fﬁ’.; 3 GEF |

t’.&-,
& ISSN 1377-0950
t( i -
MARID 2013
- )3 P & (‘. ',’
- 8 1 4 {
| § w % ’ :
SR Fourth International Conference on

Marine and River
Dune Dynamics

~ Bruges, Belgium
5 17 April 2013

DUNE DYNAMICS

: V. Van Lancker and T. Garlan




MARID IV

Marine and River
Dune Dynamics

Bruges, Belgium
15 - 17 April, 2013

Organising Committee

Prof. Dr. Vera Van Lancker (Royal Belgian InstitafeNatural Sciences / Ghent University)

Dr. Jan Seys (Flemish Marine Institute, VLIZ)

Dr. Marc Roche (Federal Public Service Economyt-&eiployed, SMEs and Energy)

Dr. Yves Plancke (Flanders Hydraulics)

Dr. Tomas Van Oyen (Ghent University)

Sonia Papili (Belgian Navy)

Ir. Guido Dumon (Agency for Maritime & Coastal Siees, Coastal Division, Flanders Hydrography)
Dr. Matthias Baeye (Royal Belgian Institute of NaluSciences)

Dr. Thierry Garlan (French Naval Hydrographic amce@nographic Service, SHOM)

Scientific committee

Chair: Prof. Dr. Vera Van Lancker (Royal Belgiastitute of Natural Sciences / Ghent University)
Co-chair: Dr. Thierry Garlan (French Naval Hydrqgnec and Oceanographic Service, SHOM)
Dr. Sophie Le Bot (University of Rouen)

Prof. Dr. Alain Trentesaux (University of Lille)

Prof. Dr. Suzanne Hulscher (University of Twente)

Prof. Dr. Dan Parsons (University of Hull)

Prof. Dr. Jim Best (University of lllinois)

Dr. Katrien Van Landeghem (University of Bangor)

Dr. Marc Roche (Federal Public Service Economyt-&eiployed, SMEs and Energy)

Dr. Yves Plancke (Flanders Hydraulics)

Dr. Tomas Van Oyen (Ghent University)

This publication should be cited as follows:

Van Lancker, V. and Garlan, T. (Eds), 2013. MARIOQL3. Fourth International Conference on Marine and
River Dune Dynamics. Bruges, Belgium, 15-17 ApfiL3. Royal Belgian Institute of Natural Scienced an
SHOM. VLIZ Special Publication 65 — Flanders Marimstitute (VLIZ). Oostende, Belgium. 338p. ISSN
1377-0950. ISBN 978-2-11-128352-7

ISSN 1377-0950
ISBN 978-2-11-128352-7

Reproduction is authorized, provided that appragniaention is made of the source.



Organized and sponsored by:

Royal Belgian Institute of Natural Sciences
Management Unit of the North Sea Mathematical Medel
Gulledelle 100, 1200 Brussels, Belgium - http://wwwmm.ac.be

French Naval Hydrographic and Oceanographic Service

SHOM - Oceanographic Centre - 13, rue du Chatellier
CS 92803, 29228 Brest Cedex 2, France - http://vgivam.fr

This conference is also supported by:

Flanders Marine Institute (VLIZ)
Federal Public Service Economy Self-employed, SMEsEnergy
Flanders Hydraulics Research
Ghent University (Dept. of Civil Engineering, Coastal Engineering)
Belgian Navy(Research group)
Agency for Maritime and Coastal ServicegCoastal Division, Flanders Hydrography)

Golden Sponsorship

Belgian Science Policy Office (BELSPO)
Avenue Louise 231 Louizalaan, 1050 Brussels, Baigitnttp://www.belspo.be

Silver Sponsorship

Flemish Authorities, Department Mobility and Public Works
Maritime Access
Tavernierkaai 3, 2000 Antwerpen, Belgium — httpwWww.maritiemetoegang.be

Flemish Authorities, Agency for Maritime and Coasta Services

Coastal Division, Flanders Hydrography
Vrijhavenstraat 3, 8400 Oostende, Belgium —
http://www.afdelingkust.be and http://www.vlaamseéiggrafie.be

Picture cover:
© Service Continental Shelf - FPS Economy, Belgilnw flank of the Oosthinder sandbank showing an

alignment of very large “barchanoid” dunes thagtstn into the adjacent channel. The troughs ofetihege
majestic dunes host a high biodiversity, discovelgdour colleague Jean-Sébastien Houziaux, marine
biologist (09/05/1970 - T 15/06/2012).



Marine and River Dune Dynamics — MARID IV — 15 &Afril 2013 - Bruges, Belgium

Preface & Welcome

Under the auspices of the North Sea Hydrographim@igsion, a first workshop on marine sandwave
dynamics was organised by SHOM and the Univerdityile 1 (France) in 2000. This successful eveasw
followed up in April 2004 (University of Twente,a@Netherlands) and in April 2008 (University of dse
United Kingdom). These MARID conferences providéatesof-the-art overviews and outlined progress in
our knowledge on marine sandwaves and river dunes iformat that stimulated cross-disciplinary
knowledge exchange and cooperation. Earth scigntmteanographers, engineers, hydrographers and
biologists from across the world shared resultdvddr from field observations, modelling studies and
laboratory experiments.

The present, fourth conferenddarine and River Dune Dynamics,IWeld in the City of Bruges in Belgium,
April 15-17 2013, is piloted by the Royal Belgiamstitute of Natural Sciences (Management Unit ef th
North Sea Mathematical Models) and the French Nielydrographic and Oceanographic Service (SHOM).
The central theme of this fourth edition Istegrated Data-Modelling Approaches and Societal
Relevance Discussions are encouraged to stimulate new nedsdaitiatives that will result in better
integration of field data on marine and river bedfs, numerical/analytical model outputs and lalmwyat
experiments. A plea is held for thorough and syatendata—model comparisons to test the capakilitiel
sensitivities of numerical models and, thus imprawedel accuracies and performances for better
applications and assessments needed in environmeataagement. As such, we want to highlight the
importance of interaction with end-users. Establigland maintaining the societal relevarnégesearch on
bedform dynamics helps to maximize the impact af wark and ensures its long-term fundiye face
new challenges in river and seabed managementraarhutilization is increasing and good environmienta
status needs safeguardifi@r better practice in observations, modelling expleriments, often combined in
integrated approaches, there is a growing need nfor technologies, strategies and standardized
methodology. This is a challenge for all disciptine

MARID IV is open to all professionals and stakelo&ldealing with bedform dynamics. It presentsirgit
edge science and provides real-life examples fraamymareas and perspectives. Ample opportunity for
networking is provided to what we know is a closg:kglobal community of scientists, practitioners,
industry representatives, policy advisors and mearsag

In keeping with the previous MARID conferences, maintain the concept of a small, focused event with
only plenary sessions to stimulate discussion aoskefertilization among disciplines and to leanoni each

other. New areas for future investigation and d¢mltation will undoubtedly emerge.

Enjoy the conference!

Vera Van Lancker & Thierry Garlan
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Gaps in understanding of sedimentary bedforms
in the ancient, the present, the extraterrestndlthe kitchen

M.G. Kleinhang?

1. Faculty of Geosciences, Universiteit Utrechtegdht, the Netherlands, m.g.kleinhans@uu.nl
http://lwww.geo.uu.nl/fg/mkleinhans

Abstract

Much is known about bedforms, but a number of @altgaps in understanding remain. These gaps bectmae
when present understanding is extrapolated to menmaterials, conditions or environments. Advanglegsics-
based modelling demonstrates that dunes and upguge-plane bed are predictable from the laws osigky but
may be sensitive to constitutive relations for flawd particle friction and sediment transport. Rentnore the
question whether current ripples and dunes aréndisforms or the same forms with different sizesnains
unanswered. Empirical work and experiments shows dhzoo of phenomena and bedforms emerge in aghesi
sediments or sand-gravel mixtures, in hyperconagsdrflows and turbidity currents, showing that tmigs of
particle sizes with different weight or other prapes require basic exploration. Finally, the angleepose is the
most basic characteristic of sediment relevantirfter-particle friction and the steep lee side efiforms, but
prediction from physics remains poorly understosdieamonstrated by measurements in lower gravitg. ifove
phenomena arise because of three general mechathiatmsan generally be called ‘friction’ and aredmpletely
understood: 1) the laminar to turbulent flow tréiesi, 2) friction between particles and 3) cohedimees.

1. INTRODUCTION 1) Deduction: laws of physics and numerical
physically-based models are applied to
Bedforms and bed states such as Upper Stagsitial+boundary conditions to predict bedforms.
Plane Bed or Upper Flow Regime Plane Bed havg) Induction: initial+boundary conditions are
always been ubiquitous in many environments omeasured or experimentally controlled to map the
Earth but our understanding of their formation,resulting bedforms to create ‘laws’.
dynamics and sedimentary products is patchy3) Abduction: the end result is observed and ‘laws’
Classically bedforms and plane bed have beesre considered known, but the formative
described for pure sand with low concentrationgonditions are inferred.
under unidirectional currents, tides and waves.
Other species of bedforms emerge in cohesive  PHYSICS-BASED MODELLING
sediments or poorly sorted sediment and in starkly
different environments such as hyperconcentrated.1. Modelling ripples, dunes and plane bed
surface flows and turbidity currents. Finally, A decade ago the physics of full development of
bedforms were discovered on Mars where a mosfedforms (as opposed to incipient bedforms
fundamental condition differs from that on Earth:predicted in linear stability analyses) were deemed
gravitational acceleration is only 3.74 fa/get we  so complicated that some doubted a model would
have no clue how this affects bedforms. ever be possible. Recently Nabi (2011) modelled
The objective of this paper is to uncover criticalthree-dimensional flow and particle motion in
gaps in our mechanistic understanding ofgreat physical detail to show that ripples, dunes
bedforms. The method is to explore the extremand upper stage plane bed emerge autonomously.
limits of applicability of current concepts for Furthermore it produces hysteretic dune
material properties, conditions and environmentsdevelopment in discharge waves, which can be
Building on the value of empiricism and physics,used to develop new constitutive relations for dune
three complementary styles of logical reasoningdimensions and drag to use in large-scale
deduction, induction and abduction are used: morphological engineering models.
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The physical nature of the model suggests that994) show that equilibrium ripples have well-
these exciting results are universally valid, the t defined dimensions independent of flow velocity,
sediment transport description implemented in thevater depth and particle sizes (except close to the
model is necessarily semi-empirical. Indeedpoundaries of their stability field), namely 0.02 m
alternative constitutive sediment transport ref&io high and 0.2 m with a spread of a factor of two.
did not form dunes. This raises the question whaturrent work is aimed at understanding the
the effect would be of alternative physicalrelation between scour holes and ripples and the
mechanisms and constitutive relations. Vice versazonsequence for the ripple-dune transition.
alternative choices can provide clues about the bes
forms that constitutive relations for transportidou 2.2.  Sorting of sand and gravel in dunes
have, independent of empirical measurement. In seemingly simple unidirectional flow with
sandy gravel several sorting patterns occur, sach a
T WW fining upward in dunes and transverse sorting in
M river bends. The sorting has large effects on
oot N equilibrium morphology and time scales of
adaptation (Blom et al. 2008), which is highly
relevant for managed rivers such as the Rhine.
i Furthermore it interferes with sorting patterns at
Figure 1. Bedform height (left) and length (right) the scale of bars and bends. But grain-scale gortin
development in the Nabi (2011) model under constan®n reach-scale river morphology pose a rather
conditions starting from flat bed. large challenge to numerical modelling.
A long standing dispute is whether dunes anddlom et al. (2008) present a sophisticated model
ripples are distinct features or simply different i that conserves mass of all grain size fractions,
scale. In bedform stability diagrams ripples occufmodels vertical sediment fluxes, and accounts for
in hydraulically smooth bed conditions, i.e. whenstochastic temporal variability of dune trough
laminar sublayer thickness exceeds particle size. [depth.  This model constitutes an important
such conditions local turbulence production oveimprovement over the classic active layer depth
an irregularity or bedform crest locally enhancegvhere the layer thickness must be calibrated and
shear stress. This causes formation of a scour hoirongly determines time scales of morphological
which maintains local turbulence strong enough t&nd or sorting adaptation. The model also points
suppress the laminar sublayer. If this is true thefPwards the importance of initial sorting conditon
dunes replace ripples only due to an increase ¢nd history effects in sorting, which adds a
shear stress or grain size and cannot occur fPmplication to hysteretic bedform dynamics.
superposition unless in the transition zone. On th~
other hand, these scour holes are also observiE
without ripples in near-critical flow, where they g‘“ 10
add unrealistic effects to scale models for river:g )
and tidal systems. This suggests that scour holeS _4q

§(m)
..
A (m)

oorf

L
00

20

modelled

and rhythmic bedforms are independent forms the=
are superimposed in the case of ripples, whicl™ o 05 1 o o5 :
otherwise are the same phenomenon as dunes. sediment fraction (-)  sediment fraction (-)

A model such as Nabi's (2011) can be used t&igure 2. Vertical sorting by dunes (Blom et al0gp
remove or add model components representin@ne important question is what the effect is of
physical effects and processes, and can be useddonstitutive relations for sediment transport.
model scenarios. Modelling started from plane be&everal mechanisms must be included semi-
for a flume-sized domain shows that at smallempirically. Sediment pickup and deposition must
bedforms develop that Nabi calls ripples, whichbe corrected for hiding effects occurring with
then merge to grow into dunes. Indeed dune heighparticles of different sizes. Some processes are to
growth temporarily stalls during the transition poorly understood to be included. Due to hiding,
(Fig. 1). However, the most systematic set ofarmouring occurs in a mobile layer of a few grains
controlled experiments producing ripples (Baaghickness, whereas in partly mobile sediments the

ti

1a
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smallest particles contributing to morphologicaltap water as interstitial fluid. Materials with
change may be winnowed out of an otherwiseangular grains had tirreveraged angles of about
nearly static bed by turbulence penetrating the bed0° and with rounded grains about 25° for all
or deposited and percolated into the deeper bed. effective gravitational accelerations, except the
A second major question is to what extent particlefinest glass beads in air, which was explained by
scale phenomena are relevant for reach-scale rivetatic electricity. For all materials, tlstatic angle
morphology. Yet the thin layers used in theof reposéncreases about 5° with reduced gravity,
discretised numerical model require very smallwhereas thedynamicangle decreases with about
time steps unsuitable  for large-scale10°. Surprisingly, both depend on gravity and
morphodynamic modelling. Yet dunes modify avalanche size increases with reduced gravity.
near-bed flow and thus interfere with transport andrigure 3. Typical angles of repose under reduged
sorting processes on transverse bed slopes on be 2.4 mm gravel in air 0.21 mm sand in air

and in bends. These phenomena call for furthe 0
study by combination of detailed sorting models,
engineering models and dedicated flume _eo
experiments to unravel the dynamic interaction
between dunes and bars and the transverse sloj

60

angle (o)

40| g 20|

angle (

effect on sediment transport and sorting. 20 T

3. EMPIRICAL EXTREMES % o5 1 % o5 1
g-leve g-leve

3.1. Angle of repose dependence gh Qualitative explanations are that friction is lower

Noncohesive granular materials are found in manif! more dilated grain flows in reduced gravity so
contexts, from kitchen to industry and, notably th that the dynamic angle of repose is smaller. The
lee side of ripples, dunes and other steep bedform¥atic angle of repose, on the other hand, iseglat
A basic property is the angle of repoae the to ‘cohesive’ forces including Vanderwaals and
maximum slope angle at which the material is aflectrostatic forces, which continue to act in
rest. Above this slope angle, the material starts tVanishing gravity and increase the static angle.
flow. The angle is related to the friction angle of W& lack the mechanistic understanding to predict
sediment that figures in semi-empirical relations2ndle of repose and friction angle depending on
for incipient sediment motion and transport. material properties (and gravity). Hence this
It is generally believed that this angle isCauses empirical uncertainty in  transport
independent of gravitational acceleratigras on predictors. It also raises questions about what

other terrestrial planets, moons and asteroidsen t "@Ppens in bedforms with low density sediments
Solar system. This belief follows from the such as shell hash and mud clasts. Furthermase it i

Coulomb law and the first law of Amontons. It the question which angle is likely to be preserved

follows that the driving gravitational force along & the planetary surface and in the rock record.
the slope of a granular flowF,=mgysina, is  JPiquitous disturbances render the lower dynamic

balanced by friction, which depends on the forcéngle of repose dominant in nature. Lower slip
normal to the sloper; = mgy; cos. As both scale face angles reduce flow separation and turbulence
with the weight of the flow, the dynamic angle of 9€nerated by flow over bedforms (Nabi 2011).
repose for a granular flow is independent of ) )

gravity. Although some observations were done3-2- Bedfqrms in Sand-mud mixtures

for granular materials under hypergravity, directMud occurs in abundance in fluvial a_nd coastal
measurements of the angle of repose are rare. ~ Systeéms since the emergence of plant life on Earth
In 33 parabolic flights in a weltontrolled research ~400 million years ago. Although mud consists of
aircraft Kleinhans et al. (2011) recordedMuch finer particles than sand or of low-density
avalanching granular materials in rotating drums alocs with much lower settling velocity, mud and
effective gravitational accelerations of 0.1 argB0. Sand often mix. Mud adds a plethora of effects to
times the terrestrial value and atd & a control Sediment, including cohesion and reduced pore
experiment. The granular materials varied inflow due to blocking. Furthermore mud modifies

particle size and rounding and had Utrecht air op€ar-bed turbulence. In novel experiments Baas et

3
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al. (2011) found a bewildering variety of bedformsand phases in a turbidity current system and
and layer patterns in sand-mud mixtures relevargrovide detailed information on the formative
for tidal environments and turbidity currents. conditions. This work illustrates that the geologic
Baas et al. found that bedforms generated imecord may contain a zoo of bedforms that are
turbulent flow and in turbulence-modulated, hitherto unrecognised and poorly understood.
cohesive flows differ greatly in their size, texaur

sedimentary structure and migration rate as & CONCLUSIONS

function of the duration of the formative flow and The science of bedforms is ultimately founded on
the texture of the initial flat bed. In particuldhe  cjassical physics, but three related groups of
mud, silt and sand fractions mix, segregate omlayénechanisms are poorly understood and yet cause a

rhythmically depending on Reynolds number andyjethora of phenomena highly relevant to the field:
near-bed mud concentration. These findings are 1 |aminar-turbulent flow transitions

relevant for mud-silt-sand stratification formed in 5 friction between static and mobile

tidal environments, where critical shear stress for particles, particularly of different sizes
motion will be affected, and for rapidly 3 cohesion: a bulk term for attractive forces
decelerating turbidity currents in deep water. between particles of clay-size and larger.

The examples further illustrate that complementary
4, BEDFORMS CARVED IN ROCK approaches in the disciplines studying bedforms

. reveals where significant progress can be made.
4.1. Hyperconcentrated supercritical flow

The classical Bouma sequence of layering in rock@ ACKNOWLEDGMENT
has been used as a conceptual model to infer the

formative conditions of turbidity currents. But new\lla?:r::]o géi;t:;ma;% A(\;s;g(: Elgn;étm:hé)?e(ﬂsyuzzli’on
systematic experimentation in  supercritical 9 .

hyperconcentrated ~ flow  demonstrated thaFresented views are entirely my responsibility.

antidunes, breaking antidunes, chutes-and poo

and, notably, large, upslope migrating cyclic stepd - REFERENCES

are transitional into each other with increasingBaas, J.H. 1994. A flume study on the developmadt a
Froude numbers (Cartigny et al. in review). In  equilibrium morphology of small-scale bedforms in
particular such large cyclic steps were hitherto Very fine sand. Sedimentology, 41, 185-209.
unrecognised bedforms, that now appear to havgaas, J.H., Best, J.L. & Peakall, J. 2011. Depursai
recognisable stratification in outcrops of turbydit ?Jfrﬁiﬁzis’mb?g;‘i’é@ ggxgl'gf’a?: d“tcgﬂgsicgbr('g]uzed
currents. Point charactgrlsgtlon of the flow with sand) sediment flows. Sedimentology 58: 1953-1987
migrating bedforms inevitably covers both

. Blom, A., Ribberink, J.S. & Parker, G. 2008. Veatic
bedform troughs and_ crests, an(_j experimentally e sorting and the morphodynamics of bed form-
was found that a high percentile of the Froude qominated rivers: A sorting evolution model. J.
number distribution over time discriminated better  Geophys. Res., 113: F01019
than the median between the bedform patterngartigny, M.J.B., Ventra, D., Postma G. and Van Den
Temporally stable bedform types (in dynamic Berg, J.H. submitted. Morphodynamics and
equilibrium) occupy distinct fields in a two- sedimentary  structures of bedforms under
dimensional phase diagram with sediment mobility ~supercritical-flow conditions: new insights from
and particle size. However, the fields are modified flume experiments. Sedimentology, also open access
by sediment concentration and fall-out rate. PhD thesis Utrecht University 2012. '
Cartigny et al. find that various patterns ofKléinhans, M.G., Markies, H. de Vet, S.J. in 't Wl

PP ; _ A.C. & Postema, F.N. 2011. Static and dynamic
stratification  resembling ~ hummocky  cross angles of repose in loose granular materials under

stratification can be caused by multiple completely  (oquced gravity. J. Geophys. Res. 116: E11004
different bedforms and conditions. Fortunately'Nabi, M. 2012. Computational modelling of smalldeca

detailed differences exist so that otherwise vague yiyer morphodynamics. Open access PhD thesis
deposits hitherto interpreted as the result of one pelft University of Technology, 224 p.
process can now be ascribed to distinct locations
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Acoustic developments for the measurement of sadime
processes over bedforms
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Abstract

The processes of near bed sediment dynamics invédeglback mechanisms, with the hydrodynamics,doedf
and sediment transport each mutually interacting Brodifying one another. To understand these intienss

requires co-located, simultaneous, high temporatigpresolution measurements of the three compgenathis

interacting sediment triad. To study the triad, wstics has been increasingly utilised over the pastdecades.
The development and application of acoustic systeapable of measuring near bed hydrodynamics, sdsge
sediments, bedload and bedforms is now contribusiggificantly to the measurement of sediment tpans
processes. Here we look at the application of tlaeseistic techniques to the study of sediment p@nsn large
scale wave flume facilities and present resultsediment dynamics over sandy rippled beds undeesvav

1. INTRODUCTION centimetric/millimetric spatial resolution and sub
second temporal resolution.
To predict sediment transport requires a detailed
understanding of the fundamental physical
processes that lead to the movement of sediments.
The processes can be thought of as dynamic
interactions with feedback between: (i) the seabed
morphology; (ii) the sediment field; and (iii) the
hydrodynamics. This process has been coined the
‘Sediment triad'.
The vision two to three decades ago was that
acoustics may provide simultaneous measurements
of all three components of the sediment triad.
Acoustics was considered to have the potential to
measure non-intrusively, with high temporal- T
spa_tial resolutipn, co_—Iocated profiles_ of susp@hdeFigurel Schematic of a Multi-frequency ABS for
sediment particle size, concentration, the thregeasuring vertical profiles of suspended partidie s
orthogonal components of flow and bedforms, atnd concentration.
intra-wave, intra-ripple and turbulent scales.
Here we look at the application of acoustics taUsing a combination of theoretical inversions
sediment transport processes (Huther et al 201YThorne et al 2011), formulations for the scattgrin
and illustrate its use through a study on sedimergroperties of natural irregularly shaped non-

F1 P2 F3 4 om above bed

diffusivity (Thorne et al 2009) cohesive sediments (Moate and Thorne 2012) and
exploiting the differential scattering charactecist
2. ACOUSTIC INSTRUMENTS with  size and frequency, quantitative

_ measurements of suspended sediment profiles can
2.1 Acoustic backscatter systems, ABS  pe obtained (O'Hara Murray et al 2012). Also
As illustrated in figure 1 Multi-frequency ABS are pecause the echo from the bed is included in the
used to measure near bed vertical profiles ofcoustic backscattered signal the suspended

suspended particle size and concentration, usualdediment profiles can be referenced to the bed
over the bottom 1-2 m above the bed withjgcation.
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To illustrate the type of measurements obtainethe bed providing a height profile, h(x,z). The
from an ABS, figure 2 shows measurements ofystem rotates through an angle and measures
suspended sediments under waves over a vortexother transect. The system rotates througfi 180
rippled sandy bed. The figure shows a highand builds up the topography shown in figure 3.
concentration even on the leeside of the ripplé-rom such measurements ripple height,
associated with the formation of a vortex,wavelength, orientation and migration rates can be
entraining and trapping sediments which wasbtained.

ejected over the ripple crest at flow reversal apd

into the water column. _ 2.3 Acoustic Doppler velocity profilers,
ADVP

Measurement of the hydrodynamics is central to
any sediment transport study. For near bed studies
the acoustic Doppler velocimeter, ADV, is often
the instrument of choice. This provides the three
orthogonal components of flow at one height
above the bed. In more recent years, profiling
systems, ADVP, based on the same coherent signal
processing of the backscattered signal have been
Figure 2. ABS image of suspended sedimendeveloped (Hurther and Lemmin 2008. Hay et al
entrainment over a vortex sand ripple under wawis, 2012). Figure 4 illustrates the arrangement.

the arrow showing the instantaneous directionaf/fl Receiver Reoelver

Height 035 m

2.2 Acoustic ripple profiles, ARP

As indicated above, bedforms impact on sediment
transport processes and therefore it is essential t
measure the features on the bed. Imaging from
high frequency acoustic sector scanners has been
around for a number of years (Hay and Wilson
1994). More recently two and three dimensional
ripple profilers, ARP, which provide transects of
the bed and actually measure the_ detailed bqggure 4 Schematic of an acoustic Doppler velocity
topography have become available in recent yeaksofiler, ADVP

(Traykovski 2007.

