Signal below 10 kHz is assumed to be due  (agt W [m/s] 0[] o[
toturbulence, free surface, electric noise as

well as bedload for particles larger than 1 cm ! 0.0242 0.0587 0.206
(Thorne 1985, 1986, Geay 2013). Then, the 2 0.0248 0.0617 0.176
root-mean-square  pressure P is 3 0.0267 0.0713 0.295
calculated on each acoustic acquisition. 4 0.0280 0.0782 0.413

The empirical formulation proposed by 5 0.0297 0.0886 0.588
Thorne 1985, 1986 to link frequency peak 6 0.0327 0.107 0.796

(Fpeayof the acoustic signal to bedload
particle size, for wuniform grain size
distributions is given in Equation 7.

224
Fpeak = @ (7)
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To fit present values, tests 2 and 4 areproject from France EnergiesMarines and the
removed due to the lowRvalue found for Normandy region which funds this study.
these two tests. These outliersmay result from This work was initiated by France
a problem during acquisition such as theEnergies Marines, with support from the

presence of air bubbles on the hydrophoneFrench government, under the
Data are fitting with Equation 8 with a good “Investissements d’Avenir” programme
regression coefficient. managed by the French National Research

P =a (0/ _ 96)3/2 + b (8) Agency ANR.

where a=148 Pa and b=0.6 Pa (R?=0.98).

Pms iS also evaluated for the test without 7 REFERENCES
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Two-dimensional subaqueous dune dynamics undeireaicnal
flows
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ABSTRACT: Two-dimensional subaqueous dunes under the sheariray tafbulent flow are
investigated experimentally and theoretically. Eipents reveal the existence of steady-state dunes
migrating with constant speed. We identified twiiedlent morphological regimes. For small dune, the
height of the dune varies almost linearly withnitass. In contrast, for large dune, the height andth
scale as the square root of the dune mass resultangcale invariant dune shape. Adapting aedliare
models based on the concept of the saturation Hetogisubaqueous sediment transport, we derive
theoretical predictions that are in quantitativeeagnent with our experimental data and allow terinf
the saturation length from the experiments.

introduces a stabilizing mechanism for dune
1 INTRODUCTION growth and sets the wavelength of the most
unstable wavelength.

Dunes are sedimentary bodies widely One important issue is to determine the
spread in Earth environments. They are foundelevant physical mechanisms that govern
in sand deserts as well as in sea floors. Arthis saturation process. This leads to
interesting feature of dunes is that theircontroversial propositions for the saturation
morphologies provide pieces of information during the last decades. Assuming the
about climatic conditions since they are balance between particle inertia and fluid
modeled by ambient streams (Partelli et al.drag force dominates the dynamics of particle
2014, Courrech du Pont 2015). transport, Andreotti et al. (2002b) suggested

Since the pioneer work of Bagnold (1941) that the saturation length is governed by the
on dune morphogenesis, it is known thatdrag length which corresponds to the distance
dunes are generated by aerodynamic oneeded for a particle initially at rest to reach
hydrodynamic instability which amplifies the fluid velocity. This hypothesis has been
any surface irregularities of a granular bedvalidated for aeolian sand dune on Earth and
due to a phase shift between the basal sheaars (Claudin & Andreotti 2006).
stress and the bed topography (Sauerman dilternative mechanisms have been proposed
al 2001, Charru & Mouilleron-Arnoud 2002). for subaqueous transport. In particular,
This destabilizing mechanism is however Lajeunesse et al. (2006) suggested that the
balanced on one hand by the gravity forcesaturation length is set by the deposition
which tends to settle particles and on thelength which corresponds to the length
other hand by the sediment transporttravelled by a mobile particle before being
dynamics. Several models for dune formationtrapped by the bed. More recently, Pahtz et
(Kroy et al 2022, Andreotti et al. 2002 b, al. (2013, 2014) proposed a general
Charru et al 2006) have indeed emphasizedheoretical expression for the saturation
that the transport dynamics react to a localength that takes into account the relaxation
change of the basal fluid shear stress with af the fluid and particle speed and particle
finite spatial lag, often referred to as the concentration.
saturation length. This saturation process
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Recent models of dune morphogenesis arénvestigated single steady-state dunes and
based on particle transport description thatcharacterize their shape and migration speed
accounts for this relaxation process via theas a function of their size and flow strength.
introduction of a saturation length. TheseIn addition, we adapted the aeolian dune
models show that there exists a minimummodels to describe subaqueous dunes and
dune size set by the saturation length andcomputed steady-state dune profiles. Finally,
revealed different morphologies for small we propose a method to assess
(i.e., of order the saturation length) and largeexperimentally the saturation length from a
(i.e., much larger than the saturation length)comparison with model predictions.
dunes (Kroy et al, 2002, Andreotti et al.
2002b). Small dunes, sometimes caIIed2 EXPERIMENTS
smooth heaps, domes or proto-dunes are
weakly asymmetric and do not exhibit slip In this section, we present our
face. Large dunes are characterized byexperimental results. We first describe our
asymmetric profiles with well-developed slip €xperimental set-up and then present the
face and scale invariant Shapes_ main mOfphO'Ogical and kinematic features

These model predictions have been©Of steady dunes according to their size and
derived for aeolian sand dune. It turns out thaflow strength.
the latter model can be easily adapted for,
investigating subaqueous dunes. This i32'1 Set-up
confirmed by the 2D dune experiments The subaqueous dune experiments are
conducted by Groh et al. (2008, 2009) for conducted in a closed channel inspired from
testing the model of Kroy et al. (2002) that of Groh et al. 2008 (see Figure 1). The
developed for aeolian sand dunes. Theychannel is composed by two 900 mm long
found a fairly good qualitative agreement rectilinear sections closed by semi-circular
between their experimental results and thgunctions. The cross-section of the channel is
prediction of the model concerning the a 90mmx90mm except for the forefront
migration speed of the steady-state dune. Irrectilinear section where the width is reduced
particular, they confirmed that the migration to 6 mm. The dunes are formed and observed
speed scales like the square root of the dunwithin the narrow section. This allows to
mass. However, no attempt has been madeonsider that the dunes are two-dimensional.
for a quantitative comparison between the The flow is set by a propeller which is
morphological features (height, length, installed in the large section of the channel.
aspect ratio) of the experimental dunes andNVe thus have a flow driven by pressure
model predictions. gradient with no free surface. In the

Several questions arise for the case ofconfiguration we investigated so far, the flow
subaqueous dunes. Are the models developenh the narrow section is fully turbulent. We
for aeolian dunes relevant for describingchecked by particle image velocimetry that
subaqueous dunes? Do the models have thie flow close to the bottom wall obeys a
capability to provide predictions in classical logarithmic profile:
quantitative agreement with the experimental u* 2
results? Are the model predictions sensitive U(z)=— In (—) (D
to the nature of the transport law? What is the K Zo
experimental  saturation  length  for wherex = 0.41 is the Von Karman constant,
subaqueous particle transport? The objectivai* is the wall friction velocity and zthe
of this study is to provide a detailed picture hydrodynamic roughness.
of steady-state subaqueous dunes both
experimentally and theoretically.

Thanks to dune experiments achieved in a
guasi-two-dimensional flume, we
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Figure 1. Scheme of the flume (top and front view). <Uo >~ 0.43 m/s.
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From the captured images (see Fig. 2), we
Thanks to the determination of the flow can extract the dune profile by a classic
profile throughout the whole height, it is method thanks to the contrast between the
possible to find a relationship between thedune and the dark background. We can thus
friction velocity w* and the depth-averaged €asily document the temporal evolution of
velocity <W>. We find @* ~ 0.064 <U.>. the height H, length L, area A and position of

The strength of the flow is controlled by the the dune. On the example illustrated in Fig. 2,
propeller rotation rate. we observe that the height, length and area of

The granular material used for the OIuneSthe dune reach after a very short transient

) . ._(less than 1s) stationary values. Similarly, the
are spherical glass beads with a medlarfl,Iigration speed of the dune is quickly
diameter d = 0.4 mm and a bulk dengigy=  gtgpilized..

2500 kg/ M. These particles are entrained b m (@)
the flow when the latter exceeds amea , «+ "wu
velocity <We~ 0.336 m/s, which

corresponds to a critical friction velocity*u ///// |
~ 0.0215 and a critical Shields number=S i /

) N ' / |
Table 1: Critical values for incipient motion 041 W § 7
d  <Uoe> o Ue S 0 &

0.08, as summarized in Table 1.