Figure 5. Vector v(u,w,z,t) flow structure durind& s
wave period over a rippled bed underwaves .

Figure 3. lllustration of a 3D-ARP covering a 4 m Transducer Tz transmits a short pulse of sound and
transect. transducers Tz, Rx and Ry, receive the
) ) ) backscattered sound from sediment in suspension.
Figure 3 illustrates the mode of_operatlon_ of a 3DUsing coherent processing on the backscattered
ARP. A narrow sound beam bisects a line alongjgnal, high temporal-spatial profiles of the three
the bed and generates a two dimension transect g thogonal components of velocity can be
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calculated. Figure 5 illustrates the type ofdiffusivity for rough and rippled bed is given by
measurements that can be collect. An ADVP was

mounted above a rippled bed and profiles of the:, =0.016k.U, 2
horizontal, u, and vertical, w, flow were collected

The vectors and colours show the detailed flowyhere U is the near-bed velocity amplitude and
over a wave period at one location above a ripplef=25,(n./A,) is the equivalent bed roughness. i)

bed. The formulation of Van Rijn (1993) is expressed as
3. ACOUSTIC PROCESS STUDY e, =0 k.U, £Gs 3(a)
3.1  Sediment diffusivity = T 2 0.5h 3(b)

Predictions for the form of the suspended sediment
concentration profile are varied, differing . _—. +(e., —5.,) Z-Gs {s <z<0.5h 3(c)
according to the flow regime, the seabed sediment® = % 7t 0.5h-¢,

type and the bedforms. Most of the formulations to

date have been underpinned by the classiciere . ande,, are, respectively, constant values
concept of gradient diffusion (eg van der Werflet a tha'sediment diffusivity near the bed and ie th

2006) In the simplest case the time averageflyher half of the water column, with the latter
vertical turbulent diffusive flux of sediment,,qs value being the largel is the thickness of the

considered to be balanced by the settling of thGe,. hed mixing layer and h is the water depth. In
suspended sediment under gravity, such that: this present study the expression = k

(=2,«(n/N\)) has been adopted for ease of
q, =w,C where qv:_gs‘LC (1) comparison  with Nielsen’s  formulation.
0z Coefficient o, = 0.004D, where D is the
) ] ] dimensionless grain sizeH is the wave height, T
Here C is the time-averaged sedimenjs the wave period and the coefficiemi=0.035.
concentration at height z above the begdjssthe i) The form often used for the sediment
sediment settling velocity, and is the sediment diffusivity is a simple linear increase & with
diffusivity. height above the bed. This is commonly expressed
Despite the wide use of gradient diffusion, severahs
studies (eg O'Hara Murray et al 2011) have
indicated that this is not always the dominantg_=gT,z (4)
process generating the suspended sedimen
concentration profile, particularly for sediment

entrainment by waves over steeply rippled bed ean magnitude of the friction velocity. , over

W'Fh N/ 20.12, wherey, is the rlp_p_le height and the wave cycle is used to be representative of the
A is the ripple wavelength. The mixing close to thet

bed is then dominated by a coherent procesé”bment mixing during the wave cycle as a whole.
involving boundary layer separation on the lee-side 052
of the ripple crest during each wave half-cyclerneay, = 0763f,,/2)*°U, , f =0 23{ ksJ (5)
maximum flow velocity. The resulting lee-wake v

vortex remains attached to the bed entraining

sediment into the flow as it grows in size andyhere f, is the friction factor formulated by
strength. At flow reversal the sediment-ladenggyspy (1997).

vortex is ejected into the water column, carrying

sediment to several ripple heights above the bed, 5 Acoustic and auxiliary measurements

This process is coherent and repeatable and thyg,g oy,qy was conducted in the Deltaflume of the
fundgmen_tally_dlfferent from that associated W'thNetherIands. The large size of this flume, 240 m in
gradient diffusion. length, 5 m in width and 7 m deep, allow

hydrodynamic and sediment transport to be studied
at full scale. The experiments were conducted
peneath weakly-asymmetrical, regular, surface

herek=0.4 is Von Karman’s constant. Here the

[o]

3.2 Sediment diffusivity models
Three diffusivity models are investigated. i)
Nielsen’s (1992) wave-averaged sedimen
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waves with heights, H, and periods, T, in theThe measured ABS concentration profiles and w
respective ranges H=0.6-1.1 m and T=4-6 s ovetetermined from thesg particle size profile from
medium sand and H=0.5-1.1 m and T=4-5 s ovealhe pumped sample data, were used to calculate the
fine sand. The medium sand hag=830um and sediment diffusivitiess with

the fine sand hadsgt160um; both the sands were

reasonably well sorted. _—wC ©6)

&=
DATA LOGGER dC/d:

& BATTERIES

BURST A /

PRESSURE

m i — Ws is given by Soulsby (1997) as:
00 700
e w,_ =Y [(10.36" +1.049D°)%5 -10.36] )
2MHz ABS: J ABS s . . .
. : ACOUSTIIEE?{ED 50s
i PROF]
gl O Oceve |
s | 0 | g s To compare results from all the different
- experiments the resulting sediment diffusivity
. 01 Q<o profiles were normalised by plotting the
s ke

g R - g parameters zland e4/UKs.

<« : jodi »

\
Figure 6 Schematic of the instrumented tripod used
the measurements. Shown is the triple frequencm'ediu
acoustic backscatter system, ABS, the acoustideripp

Analysis and interpretation
m sand caseJsing equation (6)and (73
was calculated from the ABS concentration
electromagnetic current meters, ECMs. profiles. The results for the 39 sediment diffussivi

. . . rofiles, from the 13 experiments were
Flglaretﬁ shc?lvvst ﬂlﬁ instrumented trt'pOdTﬁlatfom.ﬁormalization and averaged to obtain the profile
used 1o collec € measurements. € Maldhown by the large solid circles with error bars in
acoustic instruments relevant to the study were aﬁ‘gure 7a. The data show approximately constant
ABS ‘and a 2D-ARP. Auxiliary measurements . jjised  sediment diffusivity in the region

using pumped sampling and electromagneti ~ .
current meters, ECMs, were collected. %ﬁ? Y(v iilclfr:alégés’;a\lti ng‘zﬁcts greater than #.3,
ofvs .

High-resolution vertical profiles of the suspendedesing equation (2), Nielsen's empirical prediction

Z%dslm-ﬁhnésAvéeSrepgs%sgéefzgsg?cEsgﬂgfrsr%%?g S%r the constant normalized sediment diffusivity
each second, at each of the three frequencies,:c'.\i"’lS ca;lculatgo:]. This |s|shov;/rg) %%éheTﬁ.OttEd (Ijlne_ In
MHz, 2 MHz and 4 MHz. Each profile consisted '9uré 7a and has a value of 0.016. This prediction

of 128 range bins, with a spatial resolution of10.0 iS Somewhat less than the presently measured
m, thereby covering a range of 1.28 m. Physicayalue of 0.029. Considering the Van Rijn
samples of the suspension were obtained b rmulation for the constant sediment diffusivity
pumping through nozzles located at ten height&yer, the value predicted by equations (3a) is
above the bed between 0.053 and 1.55 m. Th@028, which is close to the measured value
samples were used to calibrate and assess thbtained here. Using equation (3a-3c) the
veracity of the acoustic backscatter measuremenigedicted linear portion of the normalized sediment
and provide profiles of w To establish whether diffusivity does not result in a single curve fbet
ripples were present on the bed, and to monitosresent normalization.  Therefore, rather than
their evolution and migration, a 2D-ARP, wasshowing the calculations for each case, the bounds
used. The ARP operated at 2.0 MHz, and provideg¢tom the calculations are given by the two dashed
sub-centimetric measurements of_ the'bed locatiofines. Given the limited data upon which equations
over a 3m transect along the direction of wavqsa_3c) were based, the predictions are considered
propagation. Three ECMs chated at 0.3, 0.6 angh e in reasonable agreement with the present
0.91 m above the bed provided measurements Ata

¥I2>?/v?/gggi-{|u2:(38 gr;d vertical components of thel’o complete the comparison of predictions with
y : observations, equation (4) has been evaluated
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using equation (5), and the result has then beeralculated using&25n,(n/A;) in equation (5) and

normalised to yield with B=1, the predictions for the sediment

diffusivity (‘*x’) substantially overestimate the
£ _0763(\/KZ ®) observed values in the linear region. However, if
kU, B?k: is calculated using a flat bed approximation

ke=2.5d, based on the grain size, then equation
(8), again withp=1, yields the line in figure 7a
represented by the ‘+' symbols. Evidently this
latter outcome compares favourably with the data
in the linear region

Finally, in order to capture the behaviour of the
diffusivity in this case involving the medium sand,
simple expressions have been fitted to the present
data set to yield empirical expressions for the
variation of sediment diffusivity with height above
the bed. These expressions are as follows:

85 :é;luoks iﬂ.3i§ (ga)
e.=&,Uz-t Uk, 213k (9b)

where &;=0.029, &,=0.028, &=0.007 and the
expression is given by the solid line in figure 7a.
Further studies are required to assess the general
applicability of equation (9)
To investigate the processes underlying the form
of the sediment diffusivity profile, both the
bedforms and the variation of suspended sediment
concentration with the phase of the wave and
height above the bed were examined. To illustrate
the type of bedforms present on the medium sand,
a typical measurement from the ARP is shown in
figure 7b. The plot shows the development of a
transect, over a 17 min period, for the case of T=5
s and H=0.81 m. The ripples were well developed
with dimensions ofA,=0.34 m,n,=0.047 m, and
slope of n/ A=0.14. This was typical for the
medium sand, with ®>=0.05£0.01 m,
<A>=0.36+0.07 m, #/A>=0.14+0.01 and
<ks>=0.17+0.03 m, where < > represents an
average over all experiments. The value fgrsk
Figure 7. Comparison of the mean measured norndalisequ'Fe I_arge indicating that the bed is having a
sediment diffusivity ¢) over the medium sand bed, Major impact on the near-bed flow. To assess the
with the calculations from equations (2)], (3) (), Mechanisms of sediment entrainment directly over
(8) (x,+, see text) and (9). b) A transect of the bed the medium sand, intra-wave processes were
over time for an experimental run with H=0.81 m andinvestigated. The results are shown in figure 7c;
T= 5s and c) variation in concentration with thegh here the intra-wave height variation of the ripple-
of the wave and height above the bed for the mediuraveraged suspended sediment concentration, has
sand. been constructed over the 17 min recording period.
It can be seen clearly that there are two main
If equation (8) is evaluated using a mean value fogntrainment events and that these occur close to
fw, from all the medium sand experiments,flow reversal 4/2, 3t/2). Further analysis of this

=
£
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2
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o
¥
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z(m)

Phase angle (radian)
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data (Davies and Thorne 2005, Thorne et al 2009) is possible to compare Van Rijn’'s linearly
supported the concept that the observations showncreasing sediment diffusivity region with the
in figure 7c can be interpreted as arising fromvflo present data. If, in equation (3¢),andes; are set
separation on the lee slope of the ripple, with thé0 zero, then using linear wave theory in the
consequent generation of growing lee slopdletermination o€, we have

vortices. The processes are not random, but are

repeatable and coherent. Importantly, the layer ir&zz‘limsmh(khﬁ (10)
which these effects occur may be seen tkU, = Ky

correspond to several ripple heights in thickness.

The intra-wave ol_Jservatl_ons N flgure_ 7(.: may b‘%/\/here k is the wave number of the surface waves.
related to the sediment diffusivity profile in i@\ jqing this expression and taking the mean value of
7a in the following way. Due to the formation of ¢ the fine sand experiments, the dashee! lin
vortices on the ripple lee slopes, suspendeg, figure 8a is obtained. The resulting, predicted,
sediments were contained within a relatively fixednormalised sediment diffusivity is comparable
mixing region, of height comparable with thewith the observed values, though it somewnhat
ripple heighty,, for most of the wave cycle. Near gverestimates them. Reducing from 0.035 to
flow reversal the vortices were lifted up into the0.022 brings Van Rijn’s expression into line with
water column, retaining their structure to a heighthe observations. Given the limited data set upon
of the order of k It is the associated coherence ofwhich equation (3b-3c) is based, this adjustment
sediment entrainment and structure that leads tdoes not seem unreasonable. Secondly, equation
the constant value for the sediment diffusivity(4) expressed in the form of equation (8) was
within about z/k<1.3 (&)-4n, for the medium compar_ed with t_he data. It is interesting to note
sand). At heights greater than k3, the that, if equation (8) is evaluated using
coherent structure of the vortices breaks down‘§s=25nr(nr,/7‘r) in equation (5), witfp=1, as shown
with mixing of momentum increasingly becoming PY the >’ symbols in figure 8a the predictions
dominated by random turbulent processefdan significanty overestimate the observed
(Ranasoma and Sleath, 1992). Here, therefor ,a_lgeSS‘ Howevgr,ﬂ:f ':_he ﬂafc. bed é';\pprommatl?nd
gradient diffusion dominates and mixing increase%s_ 50 is used, the line in figure 8a represente

. : " by the ‘+’ symbol is obtained, which can be seen to
due to an increase in the mixing length scqle W'”&ompare favourably with the data, with only a

! i : Ve Sminor overestimation occurring. Given both these
in sediment diffusivity above the vortex layer. fine sand results and also those for the medium
) ) ) sand, it does appear to be the case that the use of

Fine sandUsing equation (6) and (7}s was  k=25,(n,/A,), for a rippled bed, overestimates the
calculated for the fine sand bed, using the ABJgughness length substantially if equation (4) is
concentration profiles together with the pumped,sed to calculate,

sample particle size profiles. The normalised Finally if, as in the medium sand case, an
averaged results for the 21 sediment diffusivif[yempirica| fit is made to the data, forcirg=0 at

profiles, from the 7 experiments are shown inz=Q, then the following expression results:
figure 8a. The results show no indication of a

constant diffusivity near-bed layer, but instead @ _ U 7 11
exhibit a sediment diffusivity that increases 8 =X1o (1)
linearly with height above the bed. This shows no

indication of a near-bed constant sedimenwhere y;=0.017. This is comparable, though a
diffusivity, associated in the medium sandsomewhat smaller gradient than that for the
measurements with vortex formation andlinearly increasing region of the sediment
entrainment of sediments. Instead, the resultgiffusivity in the medium sand case.

show, in the near-bed region, that the normalisedo explain the form of the sediment diffusivity
sediment diffusivity increases linearly with heightover the fine sand and its difference from the
above the bed. Because there is no obviougedium sand, we have again looked at the
constant near-bed sediment diffusivity, no usefubedforms. Figure 8b shows a typical example of
comparison can be made with the formulations othe ripple formation for waves with T=5 s and
Nielsen (Eg. (2)) or Van Rijn (Eqg. (3a)). However, H=0.79 m; these inputs are very comparable with

10
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the case shown in figure 7b for the medium sandsignificant flow separation or vortex formation is
However, for the fine sand the ripples can be seeaxpected to occur (e.g. Sleath 1984).

to be less well developed and less coherent in Therefore, although the ripples enhanced the
form, with, in the case shown,=0.019 mA=0.27 bed roughness somewhat, they acted on the flow
m andn,/ A4,=0.07. dynamically like a plane bed. The equivalent
roughness of the bed, if based upgr2kn(n/A),

was just over a quarter that of that in the medium
sand case, indicating that the impact of the bed on
the flow is restricted to a region much closertte t
bed than for the medium sand.

To assess the impact of ripples of low slope on
sediment entrainment, the variation of the
suspended sediment with the phase of the wave
and the height above the bed for the fine sand was
examined. An example of the results is shown in
figure 8c for H=0.82 m and T=5s. The structure of
the intra-wave suspended sediments is seen to be
quite different from that shown in figure 7c; there
are no significant suspension events near flow
reversal lifting sediment well up into the water
column. High concentrations are confined to a
relatively thin layer within a few centimetres bkt

bed and the variation in the suspended load seems
to be only weakly dependent on the phase of the
wave, with only marginal increases in suspended
concentration levels at maximum flow speed. The
results in figure 8c indicate that the bed is
A behaving dynamically more like a plane bed, rather
than a bed that is inducing vortex formation and
entrainment. Therefore, the lack of a constant
sediment diffusivity region in the fine sand case i
not surprising, since the conditions for vortex
entrainment were not present and it is the
formation of vortices which are considered to be
the underlying process leading to the constant
sediment diffusivity region. For the fine sand case
it is considered that the dynamics are comparable
with the classical flat bed situation and that

z/ks

Ripple height (m)
o

Lo

z (m)

0 T2 ase angle Gadian 3ni2 2n turb_ulent processes domi_nate the near-bed
sediment entrainment. In this case the turbulent

= IR R oo S o= B = R T TE eddies are considered to grow with height above

Log, , [Concentration] (kgm ™) the bed (Davies and Villaret, 1997), leading to the

Figure 8 a) Comparison of the mean measuredinear increase in sediment diffusivity measured in
normalised sediment diffusivitye] over the fine bed, this study over the bottom quarter of the water
with the predictions from equations (10) (- -), (8  column.

see text ) and (11)=¢). b) A transect of the bed over

time for an experimental run with H=0.79 m T=5s and4, CQONCLUSIONS

¢) variation in concentration with the phase of Wee  Acoustics is now being used to measure, bedforms,
and height above the fine bed. suspended sediment, bedload, and hydrodynamics.
i ) ) The aim of the present paper was to describe and
These dimensions were typical of all thejystrate the use of acoustics in boundary layer
experiments,  with  §>=0.02720.02 M, gegiment transport process studies. An example of

<A>=0.37#0.25 m, {/A>= 0.07+0.01 and he gpplication of acoustic measurements has been
<ks>=0.05+0.03 m. For this range of slopes little

11
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presented on sediment diffusivity profiles andMoate BD and Thorne PD. 2012. Interpreting acoustic
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engineering, volume 4. World Scientific, Singapore,
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M odeling offshor e sandwaves
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ABSTRACT

The offshore seabed shows various types of
seabed patterns. This keynote will focus on
one of these, being sandwaves. These features
have elongated crests, about 500 ma apart, and
show a wavy patters perpendicular. The
sandwaves have heights up to 25% of the
water column, so typically amplitudes of 5-10
meters. Sand waves are abundant: they cover
the major part of the southern North Sea. They
are also dynamic as the features migrate up to
20m/year. Apart from being scientifically
relevant (what forms these features?) they are
also practically relevant: when planning
pipeline trgectories and offshore windparcs
and shipping lanes one has to deal with the
sandwave dynamics. In this presentation the
focus will be on the modeling part of the sand
waves. So what mechanism forms them and
what approaches are available to describe the
generation and evolution of sand waves.
Typical approaches are idealized modeling
(stability analysis) and modeling using
complex models as Delft3D. | will discuss
them and show the possibilities and limitations
of both. Special attention will be given on the
link between sandwaves and biologic activity.
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Large-eddy simulations in dune-dynamics research
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Abstract

We discuss the recent use of large-eddy simulatibBS) for the analysis of the flow over dunes. ldrge-eddy
simulations the governing equations of fluid motare solved on a grid sufficiently fine to resothe largest ed-
dies, while the effect of the smallest ones is rliede Examples are shown to demonstrate how #usrtique can
be used to complement experiments, by exploitinglility to calculate full-field information, arid highlight the
temporal development of the flow. The main chaksslowing a more widespread application of theshmod are
discussed.

1. INTRODUCTION 1996). In RANS solutions the contribution of all

The study of environmental and geophysical flowdhe turbulent motions (e(_jdies) is paramet_e_riz_ed; in
presents considerable challenges. Geometric§PMPlex flows out of fluid-dynamical equilibrium
complexities, stratification, two-phase flows areth€se models may be inaccurate; moreover, they
often present. Field experiments are extreme(lfa””()t account for the unsteady nature of turbu-
difficult, due to the often adverse conditions, andence. In many cases large coherent motions (“ma-
to the difficulty in obtaining accurate full-field croturbulence”, Best 2005) are responsible for
measurements, especially near solid boundarie§luch of the momentum, energy and scalar trans-
and to the lack of control over the boundary condiPOrt. In this conditions, more advanced models are
tions. Laboratory-scale studies can overcome sonf€duired to give accurate predictions of the flow,
of these issues, but are still limited: in addition and help understand the turbulence physics under-
the fact that a reduced Reynolds number must b¥ing the transport processes. , _
used, present experimental techniques force tHane of these methods |s_the_large-eddy simulation
researcher to compromise between conflicting re(LES). In LES the contribution of the large, en-
quirements: the needs for time-resolved measur&/9y-carrying structures to momentum and energy

ments, for all components of the velocity, and forffransfer is computed exactly, and only the efféct o
full-field information are difficult to reconcile. the smallest scales of turbulence is modelled.eSinc

Furthermore, simultaneous measurements of vébe small scales tend to be more homogeneous and
locity and scalars cannot always be obtained, angniversal, and less affected by the boundary condi-
some quantities (vorticity, pressure, for instancefions than the large ones, there is hope that their
are difficult to measure. models can be simpler, and require fewer adjust-
Numerical models have recently been applied witfnents when applied to dlffe_rent flows, than similar
increased frequency, due to the decreasing cost Bfodels for the RANS equations.

computational power. Early simulations solved the-ES provide a three-dimensional, time dependent

Reynolds-Averaged Navier-Stokes (RANS) equaSolution of the Navier-Stokes equations. Among
tions (Mendoza & Shen, 1990; Yoon and Patelthe objectives of LES are to provide data for low-
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er-level turbulence models at moderate to highype of understanding that can be obtained through
Reynolds numbers, and to study complex physica quantitative and qualitative analysis of the data
in realistic configurations. obtained from such simulations will be discussed
While LES has a long history in the environmentaliin Section 3.

sciences (in particular, meteorology), and in mein the following, first, a typical LES model willeb
chanical and aerospace engineering, its use for tliescribed. Then, some representative results will
study of dune dynamics is more recent. The firsbe shown to illustrate the potential of this method
LES of this type was carried out by Yue and co+inally, the potential and shortcomings of LES,
workers (Yueet al, 2005). They modelled the vis-a-visits application to dune dynamics, will be
flow over two-dimensional dunes for two depths.discussed.

The results showed that the interaction of the free

surface and the flow structures is significantly af2 ~ METHODOLOGY

fected by the flow depth. The same authors (¥ue ) _

al., 2006) subsequently performed LES in nearly2.1 Governing equations

the same configuration, and visualized periodicalljLarge-eddy simulations (LES) are based on the
flapping spanwise rollers in the recirculation zone assumption that small-scale turbulent eddies are
Stoessekt al. (2008) showed rollers at the crestmore isotropic than the large ones, and are respon-
that expanded to the size of the dune height as theible mostly for energy dissipation in the mean.
were convected towards the reattachment poiniylodelling the small scales, while resolving the
and conjectured that the boils on the surface werarger eddies, may be very beneficial: first, since
originally hairpin eddies generated in the reatmost of the momentum transport is due to the large
tachment region as a result of secondary instabilieddies, model inaccuracies are less critical; sec-
ties of rollers that are elongated in the streamwisondly, the modelling of the unresolved scales is
direction and tilted upward. However, the instantaeasier, since they tend to be more homogeneous
neous visualizations of velocity fluctuations dd no and isotropic than the large ones, which depend on
show a strong upwelling at the surface, but ragher the boundary conditions.

structure more similar to the smaller, weaker boils'hus, LES is based on the use of a filtering opera-
that occur at the surface of open-channel flowsion: a filtered (or resolved, or large-scale) vari

over flat surfaces able, denoted by an overbar, is defined as
Grigoriadis et al. (2009) studied two cases with _ . . (1)
Reynolds numbers (based on average flow depthf (X)= IDf(X )G(x,x")dx

and mean bulk velocity) equal to 17,500 and . . . . .
93,500. They examined the turbulent eddies ir¥vhereD is the entire domain ar@is thefilter

more detail than previous investigators. Their re-unCt'_On (Leor!ard 1974)_' i

sults, however, differ somewhat from previousThe filter function determines the size and struc-
experimental and numerical observations: in theif!'® Of the small scales. The size of the smallest
simulations the horseshoe structures do not rea@fidies that are resolved in LES is related to the
the surface. They, however, observed kolk vortice!endth-scale of the smoothing operator, the filter
generated by the interaction between streamwigdidth”, A . The grid sizeh, should be sufficiently
vortices that reach the dune crest from upstreafin® to allow eddies of sizeA  to be
and rollers generated at the crest. Kolk vortice§ePresented accurately. _ _
were found to last for long times, and were thd! the operation (1) is applied to the governing
most significant structure observed at the surfacgduations, one obtains the filtered equations of
in their simulations. motion, which are solved in large-eddy simula-
Recently, we have applied LES to the study of tW&IO!’IS. For an mcompress_lble flow of a Newtonian
and three-dimensional dunes, at laboratory scaiid; they take the following form:

(Omidyeganeh & Piomelli, 2011, 2013). Our stud- du, _

ies have focused on the relation between the larggy, — @
est coherent eddies, which may be generated in the

separated or by the three-dimensionality of the%J,i(U_U_ :_Eﬂ_ajJ, V2

bedform, to the mean and instantaneous flow. Thedt ax, ' '*  pdx dx, ' (3)
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e 0 Q. , that, in the present simulations, is calculatedgisi
a—Jfa—(CU,-F—a—'+KD c (4) the Lagrangian-dynamic eddy-viscosity model
tox %, (Meneveauet al., 1996). This technique allows
wherec is an arbitrary transported scalaris the the eddy viscosity to respond to the local state of
fluid density, p its pressurey and x are, re- the flow, and adapt to fluid-dynamical non-

spectively, the kinematic viscosity and the molecu€quilibrium better than fixed-constant models.

lar diffusivity of ¢, and 7; and Q are

the subgrid-scale (SGS) stresses and scalar flug. CASE STUDIES

defined as In this Section we show two examples of recent
results obtained by our group, to demonstrate how

Tij = Uity — Uil Q; = u;c — ujc ©) numerical simulations can complement experimen-

tal studies, both at the field and at the labosator
These terms must be parameterized; eddy-viscosiscale to answer outstanding questions in dune dy-
and diffusivity models are generally considerednamics.
adequate (Piomelli 1999, Meneveau & Katz 2000).
3.1 The origin of boils
2.2 Numerical approach One feat_urg _of the rovv_ over dunes _that has at-
tracted significant attention is the variety of yer
employ structured, finite difference or finite-ﬁarge (with size comparable to the river depth) co-
volume codes, either using body-fitted or CartesialliIerent structures that are observed. Several re-
searchers have discussed these structures, and thei

grids. Qur numerical method, in particular, is arole in the transport of mass and momentum. Best
curvilinear finite-volume code. Both convective p :

and diffusive fluxes are approximated by second§2005) observed boils (upwelling motions at the

order central differences. A second-order-accurat aﬁte:)rsig:lf;%e’v:)hr?(;xuzltjtzlgf/]g;igr t\évgir:”?azg)nzir?né
semi-implicit fractional-step procedure (Kim & y

Moin 1985) is used for the temporal discretizationhlgh Reynolds-number flow over dunes in the

The Crank-Nicolson scheme is used for the Walllaboratory and in the Jamuna River, Bangladesh,

normal diffusive terms, and the Adams-Bashforthand proposed a schematic model for the interaction

scheme for all the other terms. The pressure is ofgf coherent structures with the flow surface that

tained from the solution of a Poisson equation{:fu;ticlge?(o;fa SDt'ﬁgt’izﬁgeot?];h;rgﬁneJa\E:gl}ir?f
which will be discussed later. The code is parallel 9 P g up 9

ized using the Message-Passing Interface and tlﬁggg)suga%eséz S;"H&Cir?nﬁgjsé\r/eénwlagler i%nS\/rlﬁgh
domain-decomposition technique, and has bee prop g-lay gy

extensively tested for turbulent flows (Silva LopesSGp"’“"”‘t.ed spanwise vortices at thg crest undergo
& Palma 2002 Silva Lopes et al. 2006: Rad_three-dlmensmnal instabilities, which eventually

hakrishnan et al. 2006, 2008: Omidyeganeh geause hairpin-like vortices associated with low-
Piomelli 2011) ' ’ ' speed fluid that rises up to the surface and gener-

ates boils. Nezu & Nakagawa (1993) identified

vortices in the separated-flow region that move
towards the reattachment point; they conjecture
fhat kolk-boil vortices are formed due to oscilla-

tions of the reattachment line.

- o, 6 To determine which of the above conjectures is the
Tij — 0ijTrr /3 = —2v7pSi; = —2CA™|S]S4;. ®)  correct one, we performed numerical simulations
of the flow over a two-dimensional dune, at labo-

ratory scale (Omidyeganeh & Piomelli 2011). The
T (9. , - , 7) simulation used 416x128x384 grid points to dis-
Sij = (0Ui/Ox; + 0%, [0:) /2 0 cretize a domain of dimensi%ns Fr)mlhxwh

is the resolved strain-rate tensor, |S| is its rragn(whereh is the dune height) &e=18,900. The

tude,vr is the eddy viscosity, ar@is a coefficient results of the model were validated by comparison
against experimental data (Balachandzr al

Most of the applications of LES to dune dynamic

2.3 Turbulencenodels
Most subgrid scale models in use presently ar
eddy-viscosity models of the form

Here
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2003). then march forward in time to study its develop-
ment, but also backwards to investigate its origins
Taking advantage of these features of the numeri-
cal model, and coupling the (qualitative) flow vis-
ualization with a quantitative analysis, allowstos
obtain in-depth understanding that would be diffi-
cult to achieve using experimental techniques, es-
pecially at field scale.

Figure 1, for instance, shows the flow field associ
ated with a horseshoe vortex that reaches the water
surface. The vortex is visualized through isosur-
faces of the pressure fluctuations, negative values
of which highlight the core of large scale vortices
We observe, first, that the scale of the vortex is
comparable to the depth, consistent with many ex-
perimental observations. Second, that the vortex
induces a very strong upwash between its legs,
which causes with the vertical velocity, high pres-
sure and diverging streamlines associated with a
Figure 1. Visualization of the flow near a large poil.

horseshoe structure (visualized through isosurfatps  The temporal development of a horseshoe vortex

C°'?”red bi’] the vertical ‘;loord"%ate) Whe”hitgomm of this type is illustrated in Figure 2, which stow
surface. The vectors show the upwas etween t{ . .
vortox legs that results n the appeaance of bobhe "Sow a spanwise vortex generated at the separation

surface. point undergoes a 3D instability, and moves to-
wards the surface while, at the same time, becom-
ing more and more 3D and assuming its character-
istic horseshoe shape.

A more quantitative illustration of this develop-
ment is given in Figure 3, in which we show the
probability of the occurrence of the vortices that
cause the boils. A very clear high-probability re-
gion extends from the separation point at the dune
top, towards the free surface over the stoss side.
Spectra measured along this path show a distinct
peak that corresponds to the shedding frequency;
this signature can be observed even at the surface,
in regions where boils prevalently occur. Thereat
tachment region, or the boundary layer on the stoss
side, by contrast, do not show this signature.

Figure 2. Evolution of a large horseshoe structuisy-
alized through isosurfaces pf coloured by the vertical
coordinate; the time interval between snapshots is
3h/Up; vectors of velocity fluctuations are shown on a

vertical plane at = 10.7h for every 5 grid points.

3.2 Dune three-dimensionality

A similar approach was taken by Omidyeganeh
& Piomelli (2013) to study the effect of crest
three-dimensionality on the flow field. A sinu-
soidal deformation was imposed on the crestline,

The availability of three-dimensional velocity @and cases with varying amplitude and wave-

fields makes it possible to use advanced flow- length were studied. One case in which the
visualization techniques. Moreover, since several l0Pes and saddles were staggered was also con-

snapshots of the flow, closely spaced in time, are Sidered.
available, one can observe a feature of interast, a
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and are due to pairs of streamwise vortices, which
advect low-speed fluid close to the bed towards the
lobe and high-speed fluid from the outer flow to-
wards the wall, thereby decreasitg at the lobe
and increasing it at the saddle. These vortices can
be observed in Figure(®. In Case 9 (Figure
4(b)), in which the wavelength of the crest is short,
streaks are due to a streamline convergence caused
by the bottom topography, whereas in Case 10
(long wavelength and staggered dunes), two pair of
vortices are present, one generated at the lobe, th
other at the lobe of the upstream dune.

Case 9 has the lowest crestline wavelength, and
different mean-flow characteristics. The typical
secondary flow with large streamwise vortices be-
tween the lobe and the saddle, observed in the oth-
er cases, is not observed here (Figyi®)5In the
channel interior, the spanwise velocity is negligi-

: ble compared to the vertical one, and the flow
ol ~ - 0 : characteristics are similar to the 2D dunes (Omid-
‘ ' 5 ’ ’ yeganeh & Piomelli 2011), as fluid moves down-
ward in the first half of the channel and upward in
the second half. Nezu & Nakagawa (1993) pointed
out that large secondary currents occur when the
wavelength of the bed deformations in the span-
wise direction is more than twice the flow depth;
in Case 9 the wavelength is equal to the maximum
Allen (1968) studied near bed streamlines of a sdlow depth & = 4n), and large-scale streamwise
ries of sinusoidal crestline dunes and obtaineyortices are not observed. Although the streamwise
some insight of the developed secondary flowvOrticity in the interior of the channel is smallje
across the channel. The induced streamwise vof0 the waviness of the bed in the spanwise direc-
tices with a size of the flow depth are measured bijon, the spanwise pressure gradient becomes sig-
Maddux and co-workers (Maddust al. 2003a, nificant, driving high-momentum fluid toward the
2003b) for a staggered crestline configuration. Théobe, causing high-pressure zone at the lobe and
characteristics of these vortices have been relatd@W Wall-shear stress stripes along the saddleeplan
to the characteristics of the sinusoidal crestige in Figure 4b).

Venditti (2007) for aligned crestline configura- IN Case 10, because of the staggered lobes and
tions. Our simulations provide features of the secsaddles, the flow develops quite differently (Fig-
ondary flows, their impact on the bed shear stresdres 4c) and %c)). First, as was also observed ex-
distribution, characteristics of the separation and€rimentally (Figure 6 in Maddux et al. (2003a)),
reattachment regions, and sensitivity of turbulencéhe flow is faster over the node plane. After the
statistics to the geometrical parameters of the-creréattachment on the stoss side (e.qg., in the waertic
tlines. planes in Figure (8)), two strong vorticity con-
Figure 4 shows contours of the streamwise com{®urs with opposite signs are observed near the
ponent of the wall stress, for three selected case@Pe. These vortices decay as they travel over the
The dashed white lines highlight the,x= 0 con- saddle plane of the following dune, but can sl b
tour. First, we note that longitudinal regionsail OPserved in the vertical plane in Figuig)>and in

wall stress can be observed in all cases. In tae fi the wall-stress contours in Figuree
case (Figures(d)) they are aligned with the lobe,

Figure 2.(a) Contours of the number of occurrence of
the evenp’< —5prms (b) pressure spectra at the points

marked in(a); each curve is shifted downward by a
factor of 10 for clarity.
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Figure 4. Contours of the streamwise componenhefiall stress;w,x/pubz. The dashed white lines highlight the
ww,x = 0 contour. (a) Case 1 (long crest wavelen@th)Case 9 (short crest wavelengtfy) Case 10 (long crest
wavelength, staggered dunes).

4. CHALLENGES AND based on the data available in field or laboratory
ACHIEVEMENTS studies. Additional features that can be easily

added to the model are more complex geometries
(either through body-fitted grids or using Im-
mersed-Boundary Methods (Mittal & laccarino,
’005), the transport of pollutants or nutrients, or
gl%rughness (which, again, can be included through
gimmersed—boundary methods).

Numerical simulations will not replace experi-
ments, either at the laboratory scale, or at thig fi
scale, in the near future. They can, however, co
plement them, and help researchers gain a stron
foothold on the very complex and challengin

probler_n of turbulence in environmental flows. Several challenges still limit the application of
Numerical models present several useful Characu':‘l:fumerical models. First is the computational cost.

|bst|csa they alcllc_)t\_/v V?% cargfLIJ(Ij :ihefmlt:jqn of the I\/Vall-resolved LES of the type described here are
oundary conditions, hey yie ree- 'mens'(.).naexpensive, since the equations of motion need to
and time-dependent fields, from which quantitie

that are hard to measure may be extracted ( rgb e integrated for long times to accumulate the
y P §ample required for convergence of the statistics.

:[S#erer,e\s/gggﬁ)gr ?(Igg':fa[-:dt?arcfpnrq?r:?;bth('esy mall[c_)wln the present case, this resulted in approximately
flow feat fint v ¢ dl Ime-, ylth gﬂ' 6,000 CPU hours, or four weeks of continuous
a flow feature ot interest, and examining the OWrunning on 64 processors. Increasing the Reynolds

allesoived oalouiations, the flow feld extgnds UTber (0 led scale s, at the presen time, ane
' sible, as the number of points required to resolve

all the way to the wall. In the previous Sectlon,the flow scales likeRe®” (Choi & Moin 2012).

through two examples of recent calculations, Werhe use of wall-models may allow such extension,

have tried to show how these potential advantagqilt the additional modelling required may make
can be beneficial, and allow to answer conclus

sively questions that had been raised by experthe prediction of flow features that are driven by

) hear-wall dynamics (some of the secondary flows
mentalists, but could not be answered Completel}ﬂescribed above, for instance) inaccurate
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Another important addition to the model is the in-Choi, H. and Moin, P. (2012). Grid-point requirertgn
clusion of the motion of sand, which could help for large eddy simulation: Chapman’s estimates
predict dune motion, or scouring. Models that in- _ revisited.Phys. Fluids011702. ,

clude the motion of solid particles are in wide-Crgoriadis, D. G.E., Balaras, E., and Dimas, A. A
spread use in engineering. Methods in which the (2009). Large-eddy simulations of unidirectional
motion of the particles (and their effect on thmfl water flow over dunesl. Geophys. Resl14.

. . . . . . _Kadota, A. and Nezu, I. (1999). Three-dimensional
field) is simulated using a Lagrangian viewpoint structure of space-time correlation on coherent

are very successful for heavy particles with low  yortices generated behind dune crestsHydr.
concentration (solid particles in gases, for in- Res, 37(1):59-80.
stance). In the case of flow over dunes, the tiensiKim, J. and Moin, P. (1985). Application of a friactal
ratio between sand and water is not large, and the step method to incompressible Navier-Stokes
concentration of particles may be very large near  equationsJ. Comput. Phys59:308-323.
the bottom; Eulerian approaches in which the sud-eonard, A. (1974). Energy cascade in large-eddy
pended sediment is modelled as a transported sca- Simulations of turbulent fluid flows. Adv.
lar may be more successful. A model for the partiz Geophys.18A:237-248.

. ; Maddux, T.B., McLean, S.R., and Nelson, J. M.
cle lift up from the wall that is accurate locadlgd (2003a). Turbulent flow over three-dimensional
instantaneously (and not only capable of predicting

Y - h dunes: 2. Fluid and bed stressksGeophys. Res.
average quantities) is crucial to the developmént o 108-F1(6010):11-1—17.

this type of technique.. . Maddux, T. B., Nelson, J. M., and McLean, S. R.
In summary, the application of LES to dune flows  (2003b). Turbulent flow over three-dimensional

is quite new, but has already shown potential. A" dunes: 1. Free surface and flow respoise.

wise use of numerical simulations will, at this Geophys. Res108-F1(6009):10-1—20.

time, focus on fairly simple geometries, to maxi-pmendoza, C. and Shen, H. W. (1990). Investigatibn o
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ABSTRACT

Flow and sediment transport predictions from
sedimentary  structures found in  modern
environments and within the geologica record are
impeded by an almost complete lack of process-
based knowledge of the behaviour of natural
sediments that consist of mixtures of cohesionless
sand and biologically-active cohesive mud. Indeed,
existing predictive models are largely based on
non-organic cohesionless sands, despite the fact
that mud, in pure form or mixed with sand, is the
most common sediment on Earth, and is also the
most biologically active interface across a range of
Earth-surface environments, including rivers and
shallow seas.

The multidisciplinary COHBED project uses state-
of-the-art laboratory and field technologies to
measure the erosional properties of mixed cohesive
sediment beds and the formation and stability of
sedimentary bedforms on these beds, integrating
the key physical and biological processes that
govern bed evolution.

The erosive behaviour of cohesive mixed sand-
mud beds and bedform development on these beds
was quantified as a function of physical control on
bed cohesion versus biological control on bed
cohesion. The Shear Flume at Bangor University
was used to measure the critical shear stress for
bed erosion for different mixtures of fine sand,
kaolin clay and xanthan gum. Kaolin clay is a
proxy for physical cohesion within the mixed bed.
Xanthan gum is a polysaccharide of bacteria
origin used commonly in  experimenta
biostabilisation research, and thus provided control
over biologicaly-induced cohesion in the
experiments. The experiments involved the
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determination of suspended sediment
concentration over a premixed and pre-
consolidated sediment bed at progressively higher
bed shear stress until an abrupt increase in
concentration signified the critical shear stress for
bed erosion.

Preliminary results show that the critical shear
stress for bed erosion increases as the volume
fraction of kaolin clay and xanthan gum in the
sand bed is increased, but this effect is more
pronounced for xanthan gum than for kaolin clay
a smilar volume fractions. This suggests that
biological cohesion is more important than
physical cohesion, and sedimentological process
models should refocus on  biostabilisation
processes. However, thisignores any differencesin
the rate of production of biostabilisers versus the
availability of cohesive clay in natura
environments. Examples of  sedimentary
environments where biological cohesion might be
more important than physical cohesion will be
discussed and compared with environments where
physical cohesion might outcompete biologica
cohesion.