<Up> (m/s)

(mm) (m/s) (m/s) -
0.4 0.33¢ 0.021 0.0¢ o o o

10° 10 10*
An experimental run consists of the A, (mm’)

following steps. First, the channel is filled Figure 3. Regime map in the diagram (<UOx):A
with water before introducing a given mass Three scenarios are observed including spreading,
mo of glass beads in the narrow part of thesteady state and mass loss.

channel. The initial pile has a triangular shape

and its surface areapAs proportional to its We investigate a range of dune mass from 2
mass ng A¢~(113mnt/g)xm. Once the pile to 50g and a range of mean flow velocity
is formed, the propeller is turned on to thefrom 0.3 to 0.55m/s (i.e., 0.8¢/SS <3.5).
desired rotation rate and the duneWe identify three different regimes: (i) a
morphodynamics is documented via a Nikonspreading regime, (ii) a steady-state regime
D610 Reflex camera with a resolution of and (iii) a regime with mass loss. The
6016 x 4016 pixels. The spatial resolution isobserved behaviors are reported in the phase
0.12 mm per pixel and the images arediagram <W> versus A (see Fig. 3). For
captured with a rate of one image per secondflow velocities ranging from 0.4m/s to
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0.65m/s (i.e., 1.5<$ <3.5) and dune mass 30 —

mo>2g, the dune reaches a steady-state whe
its shape becomes stationary and it I ) ]
migration speed constant. In the following, L AE

8.0

we will document essentially the steady-stat

regime and disregard the other regimes. o (=043 mis ]
o (U)=049 mis|]
L (U0)=0.52sz.
2.2 Height, length and aspect ratio of the - A (U=054 mis|
steady dune
The variation of the height H, length L and o T T T T oo 3000
aspect ratio R=H/L of steady-state dune: A, (mm’)
exhibit two different behaviors according to
the dune size (see Fig. 4). For small dune< I
(i.e., Ao<1000 mnd), H, L and R can be o Uy a '
locally described by scaling laws as & %7 |o w)=049ms ) T
. . {U)=0.52 m/s el A
function of the dune areacA W04 mi LA
: Ay /ﬁ—%%o-b
— =K _0> 2 -
d H (dz ( ) e~ 0,1_ / |
L Ag\P [
=% (3) ® -
Ao\ ! .
R = Kj (d_(z)) (4) %300 T T 3000

A, (mm")

Wlth_ Y=[3—O(. The scaling eXpone_ntBandB Figure 4: Height H and aspect ratio R of the steady
exhibit a weak dependence with the dur‘edune as a function of the dune area for differbaw f
size: a decreases progressively from 0.85strengths (< ¥>=0.43,0.49,0.52 and 0.54 ms).

down to 0.5 with increasing dune size while

and B increases from 0.35 up to 0.5. In 2.3  Dune shape

contrast, for large dunes (i.e.,0 ~1000 Fig. 5a presents the profiles of steady-state
mm?), the scaling exponents do not show aNYdune at a given flow strength (st 0.43
variation and we getr = =0.5 andy=0. /5 and §S= 1.6) for various dune mass
This ~ regime  corresponds  t0  the ranging from 2g to 20g. Except for the
asymptotically large dune regime where thegmgjiest dune (5%2g), the dune profiles are
aspect ratio is invariant. The coefficients, K asymmetric with a well-developed slip face
KL and K appearing in the scaling laws are j; “the downstream side. The local slopes
found to increase slightly with increasing associated to the dune profiles are shown in
flow strength. Fig. 5b. We observe an increase of the slope
with increasing dune size both on upstream
and downstream faces. The maximum slope
of the upstream and downstream faces
increases with increasing dune size in the
small dune regime and saturates in the large
dune regime to a value of 4and 33,
respectively. These asymptotic values
increase with increasing flow strength. For
the largest flow strength, we investigate
(So/S=2.4), the maximum slope on the
upstream and downstream face aré a&0d
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40°, respectively. The strength of the flow has v A -2
thus a non-negligible effect of the angle of the o =K, (d_z)
downstream slip face.

(5)

[(s-1)gd]

30— . . ] where spp/pruia. The scaling exponent is
ot ] -1/2, which is in agreement with the
- ] observations by Groh et al. (2008, 2009) for
N 10F . subaqueous dunes. This result is also
I . . ] consistent with the prediction of the dune

———re e s model for large dune regime.
305 () [.- |9=35.3°
T20 -- 8]=17°
I T 50 T
10+ 7 A o (Up=0.43 m/s|]
[ et , O (U,=049 ms| |
g[)(’l -150 -100 50 100 {U)=0.52 m/s
X (mm) A (U )=0.54 m/s

Figure 5: Profiles of steady-state dunes for a mjive
flow strength <ig>= 0.43m/s (§S= 1.6): From the

bottom to the top, the mass are respectively 2, 3, 4,
5,6,7,8,9, 10, 16 and 20g. (b) Local slopeshef or
steady-state profiles. [

V (mm/s)

Fig. 6 shows the dune profiles rescaled i

TR 1
1000 3000

both direction by their length L. This figure A, (o)
illustrates the gradual transition to the larg.
dune regime which is scale invariant.
02— SO———7 71T T T
[ | Experimental data A
1250 - = K =125 880" s
0.15¢ 8 1000k ./' _
8.0t ] 1
2 750F L -
9 oaf s VA 1
001 L7 4
L /.’
0.05 . 2501 e .
0 T S I
0= ! L S,/S,

Figure 7: (a) Migration speed of the steady dune as
Figure 6: profiles of steady-state dune rescalettiély  function of the dune area for different flow strérsy

length L in both directions. From the bottom to tibe, (b) Coefficient K, (see eq. 5) as a function of the
the mass mare respectively 2, 3, 4,5, 6, 7, 8, 9, 10, Shields numberS
16 and 20g. Experimental parameters:qxt) 0.43

/s. . .
s The coefficient K which encodes the

influence of the flow strength is shown in Fig.

The migration speed of steady-state duneg ° @nd is found to obey the following power
as a function of the dune size is shown in Fig.'aW-
7a for different flow strengths. It decreases
with increasing dune size and increases with =
increasing flow strength as expected. weKv is linked to the mass flu@crestat the top

observe a single scaling regime for small anc®f the dune. In the large dune regime, the
large dunes: latter can be easily calculated:

Qcrest =V X H =K, xiKH
=65Qo(25, —S.)2 (7)

2.4 Migration speed

3
K, = KvO(ZSO - Sc)z (6)
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We recall that the law of Meyer-Peter and wherelsatis the saturation length and sets the
Muller for the saturated flux is given by characteristic length scale for the relaxation
Qwrm=8Qo (S0 — S )¥2. We thus find a law Process. To compute the saturated flux at any
similar to that of Meyer-Peter and Muller Position along the dune profile, it is necessary
with a 3/2 exponent. The factor 2 which t0 assess the local fluid shear stress the

multiplies the Shields number can be bed. To do this, we employ the approximated

interpreted as the shear stress increase factdprmulation of Jackson et al. (1975) which

at the top of the dune. This value is in ea(dsb ro 1 oh
agreement with the measurements by Charru 20 _ 4 + Af _x_(x —x")

& Franklin (2012). We can note that the  To nx' 0x
proportionally factor in Eq. (7) is much +B%(x) (11)

higher than that in the law of Meyer-Peter and . ox _

Miller flow (65 against 8). whererto is the unperturbed fluid shear stress

upstream the dune (note théto=S/S). We
define the corresponding Shields number
3 THEORETICAL MODELING So=10/(pp—psuid )gd, which characterizes the
We used the theoretical continuum modelPasal shear stress in the absence of dune. Eq.
sand dunes and adapted it to the situation of/L<< 1 . A and 5 are parameters which
subaqueous dunes. The model is explained iflépend logarithmically on the dune size.
details in S. Kiki (2019). We recall here More specifically, they depend on the relative

briefly the main assumptions of the model. roughness of the dune/z where 3 is the
hydrodynamical roughness of the sand bed

3.1 Model equation surface. If the range of variation of the ratio
The equation describing the temporal Zo/L is limited to one decadefand Zcan be
evolution of a sand heap on a flat andfairly considered as constant parameters. For
horizontal substrate subject to the shearing oPUr purpose, we will use two sets of
a turbulent flow is inferred from mass ParametersAl, 2): (4.2, 2) and (4.2, 3.8) (see

Conservation and reads: K|k| 2019) The fIrSt set |S Obta|ned from a
oh(x, t) 1 8Q(x, t) simple turbulent model based on the Prandtl
Fya _p_ 9% (8) turbulent length and the second one from a
b

more elaborated turbulent model (Frederick
& Hanratty 1988). For calculating both sets
of values, we took L&10" which
corresponds to our experimental conditions.
Note that for terrestrial aeolian dund,and
Bare slightly different4=4 andB= 1.

where h(x, t) and Q(x,t) are the local height
and mass flux, respectively, at position x and
time t. pp is the bulk density of the dune. We
assume that the mass flQxat at saturation
(or equilibrium) is given by the empirical

formulation of Meyer-Peter and Miiller Egs. (8-11) form a close set of equations
(1948) : 3 for the dune morphodynamics. This
Qsac = Quem = 8Qo(S(x, 1) = Sc)2 (9) description is very similar to that developed
by Kroy et al (2002). However, we should

emphasize that we disregard two mechanisms
that are included in the original model: i) the
henomenon of flow separation and ii) the

valanche process at the lee side. These

Ffmechanisms have been recognized to be
simply modeled by (Andreotti et al., 2002b, gﬂﬁ{éﬁﬂtmfoéuﬁedgg:)eg ggivcglpetlri)r\llvgfhgl\?e
2010, Valance et al., 2005a,b): shown (Kiki, 2019) that those are in fact of
000 t) _ 0 8) — Qsar(x, ) (10) secondary importance for predicting the
ox lsat height, length and migration speed of

equilibrium dune shape.

For unsteady or non-uniform conditions,
the particle flux is not necessarily equal to the
saturated flux because the relaxation toward
the saturated value is not instantaneous. Fo
non-uniform flow conditions, the case we are
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3.2 Model predictions

The model reveals the existence of threeS-3 DIscussion
distinct regimes: an asymptotical small and The large dune regime observed in the
large dune regime, and a cross-over regimeexperiments do correspond to the
The asymptotical small dune regime is gsymptotically large dune regime of the
feqwhbnuT hhe:jght and aspect ratio as ajgentified in the experiments do not match
unction of the dune area: with the asymptotically small dune regime of
_ 24 _ 240 the model but corresponds to the crossover
H = and R=— (12) . .
Ae A regime between the two asymptotical

where). is the cut-off wavelength deduced reégimes. A detailed comparison of the model
from the linear stability analysis of a flat bed With the experiments in the asymptotically

(\¢ =(2nA4 Blss). The small regime is large dune indicate that the relevant values
observed for A<3 l.? In contrast, in the for the model parameters ard:=4.2 andZ

asymptotical large dune regime o400 =3.8 (i.e., those corresponding from the
lsaf), the height varies as the square root ofniodel of Federick & Hanratty 1988
the dune area whereas the aspect ratio i§omparison made in the cross-over regime

invariant: allows to determine the saturation lengt |
1 K2 The procedure is explained in details in S.
H=Kg A, and R= > (13) Kiki 2018.

The proportionality coefficient K depends
on A, B and S/S but not on da. The
transition or cross-over regime occurs fo
intermediate dune sizes @A<Ao< 100 kaf)
as shown in Fig. 9.
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Figure 9: saturation lengthsd as a functionup*
]'(‘): R inferred from comparison between experiments and
AL, model predictions.
T T
) One way to do this is to determine the
. S ——— | value oflsat which gives the best agreement
A i eé@ﬁﬁ“ E between the experimental equilibrium
50 9 oo ] heights and those predicted by the model for
© a given ratio §S.. The same procedure can
g il be carried out with the length of the dune or
o 856 | aspect ratio. The outcome of these
A SyS=8| | adjustments suggests that the saturation
100 900 length increases with the strength of the flow.
Al We go from 2mm for 8S=1.6 to 4 mm for

Figure 8: Height (a) and aspect ratio (b) of stedulye ~ Sy/S.=2.5. This evolution seems to follow a

as a function of the dune size for different flow |inear law with the friction velocity 41.
strengths. Model parameterd:=4.2 and7=2.
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These results also indicate a proportionality —dimensions: Experimental tests for minimal

‘i : . models. Phys. Rev. E 78, 021304.
betweerlsarand the friction velocity of: Groh, C., Rehberg, I., and Kruell,C. (2009). How

lsat 53 attractive is a barchan dune. New J. Piis.
——=—— U *—uc*) (14) 023014.
d ((s _1) d)i Jackson, P. S, and Hunt, J. C. R (197B)rbulent
9 Wind Flow over a Low Hill Quart. J. R. Met. Soc.

PR ; i ; 101, 929.
which is compatible with a saturation length Kiki, S, 2018. Caractérisation de la morphologis de

governed by a deposition length as proposed g nes aquatiques dans des écoulements
by Lajeunesse et al. (2010). unidirectionnels et alternatifs. PhD Thesis.
University of Rennes.
Kroy, K., Sauermann, G., and H. J. Herrmann, H.J.
4 CONCLUSIONS (2002). Minimal model for aeolian sand dunes.
_ _ Phys. Rev. E 66, 031302.
We have investigated steady-statelLajeunesse, E., Malverti, L. and Charru, F. (2010).

subaqueous sand dune experimentally and Bed load transport in turbulent flow at the grain
theoretlca”y The proposed model predlcts Scale: EXperImentS and mode“ngJOUrnal Of

the existence of two asymptotic regimes for ngghysma' Research: Earth Surface 115, 2003-

Smal,' and large dunes, as Squeslted b)(/Ieyer-Peter, E. and Mdller, R. (1948). Formula for
PreVlOUS_mOde|S and_a cross-over regime for the bedload transport. Proceedings of the 3rd
intermediate dune sizes. In the small dune Meeting of the International Association of
regime, the dune length is set by the Hydraulic Research.
saturation length and the dune height scale§aell. E.J., Duran, O., Bourke, M. C., Tsoar H.,
linearly with the dune mass. In the large dune  -oschel T. and Herrmann, H. (2019xigins of
arly oo : ) barchan dune asymmetry: Insights from numerical
regime, the dune profile is scale invariant:  simulations. Aeolian Research 12, 121.
both height and length of the dune increaseSauermann, G., Kroy, K. and Herrmann, H.J (2001).
as the square root of the dune mass. Continuum saltation model for sand dunBhys.
Experiments confirm the existence of v IReV- EA64’ 23L130?-_ V. (2005 Riole forra
different regimes. We indeed identified Y&ance, A and Langlois, V. (2005). Ripple fornoati

. over a sand bed submitted to a laminar shear flow.
clearly the cross-over regime and the large gy, pnys. 3. B 43, 283-294.

dune regime where the dune profile is scalingvalance, A. (2005). Ripple formation over a sand be
invariant. The cross-over regime teaches us submitted to a turbulent shear flow. Eur. Phy& J.
about the scale of the saturation length. A 45, 433-442.

comparison between experimental and

theoretical dune profiles in this regime

allowed us to assess the experimental

saturation length. Our results suggest that the

saturation length is governed by the

deposition length rather the drag length.
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On elevation and migration: a model for sandbamaadyics in
sediment-scarce seas
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P.C. ROOSJniversity of Twente, Enschede, The Netherlands fops@utwente.nl
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ABSTRACT: Tidal sandbanks are lar-scale dynamic bedforms observed in shallow seas
varying sediment supply. Their dynamics have ofiean studied under the assumption that sediment
supply is unrestricted. However, this is invalid Banks in sediment-scarce seas, like the Flenmdh a
Norfolk banks in the North Sea. Here, we show usimqocess-based idealized model how sediment
scarcity affects the cross-sectional shape andatngr speed. We find that sediment scarcity reduces
the height of sandbanks and changes bank asymmbény a residual current is present. Furthermore,
the migration rate of banks increases. Our findiagsespecially relevant in the context of contthue
sand extraction in sediment-scarce seas, and hdgrstand sandwave dynamics around sandbanks.

So far, sandbanks have often been studied
under the assumption of infinite sediment
1 INTRODUCTION supply. Under these conditions, process-

Tidal sandbanks are large-scale marinedased models have explained the initial
bedforms in shallow seas that migrate unde@rowth of sandbanks as a free instability of
asymmetric tidal forcing. They are frequently the flat bed (Huthnance 1982a, Hulscher et
observed in conjunction with sandwaves.al, 1993), and have shown that sandbanks
Due to their large size of ten of metres inMay evolve towards static or dynamic
height, tens of kilometres in length and €quilibria (Roos et al., 2004, Yuan et al,
kilometres in width (Dyer & Huntley, 1999, 2017). Under asymmetrical forcing (e.g.
de Swart & Yuan, 2018), their dynamics residual current or M4-tide) sandbanks attain
determine the environmental conditions (e.g.@8symmetrical cross-sectional shapes and
water depth and flow characteristics) relevantexhibit migration in the order of meters per
for sand waves. They are also an attractive/ear. However, these results come from
location for sand extraction and an importantmodels ignoring conditions of sediment

ecological habitat for marine species (WynsScarcity. . .
et al., 2021). Huthnance (1982ab) did consider the

Observations have identified that effects of sediment scarcity in his models of

sandbanks are regularly located in sedimentequilibrium  cross-sections  (1982a) and
scarce seas. For examples, the Flemish bani&ndbank evolution (1982b). He concluded
lie on top of a layer of hard clay, which is that sediment scarcity led to lower and
exposed in the troughs (Hademenos et al.narrower sandbanks. He also found that
2019). Gravel has also been observed in théediment scarcity was important for attaining
troughs between the Norfolk Banks (Caston,equilibrium profiles, together with the

1972). Sand extraction for coastal Presence of wind waves. However, his results

nourishments and industry will further reduce Were based on simplified hydro-dynamic
the sediment budget. Therefore, it isconditions (no Coriolis effects and block

important to understand how tidal sandbankflow). It is unclear whether his results hold
dynamics depend on the available sedimentinder more complex tidal conditions.
budget.
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1. Topography L 4. Bed evolution

puvs

Growth and migration follow from tide-averaged
sediment fluxes.
A

Non-erodible layer

\ 4

2. Hydrodynamics 3. Sediment transport

> ¥ a— N

=

Oblique tidal flow drives residual currents Tide-driven currents + slope effects.
around the sandbank. No entrainment from non-erodible layer.

Figure 1. Schematisation of the four stages ofbephological loop in our processmsed model. Stage 1 is
topography. The correspondihgdrodynamic solution given a tidal forcing is camgd in stage 2. This leads
a solution for sediment transport in stage 3. Irtgudty, no sediment can be entrained from the e@dible layel
Stage 4 solves the bed evolution based on theg#imee of tideaveraged sediment transport. The evolvec
then serves as the new topography for the nextiter of the loop.