The first results of experiments on bedform
development in cohesive mixed sand will aso be
presented. These experiments show that
winnowing of fine-grained cohesive sediment,
including biological stabilisers, is an important
process affecting the development rate, size and
shape of the cohesive bedforms. Recommendations
will be made if and how existing bedform
predictors need to be modified to alow for
cohesive bed behaviour by physical and biological
processes.
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ABSTRACT fluffy mud layer to persist through some tidal
cycles. In these conditions, the risk of long bluria

Highly turbid waters are characterized by high-events is highest for mines, and objects in general
concentrated ~ suspensions  of  fine-graineghresent in the nearshore area.

sediments near the seabed. The dynamics of these

fluffy mud layers on a sandy seabed have been

studied in the turbid Belgian nearshore area BINngREFERENCES

test mine in combination with an instrumented, .

benthic tripod lander (Baeye et al. 2012). Theefatt Bae{(:lnzﬂkerF(i;szceéleM,MI{r? egrgﬂg als ’inDtl#e)o';te;g’eS/ aor}
measured currents and_ suspended_ particulate high-turbidity area - Findings of a first experinhen
matter (SPM) concentration using optical (OBS)  continental ~ Shelf Research 43, 107-119.
and acoustic devices (ADP, ADV). Besides time  doi:10.1016/j.csr.2012.05.009
series of current velocities and acoustic amplitude

the ADV (5MHz) and ADP (3MHz) were

configured to also measure and store the distance

between the sensor and the seabed, i.e. seabed

evolution (altimetry). Further, the optical sensors

integrated in the mine, also measured seabed

evolution, or in this case burial-and-exposure

cycles, as a function of hydrodynamic and

meteorological conditions. Typicallynear-bed

hydrodynamics and SPM dynamics are dominated

by tidal forcing. Maximal ebb and flood currents

induce alternately scour at the mine's ends, and

increased SPM concentrations. Furtrsdort-term

burial-and-exposure events (few hours) throughout

the tidal cycle were also revealed: during slack

water (reduced current speeds) the SPM settles

massively and the mine is buried; after slack tide

(increasing currents) re-suspension of this high-

concentrated fluffy mud layer occurs, and the mine

is again ‘visible’ with a scour pit at one end. The

temporal pattern of this burial mechanism

(ephemeral muddy bedform) mimics the cyclicity

of the lutocline as recorded by ADV and ADP

altimetry. A significant modification of the tidal

forcing results from alongshore advection due to

wind-induced flows and wave-induced re-

suspension; these modifications can cause the
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ABSTRACT region. The data also shows dune orientation to
depend on both the distance from the river mouth

Bedload transport within the fluvio-tidl zone is  gng |ateral  position in the channe and

governed by the interaction between unidirectional g yperimposed on the larger (c. 500-1500 long and
currents with tidal flows of varying magnitude,  200-500 m wide) sand bars. Dunes within the
with the additiona superimposition of waves, and  f|yyially-dominated reach are typically asymmetric
which all display an appreciable spatio-temporal i profile and displayed less superimposition of

variation across a range of scales. These changes  gmgller forms than in the fluvio-tidal transition

in the hydrodynamics should control the differing  zone at the time of these surveys. Additionally,
characteristics of bedforms within this region, and  there are regions of channel bed in the fluvially-
thus ultimately determine the subsurface preserved  gominated reach where the mobile sand appears to
sedimentary facies. This paper will detal the  pe moving over a more resistant substrate that
morphology of bedforms in the fluvio-tidd  ipflyences the geometry of the bedforms, with
transition in the Columbia River, USA, through  gmaller barchanoid dunes being present. This
analysis  of high-resolution multibeam echo  paper will illustrate the nature of bedforms across
sounder data coIIect_ed in 2009 by NOAA (U_S this transition, examine their scaling with mean
National Oceanic and Atmospheric  flow depth, and discuss the implications of these

Administration) and extending from near the (eqiits for sedimentary facies in the tidally-
mouth of the river to c. 82 km upstream. These  jnfluenced fluvia zone.

data have been used to quantify the different types
of bedforms in the main channels (c. 500-1000m
wide and 10-20m deep) and on barforms in the
Columbia River and their  geometric
characterigtics, including planform geometry, dune
orientation, bedform asymmetry index and leeside
angle. The data show a marked increase in the
planform two-dimensionality of bedforms near the
river mouth, where the dunes are also both more
symmetric and smaller in amplitude than those
further upstream, likely reflecting the modulation
of bedforms by waves and tidal flows in this
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Abstract

Bedform superimposition and amalgamation are utigsiin many sedimentary environments and yet vesgss
a sparse knowledge of the fluid dynamics of suctifdren interactions and both their sediment transpod
morphological consequences. In this paper, we temorresults concerning the morphology and flowdgeof
amalgamatingnobile bedforms using a unique, narrow (5 mm wide) flumbkich allows the behavior of strictly
two-dimensional bedforms to be observed and quedtifMeasurement of the morphology and flow fields
associated with bedform amalgamation reveals thoitance of interactions between the separatioesofithe
upstream and downstream bedforms, with flow shaljershear layer interactions, bedform stalling embside
erosion being central to the amalgamation proc€hese fluid dynamic patterns reveal a distinct sega of
stages during bedform superimposition and amalgamatvhich leave a characteristic record in thespreed
sedimentary cross-strata.

1. BACKGROUND 2011). Recent research documenting the
interactions between barchan dunes (Schwammle

Bedform superimposition and amalgamation ar@nd Herrmann, 2003; Endo et al., 2004; Hersen
ubiquitous in all river and marine environments@nd Douady, 2005; Duran et al., 2005, 2007;

and lay behind the processes of bedform growthiugenholtz and Barchyn, 2012) has also shown
and diminution, and are also central to thgdhe complex behaviour of such interactions, and
preservation of the deposits of bedforms in thdhat these dynamics may produce a range of
subsurface. Recent years have witnessed increaddgématic characteristics in dune evolution and
study of the interactions between bedforms, yet wglgration (Schwammie and Herrmann, 2003; Endo
still possess a rudimentary knowledge of the fluigt @, 2004).  Additionally, recent work
dynamic interactions between bedforms undeflocumenting the cross-stratification produced by
mobile bed conditions (Best, 2005). Research hddédforms (Reesink and Bridge, 2007, 2009) has
shown how the dynamics of such bedformPointed to the importance of bedform
interactions may be critical across the transitiorsUPerimposition and amalgamation in controlling
from ripples to dunes (Bennett and Best, 199615he geometry and mternal_ structure of bedding
Robert and Uhlman, 2001; Schindler and Roberfroduced by a range of different size bedforms,
2004, 2005), Additionally, experimental work has{rom ripples to larger bar forms in rivers.

indicated that the interactions of two bedformsSuch experimental studies are often made more
may produce non-linear effects in the productiorcomplex due to the 3D nature of mobile bedforms,
of turbulence in the bedform leeside, with thewhich makes quantification of their flow fields
interactions between the shear layers producegifficult, if not impossible, especially in the &ide
from adjacent leeside separation zones beingegion when superimposition and amalgamation
critical (Fernandez et al., 2006; Palmer et al.are occurring and are strongly 3D processes.
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bedform profiles were taken using cameras
2. METHODOLOGY mounted at the side of the flume. A Nikon D90

DSLR was used with a remote control timer to
In order to examine the interactions betweenake images every 5 s, whilst the PIV camera (see
bedforms, we constructed a 5 mm wide flume (Figbelow) was also used to provide a record of the
1) that is designed to remove any threechanging bed elevation through time. These
dimensionality in the bedform planform, and thusimages were used to examine the geometrical
allow interactions between 2D bedforms to becharacteristics of the bedforms, including their
investigated and quantified. The working sectiorheight, wavelength and shape, and migration
of the flume is 3.0 m long, 0.25m high andcelerity and characteristics. A grey-level
0.005 m wide. A distribution plenum, fabricated ofthresholding scheme was found to well capture the
clear acrylic, guides fluid into the working sectjo profiles of the bedforms as they evolved through
whilst a return plenum collects the flow at thetime (Fig. 2).

downstream end of the working section. An acryllcln addition to this morphological study, particle

roof is fitted to the top of the flume to provide . : :
support and maintain the width of the channetlmage velocimetry (PIV) was used to quantify the

: . . low  fields durin bedform rowth,
throughout its length. An integral sediment trapsuperimposition and e?malgamation. PI\E/J permits

funnels_ any segﬂment down into the return IOIIC?'m‘:ls.tudy of the mutual interactions between the flow
where it is recirculated back to the inlet sectlonﬁeIOI and mobile bed in all phases of bedform

The water and sediment circulation is driven by %evelopment A dual-cavity Nd:YAG laser (15 Hz

magnetic  drive, glass fiber reinforced d 35 mJ | d : 05
olypropylene, centrifugal pump.An inline and s> mJ per pu S€) was use to project a 9.5 mm
P ’ ' thick light sheet, through a series of mirrorspint

elect_romagnetlc ﬂOW meter in th_e return “r.]ethe working section of the flume. This allowed
provides a real-time display of discharge, with.

values being adjustable from 3 to 48 L mirf(c. illumination of an areac. 20.0 mmx 200 mm.
50-800 cnis?). An acrylic stop-gate is inserted at Neutrally-buoyant 10 um ~diameter fluorescent
the end of the flume to provide a control on th articles (emission approx. 670 nm — LeFranc &

: : ourgeois Flashe Light Orange) were introduced
thickness of the sediment bed and help set the ﬂomto the flow and the light scattered by these

depth. The required flow depth and velocity are_ .. .
: ; articles was collected by a 12-bit, frame-straddle
thus controlled by selecting the appropriate volum CD camera (11 Mpixel) coupled with a 60 mm

of water within the flume and the pumped ’ )
discharge. The entire flume is mounted on a ste cal-length lens and high-pass filter (cutoff at
50 nm). This set-up allowed us to selectively

framework that provides both support and allows X . ,
the flume slope tF:) be adjusted viaprfjack at thet in collect the light from the tracer particles andefil

end of the flume. Adiustment of the slone thulUt the light from the suspended sediment that was
- 1l P ignificant in the lee side of the bedforms.

allows a constant flow depth to be imposed alon .
equences of images were collected at a rate of

the entire test section. 2 Hz. Pre-processing of these images involved the
development of dynamic masking procedures

The sediment used in these experiments consist@@S€d upon detection of the position of the
of 212-325um soda lime glass beads (densitybedform' Interrogation of these images was

247 g cn) that formed a bed. 5 cm thick along performed using recursive cross-correlation
the entire length of the flume. A small quantity Oftechpiques and ad_aptive interrogation windovx_/s to
150um  mean diameter silica  carbide maximize the spatial resolution of the associated

(density 3.2 g cif) sand was added to the mixtureinstantaneous velocity fields. Post-processing of

during the experiments to aid visualization of thethe data set involved detection of the flow fields

cross-stratification produced by the migratingassfii.atedth V,l’ith” spedcific dsta?es ?f bedforrp
bedforms. A flow depth ofc. 0.13m was evolution that aflowed production of maps o

employed in these experiments with a discharge oﬁgév:;g::gn da\r/](()jrti::/i(tertlcal velocities, turbulence
23.6 L min* yielding a mean velocity in the test Y
section of c. 0.59 m&. Measurements of the
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to the downstream bedform, as it is trapped by the
upstream ripple, and also lower flow velocities

over the crest of the downstream bedform. Both of
these factors serve to decrease the celerity of the
downstream bedform; 3) As the upstream bedform
continues to migrate and catch the downstream
bedform, its flow separation zone, and erosion at
mirrors its reattachment region, begins to erode the ofest

it the downstream bedform (Fig. 2C). This produces
an erosion surface over which the upstream
bedform migrates, and lowers the height of the
downstream bedform; 4) Bedform migration

continues upon the now essentially static and
stalled downstream bedform (Fig. 2D) and leads to
eventual amalgamation of the two bedforms

PIV laser

‘e IV synchronizer (Figure 2E). This resultant bedform now possesses
=8 A = a larger and renewed flow separation zone, and
\ffymagmﬁcf[owme er—=. this amalgamated bedform then begins to migrate
= nreturn pipe, " ! . . .

RN PV 3 downstream (Fig. 2E). This amalgamation process
T N i thus produces a distinct reactivation surface

between the lower and upper cross-stratification

produced by these two bedforms, with this surface
being the product of bedform amalgamation and

not any change in mean flow conditions; 5) The

process may then begin again with the stoss side
migration of another smaller upstream ripple (Fig.

2F).

Results from the PIV show the changing patterns
of flow around bedforms during their migration,
with the high resolution data showing the detdfls o
3 RESULTS flow near the bed as well as in the bedform leeside
| A sequence of four images (Fig.3) shows flow
around a migrating bedform that is in the initial
stages of superimposition. Initial migration of the
bedform (Figs 3A,B) shows no influence of an

Figure 1. The 5 mm wide flume with the PIV lasedan
camera installed. Flow is away from the observer.

In this paper, we will detail the interactions
between ripples migrating within the flume, and

doc“me”t .t_he changing flow _fields durin_g upstream bedform, with a region of maximum
superimposition 6.‘”0' amalgamation of .mOb'Iestreamwise velocity over the crest, a marked
bedforms. Wedv:’”; u?Ie theseb %l:;servatg)ns toregion of flow separation in the leeside with
propose a model for flow as bediorms ecom?ecirculating flow, a strong shear layer surrougdin

fsupenmpose_d_ ar_1d amalgamate, and to detail tm%is region and reattachment on the toe of the
internal stratification such processes produce. bedform. The presence of an advancing

The superimposition of ripples in the flume superimposed bedform is shown by the appearance
involves five principal stages: 1) initial migratio of a lower velocity region upstream (Fig. 3C), a
of a smaller, larger celerity, upstream ripple thatesult of an upstream bedform wake, that begins to
initially has little or no fluid dynamic influencen  both decrease velocities at the crest and also
the downstream bedform (Fig 2A); 2) As thedecrease the size of the flow separation zone.
smaller ripple migrates up the stoss side of th€ontinued migration of this bedform, whose
downstream form, the leeside flow separation zonmorphology is not seen in this sequence, begins to
of the upstream form begins to exert a shelteringllow erosion of the crest of the downstream
effect on the downstream bedform (Figure 2B)bedform (Fig. 3D) and shows an advancing lower-
This results in both less sediment being transgorte
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velocity wake region on the stoss side of the T N |

bedform. Ufm/sj: 01 0 0.1 02 03 04 0.5 0.6

¥ [mm]

y [mm]

Figure 2. Images of ripples imaged through the #um
sidewalls. These six images are each 20 s apdsd (to
sequence = 100 s) and show the superimposition ar -
eventual amalgamation of a smaller ripple with an<
initially larger downstream bedform. The ripple gt

isc. 1.5 cm. Flow left to right.

Plots of the flow field during another instance of
bedform superimposition show a similar sequenc:
of events, in maps of changing streamwise velocit
(Fig. 4) and spanwise vorticity (Fig. 5). Initial
migration of the bedform shows a larger leeside
flow separation zone (Figs 4A,B) and associateyE
spanwise vorticity along the shear layer (Figs
5A,B). The separation zone becomes smaller (Fig
4C,D,E) as an upstream bedform approaches, wi
the shear layer also becoming less extensive (Fic
5D,E). Impingement of the shear layer from the

upstream bedform onto the stoss side of th
dgwnstream ripple (Figs 4D,E,F and 5D,E I:)Eigure 3. Instantaneous PIV flow field maps showing
PP 9 . =" Jstreamwise flow velocity (in MY and streamlines over

results in erosion of this surface and a decrease L migrating bedform (A,B) that begins to show the

the bedform height. influence of an upstream superimposed bedform (C,D)
Flow fields are 15s apart and the ripple height.is
2 cm. Flow left to right.
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Figure 4. Instantaneous PIV flow field maps showing

streamwise flow velocity (in m$ over a migrating

be_dfotr_m (A'B'E[:) tthat h%s % Eulrzaer’l\lmr:o?ﬁd be_dfor as a superimposed bedform migrating over its stoss

migrating over Its stoss side (D.EF). No € e'wn side (D,E,F) for the same realizations as shown in

the size of the separation zone associated with thlgigure4 Flow fields are 20 s apart and the ripelight

downstream bedform as the upstream ripple appreachﬁeS c.15 ém Flow left to right

(C,D,E), and that the impingement of the shearrlaye™ ™ ' '

from the upstream bedform upon the bed causesoerosi

and lowering of the stoss side of the downstream

bedform (D,E,F). Flow fields are 20 s apart and the

ripple height isc. 1.5 cm. Flow left to right.

Figure 5. PIV flow field maps showing instantaneous
spanwise vorticity over a migrating bedform (A,Bat
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Abstract

In order to experimentally investigate the flow dymics around a 3D barchan dune, herein we adogiveerperimental
approach that enables us to quantify flow aroundpiex morphologies using a refractive index matghiRIM) flume.
This technique allows the model barchan to be mattmvisible, thus permitting use of standard agdtiechniques for
flow-field quantification. Here, we present fulltdéds of this unique new RIM facility and detaitiise to investigate
flow around a model barchan dune. These resulte@rgared to past experimental and numerical maafetgrchan
dune flow dynamics.

1. BACKGROUND due to the experimental challenges involved in
collecting data in such configurations.

River, marine and submarine flows shape the Earth’s

surface  through ~ complex turbulence-sedimentrhe objective of the present experimental studipis

interactions that often result in 3D bedformquantify the turbulent flow generated by fixed-bed

topographies. Flow direction variability, turbulenc parchan dunes, and, in particular, to investighte t

levels, sediment size and sediment supply are amorganwise flow characteristics produced by such
the most important factors that determine the slépe pedform three-dimensionality

bedforms. For example, barchan dunes, common

topographic features on the Earth's surface, ar

generated under both aeolian and aqueous flows % METHODOLOGY
regions of strong unidirectional flow and restritte L ) _ _
sediment supply. Barchan dunes are characterized I,lf't ori;der to (;nlnlmlzfe"reﬂtictl?n from th_‘ih,soum'
a crescentic planform shape, with the horns of th8'l€rface and gain full oplical access within

barchan pointing downflow. Many 3D subaqueousregions in which imaging is typically obstructede(i

dunes possess such a crescentic shape, but vegs a iin the leeside), a refractive-index matching (RIM)
pronounced three-dimensionality than that of aeolia2PProach was used. A transparent barchan dune was

barchans. While aeolian barchans have beefPnstructed from an idealized contour map based
extensively investigated, little has been reporsed UPON previous empirical studies of dune morphology
the formation and evolution of subaqueous 3piP@meret a., 2012). The transparent model cast

barchan-like dunes that have been observed orethe §0M the polymer Uoptic2 was immersed WitTn a
floor and in rivers. As recently observed (Franklid ~ turbulent flow of aqueous sodium iodide at 64% by

Charru, 2011), subaqueous barchan dunes ayeight that has the same refractive index, and thus

characterized by a high stability that may be dua t '€ndered invisible.

moderate spanwise flux. However, at present such a | ) _ _
spanwise characterization of flow is largely migsin EXPeriments were conducted in a specially designed
RIM facility (Figure 1). This RIM facility comprise
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two main components: 1) a recirculating, fullytemperature constant to within 0Q, which
temperature-controlled, fluid channel and 2) dranslates to a 0.001% change in the fluid RI.
dedicated storage/processing vessel, designed to

provide mixing, deoxygenation and safe storagdef t
working fluid. Both of these components were
designed to handle corrosive working fluids under a
broad range of pressure conditions.

The tunnel test section, entirely constructed widar
acrylic (19.10 mm thickness), is 2.50 m long with a
constant cross-section of 0.1125 x 0.1125 nThe
slope of the test section is adjustable from 0 2&60+
and the slope can be monitored using a liquid
capacitive, gravity-based inclinometer. AR
Flow conditioning was provided by a contraction

Section (area ratio = 43751) and a series dfigure 1. Photo of the model RIM flow faCllIty Shmg the
perforated plates and screens. The flow quality’!V System setup.

downstream of this flow-conditioning arrangement

was ascertained via 2D PIV measurements 0.6 '€ entire facility was designed to be airtightdia
downstream of the test-section entrance. Fingily, |OW values of negative pressure and operate with lo
contraction section cover was equipped with a aupolValues of positive pressure. The pressure is atepl
that assisted in trapping bubbles generated arii"ough @ manifold installed in the cupola (see E)g
advected by the flow. The manifold is connected to: 1) a vacuum pump for

The pump system was designed to generate high flo@MPient air removal; 2) a nitrogen tank that isdue
discharges, handle corrosive liquids (e.g. Nal ,zn/Maintain an inert gas-saturated environment within
solutions) and recirculate sediment up to 2 mm i€ tunnel; and 3) a manual relief valve for pressu
diameter. The flume was equipped with two identical®gulation. Additionally, the cupola is equippedhw
close—coupled,  fiberglass-reinforced  centrifuga® Safety pressure relief valve that ensures theersys
pumps that deliver a combined discharge in thegang?@not be dangerously over-pressurized (pressure
1-0.016 ris® when utilizing an aqueous solution of S&fety value was 5 psi). This capability allowstas
Nal as the working fluid and operating at 0% sloped€nerate free-surface flows by filling the testtisgc
The volumetric flow rate through the tunnel isOnly partially with the working fluid and introduy
monitored by an electromagnetic flow meter mounteditrogen gas (B into the overlying space under a
in the return line of the system piping. slight positive pressure. The use afaVoids the risk

To maintain a constant RI of the working fluid, the©f discoloration of the salt solution (that occoss |
temperature of the system must be carefullyonS forr_ned by s_lmultaneoqs exposure to oxygen and
maintained. The temperature control system wa¥iSible light) during operation of the facility. he
designed by coupling an in-line heat exchangeraand ability to produce free-surface flow and adjust the
electronically-controlled modulating valve. A tube Slope allowed us to perform a wide range of Froude-
and shell heat exchanger was installed in the gupplUmber-dependent flow experiments and ensures
pipe. The working fluid is conveyed through a skt attainment of equilibrium, equa.l-de'pth, flows Mh|
36 titanium tubes (0.019 m diameter) held inside &€ flume for open-channel applications. We usesl t
PVC shell while the cooling fluid (at TE) is capab|ll_ty to investigate bot_h subcritical and
circulated through the shell. The modulating valveSupercritical flow conditions, with the flow depth
regulates the flow rate of the cooling fluid, while being controlled by an adjustable overshot wethat

set-point controller monitors the temperature aé th downstream end of the test section. iy

working fluid through input from a thermocouple A dedicated processing vessel allowed mixing of the
probe installed in the upstream duct. If theSolution while also preserving it from discoloratio
temperature is higher than the set-point value, th&° achieve this goal, a deoxygenation procedure was
modulating valve is opened by a 4-20 mA positionefequ'red' The processing vessel is connecteddo th

and integral actuator. The temperature contratgss V&cuum pump through a fluid trap and to a high-
is fully automated and is able to maintain thePressure nitrogen tank. The pressure is monitored
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through a compound pressure gauge. The tank % 2 B |
connected to the tunnel via a piping system and th

solution is transferred using a magnetically driver

pump. The RI of the working fluid was varied inaw :
ways: 1) gross variations achieved by alteringsiie ' ~
concentration of the solution; and 2) fine tuning b
carefully adjusting the temperature of the working
fluid.

Measurements of flow around the clear comple)
topography models were carried out using a 2D P\
system. A 4 MP frame-straddle CCD camere
(2048 2048 pixels) coupled with a 105 mm focal-

length lens was used to image the flow, while d-dua - A
cavity Nd:YAG laser (15 Hz and 120 mJ per pulsej' i
provided coherentA(= 532 nm) illumination. Optics

were used to form a light sheet (in the streamwise /

wall-normal plane) that was wide enough to

illuminate the entire flow around the rectangular

prism and to obtain a constant lightsheet thicknes

(~ 1.5 mm). The light was conveyed from the botton

of the channel using a system of optics mounted on

transition stage, which facilitated positioning thie

light sheet at different spanwise locations.

Measurements were performed with different

magnifications in order to image the entire flow B

around the topography, as well as resolve the floy g

within the trough of the topography. Silver-coatedFigure 2. Photos of: A) barchan model mold; B) sarent
hollow glass spheres (mean diametes, 14pm) with  barchan model used in experiments.

a density of 1.7 g cthwere added to the flow to serve ) ) .
as PIV tracer particles (the specific gravity of RI-  The model consisted of a 5mm thick square tile
matched fluid is ~1.8). (11.25 mm side) on top of which the topography was
Topographic models were constructed by casting Built. The larger dune fabricated was 0.08 m lond a
special clear polymer (Uoptic2) which has the sam®&.07 m wide. The tile was mounted on the wall & th
RI as the Nal solution. Negative molds based upen t test section. The distance between the inlet sectio
digital model were built by rapid prototyping. Figu the channel and the model leading edge was 0.61 m.
2A shows the negative obtained using the digitaP!V measurements of the turbulent flow field were
model previously utilized by Palmest al. (2012). Made in the streamwise—wall-normal plane along the
The final bedform model was then cast using a propé&enterline of the topography and in the streamwise-
mix of the polymer in its liquid form with a cataly Spanwise planes at three different elevatiohso
into these negatives. The resulting transparerlifferent barchan configurations were investigated:
bedform (Fig. 2B) was then introduced to the flestt 1) isolated, and ii) two co-axially aligned ideric
section and rigidly mounted to the floor to ensitre dunes.

remained static in the presence of the Hghflows ~ Four different volumetric flow rates were considere
under study:. (Q=3.1, 4.0, 4.9, 7.210ms") and the mean

velocity of the incoming flowlU,, was estimated as
U, =Q/ (h, - B) whereh, is the flow depth and is
the width of the test section. These conditiomrtdgd
Re (Re = Ush./v, wherev is the kinematic viscosity of
the working fluid) in the range 2.5 — 6.5 {10
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3. RESULTS Figure 3. Photos of transparent barchan model irseaein
A) water and B) aqueous solution of Nal.

The efficacy of our RIM technique was assesse

through immersion of a barchan model within the Na

solution. Figure 3A shows the effect of immersain
the transparent barchan bedform in water;
distortion of the image is due to the RI mismatc

between the liquid and the solid phase. In FiglBg 3

the same barchan model is immersed in the Nal

solution. The image shows how an accurate inde4. REFERENCES
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Abstract
This paper details the dynamics of coherent flowctires generated in shallow flo@soundimpermeable and
permeable 2-dimensional bedforms overlaying a kiglermeable idealised bed. Particle imaging vehetry
(PIV) measurements were conducted in order to chenae flow both over and underneath idealised 2-
dimensional dunes overlaying a packed bed of umifsize spheres. Experiments were conducted insiigface
flow conditions (Froude number = 0.1; Reynolds nemb 25,000) for one bedform height: flow depthiaat
(0.31). The flow above the dune was measured usistandard PIV technique while a novel endoscopit P
(EPIV) system allowed collection of flow data withihe pore spaces beneath the dune. These reshdts that
the permeability of the bed has a critical impactflow around the bedform, inducing a significanteraction
between the freeflow and subsurface flow. The auton between the free-flow and hyporheic flowignificant;
in the leeside, recirculation in the separationez@ replaced by a mechanism of asymmetric altermattex
shedding. The paper will discuss the implicatiohghese results for the morphodynamics of coarsksent
bedforms
1. BACKGROUND interface, and that this has direct implications fo
the stability of grains at the bed interface. TEhes
In many natural shallow channel flows, thesurface-subsurface flow interactions are expected
deposition of sediment creates a complex bedformo be even greater in the presence of bed
geometry that provides both resistance to flow an@opography that will generate pressure gradients at
can dominate the flow structure. This is withesse@nd within, the bed surface. However, most models
by the presence of a multitude of bedforms inof bedform dynamics assume that the bed, and
nearly all river channels, and by the presence dbedforms, are impermeable or characterized by
bedforms of different size, shape and internalaminar flows within the pore space (Cardenas and
structure, dependent on the grain size distributionwvilson, 2007), and neglect the existence of any
of the bed sediment and the flow characteristicgransitional layer in the upper sediment bed. The
Even though in most natural channels the bed caturrent lack of understanding of this transitional
be regarded as permeable, many previougsone may be one of the reasons why the
experimental, numerical and theoretical studiesnorphodynamics of coarse-grained bedforms are
have treated such surfaces as essentialhather poorly understood.
impermeable. However, the deposition ofHere, we investigate the role played by bed
cohesionless sediments generates porous layersgarmeability on flow around an idealised bedform,
which the permeability may be relatively highin order to gain new insight on the formation and
(especially in gravel-sized sediments) and, morevolution of bedforms in cohesionless sediment.
importantly for shallow flows, where the This paper details the dynamics of coherent flow
subsurface flow may comprise a significant portiorstructures generated around a model of a 2D
(up to 30-40%) of the total flow discharge. Recenimpermeable bedform overlaying a permeable bed
large-eddy simulations (LES; Stoesser and Rodif cubically-packed uniform spheres (D = 0.04 m
2007) have shown that interactions between thgiameter). This simplified case of an isolated
freestream and subsurface flow of a highlybedform concentrates on the structure and
permeable bed can dramatically alter thedynamics of the wake produced by such
mechanisms of momentum exchange across thepography in the presence of bed permeability.
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2. METHODOLOGY Froude numberFrs=Uq(g-h,)®® (where g is
acceleration due to gravity = 9.81 if)-sFor the
Laboratory experiments were conducted in alata reported herein, these dimensionless numbers
recirculating hydraulic flume (Figure 1) that wasare 2.110"and 0.18 respectively.
4.8 m long and had a cross-sectional widt, T —
=0.35m and heightd, =0.60 m, in order to o
maximize the thicknessh{9 of the permeable [1 i
domain and the range of water depthg) (that 1}7
could be investigated. Additional details on the+ sk
flume characteristics, including flow conditioning
and instrumentation can be found in Blois et al Adicolasd
(2011). For the present study, bdthy and hy, '
were kept constanth{y = 0.24 m,h,,=0.18 m),
thus yielding a flow depth: bed thickness ratio,
h./hyeg Of 0.75. The sediment bed, which covere
the entire length and width of the flume test
section, was built using a simplified geometry
comprising six layers of uniform spheres
(D = 0.04 m diameter) that were rigidly fixed in a
cubic arrangement. A 2D bedform with a
triangular cross-section (lengtlhgy=0.41 m and
height hs=0.056 m, with a Ileeside angle,
Qe = 27°) was used. The grain roughness an
bedform submergence wert,/ (D/2)=9 and
hy/ hg= 3.2 respectively, this simulating a

2D-bedform N

Figure 1. Schematic diagram of the experimental se
up.

he flume was instrumented with two different
PIV systems: i) a standard PIV for above-bed
measurements, and ii) an endoscopic PIV system
(EPIV) for subsurface measurements (Fig. 1) as
described in Blois et al. (2011). A photograph of
the experimental set-up showing the solid dune
placed on the permeable bed and both PIV systems
is shown in Fig. 2. Above the bed, the flow was
fMuminated by a 50 mJ Nd:YAG laser (Litron
Lasers) and was imaged by a 4 Mp camera

simplified dune in such coarse-grained sediment(Redlake MotionPro Y5). Image capture was kept
P 9 ¢onstant at 10Hz, thus obtaining time-resolved

The total flow dischargeQy, = Quea + Qseam (S€€ 01 "rio s while allowing sufficient images (n =

definitions below) was measured using a mag”e“ﬁooo, time series was tested for stationarity)do b

23:;522‘;?52 thlzrriggliﬂgﬁ to rtg%e‘:u?&%véncollected to obtain robust statistics. The laggt|
PP yp was introduced from the top (see Fig. 1) as the

was used to measure the mean velocity of th\(/evater surface was relatively flat and the lasdntli
freestream flow, U,, for a number of flow y 9

conditions. The mean flow discharge over the beag?lm?ngi rprlg‘¥;i?i%nln ;[:h(;? tﬁ‘;nggg;it;?aréewgg\?vuta
Qstream Was estimated aQsrearmUohwW. The y ma : ,

flow uniformity over the permeable bed Wastwo-borescope configuration was employed (Blois

characterised (without the bedform) by coIIecting.et al,, 2011), with the seeding particles and image

UDVP data for different flow conditions and at Interrogation/ validation schemes _bellng th? same
. . ' . . as those used for EPIV (see details in Blois et al.

different locations. Flow uniformity was achieved 011)

at a distance approximately 2 m downstream fron% '

the inlet section. Due to constraints in the

experimental set-up, the measurement location Wzl

kept unchanged while the location of the bedforn}

was varied to maximise the number of flow|

——— e ———
PIV camera

oncoming flow was uniform.
Up, was also used to compute the freestream floy
Reynolds numberRe = Uy h,/v (Wherev is the
kinematic viscosity = 1.0080°nm?s?) and
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3. RESULTS used. In all the pore space locations considered
herein, the pore flow has high velocities and
Figure 3 shows the time-averaged flow in theturbulence intensities R > 300, with
leeside of the impermeable bedform overlaying ®e = U,D/v, where U, is the mean pore space
highly-permeable bed. Our PIV data reveal thatelocity magnitude). This onset of turbulence
the wake generated in such a bed configuration igithin the subsurface contrasts with recent
dramatically different when compared to classicahumerical models that are based upon the
cases of 2D impermeable bedforms on amssumption of a laminar subsurface flow (Cardenas
impermeable bed (see review in Best, 2005)& Wilson, 2007). In our present results, the mutual
Specifically, our data show that: a) the flowinteraction between the turbulent wake and
separating at the crest does not reattach at tthe bgubsurface flow appears significant in the
due to its interaction with flow in the near-bedmechanisms governing these phenomena.
region, which is characterized by continuousAdditional evidence to suggest that previous
upwelling; b) this flow upwelling is so intense tha numerical methods may provide incorrect results
it produces flow separation from the individual can be found in the location of the low-pressure
spheres, as suggested by the streamlines reportgdak. Numerical models predict that the peak of
in Fig. 3; c) as a result of b), the flow sepanatio low-pressure occurs very close to the crest
zone, a major feature associated with flow(Cardenas & Wilson, 2007). The location of the
transverse bedforms on beds that are impermeablgeak in low pressure, qualitatively inferred from
is absent and replaced by two large-scale countesur velocity data by considering the direction and
rotating vortices of comparable size; and d) thenagnitude of the flow, is shown in Fig. 4. The
magnitude of vorticity is high both at the crasid  data suggest that this low-pressure peak may be
at the toe of the bedform, thus highlighting theshifted downstream and that the distance between
presence of two counteracting shear layers witlthis peak and the bedform crest scales with the bed

opposite vorticity. permeability. The existence of strong upstream-
Figures 4 and 5 illustrate the mean flamundthe  moving flow (region D) at a relatively long

bedform, meaning that flow both aboaed below distance from the bedform supports this
the bedform was quantified. Pore space flow wagypothesis. The effects observed at the bedform
collected using EPIV at 15 differeKtlocations, at may also be influenced by grain roughness as well
the same depth within the bed £-2D). By as bedform permeability, and thus additional
examining Figs 4 W component) and 5u( experiments are needed in which these features of
component), we identified four different the bedform are isolated.

subsurface flow regions, herein termed A, B, Crigure 4 shows a very strong jet concentrated at
and D. This classification was based uporthe toe of the impermeable bedform and directed at
qualitative criteria that considered flow structure 45 degrees up into the flow, while the flow
velocity magnitude and the principal flow direction upwelling progressively decreases in its magnitude
in the pore space. Region A is characterized bgownstream. These observations are supported by
downward-moving flow that is generated by thethe patterns of subsurface flow, which show that
high-pressure region upstream of the bedform. Ithe magnitude and distribution of upward-moving
region B, the flow can be mainly consideredflow in the subsurface (region C) is proportioral t
horizontal and flowing parallel to the bed surfacethev component of the freestream flow at the same
In region C, however, the pore flow has a strongertical location.

upward-component, which is consistent with flowFigure 5 illustrates that the wake is characterized
towards the low-pressure region above the bedy a low-momentum region that is consistent with
associated with the bedform wake, which inducegleceleration of flow in the subsurface.

significant suction of the subsurface flow. Figall The mean flow structure described above is the
region D has an upward-moving component butresult of complex dynamic mechanisms taking
contrary to regions A-C, the horizontal componenplace in the wake and involving the interaction
is significantly negative. The relative extent ofpetween two shear layers of opposite vorticity.
these regions highlights changes in the large-scaleigure 6 shows an example of the instantaneous
flow paths that are due to the specific bedfornflow fields in the wake of the bedform. Similar to
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past descriptions of flow over backward-facing3) Three discrete flow regions can be identified
negative steps and bedforms, the shear layevithin the bed: i) upstream of the bedform (region
originating at the crest generates clockwiseA):. downward-moving flow is deflected
rotating vortices that tend to dominate the wakedownstream with significant horizontal flow
However, in the case reported herein, the wake iaccelerations; ii) beneath the bedform (region B):
dominated by a quasi-vertical jet that originates aflow is predominantly horizontal and characterized
the toe of the bedform (Fig.6) and impingesby the interaction of multiple interacting jets,
against the clockwise vortices generated abovenhich results in a complex flow pattern; and iii)
near the bedform crest (see label A in Fig. 6)e Thdownstream of the bedform (regions C and D):
jet dynamics are complex, involving pulsationspore space flow, although displaying a strong
and flapping dominating the motion in region A.upward component, is predominantly directed
In turn, the jet originating at the bed generatesliagonally, before converging at/D ~ 7 and
anticlockwise rotating vortices at the bedform toemoving vertically upwards.

(see B in Fig. 6) that subsequently interact whith t Based on these observations, it is suggested that
vortices shed from the crest. The flow dynamicghe movement of fluid from the permeable letd
observed herein can thus be described abhe freeflow may have a significant impact upon
asymmetrical vortex sheddingince the vortex at the recirculation zone in the wake of the bedform
the bedform toe (B) remains confined to the leghat has hitherto not been quantified, and willdhav
side, and only vortices generated at the crest (Ajonsiderable implications for the geometry and
are shed downstream. Further downstream, theharacteristics of bedforms generated in such
wake is dominated by larger-scale clockwisecoarse-grained, permeable, sediments.

rotating vortices (C) that originate through the

interaction between vortex A and the jet. 5. REFERENCES
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flow structures generated in the leeside and near- W08412, doi:10.1029/2006WR005787.

wake region of these porous, coarse-grainedstoesser, T. and Rodi W. (2007) Large eddy simrdati
bedforms. of open-channel flow over spherdsigh Perform.

The main findings of this paper are: Comput. Sci. Engyol. 4:321-330. doi:10.1007/978-

1) Flow upwelling in the bedform leeside appears 3-540-36183-1_23.
in the form of pulsating jets, which are particlyar

intense at the toe of the bedform leeside and

gradually decrease in their effect downstream.

2) Flow in the separation zone is dominated by a

mechanism of asymmetricalternate vortex

shedding that appears to trigger pulsing jet mation

from the bed.
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Figure 3. Mean flow in the leeside of an impermediedform showing the distribution of vorticitylow left to
right. Streamlines are also shown to highlightstracture of the flow.
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Figure 4. Distribution o¥ component around the bedform. The arrows on thedirepresent the mean direction of
the flow at the different pore space locations. et dot represents the location of the low-presgeaak at the near
bed.
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Figure 6: Example of instantaneous flow fieldhie bedform leeside, showing theymmetrical vortex shedding
mechanism. The colormap refers to teomponent (m9).
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How the Belgian wind farm business made us discthesr
challenging environment of marine sand dunes
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Abstract

During the last decade, it has become clear thadl sluines are important features in the Belgian wardh
concession area. Because they influence not oelgéisign seabed levels, but also the hydrodynasniinfys and
installation methods for both cable and foundatighs study of the seabed morhodynamics is estdatiall
wind farm projects.

This paper starts with an overview of the geograpmd morphological setting of the Belgian windnfar
concession areas and presents an overview of thiz&tures of the bedforms in the different conicess

Next the importance and impact of the sand dunemglihe design and development of these wind faisns
illustrated by exploring the different types of dies and investigations which have been performelation to
seabed & morphology, the hydrodynamic loadings, ith&tallation methods and the environmental impact
assessments.

1. INTRODUCTION Belgian wind farm area is situated along the
Northeastern boundary of the BPNS encloses the 7

Thanks to C-Power, the pioneers of the Belgiartoncession areas. From shore towards the sea the
offshore wind energy sector, IMDC has had theconcession areas are: Norther, C-Power, Rentel,
opportunity to start to work on and to study theNorthwind, SeaStar, Belwind and Mermaid (see
Belgian Part of the North Sea (BPNS) since 2003igure 1, end of paper).

During the following 10 years we did not only got The location of the concession zones ranges
to know the sand dunes on the Thornton Bank, buietween 21 km (for the Norther wind farm) and 50
also the bed forms in the concession areas &m (for Mermaid) offshore. Also water depth
Norther, Rentel, Northwind, SeaStar, Belwind, andgreatly varies: 12 m on top of the Thornton Bank,
Mermaid. till 50 m far offshore (see table 1, end of paper).

For the permits of these wind farms , the design ofhe total installed capacity offshore wind energy
the wind turbine foundations and the cable layingn Belgium end 2012 was about 380 MW spread
not only the effect of the moving sand dunes on thever 91 turbines, across two wind farms (C-Power
structures is investigated, but also the influeote and Belwind). This represents 7.6% of the total
the constructions works and these artificial feedur installed (offshore) capacity in Europe (EWEA,
should be scrutinized. 2013).

2. THE WIND FARMS
1.2. Morphological setting

1.1. Geographical setting The bottom topography of the BPNS consists of a
In the KB (Koninklijk Besluit) of 17 May 2004 complex of sandbanks and swales, where the
(and adapted by the KB of 3 February 2011) &hannels reach maximum depths of 30 to 40 m
preferential zone for the development of offshorebelow LAT. The sandbanks are traditionally

wind farms has been indicated by law. Thisdivided into four groups: the Coastal Banks, the
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Flemish Banks, the Hinder Banks and the Zeelandresent flow. Like the tidal banks they incurred
Ridges. The Zeeland Ridges are roughly SW-NQIue to an unstable seabed area subject to tidal
oriented. From north to south they consist of theurrents. In general the highest sand dunes occur
Lodewijkbank, the Thornton Bank, the Gootebankon the northern end of the Flemish Banks (up to 8
and the Akkaertbank. These banks are part fromm) and in the northern part of the Hinder Banks
group which is also situated on Dutch territory.  (up to 11 m) (Deleu, 2001).

A fundamental process for the existence of théunes can strongly migrate (e.g. more than 50 m
sandbanks is the presence of ebb and floooh 1.5 year for the dunes on the Westhinder bank)
channels on both sides of the bank. This causes t(Beleu et al., 2004), although sometimes with an
circular sand movement over and around the banéscillating movement. Sand dunes are oriented
which maintains the stability of the bank. perpendicular to the main current direction, on
Normally there exists an asymmetry in currentooth sides of the bank they are often oriented
velocity on both sides of the banks. This is beeaustowards the crest of the bank.

the sandbanks are positioned with a small angl€he dunes are usually covered with smaller dunes
relative to the tide, which makes that one side odnd (mega)ripples, which dimensions change at a
the bank is more exposed to the flood currentshort time scale (tidal cycle). The size of ripplkes
while the other side is more exposed to the ebbontrolled by water depth and grain size
current (Dyer en Huntley, 1999). The stronges{O’Conner, 1992). Ashley (1990) has classified the
current erodes most often one side of the bank armed forms according to amplitude and wave length
maintains in this way the steepest flank. Thento ripples, small, medium, large and very large
Zeeland Ridges have a steep eastern flank and tdenes (see table 2).

maximal current velocity is directed in the flood

direction (NE) (Lanckneus et al., 2001). ThisTable 2: Classification of bed forms according to

points towards a circular sand movement arounéshley (1990)

the Zeeland Ridges anti-clockwise, in contrast

Bed form Amplitude [m] | Wave length
the rest of the BPNS. [m]
The occurrence and morphology of the sandbankgipples <0,075 <06
as a whole has generally not drastically change8mall dunes 0,075-0,4 06-5
over the last 200 years, despite of the verwedium dunes 0,4-0,75 5-10
dynamic environment. Movements are onlyLarge dunes 0,75-5 10 - 100
located within the area of sandbanks themselvegery large
and especially towards their summits. Generallgunes >5 >100

sandbanks witness a major stability and this

t . . o
least since 1800 (Le Bot et al., 2005; Van Lancké}.I the Belgian wind farm area, a variation of bed
et al. 2009), orms has been observed (see table 3, end of

Throughout the area, the surface is covered wit aper). On top of the sandbanks quite often large

: . very large sand dunes are present with heights
Holocene sea sand. This sand has a medium gr (r%')m 2 to 7 m and wave lengths of 150 — 500 m

size between 250 and SQ'G.“ and is generally aerens et al. 2008). Superposed on these sand
coarser on the banks than in the swales. The sa .

; unes smaller bed forms, such as ripples, can be
on the banks can reach a total thickness of 2Gim.

the swales possiblv aravel and mud can be reserﬁresem' Quite often, in the gullies in between the
P Y9 P sandbanks, bed forms are less important (e.g.

Norther), although for example in the Rentel area

also there large dunes are present.
1.3. Bedforms 9 P

An important phenomenon on top of the sandbank
and in the gullies in between are the sand dunes: DESIGN OF WIND TURBINE
Sand dunes are significantly smaller thanFOUNDATIONS

sandbanks (a couple of meters high), but are more . . .
dynamic angl as tFt:e tidal banks ?or())minent in th ISurlng the design, bed forms have an influence on

X ?he selection of the foundation type, the foundatio
Belgian part of the North Sea (BPNS). USU<';1IIy¥a\/el and the scour protec):i%n’ type. Three

they are perpendicular to the direction of the ne
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foundation types are currently present in thdoundations). Whereas for GBFs a constant seabed

BPNS: monopile,

jacket and gravity basedlevel is a firm condition for the design and

foundations (GBF) (see figure 2 and 3). To be ableonstruction, an interaction exists between the
to make a smart choice for one of these foundatiowariation of the seabed level during the lifetinfe o

types, amongst others long term predictions of théhe foundation and the design of the steel
dune mobility and possible seabed levels arstructures: varying levels might change the eigen

required.
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Figure 2: Monopile (left) and jacket foundatiorgft)
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Figure 3: Gravity Based Foundation (GBF) (source:

Technum-IMDC)

frequencies and influence the fatigue behaviour of
the structure.

Also for the scour protection different options can
be considered: the so called “static” or “dynamic”
scour protections. Whereas the first type cannot
deal with dropping seabed levels, the second type
is designed to remain functional. In the BPNS
currently the static scour protection has been
chosen for the GBFs (C-Power) and monopiles
(Belwind). For the jackets structures of C-Power, i
has been chosen to leave the seabed unprotected,
and thus to allow the scour of the seabed dueeto th
presence of the structures.

Not only for the selection of the foundation type,
but also for the actual design of the foundation,
sand dunes and their mobility remain important.
The passing of a sand dune introduces changes in
the hydrodynamic loadings on the foundation, not
only in terms of water depth, but also the wave
characteristics might change. Steep slopes in
shallow areas introduce different types of wave
breaking, each having their own influence on the
loading (e.g. IMDC 2009a & 2012a).

Construction and installation methods are
influenced as well by the presence of sand dunes.
Gravity based foundations for example require a
perfect horizontal foundation surface and thus
quite some seabed preparation. For the GBFs a
foundation pit has been dredged, and a horizontal
gravel bed has been installed to provide a solid
base for the foundations (Bolle et al., 2010 &
2012). Also for the jacket foundations some seabed
preparation was necessary: the seabed had to be
(locally) flattened (or dredged) in order to beeabl

to position the installation frame for the pin gile

of the jacket foundation (Bolle et al., 2012).