In order to overcome our limited by horizontal circulation cells (Huthnance,
understanding of sandbank dynamics underl982a).
sediment scarcity, we present a process- Sediment scarcity is included via a
based idealized model in which we restrict uniform non-erodible layer which limits the
sediment availability via a non-erodible thickness of the sand layeD,,). Sand
layer. We apply this model to study the cross-cannot be picked up where the non-erodible
sectional shape and migration speed inlayer is exposed, but the non-erodible layer
sediment-scarce seas. does not affect sediment transport when it is

covered by sand.
We simulate the evolution of the

2 METHODS topographyz = —h(x, t) over time based on

Following previous models (Roos et al., the morphological loop (Fig. 1). The hydro-
2004, Yuan et a|, 2017, van Veelen et a|,dynam|CS are solved using the shallow water
2018), we keep our morphodynamic model asdquations. Then, we compute sediment
simple as possible, while still including the transport using the sediment advection-
essential physics to understand tide-diffusion equation, given by

topography interactions and the resulting

sediment transport. Our model includes tidal ~ 2¢ } 2€W _ (. _ ) 1)
flow (including a residual current), and 9t 9

accounts for Coriolis effects, bottom friction, _ _ _
suspended sediment transport. We only¢(xt) is the depth-integrated sediment
consider the dynamics over the cross-sectiorfoncentrationu is the flow velocity in cross-
of the bank, as we focus on cross-sectional

shapes in this study. Finally, all dynamics are

depth-averaged, as bank evolution is driven
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Figure 2. Left: Evolution of crest height and troudepth over morphological timewith sand layer thickness
3m andeo (denoted between square brackets). Eveunit is approximately 280 yearSome conditions ran f
longer thant = 20 to reach equilibrium. Right: Equilibrium cross-8enal profiles forD,,,; = 3m andDg4,q4
= oo under conditions A (top) and B (bottom). All platisow mean water depth= —H as a solid black line.

bank directiony is a deposition coefficient,
and 3 RESULTS

(2)

is the entrainment concentration with  We run our model for two types of
sediment transport coefficient;, sediment conditions. Condition A is forced by an,M
limiter u,, and velocities in cross-bank and tidal flow with an amplitude of 0.6 mi/s.
along-bank directionst and v. us(h) is O  Condition B is characterized by antidal
when the non-erodible layer is exposkd=  flow amplitude of 0.57 m/s and a residual
Hy.), ranges between 0 and 1 in the buffercurrent of 0.03 m/s. Furthermore, both
layer H, —6 < h < Hy,), and is 1 when conditions have a mean water depthHoE
sufficient sand is available. Finally, the bed 30 m, and are located at a latitude of 52°N.
evolution is obtained via Exner’s equation. Each condition is repeated with a sand layer
The solution method is pseudo-spectral inthickness varying between 1.5 m and infinity

space and time. The initial topography is (i.e., non-erodible layer not present).
given by a sinusoidal bank with amplitude

0.02H and with a wavelength and orientation 3.2 Evolution towards equilibrium

in accordance with the fastest growing mode Th lution t q hod .
from linear theory (e.g., Hulscher et al., € evolution towards a morphodynamic

1993). The simulation continues until a €quilibrium for both conditions witBsgq =

morphodynamic equilibrium is reached. 3m andoeo is shown in Figure 2. Sediment
scarcity affects bank evolution from the

moment that the non-erodible layer is
exposed in the trough. The trough cannot

2 2
C, =« u“+v . . .
¢ sts( ) 3.1 Overview of simulations
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Figure 3. Influence of sand layer thickndss,,; on various properties of the equilibrium batiage: crest ar
trough elevatiorz,..s; andz, gy gn, bank width,,,,., bank asymmetryl,,q,,, migration speed,y; .

erode beyond the non-erodible layer. As(Fig. 3d). All our runs with a non-erodible
shown in Fig.2, the crest height is not affectedlayer exhibit higher migration rates than
untii  much later in the simulation. when sediment supply is unlimited. There is
Importantly, the equilibrium crest height and a maximum: highest migration rates are
trough depth are both of lower amplitude obtained with Dy, = 3.75 m under the

when sediment is scarce. conditions studied here. The migration rate
_ o reduces when the sand layer is either thinner
3.3 Cross-sectional equilibrium shape or thicker. Note that migration can only occur

The relation between sand scarcity andwhen the ftidal flow is asymmetric (i.e.
shape parameters, .;; and zygygn, Width condition B).
Whank _and a_symmetrylbanl_c = l_og(ll/lz)
E}sge Fig. 1) is presente(_:l_ln Figure 3. The4 CONCLUSIONS
eight is much more sensitive to scarcity than
width. Our results indicate that equilibrium Tidal sandbanks are large-scale bedforms,
profiles become lower rather than narrowerwhose dynamics affect the flow character-
when sediment supply reduces. istics for sandwaves and other bedforms.
When a residual current is presentHere, we have included a non-erodible layer
(conditions B), the asymmetry is affected byin a process-based idealised model in order
the scarcity. The lee side flattens with ato study how sediment scarcity affects the
thinner sand layer, as also shown by thecross-sectional shape and migration speed.
equilibrium cross-sections in Figure 2  OQur results show that the equilibrium
(bottom right). When sand is very scarcevalues of the crest height and trough depth
(here Dggnq < 2.5m), the asymmetry may reduce when sediment becomes scarcer,
even flip. This means that the stoss side isvhereas the width of the banks is less
steeper than the lee side rather than the oth&ensitive to scarcity. During the development
way around as is observed whey,,; = .  process, the trough depth is immediately
o affected when the non-erodible layer is
3.4 Migration exposed, whereas the crest height will not be

Our results show that sandbanks migrate2ffected by scarcity until much later in our
faster when a non-erodible layer is presenfimulation.
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The migration rate increases under
sediment-scarce conditions. Our results
suggest that there exists a sand layer
thickness for which the migration rate
reaches a maximum. It is recommended that
this is further explored in future research.
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ABSTRACT: We discuss formation mechanisms of bedforms inFgtemarn Belt, Western Balt
Sea based on their morphology and sedimentologgraClerised by the isolated occurrence and their
lunate or crescentic shape at some instances thghology resembles barchanoid dunes. The central
part is of height O(1m) and often two tails of lémgin O (100 m) predominantly open towards the
South-East, suggesting an active migration towéngsdirection. New data from a multibeam echo
sounder survey, sediment cores and subbottom gsafveal morphodynamics, sedimentology, and the
internal bedding and challenge previous assumpbarttie formation and dynamics of the bedforms.

between the individual features is in the order
1 INTRODUCTION of a few hundred meters. The crescent]c
planform geometry resembles barchanoid
dunes, often with two tails of lengths in

In the microtidal Western Baltic Sea, theo(100 m) opening towards the E or SE.

occurrence of different bedform fields has

-~y — v T

been observed in earlier studies. Besides e Bwé L 3 '/_‘75_!‘:'—“‘
prominent compound bedform field in = 2 p :
medium to coarse sands (Feldens et al. 2014
Kramer et al., this volume), other assemblages
of large, flow transverse bedforms occur in
water depths exceeding 20 m (Fig. 1).

bedform field in between different core locationg N
of Fehmarn island (ref Fig. 1)

Jensen et al. (2003) termed these features
isolated sand-silt wavedecause of their
solitary occurrence in muddy to fine
sediments. Based on a limited set of
observations, they were first described as
“NE-SW striking ridges of considerable
. . . L _ length” without a clear asymmetry or
Figure 1. Location of the investigation area in the . .
Western Baltic Sea. The white line surrounds the preferred orientation. The au'_[hOI’S noted that
lunate bedform field. Indicated in red are the poss ~ the features occur on various substrates
of short sediment cores. The scale bar is 30 km. ranging from late glacial clay in the western
n part of the Fehmarn Belt to Holocene marine
mud in the eastern part of the strait.

The whole extension of the so called
lunate bedform fieldvas revealed by a large
scale multibeam echo sounder (MBES)
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These low-relief bedforms have bee
reported in a region of about 217 kmz2 in the
central Fehmarn Belt. Their height is 0.5-1.0
m and about 50 m wide. The distance
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mapping in the framework of the reveal the sedimentology, internal bedding,
environmental impact assessment for theand cross-stratification of the central
large Fehmarn Belt tunnel construction bedforms.
(FEHY, 2013). In water depths of about 25
m, many S|m|.Iar b_e_dforms of characteristic METHODS
shape were identified as regularly space
with distances between individual features of Research cruises with the German
a few hundred meters, on an area of 217 kmfesearch vessel ALKOR to the Fehmarn Belt
(Fig. 1). The report assesses the bedvere conducted in 2020, 2021 and 2022.
roughness and speculates on a high activitypuring the expeditions, the bedform field
of the bedforms i.e., migrations in the orderwas investigated by multibeam echo sounder
of several meters per annum towards the NEmapping, parametric echo sounder profiles,
or SW, however, based on a rather crudegravity coring and bed surface sediment grab
assessment of local sediment transporsampling. Grain size distributions were
potential. measured in the CAU Kiel, sedimentology
The lunate bedforms are also briefly laboratory.
mentioned in a habitat mapping report by We used aNORBIT - iWBMS STX with
Schwarzer & Unverricht (2020). They RTK positioning to measure high-resolution
observed 350 of these features by side-scarbathymetry of a part of the bedform field. The
sonar mappings and subbottom profiling, sound velocity profile was corrected by regular
described their heights of about one meter, alpdates based on CTD casts.
width of 50 m and a mean distance of 145 m Subbottom profiles were measured with a
between individual forms. The authors alsohull-mounted Innomar SES parametric echo
mention internal cross-beddings that suggessounder. Settings were optimised for high-
a migration towards the NW during their resolution data of the first few meters below
formation. Underwater videos showed a highthe seafloor.
abundance of shells and living bivalves on Short sediment cores were taken with a
the bedforms — in their study, interpreted asgravity corer. Additionally, bed surface
an indicator of recent low dynamics. samples were taken by Van Veen grab
Although the existence, distribution, and sampling. RTK GNSS positioning and very
role as roughness elements on the locagood navigation by the captain and
hydrodynamics has been described beforehelmsman allowed the precise sampling of
the discussion on the genesis, morphologythe bedform at defined positions.
and dynamics of these bedforms are still not Sediment grain size distributions of
conclusive. surface and core samples were measured with
The morphology and sedimentology of @ Beckman Coulter LS 13320 Laser
these bedforms is interesting, as theyDiffraction Particle Size Analyzer in the
resemble a unique and characteristicrange of 0,017um to 2000um.
morphological feature of the geodiversity of
t_he Fehm__arn Belt: Amo_ngst active be_dform3 RESULTS
fields (Kramer et al., this volume), adjacent
remnants of paleo fluvial systems (Feldens & During a series of expeditions, an area of
Schwarzer, 2012), and in a region of complexabout 6 km2 was (re-)mapped with multibeam
habitats and extensive human impact. and parametric echo sounders. The processed
Analyses of new high resolution bathymetric high-resolution bathymetry confirms the
observations, shallow sub-bottom profiling, existence of individual bedforms in heights in
and sediment analyses of individual the order of one meter, which often feature a
bedforms contribute to the discussion on thecrescentic shape with a density of about 50
formation and transport mechanisms. Databedforms/km2.  Where  present, the
from sediment cores and subbottom profilersextremities (horns) resemble the shape of
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barchanoid dunes, opened towards the SBEo 10% higher sand content than the
Successive surveys indicate little or nosurrounding areas (Steinert, 2020).
mobility of the bedforms.

In the high-resolution MBES data, sharp,
angular features, predominately on the
Western side of the bedforms, are present

Based on earlier and recent underwatel "
camera observations, these are interpreted s

accumulations of mussels and shell EEE=
fragments, which were also observed on tof
of the bedforms.

R A T T ]

Figure 4. Subbottom profile across the centre of a
lunate bedform driven from NW (left) to SE (right).
Horizontal lines indicate meter distance in theieat.

A gravity core taken near the crest of of
one of the bedforms (Fig. 3) shows
differences between sediments of the
bedform, sediments at the base, and the layers
below: The bedform itself is composed of

0 Pm bioturbated silty sand with layers of complete
Figure 3. MBES bathymetry of one lunate bedform and fragmented bivalve and gastropod shells.
and position of cores 147-1 and 148-1 near the ofes Below is a layer of 0.2 m of grey muddy
:rg'?rztz"?‘edr‘;gn‘(-s S\;&?iggs”gﬁg Ne;sszqct’h\é"g\\/’;’;g\”fsediment, interpreted as a freshwater gyttja
NW-SE bgathymetric g?)rofiles garré hydroacousgc deOSIt. The layers below fe"?lture_ beddlngs of
artefacts. silty sands and sandy silts in variable

thicknesses.

The parametric echo sounder reveals
subbottom horizontal bedding without
characteristic anomalies Iikeg acoustic 4 DISCUSSION
blanking, faults, or others below and between previous studies have described the
the bedforms (Fig. 4). The internal structure ccurrence of a large number lofv-relief

gf .thet lbedfﬁrmts a_boveh a tco_ntiguogs bedformsin the central Fehmarn Belt in the
in?cralrzr?a?l acrosrg-t;aec d?j?n Isin ?Tll?l;iaﬁeegse?s ThﬁWestern Baltic Sea. Their origin, drivers, and
g b : development remain speculative so far.

predominant internal bedding is dipping .
towards the NW, while some sets are also ir{A‘Ithough the lunate or crescentic shapes and
Isolated occurrence suggest formation in

the opposite direction. These subbottom™>"'¢ " )
features are similar at all investigated S€diment-starved conditions (&farchanoid

bedforms. dune$ and mobility towards the SE, other

Several surface samples in between an¢haracteristics and new field data question
across the lunate bedforms classified thethis approach. _ _
upper centimeters as silty sand, with varying N this area the (recent) environment is not
fractions of 65 to 85% sand, 12 to 30% silt, Sédiment starved. Mobile fine sands and silts

and less than 7 % clay. Crest samples had uggiwgggnda?ﬁe'n \i/r?(rjli?/ti)ollialthmktr)]gg%rn?lsso
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Furthermore, the interpretation of internal
cross-beddings observed in subbottom® CONCLUSIONS

profiler data does not support SE migration  \ye discuss the origin and development of

of the bedforms. . a large field of low-relief bedforms in the
In fact, no (residual) mobility was central Fehmarn Belt in the Western Baltic
observed throughout three years Ofgey pespite high-resolution data on the
observation, although the central Fehmarnmorphobgy, sedimentology of the features,
Belt is prone to higher current velocities (and foymation mechanisms and the mutual

sediment transport rates), compared adjacenhteractions with sea floor fauna remain
areas of Mecklenburg Bay and Kiel Bay . inconclusive.

If no connection to recent forcing can be
drawn, the bedforms may be relict features.
Their origin would then be connected to 6 ACKNOWLEDGEMENTS
different stages of paleo-environmental .
conditions throughout the complex Baltic Sea The authors th_ank captain and crew of R/V
history (Feldens & Schwarzer, 2012). ALKOR for their _excellent support. We
Besides local emergence, the discussion Of:zarlr;:re;t]:?as ?(;?al?ézerii of ;[L]g slvilfi:[R;[r)l d
the origin and formation mechanisms of relict ="' = ping up P
features must then consider c)therprowdlng a home for bedform enthusiasts.
possibilities, including the breaching of
formerly conti_nuogs 2D ridges, the varioys 7 REFERENCES
shapes of periglacial geomorphology, aeolian _ . .
erosive rather than depositional formation. SOl - Baseline. Seabed Morphology of the
Dating of the sedimentary layers is required, "ehmambelt Area. Report No. EITR0056 -

to confirm or reject any of these possible Volume |
. J y . P Feldens, P., Diesing, M. Schwarzer, K., Heinrich, C
scenarios of bedform formation.

; Schlenz, B. (2014) Occurrence of flow parallel and
Other ideas on bedform developmenthave o\ transverse bedforms in Fehmamn Belt

been discussed earlier. In FEHY (2013) a_llso (SWBaltic Sea) related to the local

pockma_rks were _mentloned as possible palaeomorphology, Geomorphology

generation mechanisms. In fact, Kramer et alFeldens, P., Schwarzer, K. (2012) The Ancylus Lake

(2017) show shapes and distributions of stage of the Baltic Sea in Fehmarn Belt: Indication

pockmarks of somehow similar widespread of a new threshold?. Continental Shelf Research,

and low relief character - however, in much  35.pp. 43-52.

different high energetic conditions, other Jensen, J. B., Kuijpers, A., Lemke, W. (2003). $eab

sediments. and with clear subbottom sediments and current-lnduped bedforms in the

indicators for fluid seepage. The latter are Fenmam Belt—Arkona Basin. In: ICES. 2003,

missing in the Fehmarn Belt observations ;roceed'ggs of ;hezzB azlgc OMarg' © iggf:rﬁgﬁé
. ’ agnne, enmark, - ctober .

Also, the resemblance to crescentic comet

. ) e Cooperativen Research Report No. 257. 334 pp.
marks was mentioned; however, no initiation kyamer, K., et al. (2017) Abrupt emergence of adar

mechanism is evident to support this theory.  pockmark field in the German Bight, southeastern
Observations of the high abundance of North Sea. Scientific Reports 7

complete and fragmented shells in and abovexraemer K., Becker, M., Winter, C. (this volume)
bedforms need better interpretation. Bedform transition related to sediment supply and
Dedicated studies are currently investigating transport capacity in the SW Baltic. Proceedings of
the mutual interaction of seafloor fauna and Conference Marine and River Dune Dynamics —
bedform formation. Further work covers  MARID VIl —1-3 April 2023 - Rennes, France
AMS 4C dating of bivalve shell and plant Schwarzer K., Unverricht, D. (2020) Abschlussbetrich

. . FFH — LRT-Kartierung Fehmarn Ost. Institut fur
(r:%rllilns for an age model of the sediment Geowissenschaften, Christian-Albrechts-

Universitat, Kiel (unpublished, in German), 72p
Steinert, A. (2020) Entstehung der barchanférmigen

Bodenformen im Fehmarnbelt. BSc Thesis.

Institute of Geosciences (unpublished), 58p.
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Clay winnowing associated with wave—current ripfiy@amics on
cohesive sand—clay beds

X. WU University of Hull, Hull, U.K. — x.wu@hull.ac.uk
J. Malal‘keySchooI of Ocean Sciences, Bangor University, MBnidge, U.K. — j.malarkey@bangor.ac.uk

F. Fernandepepartment of Civil and Environmental Engineetifithe Pennsylvania State University, State
College, USA — roberto@psu.edu

J. H. Baaschool of Ocean Sciences, Bangor University, MBridge, U.K. — j.baas@bangor.ac.uk
D. R. Parsonsoughborough University, Loughborough, U.Kd-parsons@Iboro.ac.uk

ABSTRACT: A full understanding of ripple dynamics in s—clay mixtures isessenti¢ to improve
existing ripple predictors, especially under conebinvave—current conditions. We conducted a series
of experiments in a large recirculating flume, witftial clay contentsCo, ranging from 0 to 18.3%, in
the Total Environment Simulator at the Universitly lbull. The experimental results reveal that
winnowing-induced clay loss from beds is associatgd two distinct types of equilibrium combined-
flow ripples, separated by a discontinuityCat= 10.6%: large clean-sand ripples and small riftgiies.
Most importantly, for the first time, we combinelea experimental results to quantify the influeraf
both clay and hydrodynamic forcing on ripple morglgy. Additionally, the present experiments show
the difference in clay winnowing efficiency oveaffland rippled beds under different flow conditions
and will prove beneficial in stimulating furthersearch focusing on the factors controlling the clay
winnowing process.