During the lifetime of the project cables can
become exposed as a consequence of mobile sand
dunes. Therefore enough coverage of the cables
will be aimed for during installation. But on the

Depending on the foundation type, changingother side, cable installation (e.g. by means of a
seabed levels around the foundation can easier I®ough) is hindered if dune slopes are too steep,
dealt with (e.g. jacket foundations) or should bevhich might result in insufficient burial and a
prevented by the placement of an adequate scobigher risk of cable exposure later on.

protection (e.g. GBFs and most

monopole
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But let's not forget the other way around as well Although ideally several detailed bathymetries
namely the influence these rigid structures migh{e.g. full coverage multibeam surveys) are needed
have on the dynamic, sandy surroundings. Théo assess the seabed stability, quite often and
environmental impact assessment  (EIA)almost certainly for the first orienting studiesieo
procedures force us to investigate, describe andas to deal with less dense datasets (e.g. single
predict these changing environments and théeam surveys with a large spacing).

possible impacts in the best possible way for botffo give the designers the data they need, typically
the short and the long term (e.g. IMDC, 2012b &the following studies are performed. When only
c). Typically the expected effects duringone dataset is available, the studies are limited t
construction of the foundations, during operatiorthe observations which can be made: the presence
of the farm and in case of dismantling areof sand dunes and bed forms, the amplitudes and
described. Regarding morphology, a slightlywave lengths and the orientation of their slopes,
bigger effect is expected during construction @f th which give already a first indication of the seabed
GBFs, compared to the installation of monopilesnobility (see table 3 for estimates for the diffare

or jackets due to the more important seabedoncession areas). In this case, literature renaains

preparations (IMDC, 2012d). very important source to compare with earlier
studies.
4. STUDY OF DESIGN [f more detailed datasets are available, difference

maps can reveal an erosion or sedimentation trend,
PARAMETERS ~ AND  FUTURE and the migration rate of the bed forms over the

CHALLENGES years can be determined. The combination of all

For all these studies numerous tools and mode@'(sj information aIIovE/)sdto Ipref“Ct tE.e hmlnlmung

are applied and further developed: historic dat&N¢ Maximum seabed [evels which -~ can be
and brand new high-resolution measurements al%xpected during the I|fet|r_ne of the foundation due
analysed and numerical models are put in place the autonomous evolution (Haerens et al. 2008).

predict waves, currents and the morphodynamic®! course it is still a bit more complex than this:
of the seabed migration rates are often roughly estimated without

The type and detail of the studies depend not onl@"Y link to the hydrodynamics. Last decade some
from the amount and quality of the data available>Uccessful attempts were reported to model these

but also from the aim of the study. Whereas during@"d dune migration with numeric models (e.g.
feasibility and preliminary design studies, a mord fulScher & Van Den Brink, 2001, Roos &
general approach will be followed (because ulsc?her, 2003' van den Berg & van Damme_,
choice for a foundation type still has to be made2904: Borsje, 2011) and to model several of this
or because only limited data are available at th4?"c€SSes or impacts separately (Kgaapen &
stage), for the detailed design one should be mudrulscher, 2002)But still a I_ot of the interactions
more precise in order to limit the variation of all between sand dunes and different foundation types
parameters to be taken into account in the design.are not very clear yet. How do sand dunes
An overview of the current practice and some ofnfluence the scour holes and depths around jacket

the evolutions over the past 10 years followdoundations without scour protection? How do

below. sand dunes influence the scour protection around
monopiles and GBFs? And what's the effect of
1.4. Seabed & morphology seabed preparation or dredging, which lowers the

A basic bathymetry will provide a first idea of the S€@bed around ~the ~foundation below the
expected water depths. However, since the seab&ffrounding levels? Studies are still ongoing and
level is an important design parameter, foundatioftoPefully field data from existing wind farms can
designers do not only want to know the preser@iVe Us more insight in the future.

seabed level, but also the level throughout the

lifetime of the foundation and the variations which ] ]
can occur. 1.5. Hydrodynamic loading

The hydrodynamic forcing on a foundation is a
combination of the water levels, the currents and
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the waves. Not only the regular conditions, butl.6. Installation techniques

especially the extreme conditions will influenceAlso installation techniques depend on the water
the design. Typical values with a return period ofdepth and the seabed morphology. Although for
50 or 100 years are taken as design values. the installation itself, mainly information abotet

In the Belgian part of the North Sea, the “Meetnetctual state is needed, which can be provided with
Vlaamse Banken” (2012) has collected over thex multi-beam survey, for some aspects also the bed
years a valuable data set which allows us tevolution has to be considered.

determine these extreme values. However, wheTihe water depth is the main factor which
the first wind farm was designed, no site specifidnfluences the choice of the vessels. Also to ptace
data were available yet, so measurements had to frame on the seabed and to install the pin piles fo
performed on the Thornton Bank. A wave riderC-Power’s jacket foundations, a minimum water
buoy has been installed and through tidedepth was required, which implied (limited) local
measurements have been performed to capture tdeedging on top of the sandbank, in the shallowest
current distributions on top and around theocations.

sandbanks (Technum, IMDC & Elsam, 2006).For the cable however, both bed forms and bottom
Another option is to perform numerical modelingtype impact the installation. Whereas the bottom
both for the currents and the waves. But also themype determines the installation technique (plough,
these new datasets are very useful, to validate thetting, ...), the seabed erosion and the migrating
models. bed forms will influence the burial depth. This
If we focus a bit more on the waves, there has beafepth has to be chosen sufficiently large to preven
an evolution in the type of models which arecable exposure during the wind farm’s lifetime, but
applied. The spectral models (e.g. SWAN) argutting the cable too deep will make installation
typically used to determine the wave climate on aoo expensive (if even possible). Also the steep
large scale and are already a long time part of thelopes on some dunes might cause problems
current practice. Extreme values can be calculateduring cable installation. So typically a profound
and maximum wave heights and locations withanalysis of the cable trajectory is advisable kesfor
wave breaking are typically determined accordingstarting any works.

to rules of thumb.

For some locations however, for example the

sandbanks and locations with sand dunes, nort7. Environmental impact assessment

linear interactions become important and spectralast but not least, the seabed is one of the topics
models cannot give an answer anymore. Ahat has to be addressed in the EIAs which are
combination with Boussinesq type models (e.gperformed to obtain the concession.

MIKE21BW) can offer a solution, since all Although this study has to be made in a very
processes and non-linear interactions are includggteliminary stage of the project, and often the
so the effects of the seabed can be better predicte:hoice between different foundation options and
Indeed, some sandbanks and sand dunes cgy-outs is still to be made, all possible impacts
influence (also increase!) the local wave heightsfrom the structures and the works have to be
or can introduce wave breaking (IMDC, 2009b anddentified (IMDC, 2012d). For these studies
2012a). typically all the available information from
Even one step further, we can determine th@terature or previous projects is collected. Imso
loading of one single wave on a foundation withcases, numerical modelling is performed though, to
CFD models (Christensen et al., 2011). Thesgstimate for example the local sediment transport
models allow also taking into account a specifiqMDC, 2012b), or the sediment plumes during the

bathymetry and can provide the designer with tlm@redgmg operations more accurately (IMDC,
series of the pressure distribution on thepp12c).

foundation and the conditions for wave breaking=or the first wind farms, information was fairly
(DHI, 2009a & b). This type of modeling is |imited, but every year more and more information
certainly useful for all foundations with a becomes available from the wind farms in
particular shape (e.g. GBFs). operation. Long term monitoring and analysis of
these data will certainly improve the insight i th
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Table 1: Basic characteristics of the 7 wind faonaession areas.

Wind farm Distance from Water Location Surface | Number of | Total capacity
shore [km] depth [m] [km?] turbines [MW]
Rabs bank and

1. Norther 21 14-30 Gootebank 44 47-100 420
2. C-Power 27 12-27 Thorntonbank 18 54 300
3. Rentel 31 22-28 Zuidwest-Schaar 27 47-78 289-468

. Lodewijkbank (Bank

4. Northwind | 37 16-29 zonder naam) 14.5 72 216
5. SeaStar 41 20-25 18 41 246
6. Belwind 42 15-37 Bligh Bank 35 55 330 (2x165)
7. Mermaid 50 25-50 28 75 450
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Table 3: Morphologic characteristics of the 7 wfadn concession areas.

Water Height sand Spacing | Classification miaration
wind farm depth Location 9 sand (Ashley, 9
[m] dunes [m] dunes [m] 1990) rate [m/year]
Rabs bank 3.4-5.7 200-340 | Large and 2.4-7
very large
1. Norther 14-30 | Gootebank 1.5-3.9 170-320 | dunes 1-7
gully between Rabs & ) Small to
Thornthonbank <05 10-20 medium dunes stable
2.C-Power | 12-27 | Thortonbank 2-7 100-500| Jarge tovery |4 3
large dunes
3. Rentel 22-28 | zuidwest-Schaar | 27’ 200-500 Large to very
large dunes
4. Northwind | 16-29 | bodewiikbank (Bank | 5 7 5 170-350 | -argetovery | 5 5 53
zonder naam) large dunes
5. SeaStar 20-25 2-4 ? Large dunes ?
6. Belwind 15-37 Bligh Bank 3-4° 150- 225 Large dunes 1-25
7. Mermaid 25-50 2-4 ? Large dunes ?

° Wiertsema & Partners (2008)

Belgian wind farm area ¢
Windpark concession areas
‘Mature Protection Zones

Sand Extracton Zones

Miitary areas

Mavigationroutes

Belgian marine area

wracks.

Pipelines

=-cables

Cable In use
Cable out of use

Figure 2. Concession zones in the Belgian wind farea.
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Abstract

Benthic organisms live in the top centimeters ef$kabed and change the structure of the sealbed/fnot done
by physical processes alone, either by reworkirgsdiment (e.g. bioturbators) or by providing ctites (e.g.
tube-building worms) and thereby create, modify amantain habitats. Due to the interaction betwtentidal
current and the sandy seabed tidal sand wavesoamed, which change in form continuously and thereb
controlling the spatial and temporal distributiofi leenthic organisms. This paper investigates theuatu
interactions between small-scale benthic organiants the large-scale underwater landscape of cosestal, by
combining field observations, flume experiments aratiel studies.

1. INTRODUCTION interaction, we followed a model approach.
) _ N Additionally, field observations and flume
There is growing recognition of the experiments are executed to obtain input

importance of feedbacks between organismgarameters and validation data for the model
and physical forces in landscape formation; &t,dies.
field labeled biogeomorphology.
Biogeomorphological processes typically
involve so-called ecosystem engineering
species, which are organisms that modify th
abiotic environment via their activity or °
physical structures and thereby create, modif,,
and maintain habitats. Biogeomorphological
processes are known to shape a broad range,
landscapes. However, in the underwate
landscape these interactions have receive
little attention, despite the high abundance o
ecosystem engineering species in the bed ¢
coastal seas.
This paper aims at understanding therigure 1. The ecosystem engineering spetiasice
interaction between ecosystem engineerin%on_chllegaoccurs in dense patches a_m(_j stabilizes the
. . . ediment. Patches of these tube-building worms are
species, hydrodynamics and  sedimenfpserved at both the intertidal and subtidal seabed
dynamics in the formation of the underwaten ocation of photo: Zeebrugge (Belgium). Photo
landscape. In order to understand thigourtesy: Prof. Dr. Steven Degraer - Ghent Uniwgrsi
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critical conditions for sand wave formation.
2. MODELING SAND WAVE The simulations showed that sand waves were
only formed when bedload transport was the

FORMATION dominant transport mode. As soon as

Large parts of the sandy seabed of ShalloV§/uspended load transport became the dominant

.Eransport regime, sand waves were absent; a
seas, such as the North Sea, are covered with, - D X
relation we also found in field observations.

rhythmic bed patterns. These bed patterns ar : . :
; / N a pilot study, we succeeded in generating a
the result of the complex interaction amon

hydrodynamics, sediment transport angsand wave field, starting with randomized bed

, erturbations in three dimensions (Figure 2).

morphology. The most dynamic large scal - : . .
. . _Due to the limited calculation time, the height

bed patterns are tidal sand waves, which . )

. : of sand waves is limited. However, in 2D the
regenerate in several years time (e.g. after . .
. Sand waves were growing and showed realistic
dredging), may grow up to 25% of the Watervalues after sufficient calculation time. So far
depth, have wavelengths (distance between0 one was able to model the .h sica{l

two successive crests) in the order of hundreds bny

of meters and migrate at a speed up to tens fé gﬁr?gr?::u|(;];ezagg ;ageegeldusés;\:)hrlcglrf;:j
meters per year. f pen q y

Given their dynamic behavior, sand waves’" 15 years (Hulscher, 1996). Thanks to the

may pose a hazard to offshore activities bnumerical sand wave model, the way is open
yp » Yo incorporate the heterogeneous distribution

reducing the water depth of navigationof ecosystem engineering species in space and
channels, exposing pipelines andtime, thus allowing us to model the patchily

telecommunication cables and scouring,. . . .
, . istributed species for which we have
offshore  platforms or wind turbines. y :
mpirical field data.

Consequently, insight in the processes‘e
controlling the variation in tidal sand wave (3 e ey
characteristics is essential for cost-effective
management practices.

Up to now, the processes controlling the
dynamics of sand waves are only partly
understood and the formation of sand wave
has only been studied in idealized models, ii
which geometry, boundary conditions and USS— o o
turbulence models are strongly schematizec

Alternatively, in this paper we present (5 Morpelogicl geveoprent e 20 years
simulations of sand wave formation with a
numerical shallow water model (Delft3D), in g
which  process formulations are more
sophisticated. We demonstrate thai
reproducing the basic sand wave formatior
mechanisms is possible, but requires careft
treatment of vertical resolution and boundary osarnae 1) S——
conditions.

By using an advanced spatially and temporallyigure 2. Self-organization in a tidal sand wavedfi
variable turbulence model and mode”ngStarting from a bed .Wi'[h. random perturbation§. (tap)
sediment transport both as bedload anéegular sand wave field is generated (under) iime t

" 'Span of 20 years. Flow velocity amplitude = 0.65 M
suspended load transport, we were able to fingean water depth = 25 m and grain size = 0.35 mm.

waterdepth [m]

s
=

waterdepth [m

N
5
=
5
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depth. The model explicitly accounts for the
influence of cylindrical structures on drag and
turbulence. The model is included in Delft3D-
FLOW model. We validated this module in a
flume experiment in which we measured the
flow adaptation both within and outside a
patch of worm mimicks with varying tube
densities (Figure 4). In the test section of the
flume (2 m long, 0.6 m wide) we placed 7 cm
long rigid drinking straws (0.5 cm diameter)
from which 3.5 cm length protruded into the
# water column. The patch size of the straws
Figure 3. Lay-out of the flue expriment, in whigh Was 0.6 m in width and 0.49 m in length. In
patch of 3.5 long straws was placed. The flume i®rder to construct an even but non-regular

located at NIOZ-Yerseke, The Netherlands. distribution, a grid was placed with a mesh
size of 3.5 x 3.5 cm on the bed of the flume.
3. PARAMETERIZATION OF  within every mesh of the grid 4 straws with a

different color were placed randomly. This
ECOSYSTEM ENGINEERING resulted in an even distribution at a scale > 3.5
SPECIES ACTIVITY cm, but with random inter-individual distances

at the smaller scale. By removing one color

In order to include ecosystem engineeringrom the patch the tube density of the patch

species in an idealized geomorphologicaivas reduced, but still evenly and non-regularly

model, we linked their activity to physical distributed over the area.

properties of the seabed. We focused on three

(A) tube length I.mhe =35cm

ecosystem engineering species on the basis T
(i) their abundance in sandy coastal seas, (i ** %
their strong modification of the environment, E.e 1, s

and (iii) their contrasting type of feeding and
burrowing, and thereby contrasting influence
on the sediment dynamics and hydrodynamics *
The species selected are the tube-buildin (@ e gt L, ~200m
worm Lanice conchilegawhich reduces the
near-bottom flow and consequently lowers the. "
ripple height, the clanTellina fabulawhich §*” i
destabilizes the sediment and thereby *=

decreases the critical bed shear stress ft o G 0 w0 20 20 0 20 w0 a0 s
erosion and the sea urchiBchinocardium Tibecensy Bt %

cordatum which redistributes the sediment, Figure 4. Relative flow velocity [%] at the end af

resulting in a coarser surface layer and a fingratch with a tube length of 3.5 cm (A) and 2.0 &h (
subsurface layer. Results are given at different heights [m] above th

. . . sediment bed (Y-axis) and for increasing tube dirssi
To model the influence dfanice conchilega  §" ot " (X-axis). Filled circles are flume

on the near bottom flow, we represent th@neasurements and colored area is model outcome. In
tube-building worm by thin piles on the both cases, flow velocity is expressed as percertag
bottom of the seabed. This model is able téeference velocity over bare seédiment, using arcolo

scale from 0% (i.e., flow = 0 nTs) to 100% (i.e., no
calculate the turbulent flow over and throughj,, deceleration) for visualization.

vegetation (thin piles) in water of limited

70
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Finally, we studied the self-organization in the
underwater landscape in a two-way coupled
4. IMPACT OF ECOSYSTEM biogeomorphological model. Within this
model, the initial seabed consisted of small-
ENGINEERING SPECIES ON amplitude randomized perturbations and the
seasonal and patchy distribution of tube-
SAND WAVE building worms was prescribed by a simple
CHARACTERISTICS tube-building worm growth model. In order to
prescribe the spatial and temporal variation in
Based on field observations for the Dutch partube-building worm density we make five
of the North Sea, we determined the contourassumptions: (1) there are three recruitment
of high densities of the three selectedperiods for the tube-building worms (spring,
ecosystem engineering species. Modesummer and autumn), following field
simulations showed that their activity can beobservations during a sampling campaign
sufficient to change the model behavior fromalong the Belgian coastline. (2) 10% of the
presence to absence of sand waves and theredmga is covered by tube-building worms after
significantly improving the model prediction seeding, following field observations at the
on sand wave occurrence. Moreover, seasonBklgian coastline.(3) Once a patch is formed,
variation in both the migration rate andall recruitment occurs within the patch, since
wavelength of sand waves is observed in théeld observations in the German Wadden Sea
Marsdiep tidal inlet (The Netherlands). Withshow that all juvenile tubes were directly
help of our idealized biogeomorphologicalattached to the tubes of the adult worms. (4)
sand wave model, we demonstrated thaRecruitment factors are higher at locations
variations in both physical (flow velocity and where the suspended sediment concentrations
water temperature) and biological processeare higher since tube-building worms are
(density of tube-building worms) are capabléfilter-feeders. (5) All tube-building worm
of inducing the observed seasonal variation. patches disappear during winter, since tube-
Next, we modeled the impact of tube-buildingbuilding worms are sensitive to low water
worm patches on a flat seabed. On the smaltemperatures.
scale (within the patch) mounds were formedAt locations near the critical conditions of
within one year. These mounds affected theand wave formation, mounds constructed by
hydrodynamics and sediment dynamics on th&ube-building worms were able to suppress the
landscape scale. formation of sand waves. However, at
locations in the bedload regime, the landscape
® ® consisted of mounds on the flanks of tidal sand
0.8 500 Waves
°e - Given the similarities in model results for
04 %m : tube-building worms, we recommend to use
0,2/// : 1001’// —lwemd0em both modeling approaches in a complementary
OZ/' i ® rcierencenn way in future biogeomorphological research:
D it eesmo s idealized models for the long-term qualitative
Figure 5. Equilibrium mound height o1 (A) and behavior and num_encal shgllpw water models
equilibrium time T (B) for increasing tube densities fOr Short-term detailed predictions.

Duwpe and for a tube lengthylye = 3.5 cm (black line)
and Lype = 2.0 cm (gray line).

g m]
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Abstract

Using a GIS-based approach, bathymetric surveysrardime traffic records were combined to deteenin
resurvey priorities within the Belgian Continengdielf (BCS). Four reference layers were producBdwéter
depth; (2) maximum absolute change in water dé@dship traffic intensity; (4) maximum ship draaghhe
reference layers were reclassified and mergedsinteighted overlay analysis. Two combinations géta and
weight factors were used and resulted in priorigpsdiffering greatly from each other.

The reliability of the analysis depends on the wajght factors are assigned, and on the availgfitid accuracy
of the data. These are limited for bathymetric sysv

This empirical GIS-based methodology can be appdieda whole to a zone showing various morphodynamic
patterns. It can also be automated: additionalsgtdéacan be included in the analysis, and diffeseaharios and
assumptions can be easily tested.
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1. INTRODUCTION

This study aims at defining a resurvey policy for
the Belgian Continental Shelf (BCS). This policy &
should divide the BCS into zones classified”
according to their resurvey priority.

Belgian
Continental
Shelf (BCS)

T
51400N

E1°300N
T
51°300'N

2. METHOD

2.1 Study area

The BCS has an area of about 347G.Kpredging
zones (56 km?) were excluded from the studyZ]
because they are surveyed and dredged on *©
regular basis. Coastal zones (118 km2) were nc
considered neither: a 1.5-km wide buffer zone ' ,
along the Belgian coast was defined (Figure 1). Figure 1. Study zone (Belgian Continental Shelf).

Dredging zones

5172000
T
51°200"N

Coastal zone

N

T
51100

“0 25 50 Km A
[

T T T T T T T T T
2100°E Z200°E 2300°E Z400°E ZE0DE FOUE F100'E F200°E FWOE

2.2 Data Flemish  Hydrographic ~ Service  (Vlaamse
Hydrografie) for this study. Most of the surveys
2.2.1 Bathymetric data (32) were carried out using single beam echo
A series of 38 bathymetric surveys conducted sounders (SBES), with a track spacing of 100 or
between 1997 and 2011 was provided by the 200 m. The rest of the surveys were carried out

using SBES with a narrower track spacing (4
surveys) or using multibeam echo sounders -
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MBES (2 surveys). All surveys were provided asAll data processing was executed using ArcGIS
tabular files. Desktop 10.0, the Esri GIS software.