identified the role clay winnowing from the
1 INTRODUCTION be_d has played i_n ripple development, it is
still unclear which factors control clay
Flume studies concerning ripple dynamicswinnowing efficiency. Therefore, the present
on beds of well-sorted clean sand understudy extends Wu et al.’s (2022) research,
different flow conditions (e.g., Pedocchi and with further experiments under a wider range
Garcia, 2009, Perillo et al., 2014) haveof hydrodynamic conditions. The specific
provided high-quality process information objectives were: (1) to compare ripple
for developing empirical formulae to predict development on beds with similar clay
ripple dimensions. However, the existing content under different hydrodynamic
ripple predictors are of limited use for the conditions; (2) to compare clay winnowing
majority of estuarine and coastal efficiency, based on quantifying bed clay
environments, where sediment almostcontent during ripple development, under
universally consists of mixtures of cohesive different types of flow conditions.
clay and non-cohesive sand. More recently,
researc_:hers _haye therefore focused on ripple, METHODS
dynamics within substrates composed of
mixtures of sand and clay under currents an(&
waves (Baas et al., 2013, Wu et al., 2018).
Moreover, Wu et al., (2022) studied the The experiments were undertaken in a
influence of clay on ripple development recirculating flume tank, the Total
under combined wave-current flows and Environment Simulator at the University of

i L . Hull. Three equal channels, 11 m long and
highlighted the significant decrease in ripple . .
dimensions with an initial clay conter@p, 1.6 m wide, were separated by brick walls,

. : .2 m high, in the tank (Figure 1). Combined
greater than 10.6%. While these studies hav ow conditions were maintained during the
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experiments and flow velocities in each the natural winnowing of the bed during the
channel were measured by a 25 Hz Vectrinoexperiment.

profiler. Freshwater was used in all To ensure homogeneity in the mixed
experiments, with a water depth of 0.4 m. Asection of each channel (Figure 1), the clay
2-MHz ultrasonic ranging sensor (URS), was mixed into the sand using a handheld
containing 32 probes, monitored the bedformmixer and levelled between runs. A terrestrial

evolution in the test section (Figure 1). 3D laser scanner was used to scan the
I y
» 3.7« » 6 —» 1 «—]
X Clean sand section Mixed sand and clay section Gravel
section
1 1 1 °r T °r 7 T T T T¢1 | |
NN NN (N N N N N N N N N B | | 8
l Brick wall > Z 1 L
< vd 3
- Channel 3 5 (o) U
6. 5
T ick wall l &n e T
SOOI T T T T T T T T T T T 107 | | O Fo
s L r rrr 11 T 1T 1f1 | | | 3 | 3]
Qo 10a" ° o [
l 1200 11 =4 5 x
144 13 o
5| 3 Channel 2 ® Of" o) =
© I %(8): 19 . 4
£ 222" E
E | Brick wall 24uf" 23 g | O |
1 1T T T T T 1T T T T T T 111 | | =
r ¢ ¢ ¢ F ° § [ [ TJ§1 1 | B o
l o 3
3 (0] Channel 1 Oj::.zg (o] 2
T Brick wall s ' I
—rrrr+r ¢+ ; f§¥f | | 1
I N NN N N N N N N N N N N N | | |
‘ Gantry ‘_J
‘ >2« > 4.8« 0.7¢1+—> 1.5 «—1—1

O Acoustics water level sensor @ Vectrino proflier [l URS sensor

Figure 1. Plan view of the experimental setup. giey area was scanned by an Ultrasonic Range SyEtB®)
with numbered sensors (black squares). White aackhdircles denote acoustic water level sensors/aattino
profilers, respectively. Dimensions are in metres.

_ sediment bed in each channel before and after
2.2 Experimental procedure the run, without water in the tank. Ripple

, ; development was recorded wusing an

Wu et al.’s (2022) wave-dominated flow .
condition (WC1), with a depth-average Ultrasonic Range System (URS) and pre- and
current,Uc ~ 0.16 m 8, and wave velocity POSt-éxperiment sediment cores — were
amplitude,Us ~ 0.32 m &%, was added to in collected from the bed using syringes with a

: : - diameter of 20 mm and a maximum length of
th th two further fl t
(V\llscga;r(]edr Vvvcg,)v\\,/\fi)thlj! ~e0r.3 omwgfc;rrl]((jjld(zns 90 mm. Channel 1 of Run A2 and Channel 2

~ 0.27 and 0.13 n75 (Table 1). The flow of Run B4 were excluded from the analysis,
conditions a.re numbered éccording to because the sediment in these channels was

increasing relative current strength from NOt sufficiently well mixed.
WC1-WC3. The experiments involved 53 Dat .
different mass concentrations of initial clay, = ata processing

Co, in each of the three channels, with the Raw bed elevation profiles (BEPS)
same flow conditions for each channel. Therecorded from each URS scan, were analysed
bed was composed of a well-sorted sand withusing a standard ‘peaks and troughs’
a median diameterDso, of 0.45 mm and procedure to identify individual ripple
cohesive kaolinite clay witBso=0.089 mm. heights, , and wavelengths4, and their
The order of the experiments was from highmean values); andn;, at time,t, to construct

to low clay content, by taking advantage of
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the development curves of ripple dimensionswhere e and le, are the equilibrium height

and determine
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Figure 2.Development of ripple height and wavelength for W& dots in A - F) (Wu et al., 2022)/C3 (darl
blue dots inG — H) and WC2 (light blue dots in | - L) for diffent values ofC,. The vertical lines denote c
standard deviation from the mean dimensRed, drk and light blue lines are based on fitting taiipns 1 an

2, and dashed lines are their corresponding 95%demte intervalsThe yellow lines are best-fit curves for the
clear-sand counterparts, under WC1 and WC3 conditions.

equilibrium bedform dimensions, following
Wu et al.’s (2022) procedure:

N t—t;
—=1-0.1"71, 1)
Me
A =4 =t
—=1-0.1727¢,
de — A (2)

time for the height and wavelengthjs the
initiation time andi; is the initial wavelength.
The ripples were also characterised by their
steepness (RS) &/le, and ripple symmetry
index (RSI) =AJ4, wherels and 4 are the
length of the stoss and lee side of the ripple
(RSI < 1.3 for symmetric and 1.3 <RSI< 1.5
for quasi-asymmetric ripples, Perillio et al.,
2014) (Table 1).
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Table 1 Experimental parameters and bedform clexiatits
Run Flow Duration Co Uo Uc e Ty Ae Ta RSI RS Plan

/Channel codé  (min) (%) (MsYH) (msH @mm mm mmy,  mm view
Al/2 WC1 1970 0 0.32 0.16 14.4 90 1236 170 14 0.122D
A3/1 WC1 1250 5.7 0.32 0.19 14.7 125 1265 330 14.120 2D
A3/2 WC1 1250 8.5 0.31 0.16 14.3 432 1214 456 14110 2D
A2/2 WC1 1250 10.6 0.33 0.19 13.7 678 1109 540 1.8.14 2D
A3/3 WC1 2000 11.6 0.31 0.15 4.1 271 1085 382 15050 3D
A2/3 WC1 2000 12.3 0.33 0.2 35 211 98 499 15 0.043D
B1/2 WC3 600 0 0.14 0.31 15.5 53 1479 302 15 011 D 2
B4/1 WC3 1250 25 0.13 0.25 14.8 71 1448 330 15 101 2D
B4/3 WC3 1250 6.4 0.12 0.29 15.6 151 152 342 15 0.1 2D
B2/1 WC3 650 9.9 0.13 0.31 - - - - - -
B2/2 WC3 650 13.1 0.14 0.29 - - - - - -
B2/3 WC3 650 18.3 0.13 0.31 - - - - - -
B3/1 WC2 1850 8.4 0.27 0.32 13.9 471 137 465 1.4 0.092D
B3/2 WC2 1850 10.8 0.27 0.3 5.6 273 125 377 1.6 0.043D
B3/3 WC2 1850 16.3 0.27 0.31 - - - - - -

IFlow code number signifies increasing relative entistrength compared to WC1.

T . 0
Sediment cores from the initial flat bed trend was similar to its 10.6% counterpart

and the ripple crests and troughs were slicedij.nt'lI t =230 min. gowevekr, there%ftgr, t?]e
into 5- and 10-mm intervals for grain size fipples experienced weak growth in_the

analysis using a Malvern Mastersizer 2000./€mainder ~ of the —experiment.  The
Crest and trough cores were combined tocduilibrium ripples were asymmetric and 3D,
form one continuous profile through the Wltlgc?rec_ 3156215/“ Srqgér_vgggqgr(]gﬁgre]sl)fhe
active layer (ripple crest down to trough) and inples od_evélo oed o similar e uilibr’ium
into the substrate beneath. The measured cla{PP €S ph i ol q q
content,C, in the sediment cores was further |rr_1enS|ons as t e'[ clean-sand counterparts,
processed to acquire the total amount of cla)fg)e)‘ alr?GG t?énbi%dWagSSZirr]\mc]o(\zgggeiﬁcz’D
removed from the bed, by integrating the u’asi-as mmetric ri Ieg(TabIe 1) :
clay deficit, defined a€qger= Co —C, from the 9 y PP '

_ 0 "
lowest reference level, z -p to the crest . -Of Co = 8.4% under WC2 conditions,
ripple dimensions experienced a gradual

level,z=0. ,
development period of around seven hours
before reaching stability, withe of 7.1 andle

3 RESULTS of 110.8 mm (Figure 21 and J). Equilibrium
ripples retained similar geometries to those

3.1 Ripple development developed under WC3  conditions,

. . . characterised by 2D plan forms and quasi-
Under WC1 conditions, increasino  ggymmetric cross sections (Table 1).

slowed ripple development compared to the - 0 : :
clean-sand case (Figure 2A-D). This is wazoggomrﬁoést /i (;/:/)anq)i,n’thfg”rcl)p\z\%z hb(;'ggt
partlcylarly true forCo = 10.6%. Ripples arind of slow growth up tge = 5.6 mm at
experienced two stages of development; th‘£ 230 min, beyond which the ripple height
ripple height and Wavelength only grew to 3'9grew no further (Figure 2K). The small
and 96.2 mm at = 170 min, thereafter, the 565 formed were 3D with discontinuous,
ripples experienced a period of relatively gin o5 crestlines in plan view. In cross-
rapid, yet gradgally decelerating, grqvvth N section, these ripples were slightly
the next approximately 7 hours,_ reachiag: asymmetric and of limited steepness, with
13.7 mm andle = 110.9 mm with 2D plan ©&| =1 6 and RS = 0.04 (Table 1)

view geometry (Figure 2C — D, Table 1). For ' ' '
Co = 12.3%, the initial ripple height growth
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3.2 Comparison of pre- and post-experiment

A wc1,C =10.6% (R)

vertical bed clay content 0

Under WC1 conditions, fa€o = 10.6%, at &
the end of the experiment, the sediment core £
reveal 100% clay loss in the active layer & ,
(ripple crest down to the ripple trough); there &
was a layer, with thickness of ~ 60 mm of ~

20

80

t=2000

1]

|
]
]
|
|
-
|
|
|
1
I
|
|
|
1

reduced clay, beneath the ripple base (Figurt 1007
3A). The equivalent clean-sand depth (black

8

C Wwe3,Cc;=6.4% (R)

16

horizontal dashed lineds =1/Co, was 43 mm. 8
Compared to the ripple heighd; gives an 20

retained 8% clay near the base, with a thin ©
layer of reduced clay content beneath the

I B i ‘ :
indication of how much clean sand is gm : iR . |
available for ripples to grow (Wu et al., & [+ N 17| | :
2022). Small ripples, for theo = 12.3% case, 3 '} L i 60

100

B wc1, ¢ =12.3% (SR)

o]

20

40

60

80

100

20

80

16

D wcs, ¢, = 18.3% (NR)
0—. -

ripple base (Figure 3B).
Similarly, under WC3 condition, faCo = 8

100

20

6.4%, the clay content in the active layer of

the ripples was zero and a layer of reducec & %
clay content extended down to ¢. 80 mm by =
the end of the experiment (dark blue symbols 3
and lines in Figure 3C), witd: = 57 mm, £
more than two times the ripple height.
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o
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1
1
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In the Co = 8.4% (WC2) case, a small 0 6

amount of clay, approximately 2.8%,
remained at the base of the ripples at the en
of the experiment (Figure 3E). Compared to
the Co = 8.4% case, the base of the small
ripples, forCo = 10.8%, contained a higher
amount of clay (9.8%) and. = 10.1 mm
(Figure 3F).

core depth (mm)
[=2] S N

o o o o

]

=2}
o

t=1850

No ripples formed forCo > 9.9% under
WC3 conditions an€@o = 16.3% under WC2

i
o
o

0

10
clay content

20
(%)

100

0

8 16
clay content (%)

= WC3
WeC2
- wc1
WC3 fit
WC2 fit
WC1 fit

ripple base
----- d =1C
c 0

conditions (Table 1). Sediment cores
collected from the flat beds after these
experiments show vertically-constant clay
loss from the entire bed (Figure 3D, G). On
beds withCo = 16.3% and 18.3%, there was
an approximate 10% reduction in clay
content andl. was approximately 17 mm and
15 mm, respectively.

Figure 3. Vertical profiles of clay content in csre
collected from beds in the mixed sand-clay section
post experiment under WC1 conditions (A - B),
WC3 conditions (C - D), and under WC2 conditions
(E - G). The red, dark and light blue solid lines a
the fits to WC1/WC3/WC2 clay content at each
depth. The grey vertical solid and dashed lines
represent mean initial clay content and one stahdar
deviation from the mean. The horizontal bars
denote one standard deviation of the mean clay
content at that depth. The yellow lines repredeat t
ripple base. The dashed horizontal black line és th
equivalent clean-sand depth.
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4 DISCUSSION 5 CONCLUSIONS

The following conclusions are drawn:

1. The experimental results reveal that

two distinct types of equilibrium ripples

The ripple steepness and wavelength for develop. FoiCo < 10.6%, large 2D, quasi
all cases are listed in Table 1; there are two asymmetric equilibrium ripples develop,
quite distinct constant steepness groupings, with dimensions similar to their clean-
nelle, related to the large and small ripples  sand counterparts; f@o > 10.6%, small,
with a change afo = 10.6%. For large ripples flat, and more asymmetric equilibrium
the steepness decreases with increasing ripples develop.
current strengthyd/le ~ 0.12, forUc ~ 0.16 2. There were two quite distinct constant
m s, WC1; and 0.103, fote ~ 0.3 m &, steepness groupings associated with this
WC2 and WC3 (Tables 1). This is the current  change aCo = 10.6%, with a value 0.04
shearing the tops off the ripple crests with  for the small ripples. For larger ripples, the
increasing effect, such that for the strongest steepness decreased with increasing
current the steepness is only just above the current strength. The ripple wavelength
threshold for oscillatory boundary-layer  decreases faCo > 8.5%.
separation #gie > 0.1). The small ripples 3. Winnowing-induced deep cleaning of
have a steepness of ~ 0.04. While there is a bed clay under large ripples occurred
sudden change in ripple steepness and height, under WC1 and WC3 conditions, but was
there is a gradual decrease in wavelength inhibited under WC2 conditions, which is
with increasingCo, for Co > 8.5%. reflected in a reduction of the clay flux out
of the bed by a factor of four.

4.1 The effect of clay and hydrodynamic
conditions on ripple dimensions

4.2 Quantifying the clay loss

Significant clay loss beneath equilibrium g ACKNOWLEDGEMENT
ripples was observed on beds wit <

10.6% (Figure 3A, C). However, such deep We acknowledge funding by the European
cleaning of the bed clay was considerablyResearch Council under the European
weakened in theCo = 8.4% (WC2) case, Union's Horizon 2020 research and
despite the increased hydrodynamic forcinginnovation program (grant no. 725955).
(Figure 3E). Participation of R. Fernandez was also
supported by the Leverhulme Trust and
Leverhulme Early Career Researcher
Fellowship (grant ECF-2020-679).

We quantified the clay loss under different
flow conditions by calculating the mass flux
of clay out of the bed;, = I/ta, wheretg, is
the experiment duration. For large ripples this
gives F, ~ 3.5x10° g mni?min™t, under 7 REFERENCES

WC1 and WCS3 conditions, compared to _
9.4x107 g mni2min~t under WC2 Baas, J. H., Davies, A. G. & Malarkey, J. 2013.

- . . Bedform development in mixed sand—mud: The
conditions. This latter value is comparable to contrasting role of cohesive forces in flow and.bed
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8.5x10" g mni2min™l. This difference in under oscillatory flow: 2. Experiments. Journal of

; ; Geophysical Research: Oceans, 114.

deep cleaning between WC2 and WC3 is alsq, o 00 ™7 e Garcia M. H. 2014. A

seen in the cases where no ripples formed, new phase diagram for combined-flow bedforms.

even though the fluxes are two orders of  journal of Sedimentary Research, 84, 301-313.

magnitude smalleFp ~ 5x108 g mm?min™t  Soulsby, R. (1997). Dynamics of marine sands: A

for WC3 andF, = 2x108 g mni?min* for manual for practical applications. Thomas Telford.
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Interaction between two scales of fluvial bedformsl its impact ol
sediment transport dynamics

J.Y. Zomerwageningen University & Research, Wageningen, Metids — judith.zomer@wur.nl
B. Vermeulenwageningen University & Research, Wageningen, Mattds — bart.vermeulen@wur.nl
A.J.F. Hoitinkwageningen University & Research, Wageningen, Matids — ton.hoitink@wur.nl

ABSTRACT: In many river ystems worldwide, mtiple scales of bedforms are observed to coe

where trains of secondary bedforms are superimposdarger primary dunes. To date, this secondary
scale remains poorly studied. This study aims taratterize secondary bedforms based on a large
bathymetric dataset from the Dutch river Waal. $ebg a field campaign has been completed based

on which the dynamics and interaction of two scalesinvestigated.