2.2.2 Maritime traffic data 2.4.1 Bathymetric data

Ship traffic intensity and draught are measured bBathymetric point datasets were converted to
Automatic Identification System (AIS) signals. DEMs (Digital Elevation Models) using the IDW
AIS is an automatic tracking system used on ship@nverse Distance Weighted) interpolation method,
for identification and location. AIS signals foreth with a cell size of 25 m, search radius of 100 m,
period October 2010 - September 2011 wer@eighbours comprised between 4 and 15. These
provided by Agentschap voor Maritieme parameters were chosen based on the assumptions
Dienstverlening en Kust, the agency for maritimemade by Van Dijk et al. (2011) and on the
services, coastal mobility and public works of thespecificities of the datasets (e.g. track spacing).
Flemish Government (Maritime Rescue andA surface of minimum water depth was produced.
Coordination Centre or MRCC) as tabular files.The maximum absolute change in water depth was
This represents about 3,843,000 records within thglso computed. This maximum depth change value
extent of the BCS. allows detecting zones with seafloor dynamics.
The source records were filtered by the MRCC s®ue to the lack of available bathymetric data,
that the minimum distance between two signalsinnual variation rates (m/year) were not
from the same vessel is 1 km. But there is at leasgfalculated. For the same reason, the vertical node
one signal per hour, which means that records faipproach used by Van Dijk et al (2011) could not
an anchored vessel are less than 1 km apart. be implemented: it requires time series of at |18ast
In order to avoid counting anchored vessels agepth values to be reliable.

separate vessels, an extra filtering has beeneppli

to the data. Using a grid of 1 km-wide cells,2 4.2 Maritime traffic data

records were filtered to keep only one signal from\|s records were filtered as described in
each ship per day and per cell. When those signglragraph 2.2.2. Raster grid maps with a resolution
from the same ship had different draught valuesyf 1 km2 were produced for ship traffic intensity

the signal with the largest draught value wagghips/kmz.year) and maximum draught (m).
selected. This filtering process might delete digna

from a ship doing a round trip via the exact sam

route i the BOS the same day. ®.4.3 Weighted overlay analysis

All four grids (minimum water depth, maximum
absolute depth change, traffic intensity and
maximum draught) were combined in a weighted

] ) overlay analysis. Values were reclassified inte fiv
2.3.1 Horizontal coordinate system classes prior to overlay in order to avoid a very
The horizontal coordinate system of all data angyyge number of resulting categories. In a weighted
maps used in this study is WGS 1984 UTM Zongyerlay analysis, each parameter is assigned a
31IN. weight factor, so that it is possible to fine-tlite
importance (see equation 1):

2.3 Coordinate systems

2.3.2 Vertical coordinate system
The vertical coordinate system of data used in thigp = a*WD + b*DC + ¢*Tl + d*MD (1)
study is LAT (Lowest Astronomical Tide).

where RP = resurvey priority; WD = minimum
2.4  Method water depth category; DC = water depth change
The methodology developed here is based mainlgategory; Tl = traffic intensity category; MD =
on the validation of the resurvey policy of themaximum draught category; a, b, ¢ and d = weight
Netherlands Hydrographic Office (Van Dijk et al., factors. The sum of all weight factors should be
2011), which is the most advanced study orequal to 1. Parameters with a major influence, or
resurvey strategy available among countries of theiith a higher accuracy, should have a greater
North Sea Hydrographic Commission (NSHC).
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weight factor than parameters with a minor

influence.
2.5 Results

2.5.1 Bathymetric data

2.5.3 Weighted overlay analysis
Values from each dataset were reclassified into 5

categories, as detailed in Table 1.

The maximum absolute variation of water depth

was calculated for zones with at least two ava#lablTable 1. Initial and reclassified values and weight

surveys. Depending on the zone, this variation igactors for water depth, water depth change, ghiffic
observed over a period ranging from 1 to 11 yearsntensity and maximum draught.

Mappipg these changes gives a first insigh_t into initial Recias- Weight
dynamic and stable zones. Zones covered with legg,er range of | sified
than two bathymetric surveys represent more than values value 1 2
half the BCS (Figure 2). The variation of water <-20 1
depth in these zones could not be calculated a denth -15--20 2
has been fixed to a constant value (0.194 m, i.%&n"’)uer ept 8--15 3 | 0.50| 0.50
mean water depth change for zones with at least -3--8 4
two surveys available). >-3 5
Maximum <0.1 1
water depth 01-03 2
- 0.3-0.5 3 0 | 0.20
Number of available surveys change 05 -1 2
(m) :
o1 >1 5
1. <10 1
2 Ship traffic 10-100 2
3] intensity 100 - 500 3 0 | 0.10
AT (ships/km2.year) 500 - 1000 4
5_.3mm > 1000 5
<3 1
Maximum 3-8 2
draught 8-15 3 0.50| 0.20
(m) 15-20 4
20-25 5

The greater the reclassified value and weight, the
greater the resurvey priority should be.

The values used to reclassify water depth and
maximum draught correspond to the maximum
ship draught allowed in the following ports:
Nieuwpoort (up to 3 m); Oostende (up to 8 m);
Zeebrugge (up to 15 m); Antwerp (up to 20 m);
Rotterdam (above 20 m).

Maps of the reclassified parameter values are
shown in Figure 3 through Figure 6.

e
0

20 40 km
L

Figure 2. Availability of bathymetric surveys.

2.5.2 Maritime traffic data

AIS signal density and maximum draught were
mapped after filtering of the anchored or dredging
ships. Ship traffic intensity varies from 0 to 339
ships/km2.year. Maximum draught is comprised
between 1.2 and 25 m.
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Reclassified ship traffic intensity
mm class 1° < 10 ships/km? year

m class 2° 10 - 100 ships/km? year
—class 3: 100 - 500 ships/km?.year
= class 4: 500 - 1000 ships/km?®.year
), W class 5: > 1000 ships/km?® year

Reclassified water depth
I class 1< -20 m
Emdclass 2:15--20m
Jclass 3: 8--15m
mmmclass4:-3--8m

B class 5> -3m

Figure 3. Reclassified water depth values.

Figure 5. Reclassified ship traffic intensity vadue

Reclassified water depth change
. class 1 <01m

m class 2:0.1-0.3m

Cclass 3:03-05m

i class 4:05 -1m

Reclassified maximum draught
Jclass 1: <3 m

[class 2: 3-8m

Elclass 3: 8-156m

M class 4: 15-20m

. class 5 -1m

-class 5:20-25m

Figure 4. Reclassified water depth change values. Figure 6. Reclassified maximum draught values.

The weighted overlay analysis was performedPriority zones were then drawn manually to fit the

using two different combinations of parameterdimits of the BCS, the dredging and coastal zones,

and weight factors: (1) only water depth andand as much as possible, the overlay layers (Figure
maximum draught are considered and have th@ and Figure 10). These priority maps show

same influence (50% each); (2) all four parametersoticeable differences, emphasizing the

are considered and have various weights (seéenportance of the choice of parameters to be

Table 1). included in the analysis and of the weight factors

The result of the weighted overlay analyses isssigned to these parameters. Only four categories
shown in Figure 7 and Figure 8. could be distinguished for both cases.
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Resurvey priorities
1
2
.3
4
5

Resurvey priorities

(|
2
3
. 4

Figure 7. Result of the weighted overlay analysisdal

Figure 9. Proposed resurvey priorities based or2the

on two equally weighted parameters. Category 1lshou parameters weighted overlay analysis. Categorysl ha

have the highest resurvey frequency and category 5

should have the lowest frequency.

the highest resurvey priority and category 4 has th
lowest priority.

Resurvey priorities
1
. 2
/3
4
5

Resurvey priorities

[
/2
3
. 4

Figure 8. Result of the weighted overlay analysisdul

on four parameters. Category 1 should have theekigh

resurvey frequency and category 5 should have the
lowest frequency.
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Figure 10. Proposed resurvey priorities based ertth
parameters weighted overlay analysis. Categorysl ha
the highest resurvey priority and category 4 has th
lowest priority.
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The relative area of priority zones is given in [Eab better reflect the influence of each factor on
2. resurvey priority. This implies a sound
understanding of bathymetry, sand dynamics and

Table 2. Relative area of the resurvey priorityeand maritime navigation.

other activity zones in the BCS.

Area — Case 1 Area — Case 2

Zone Percentage of the Percentage of the 4. ACKNOWLEDGMENT ) )
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Priority 1 15 185 study:
Priority 2 27 16
Priority 3 23.5 50.5 - Nadia Bos, Johan Verstraeten, Stijn Van Bossuyt
Priority 4 29.5 10 and Guido Dumon from Maritieme
Dredging 15 15 Dienstverlening en Kust provided data and
Zones literature, and supervised the project throughtsut i
Coastal area 3.5 3.5 whole course.

- Marc Roche and Koen Degrendele from the
Continental Shelf Service of the FPS Economy,
3. CONCLUSIONS SMEs, self-employed have provided a lot of
A resurvey priority scheme was defined based omaluable advice, data and literature about sand
bathymetric data and maritime traffic data (AlS).dynamics and bathymetry in the BCS in general
The data was processed using the ArcGIS softwarend in Flemish banks in particular.
and four reference layers were obtained (water Gerrie Eikenhout and Lieven Dejonckheere from
depth, maximum absolute change in water depttMRCC have provided AIS signal data and
traffic intensity and maximum draught values).answered my many questions regarding the format
These reference layers were combined in and specificities of the data.
weighted overlay analysis to produce maps of the Leendert Dorst from the Hydrographic Service of
BCS split into zones indicating resurvey priority. the Royal Netherlands Navy invited me to attend
The weighted overlay analysis was chosen becausiee minisymposium ‘Resurvey planning in the
it allows modifying the influence of each North Sea’ he organised in August 2011. This
parameter on the final result. In the future, thesymposium provided me with a broad insight on
following improvements could be brought in orderbathymetric survey policies and practices and
to get a more reliable picture of the resurveyallowed me to meet helpful persons.
priorities: - Sandrine Le Jeune, student in Hydrography at
- Analyse a larger number of bathymetric datasetENSIETA and Serge Lannuzel from SHOM,
Less than two datasets were available for aboyirovided information about the resurvey policy of
half the BCS, making it impossible to detectFrance. Sandrine also sent the questionnaires she
bathymetric variations in these zones. developed in the framework of her traineeship.
- Use MBES datasets instead of SBEs datasets.
The accuracy of MB echo soundings is much

greater than SB echo soundings. 5. REFERENCES

- Validate the draught values of AIS signaly, . pi 1A G.P. van der Tak, C., De Boer, W.P.,
records. These values are entered manually by the yjaskens, M.H.P., Doornenbal, P.J.. Noorlandt,

vessel staff and are prone to errors. It was not R.pP. and Marges, V.C. 2011. The scientific

possible in this study to validate the draught validation of the hydrographic survey policy of the
values. Netherlands Hydrographic Office, Royal
- Fine-tune the reclassification of values and Netherlands Navy. Deltares report 1201907-000-

choice of weight factors assigned to each CCS-0008.165pp.
parameter in the weighted overlay analysis, to
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Sand waves morphology and small-scale migration at
macrotidal tropical estuary (Sao Marcos bay, Brazi.
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ABSTRACT providing 6 digital depth models. Three hand-
icked transects transversal to the crests were

Bottom features generated by strong curren ssumed for migration rates calculation and

at coastal estuarine regions are frequent%rientation analysis

referred to as sand waves. Shape, orientatiog . sequence of high-resolution multibeam

morphology and migration provide significant athymetry surveys allowed us to assess the
information about sediment dynamics ancﬁ_I

direct f b Defini igration of sand waves at S&o0 Marcos Bay.
Irection Of dottom téansrﬁ)olrt. . egggg These bedforms were found along the whole
migration o unes, Bartholoma  ( )surveyed area, concentrated on Boqueirdo

|tnd|catets ][_hat most ththe dStl.JdlLezWlork'qgc;’ym—ghannel mainly due to the strong fluxes
ransect fin€s use hand-picked longitudinayaparaieq by the confluence of Medo and

profiles. Small-scale flow  structure, I_ocal Irmas Islands. The height and wavelength of

: Nand waves ranged approximately from 0.5m
transport can be descnbe_d by botton}o 5.8m and from 20m to 250m, respectively.
morphology sequences and migration analysq;he crests analyzed where located at depths
(Sl?iarn?\;ld, 2012)é h ¢ Brazil i ranging from 6.2m to 35.3m.

a0 Marcos Bay, northern o razil 1S ynjdirectional crest variation was stronger at

characterized by strong currents (abovep,ower depths, where sand waves move

2'6m'51.) gen_erated by a semidiurnal along the longitudinal axis of the Boqueirdo
macrotidal regime, where the high levels reada:hannel Wavelengths were smaller (30-

up to _7m at spring equinox tides. Intense IF’Or150m) at deeper depths and wider at
activities contrlbute to _the system Complex'ty'intermediate and shallower depths (100-
thus socio-economic  importance of 50m).
understanding local sediment dynamics is 0fzzrom shallower to deeper areas the movement
prime importance. of sand waves was mainly bidirectional. At

X . _¥Jepths from 11m to 22m, crest horizontal
were studied through 6 multibeam bathymet”%osition varied up to 180m between the

surveys, performed from May-2011 to I:ev'surveys. Deeper sand waves moved less than
2012 over the same area. Odom Hydrographygo m during the surveyed period. Intense

ES3 Multibeam Bathymeter coupled to :
. ) outhwesterly bedload transport is observed at
Hemisphere DGPS has been applied, at 2 e northern region of Boqueirdo Channel, a

KHz frequency_, precision of 0'1.% of local shallow area with strong currents, where crest
depth. Elevation data were interpolated,
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migration reached 50m.monttrom Jul-2011
to Sep- 2011.
In the central part of the studied area, wherBEFER.ENCES _
intermediate depths occur, a standard transpoﬁ‘t'"r”xa'l?/g‘g ;{5 rifchsr_oghfﬁ*:é l\)"é Itr\;\tlzrer?é stctonfbt?g:gan .
direction has been observed. From May-2011 facts. In: Parsons, D., T. Garlan and J. Best (eds)
to Sep-2011lnorthwesterly movement has  parine and River Dune Dynamics, p. 17-24.
dominated in 2 main crests, while from Sep'Barnard P.L., Hanes D.M., Erikson L.H.; Rubin D.M.,
2011 to Nov-2011 a strong southward change Dartnell P., Kvitek R.G. 2012. Analyzing
of position has occurred. bedforms mapped using multibeam sonar to
Hand-picked transects analysis indicate that determine fig'osna' bedload sediment ”anlspmt

= ) . . patterns in the San Francisco Bay coastal system.
Sao Marcos Bay's main deformS are. dynamic In: Li M., Sherwood C., Hill P. Special Publication
and ‘move along th? longitudinal axis of the ook on self Sedimentology, 33 pp. An. de I'nst.
leading channels, influenced by the strong oOcéanog. 59:117-126.
fluxes of currents and exhibiting intense,
growth and decay along small scale periods,

typically under one month.
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Sand transport over a barchan dune
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Abstract

The present work investigates an important andugeblved issue: the relationship between the samdahd the

fluid shear stress over a spatially varying begatficles. It is now recognized that over such @, ltlee particle
flux is not in equilibrium with the shear stredseite is some lag related to the particle inertipasticle settling. A
confident modelling of this relaxation phenomenal #ime corresponding length scales, is still lacki@fparru,

Andreotti and Claudin 2013). This question is inigeged here from experiments on barchan dunesdiosed-

conduit water flow. From visualizations with a higheed camera and a tracking algorithm, the partizbtion

over the whole dune surface is determined: partieectories, local velocity and surface densityhe moving

particles, and local particle flux. The relationstietween the local particle flux and local sheeess (estimated
from previous analyses) is investigated. Surpriginthe particle flux appears to be out-of-equiliton over the

whole dune surface, with saturation length mucpdathan expected.

1. INTRODUCTION ripple lengths much to small (Charru, Andreotti
and Claudin 2013).

When a fluid flows over an erodible bed (e. g. in a

channel, river, or marine current), particlesCrucial improvements for the sand transport law

forming the bed are eroded and transportethave been proposed during the last decade, based

downstream. As a consequence, an intially flat bedn the idea that as the shear stress varies, the

generally does not remain flat: bedforms such aparticle flux does not adapt immediately, but after

ripples and dunes are observed to grow and certain relaxation time of length. The simplest

propagate. transport law accounting for this relaxation is the
first-order equation (Sauermann, Kroy and

Although these phenomena are known for a longderrmann 2001; Andreotti, Claudin and Douady

time, and have been widely studied both in the002):

natural environment and laboratory flumes, their

understanding is far from complete. From the Lat0:9 = GsalTw) - . (1)

experimental point of view, wavelength

measurements exhibit large scatter, over one ordghis law states that when the actual flyxiffers

of magnitude (Yalin 1985). From the theoreticalfrom the saturated -- or equilibrium - flupa(T,),

point of view, the modellling of the bed shear satr_esit relaxes exponentially towardg.(t;) over the

T, exerted by the fluid flow on the bed is relaxation lengthLs, (figure 1). This equation

dependent on uncertain knowledge about th@olds for quasistatic situations where time

turbulence over an undulated wall (Abrams anqgriations of the bed are slow, i.e. when the

Hanratty 1985). Moreover, the sediment transporbedform velocity is much smaller that the particle

over a variable bed is not well-known, and the USelocity, which is generally the case. For situasio

of the classical laws}(1s) for the particle flux, where such a condition would not be met, the term

which assumegs, to be in equilibrium witht,, is  T,,0,q should be added to the l.h.s. of Eq. (1),

now recognized to lead to wrong predictions, i.ewhereT.is a relaxation time.
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ripple length measurements. Within the new non-
Eg. (1) has been first introduced fromequilibrium model (figure 3b), the particle flux
phenomenological considerations. A differentlags, which corresponds to a stabilizing effect : a
introduction of this equation was proposed byrelaxation lengthLsy larger than the fluid inertia
Charru and Hinch (2006) and Charru (2006), baseéngth L, carries the maximum particle flux
on the modelling of the erosion and depositiordownstream of the crest of the disturbance, so that
rates (Figure 2). The expression of the saturatiothe bed deformation vanishes and the flat bed is

length is discussed below. stable.
fluid flO’W (@ —> fluid inertia Ie.‘ng'rh L
— shear stress in advance
___________________ —/'_?
S iR ——— T T
q ‘k Lsat
D S —
q
== =
Xy | ]

deposition length L,
Figure 1. Fluid flow coming over an erodible bedr(f
> 0) and corresponding particle flux increasingniro

Figure 3. (a) Within the equilibrium assumption=
zero toQgsaover the lengthgy,. 9 (@) q ption

Osa(Tb), the shear stress and particle flux disturbances
are in phase and the flat bed is unstable. (b) Aating
for relaxation effects stabilizes the bed (apadmr

x+dx
q(x) qlrkd) gravity effects).

O@ O_" _*000% Predictions of the most amplified wavelength

moving layer O A | imply that some expression is given fog. Two

I heuristic models have been proposed. When
fixed bed ne ny particle inertia dominatesl.sy scales with the
accgleration Iengtkpg/p) d wherep_p andp are f[he
Figure 2. Sketch of the mass conservation balancgf"‘mde and fluid _denSIty_ and is th(_a particle
between the flux divergenagg, and the erosion and iameter (Andreottl, Claudlln and Poullque_n 2010).
deposition rates, and ng, from which Eq. (1) may be When_;ettllng effects dominate,, scales V_V'th the
derived. deposition length @Vy) d, where w is the

friction velocity (which is a scale for the parécl

When Eq. (1) is used in bed stability calculationg/elocity) and Va is the settling velocity of the
(instead of the usual equilibrium lag = Gea(Ts) partlcles (Charru 2006)._The first situation is mor
which corresponds td.; = 0), ripple length likely relevant for aeolian transport (where the
predictions are much improved (Charru 2006)ratio py/p is large), whereas the second is expected
Indeed, bed instability is rooted in the fact ttva  to hold for aqueous transport wheggp is about
phase of the bed shear stress leads that of the b&#. Thorough measurements in water and oil, of
deformation, due to fluid inertia. Within the the erosion and deposition processes at the particl
equilbrium assumption, the phase of the particlécale, have allowed some determinatioh.gf for

flux is the same as that of the bed shear stress, Both laminar flow (Charru, Mouilleron and Eiff
that particles are dragged from troughs to crest8004) and turbulent flowL@jeunesse, Malverti
(figure 3a). Accounting from the stabilizing and Charru  2010). However, direct
(diffusive) effect of gravity on inclined slopes, a measurements af.,in non equilibrium conditions
cut-off wavenumber arises, which defines the mosthave never been performed. The aim of this paper
amplified wavelength which can be compared tds to present such measurements.
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2. BARCHAN DUNES is however much shorter than in air, of a few

centimeters, say. Such dunes formed in an open
A nice situation of non-equilibrium particle flug i channel flow are reported by Mantz (1978), with
provided by barchan dunes. Such dunes form whetgpical width of about three centimeters; in this
sand is transported by a fluid flow (gas or liquid)paper the resemblance with the aeolian dunes
over a non-erodible bed. These dunes exhibit abserved by Bagnold was noted. This resemblance
remarkable crescentic shape with horns pointingvas investigated further by Hersen (2005) from
downstream (figure 4). They are commonlyexperiments in which the dunes were formed on a
observed in deserts, with height of a few metersray oscillating asymmetrically in a water tank.
and velocity of a few tens of meters per year.ign h Barchan dunes also form in circular pipes where
famous book, Bagnold (1941) first pointed outthey may cause damages to industrial installations
their significance for understanding the physics o{Al-lababidi et al. 2008). An extensive study of
blown sand. Their outstanding shape and stabilitharchan dunes in water has been performed by
properties have triggered a number of studiessranklin and Charru (2011), discussing their
aiming at understanding the conditions for theirgeometry, velocity, and long time evolution. The
formation, their migration velocity and time existence of a smallest dune size of about one
evolution, and also the striking existence of acentimeter was evidenced, supporting the idea that
minimum length, of about ten meters in air, belowthe relaxation length scsale on the deposition
which no dune is observed. A model accountindength (u/V,)d rather than the acceleration length
for their main properties was derived by Kroy, (py/P)d. Again, no direct measurement lof, was
Sauermann and Hermann (2002) and Andreottprovided.
Claudin and Douady (2002), from calculations of
the shear stress at the dune surface by Hunt,
Leibovich and Richards (1988) and Eq. (1) for the3_ EXPERIMENTAL RESULTS
sand flux accounting for the retarding effect of
grain inertia (Sauermann, Kroy and Hermanni.l. Experimental arrangement
2001). The experimental arrangement mainly consists of a
horizontal plexiglass channel, six meters longhwit
rectangular cross-section of height 2 60 mm
and widthb = 120. Water flows from a head-tank
with free surface 2.5 meters above the channel, and
enters the channel through a divergent-convergent
device with a honeycomb section in order to
suppress large eddies and homogeneize the small-
scale turbulence. At the open end of the channel,
particles are separated by sedimentation in a large
tank, and a pump drives the water up to the head-
tank. The volumetric flow rate is measured with an
electromagnetic flow-meter. For more details see
Franklin and Charru (2011).

The particles (glass beads, with diameter 1.1,

. 0.2 or 0.5 mm) were deposited in the channel,

Figure 4. Three barchan dunes undgravyater floen s previously filled with water, with the help of a

from above. Top of the photo: side view from angyringe through a small hole in the upper wall

inclined mirror. The width of the largest dune i located at 4.15 m form the entrance. The sand

(photograph from V. Laval, IMFT). . ) ) .
settles in the water at rest and forms a conical

Similar barchan dunes have also been observgglz%e'mlhenp\tgi ﬂ?;\::és dsé\?;ﬁidsu%’nat?]i tgi_g%ip
under water flows when, again, the sedimen : P P

S . here particles avalanche, and horns grow on both
supply is limited. The size of these aquaeous dune'\;gldes. The equilibrium shape of the dune is quickly
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reached, as it has travelled over a distance of tferom the velocityu(x, y) and moving particle
order of its own size. Varying the shape of thedensityn(x, y), the field of the particle fluxg(x, y)
initial heap does not change the final dune shape. n(x, y) u(x, y), can be obtained. An example of
When the heap is large, it may split and formthe resulting profiles is shown in figure 6, along
several interacting barchan dunes, as shown ithree slices : (i) the central part of the durig tliie
Figure 4. side parts, and (iii) the horns. It can be seeh tha
firstly, the flux increases from the dune foot
The evolution of the shape of the dune wagsowards the crest (located at = 40 mm), as
recorded with a video camera placed above thexpected. Secondly, the flux is the largest in the
channel and mounted on a travelling system. Theentral part, and minimum over the horns. Thirdly,
resolution of the camera was 202848 pixels, the flux increases everywhere, with no indication
with field of view at the bottom wall of about of saturation in the vicinity of the crest.
14x140 mnf. The side view of the dune was
recorded on the same images thanks to a mirrc 35
inclined at 45°.