scale is then considered to be the active
bedform scale, which is in equilibrium with
1 INTRODUCTION the decreased discharge (Martin &
In fluvial environments, dunes are a key Jerolmack, 2013). The primary dunes at that
element in various flow processes onstage of the discharge wave have become
multiple scales. They induce flow separationinactive, and are slowly cannibalized. Two
at the bed, control hydraulic roughness, andscales of bedforms have also been observed
affect local sediment transport dynamics. nder steady flow conditions however
With this, dunes exert a strong control on the(Zomer et al., 2021). In steady flow, it is
navigability of a river, and on the stability of gy yected that the secondary scale develops in
'nerStm?tu(;e' h b the toni fthe boundary layer that establishes over the
uvial gunes have been he topic o rimary dune (Ashley, 1990). Previous work

extensive research in the past decades. Thi furth h that q bedf
research has almost exclusively been focuse as urther shown that secondary bediorms
are not limited to the primary dune stoss, but

on one scale of larger, formative dunes. In k ,
many fluvial systems worldwide, the Can persist over the full length of the primary

presence of a secondary scale of bedformé§une (Galeazzi et al., 2018; Zomer et al.,
has been reported (Carling et al, 2000;2021). Secondary bedforms can have steep
Cisneros et al., 2020; Galeazzi et al., 2018jee side angles and are thus likely to cause
Harbor, 1998; Parsons et al., 2005; Wilbers &flow separation and affect local flow and
Ten Brinke, 2003, Baranya et al., 2023), sediment transport dynamics (Zomer et al.,
which remain comparatively poorly studied 2021) and also affect primary dune
to date. Trains of small, secondary dunes camjevelopment (Reesink and Bridge, 2007).
be superimposed on larger, primary dunesBoth field and laboratory studies have
which is why they may interact. indicated that secondary bedforms migrate
In many studies, secondary dunes Orcomparatively fast, and the bedload sediment
bedforms were merely considered to be anyansport associated with the small scale
artefact of the larger scale dunes, which isequals or even exceeds transport associated

then referred to as a cc_)mpound dune. Recenjith primary dune migration (Zomer et al.,
work has shed more light on the secondary>p21; venditti et al., 2005).

dune scale. Two different processes have Many questions remain unanswered.

been observed and described that lead to th@/hereas the primary dune scale has been
superimposition of secondary bedforms.stydied extensively, a comprehensive
Firstly, secondary bedforms have beencharacterization of secondary dunes has
observed to emerge during the falling limb of remained elusive to date. Previous work has
a flood wave. The newly emerged, secondanpeen [imited to field studies at small spatial
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and temporal scales, or flume studies. It is The characterization of the secondary
unknown how the two scales interact andbedforms was based on a biweekly
affect each other's development on a largebathymetric dataset, acquired through
scale. Finally, it is unclear what the impact of multibeam echo sounding (MBES). These
the presence of a secondary scale is on thdata were provided by the Dutch Ministry of

total sediment transport dynamics, and howinfrastructure and Environment
dune tracking should be applied in systems(Rijkswaterstaat) for the Waal river. The data
where two scales actively migrate. were interpolated on a 0.1 x 1.0 m grid and

This study has two main aims. Firstly, we subsequently processed following the
aim to characterize secondary bedformsmethod of Zomer et al., (2022). With this
based on a large bathymetric dataset that hasiethod, the bathymetric data is separated
been acquired in the Dutch river Waal, theinto a signal representing secondary
main branch of the Rhine river. Secondly, abedforms and a signal representing the
dedicated field campaign has been completedinderlying bathymetry, including primary
in the river Waal, near Tiel, based on whichdunes. The first step of this procedure is to
we study the dynamics of dunes at two scalesgecompose the initial bathymetric signal
their interaction, and the impact on sedimentbased on a LOESS (locally estimated scatter
transport and consequences for duneplot smoothing) algorithm (Greenslate et al.,
tracking. 1997; Schlax and Chelton, 1992). Steep
primary dune slopes are preserved by
implementing breaks in the previously fitted
2 METHODS LOESS curve. The steep lee slopes are
2.1 Secondary bedform characterization:subsequently fitted with a sigmoid function
separation of bathymetric data representingFigure 1). Following the separation of
two bedforms scales. scales, secondary and primary bedforms are

<«—— Flow direction

break
LOESS curve
slope >

0.03 m/m

sigmoid fit

LOESS curve

Updated break location

final fit
initial LOESS curve

[ I I I I I I I I I 1
0 50 100 150 200 250 300 350 400 450 500

Distance along transect [m]

Figure 1. Adopted from Zomer et al. (2022). Schémnaverview of the tool developed by Zomer et al.
(2022). a) A bed elevation profile with the initiafitted LOESS curve. The vertical orange linedigate
the locations of breaks at steep primary lee sldpefhe exact location of the break is updatedhe)steep
primary lee slope is approximated with a sigmoidction; d) the bed elevation profile with the ialti
LOESS curve (green) and the final fit (oran
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identified based on zero-crossing (Zomer etubiquitous throughout the Waal river, both at
al., 2022; Van der Mark and Blom, 2007). a small and large discharge. This indicates
. . that the secondary scale is an important
2.2 Field campaign element in the river system and it is vital to
To further study the interaction between consider their impact on sediment transport
dune scales and the effect of secondarylynamics, river bed development and
bedforms on sediment transport dynamicshydraulic roughness. o
and the applicability of dune tracking, a field ~Secondary, the characteristics of both
campaign was set up. This campaignPrimary and _ secondary dunes were
included 10 measurement days distributegdetermined. Figure 3 shows the median
over a range of discharges, betweenvaluesj (averaged per tlmgstep over a reach of
November 2021 and March 2022. Per day, £N€ kllomet.er). and the interquartile range.
reach of approximately 400 m was scanned tO_The resul_ts |nc!|cate that secondary bedforms
enable characterization of primary dunes. Inincrease in height and length, and lee slopes
addition to that, repeated bed elevation scan§€come steeper with increasing discharge.
took place over a cross-sectional transect, in e lee side slopes develop up to around 20
order to track dynamics of secondary degrees. It is therefore likely that _secondary
bedforms over the full width of the river. bedforms —cause flow separation. The
Also, repeated scans were taken over thredariability m_dune size is large and has been
longitudinal transects. The aim of this was toShown previously to inversely correlate to
enable tracking of the dynamics of secondaryPfimary dune size (Zomer et al., 2021).
bedforms over primary dunes. The field Primary dunes increase in height and lee
campaign  further included  velocity slope steepness, but their lengths decrease

river bed samples. findings by Lokin et al., (2022).

In some cases, secondary bedforms persist
over the whole length of the primary dune
3 RESULTS where in other cases secondary bedforms

A first question to be answered was disintegrate at the primary lee slope. As this
whether secondary bedforms were restrictedikely impacts the total sediment transport
to specific hydraulic conditions and river dynamics and applicability of dune tracking,
sections. To answer this, we determined whawe further studied this. The primary dune
fraction of the river bed was covered by dataset was separated into primary dunes
secondary bedforms (Figure 2). Figure 2onto which secondary bedforms persist over
indicates that secondary bedforms arethe full length of the primary dune, and a set

3

low dischlarqe: 1067 n|1

north

centre

Cover [-]

south

north

centre

Cover [-]

south

30 35 40 45 50 55 60
km along river axis

Figure 2. The fraction of the river bed coveredsegondary bedforms. The river divided in sectionseld on
kilometers along the river axis and 5 sectionsritiated over the width of the river.
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of primary dunes where secondary bedforms

did not persist.
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Figure 3. The properties of primary (right paneds)d secondary (left panels) dunes over time. The iddicate
median values for all dunes identified in one kigoen, per timestep. The transparent, colored aiadiate the

interquartile range.

Secondary bedforms do not
Secondary bedforms persist

2 150

15
15
100 10
1 5
50
0.5 0
Primary Primary
height [m] length [m]

persist

;

Primary
lee [

6000

4000

2000

0

Q [m3/s]

0.1

Secondary
height [m]

2

Secondary
length [m]

0.1

Secondary
lee [°]

|

HH,

Figure 4. The characteristics of primary dunes owdich secondary bedforms persist (orange) and aigch
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Figure 5. Top panel: Bed elevation of a longituditransect. Middle panel: The secondary morpholofthe
transect. Bottom panel: A bed elevation profilenfréhe longitudinal transect (grey). For each secamyd
bedform an associated transport is determined &@hecombination of bed elevation scans (6 timestefugal).

A LOESS curve is fitted through the individual gatats (orange, intermittent line).

sediments going into suspension at the dune

These two primary dune groups werecrest. In cases where secondary bedforms
compared with each other. Figure 4 indicatespersist over the full length of the primary
that primary dunes over which secondarydune, however, it is unclear what the
bedforms persist are lower in height and havanteraction between the two dune scales is.
less steep lee side slopes. The secondariyreliminary results (figure 5) indicate that

bedforms on these primary dunes are slightlysediment transport associated with secondary

larger. bedform migration increases over the
primary dune stoss, towards the crest. This is
4 ONGOING WORK AND OUTLOOK expected to cause net erosion of the dune

stoss. The sediment transport associated with
The field campaign was designed tosecondary bedform migration decreases
further study the dynamics of the two dunealong the primary dune lee, indicating net
scales, which is not possible based on theleposition. This might indicate the
biweekly dataset, and to specifically study mechanisms by which the primary dune
the relationship with sediment transport andmigrates.
the interaction between dune scales. Bedload
sediment transport by both primary a}nd ACKNOWLEDGEMENT
secondary dunes were separately determined.
For both scales, sediment transport increase$his study is part of the research program
with increasing discharge. In the studied areaRivers2Morrow, which is funded by the
the transport rates are similar in magnitude. Dutch Ministry of Infrastructure and Water
In the case that the secondary bedformdVanagement and its executive organization
disintegrate at the primary dune lee, weRikswaterstaat. We thank Rijkswaterstaat-

expect that the secondary bedforms are th&!V for providing the data used in this study.
agency by which the primary dune migrates.

Sediments transported by secondary

bedforms then fully contribute to the

migration of the primary dune, excluding
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