30
1.2. Particle motion

NN
a o O

Particle flux

10

0 20 40 60
X (mm)

Figure 6. Sand flux along the dune (mwith x=0 at
the dune foot. Red: central part ; blue : side pgreen:
horns.

Figure 5. A barchan dune seen from above, and tha_ RELAXATION LENGTH

particle velocity field averaged over a rectangutesh

(green arrows). The above measurements may be put together by

(i) shifting the x-origin of each slice, initially at

X4(y), up to the foot of the slice, and (ii)
ormalizing the flux in each slice by a saturated
lux gso(y) obtained by fitting the data points with

The motion of a few dyed particles (5%) was
recorded, allowing the determination of the
surface density of the moving particles (number o

moving particles per unit horizontal area) andrtheiEq. (1). The result is shown in figure 7. It can be

veloc!ty. _Flgure 5 dlsp_lays a_typical particle seen that the data points nicely fall close to the
velocity field over a moving barchan dune, where

. A . exponential relaxation curve corresponding to Eq.
the measured velocity of individual particles has ) (except very near the foot), with
been averaged over a rectangular area with size Qf P y '
1/10 and 1/6 of the length and width of the dune,
respectively. The velocity increases from the
upstream foot of the dune towards the crest, and QAS/h ereus
larger in the central part of the dune than at th%f the c

horns, as expected.

det = 300 (4/Viar) d

is the friction velocity on the bottom wall

hannel. This length appears to be one of
magnitude larger than those obtained from
measurements of the equilibrium erosion and
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Andreotti, B., Claudin, P. and Douady, S. 2002.
Selection of dune shapes and velocities. Part 2: A
two-dimensional modelling. Eur. Phys. J. B 28: 341-
352.

Andreotti, B., Claudin, P. and Pouliquen, O. 2010.
Measurements of the aeolian sand transport
saturation length. Geomorphology 123: 343--348.

Bagnold, R. A. 1941 The physics of blown sand and
desert dunes. Methuen, London.

Charru, F. 2006. Selection of the ripple length an
granular bed sheared by a liquid flow. Phys. Fluids
18: 121508.

Charru, F. and Franklin, E. 2012. Subaqueous barcha

00* 05 1 15 ) dunes in turbulent shear flow. Part 2. Fluid flaiwv.

’ (=x )L ' Fluid Mech. 694: 131-154.
sal

Charru, F. and Hinch, E.J. 2006. Ripple formationa

Figure 7. Normalized sand flux along the dune (s&e particle bed sheared by a viscous liquid. Part 1.

for the normalizations). Red: central part ; bluside Steady flow. J. Fluid Mech. 550: 111-121.

part ; green: horns. Solid line: Eq. (1) witq £ 300 Charru, F., Andreotti, B. and Claudin, P. 2013. an

(U/Vgar) d. ZSQIes and dunes. Annu. Rev. Fluid Mech. 45: 469-

Claudin, P., Charru, F. and Andreotti, B. 2011.

Transport relaxation time and length scales in

5. CONCLUSIONS turbulgnt suspensions. J. Fluid Mech.gG71: 491-506.

Understanding relaxation effects of the particlerrankiin, E. and Charru, F. 2011. Subaqueous barcha

flux over a variable erodible bottom is a key point  dunes in turbulent shear flow. Part 1. Dune motion.

for confident prediction of the sediment transport J. Fluid Mech. 675: 199-222.

over a variable bottom. In particular, such amHersen P. 2005. Flow effects on the morphology and

understanding is necessary for predictions of the dynamics of aeolian and subaqueous barchan dunes.

ripple length under water. We have shown here J. Geophys. Res. 110: F04S07.

that field measurements of the particle fly(x, y) Hunt, J. C. R., Leibovich, S. and Richards, K. 98&.

over barchan dunes allows the determination of the Turbulent shear flows over low hills. Q. J. R.

relaxation length. Our results show that the plartic ~ Meteorol. Soc. 114: 1435-1470.

flux increases from the dune foot up to the crest<roy, K., Sauermann, G. and Herrmann, H. J. 2002.

where it is not yet saturated. Fitting these erumal model for aeolian sand dunes. Phys. Rev. E

. S 66: 031302.
measurements with the non-equilibrium model

. : . lajeunesse, E., Malverti, L. and Charru, F. 2010.
corresponding to Eg. (1) provides a relaxatlor" Bedload transport in turbulent flow at the grain

length much larger than eXpeCt_ed from previogs scale: experiments and modeling. J. Geophys. Res.
analyses. Further analyses are in progress, which 115: F04001.
include the variations of the shear stress over th@ nt; p. A 1978 Bedforms produced by fine
dune. cohesionless, granular and flakey sediments under
subcritical water flows. Sedimentology 25: 83--103.
Richards, K. J. 1980. The formation of ripples and
6. REFERENCES gtilges on an erodible bed. J. Fluid Mech. 99: 597-
Abrams, J. ans Hanratty, T. J. 1985. Relaxatioactsf Sauermann, G., Kroy, K. and Herrmann, H. J. 2001.
observed for turbulent flow over a wavy surface. J. Continuum saltation model for sand dunes. Phys
Fluid Mech. 151: 443-455. Rev. E 64: 031305 ' '
Al-lababidi S., Yan W., Yeung H., Sugarman P. and,, I .
Fairhurst C. P2008. Sand transport characteristicha“gnéOMétrS;,' ' 1385Hy?j?al§re Ednegterm;-nlaltl.orllcf&riplpslg
in water and two-phase air/water flows in pipelines ' ' ' ' ' '

0.8

0.67

q/qsat

04y

0.2y

71



Marine and River Dune Dynamics — MARID IV — 15 &Alril 2013 - Bruges, Belgium

72



On the role of fine-sand dune dynamics in contglkvater depth
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Abstract
The role of the fine-dune sand dynamics in coritrglthe natural regeneration of the upper layea af/erbed used for
filtration is studied at the Choreti test reach Rib Parapeti, in the Southern sub-Andean zone divido Local
production of drinking water relies on Riverbedtflion, the delivery of which depends on the riwater depth and the
riverbed permeability. There is a strong, natudaiclamation process of the upper layer maintainedune bed-forms
migrating downstream. It is thus essential to usid@d and represent local water depth changesfasction of the
incoming discharge. We show the vortex-drag moael be used to correctly calculate the stream wugldaai natural
environment. Then we study the sand dunes chaistatgwavelength and celerity) in the Rio ParapBtcause of the
shallow-flow configuration the dominant dune lengin be easily extracted from satellite imagesrtatevarious dates.
We also show that it is more than likely that dunevement can be followed by the simple deploymdrd pressure
probe into the water under stable discharge candigven if further data and investigation are ssagy to confirm this.

1. INTRODUCTION

The role of the fine-dune sand dynamics in coritrgll The subandean ground is composed by the late
the natural regeneration of the upper layer of &enozoic sedimentary strata of sandstone, in tHse c
riverbed used for filtration is studied at the Gitor the Yecua and Tariquia formations of late Miocene
test reach (20°1'0" N 63°31'60" E) of Rio Paragati, (Hulka et al. 2006, Hulka & Heubeck 2010). This
the Southern sub-Andean zone of Bolivia. The site iexplains the particularly small granulometry fouod
located at 800m elevation, mid-slope from the Gantr streambed particles in Choreti, with a median grain
Cordillera towards the Chaco plain (Baby et al.900 size of 25@ m of non-cohesive, very homogeneous,
The subtropical climate is characterised by twasilica sand. Size-distribution analysis indicatbatt
distinct seasons. During the summer is a heavyrairsand particles sizing between 210um and 290um
season from November to April (Ministerio de constitute more than 55% of the active layer ofloc
saneamiento basico 2005) accompanied by meltingverbed deposits. For this reason rio Parapeti in
ice from the Andean mountains, while winter is dry.Choreti forms a remarkable field investigation ste
From this results a high variation in the dischargestudy alluvial adaptations and consequences for

value of the Rio Parapeti (Table 1). bedform roughness. The combination of small
_ granulometry and high discharge during the rainy
Min | Max Average season explains the highly dynamic riverbed present

Discharge Q (rifs) 5.2 940 90 at the Choreti site. Even if the river is around 0

Table : Daily data of Rio Parapeti discharge 19984l at wide, it 'S.f"?‘ sha!(low river Wl:h atmean depth 020]]4 5
the San Antonio site, 550 m elevation, at the mottd sub- m even i n extreme events, It can goes up 1o 4-om
Andean foothills (Guyot et al. 1994) (Camacho 2004).



Local production of drinking water relies on Rivedb under the riverbed. The filtering layers at thatalbon
Filtration (RBeF). The system, which derives fromof the riverbed are formed by top-down increasing
the well-known riverbank filtration used in Europe sand and gravel beds laid there for the purpose
since last century (Stuyfzared al. 2006), consists in  (Camacho 2004).

extracting water from a lateral well directly cootex

to an infiltration gallery installed perpendicuiarl

The production of such a system is mainly dependenhe overlying free stream. Kelvin-Helmholtz
of the river water depth (D) and the riverbedinstabilities therefore develop at the shear layer
permeability. But the system eventually startslamc (Muller and Gyr 1982, 1986). These instabilitieaate
with infiltration of small particles into lower l@ys the back of the next dune, generating a secondary
and biological development (Schalchli 1992, Stojuarperturbation in the form of a vortex, or kolk-bdhat
2009, Craddock 2012). This causes the productigity in a sufficiently shallow stream can be observethat
decrease in time and water quality is mainlywater surface (Best 2005, Barua & Rahman 1998).
dependent on the upper sand-bed layer. Indeed: ther ;

is a strong, natural, declamation process of thgeup
filtration layer maintained by dune bed-forms
migrating downstream. This renewal avoids the upper
layer to clog and preserve its capability to clean :
infiltrating water. It is thus important to undexstl  Figure : Attached/detached flow model. The movdisd-
and represent local water depth changes as a duanctiresistance problem can be seen as a combinaisga) of
of the incoming discharge. Water depth is contdblle topographically-forced attached flow, and (b) ibitées in
by alluvial hydraulic roughness and by sand-bedhe separated shear layer which originates at éagobm
adaptive morphology (Simons & Richardson 1961)¢rest

Our observations take place during the rainy season

thus high stream power conditions were presetthall | evi (1983) introduced the universal Strouhal law
time. In a fine non-cohesive sand particles sydtken (£, 1.1) to describe the frequency of vortex

this one, the riverbed is highly dynamic and adaptghedding as Strouhal did for aeolian tones.
itself quickly to the stream velocity (U) changes.

Basically, the system can be separated, as a functi 1 U

of ambient specific stream power (W/m?), into two fdetacheoFZ—— (1.2

different regimes which are lower alluvial regime, T Xr
associated to fully developed dunes (FDD) and upper

alluvial regime with In-phase waves (IPW) (SimonsWhere feacnea= frequency of perturbation g U =

& Richardson 1961). IPW presence is easilystream velocity (m/s) and, x characteristic length

identifiable on the spot (see Fig.3) because of thin)- Later, Verbanck (2008) introduces the « cdntro

characteristic undular water surface deformations. 1actor m» from Kiya's theoretical developmentoint
the universal Strouhal law to take into account the

different harmonic modes. m value of one
corresponds to the fundamental mode described
o initially by Levi (with IPW) and m value of two
determination corresponds to the second harmonic with the presenc

FDD flow is characterised by a phase oppositionOf FDD (Verbanck 2008, Huybreches al 2011). This

between water surface and sand wave profiles. THEVES US the equation:
water flow is accelerated due to the topographic
forcing on the back of the dune (Fig. 1) until twest f
where it loses contact at the separation edgehiét t
moment an eddy is formed which creates a strong
velocity gradient between the recirculation zonéd an

1.1The control factor m and stream velocity

1 :mU
kolk—boil 21D

(1.2)

detached: T
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where Toinoi = Kolk-boil period (s), D = water depth by both limnimeter and pressure probe OTD Diver
(m) and m = control factor. Schlumberger (Fig. 2).

Verbanck pursuits the development by formulatirey th Water velocity was recorded by General Oceanics
vortex-drag equation which is a combination of both2030 currentmeter with standard 2030-R mechanical
the detached effect (universal Strouhal law) arel throtor. We arbitrarily took the measure in the meldf
attached effect. The local topography of the dunéhe stream with two measures at respectively 20 and
forces the flow to accelerate . This creates aigrav 80 % of the water depth in appreciation of the
wave which tries to plan the water surface. Thevertical logarithmic velocity profile.

propagation of this wave (heglecting surface temjsio The alluvial regime is easily recognizable in ttNgr.

is described by Airy’s law. Upper alluvial regime is represented by IPW (Fip. 3
g Ay 21D and lower alluvial regime by FDD. As we explained
c= Z—ntanhT 1.3 earlier, kolk-boils are visible when there are FBl
bf thus we could measure the time between each of them
determining Toi-bois-
where ¢ = gravity wave celerity (m/s), g =
gravitational constant (nf}s and Ay = dune

wavelength (m).

The two phenomenons participate in the dissipatfon
energy. The attached phenomenon is the most efficie
way to evacuate the excess water and thus tends
reduce the energy loss of the stream, while th
detached phenomenon consumes energy ft
maintaining the vortex turbulences. Verbanck assume:
then these two effects can be reunited into a singf
formulation of the energy gradient: '

mu a Figure : Installation of the limnimeter in the RiRarapeti.
21t_D The pressure probe is inserted into the pole.
s= /p (1.4)
9 Ay 2D
tanh
2n At

where S = surface water slope an@ = coefficients.
An empirical analysis was conducted to give value t
the coefficients, which leads us to the vortex-drag
equation used in this work.

A B T = -—;-'_.’. ,__
U :Z_E\/g bf ta_nhznD S (1.5) &3 ' 5 e e |
m 27.[ Abf o . T :

Figure : IPW formation at Choreti test reach, Bialiv

(Photo credit: F.Craddock).

1.2Field measurements
_ Because of high particles concentrations and thus
Field measurements were performed for severabyeaater opacity, dunes lengths were not directly afiu

on the spot in Choreti (2009-2012) during the rainydiscernable on the spot. But we show that satellite
season. Measures of water depth were recorded dajinages can be used to determine their length
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relatively precisely. Thanks to the shallow-streamAs we can see, the m value is close to the expected
dunes migration were visible with only the instatla  value of m=2 for the three observatiofi$is means

of a pressure sensor into a protecting pole (Fjg. 2that we can allow us to attribute a “visual” valioe

The study of the water surface slope has been dotlee parameter m = 2 when we observed FDD. And
between two bridges separated by a curvilineawhen we observed IPW, the control factor value is
distance 1.8km from each other. The determinatfon an=1 (Huybrechtst al. 2011a). We can also see that
the reference piezometric level at the two poirdgs h m value of 2 can be found for contrasted values of
been done by a theoretical development due toka ladischarge.

a precision of our GPS.

2. RESULTS 2.1.2 Water surface slope

First of all we determine the absolute level difere
2.1 0n the determination of stream flowPetween — our ~ two  (upstream-downstream)
velocity by the vortex-drag model measurement points. As explained before, m equals.2
when kolk-boils are present. Therefore, we base thi
The vortex-drag equation needs four terms to betudy on the 18/3/2011 where kolk-boils were visibl
applied. The control factor “m”, dunes length, wate and calculate the water surface slope with the
depth and water slope. equation (1.5). This gives us a standard slopeevalu
that we used to determine comparatively the water
surface slope for all the other days. The surfeater
2.1.1 The control factor m slope on the 18/3/2011 was S = 0.00022.
We also used these values of S to determine tiye dai
There are different ways to determine the valuthef control factor m that we compare with the values
control factor m. It can be based on water surfacebtained with the flow resistance prediction rule
slope or kolk-boil frequency. proposed by Huybrechts et al. 2011b (Fig. 4). We ca
First of all, we try to confirm the link betweeneth see we have an acceptable agreement between the two
kolk-boil period and the expected value of controlestimation methods.
factor m = 2. The determination of kolk-boil period
has been done by visual observation on the spot
Equation (1.2) is used to calculate the m valu¢ s

associated with these kolk-boils (Table 2). i R?—09655 .

(g 1,5
2
E 1
5/4/10])f 17/03/11 18/03/11 05
Observed 1,4 | 26 4.0 0
period (S) 0 05 1 15 2 25 3
; m from Huybrechts

m - withl; 95 | 235 2.27

Tdetached

Q (/s) 49 116 122 Figure : Comparison of the control factor m caltedawith

the method of Huybrechts (abscissa) and calculaiital
Tableau : Field observations of the time elagsedveen the measured surface water slope (equation (1.5))
two consecutive kolk-boils appearing at the watefexe.  (ordinate).

The second line is the m value calculated with Eha. , . . .
The discharge, obtained using the local Choretfiuybrechts’ method gives slightly higher valuesrof
hydrometric rating curve (Stoquart 2009), is repreed at  than the ones extracted from the local experimental

the third line. water slope. However, it seems that it is Huybrecht
who over-estimates the control factor m value bseau
the stream power calculated with his values are too
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big to describe what has been observed.(Rw 11.5 it with the velocity obtained with the currentmeter
W/n?). Indeed, it would mean that upper alluvial (Fig. 6). The calculated velocity correctly followse
regime has been there every single day which, fromariation of the stream velocity. This encourages$au
field observations, is known not to be true. Theref pursue our further work relying on this equation.

we will work with our measured values. This means also that when there are FDD, we can use
the same equation to approximate the water slope of
river by measuring the stream velocity, the dunes
length and the water depth only in one point. Oag w

to get better results would be to improve the
Due to local constraints no detailed bathymetrydetermination of the control factor m (not only m=1
survey was possible. The information about dominaner 2) to be closer to the measured velocity as al|
dunes length)g) was thus extracted from available the measured water surface slope.

satellite images. Three satellite images were used

have a mean value of dunes length (See example . ’
Fig. 5). The value we kept in this workjig=6.7m.

2.1.3 Dune wavelengths

—&—Vortex-drag model
-e-currentmeter

Stream velocity (m/s)

7&
i
’.&T

° . -
28/02/2011 5/03/2011 10/03/2011 15/03/2011 20/03/2011 25/03/2011 30/03/2011 4/04/2011  9/04/2011
ate

Figure : Comparison of the stream velocity deteadify
the vortex-drag model with the experimental datathat

Figure : September 2007, we count 11 sand wav&$ an, Choreti test reach in 2011,

thuslys = 6.9m. Source: Google edfth

This result is in good agreement with the propositi

of Julien and Klaassen (1995) who predigt: 6.5D.

Indeed, the flow depth measured in the Rio Parapeti 2.20n the determination of sand dunes celerity
the Choreti site is around 1.0 m deep which _ _ _

corresponds then ta,=6.5m. The equation of Liang As is well explained in the literature, the passae

(2003) also gives us the same magnitude of sarfdPP In @ shallow stream is associated with a phase
waves length. opposition of the water surface (Simons & Richamdso

1961). Where the dune crest exactly stands, the
observed water level will be lower due to the
topographical forcing effect mentioned before.

;?;Zlgt?m) ;?gg (m) [](nggsin Therefore, we argue that the dunes movement can be
1995 (m) followed by the simple deployment of a (fixed-
14/4/09 6.740.5 1.40 3.84 altitude) pressure probe into water during stable-
26/3/11 6.74+0.5 2.05 4.81 discharge conditions (no rainfall nor tributary
1/04/11 6.740.5 4.95 7.99 discharge). As an example, the 1-minute water level

record in the Choreti test reach on April 12011 is
represented in Fig. 7. We can see that the duie to
about 4.5 hours to pass the sensor. As perceivélaeby
Eulerian pressure sensing, the rapid raising of the
water level at 15:10 (but also from 11:20 to 11:40)
corresponds to the moment when the dune crest
Finally, we use the vortex-drag equation to deteemi suddenly disappears underneath the probe. That is
the water velocity, taking into account the meagurewhy all our water level records, here exemplifigd b
water depth, measured water surface slope, visukig. 7, provide a transposed (top to bottom)
control factor “m” (thus m=1 when IPW or 2 when representation which is exactly the reverse of the
FDD) and the dunes length (satellite images). Vs pl €xpected dune longitudinal shape. Besides, as shown

Table : Dune wavelength estimates

2.1.4 The vortex-drag model
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by a FFT analysis, the available records indirectly c,, 4
suggest that ripples (or mini-dunes) are actually —@20.021Fr (2.2)
migrating on the back of 'the big dunes. The'rwhere & = sand wave celerity (m/s) and Fr = Froude
wavelength is about 20 times shorter than th%umber

reference 6.7m scale characteristic of the largedsi '

dunes evoked so far (those which are sufficiently . .

large to be discernable by satellite imagery). éuje Fedele  Orgis _t:;(\nlndra Simons  Kondap

as shown in Fig. 7, we can count 21 ripples passing 0.14 039 0.27 0.52 0.49

under the probe on the back of one big dune. AGD 123 60.9 48.0 67.4 1.75

Table : R-square and AGD value for the differequagions
with the experimental data (Guy et al. 1966, Drie686
and Termes 1986). The Average Geometric Deviation
proposed by Zanke (AGD) (Huybrechts et al. 2011b)
describes the discrepancy between the predicted and
measured data. (AGD = 1 corresponds to a perfettdiia

evel (m)

Water I

09:36:00 10:48:00 12:00:00 13:12:00 14:24:00 15:36:00
Time

Figure : 1-min record of the water level evolutiatained ' “//
with the (fixed-altitude) immersed pressure proBhoreti o1 , %

test reach, 1 April 2011. The black line is the ingv jiia'h / < Kondap
y;; ; N ‘t > Fedele

average with a period of 6 minutes.

Calculated cw (m/s)

To confirm these observations for the large dunes, -
will compare the dune celerity determined with the
pressure probe with the celerity determined by
different authors. o
Several authors have proposed a method (Pushkar_

1936, Kondratiev 1962, Simons et al. 1965, Thomaigigure . Comparison of the calculated sand duetarity

1967, Kondap & Garde 1973, Orgis 1974, Fedel%y different authors (Kondap, Fedele and Simonsl) the

1995) to predict the dune celerity. Strasser (2008}xperimental data (Guy et al. 1966, Driegen 1986 an
made a comparative study on those equations an@rmes 1986).

showed that the correlations of Kondap & Garde,

Pushkarev, Orgis and Fedele give good agreement %e sand wave celerity at the Choreti site is sympl

both laboratory (Guy et al. 1966) and river data
(Rhine, Waal );n(d ul%/ommel). How)ever PIL\]lshkan:‘,vobtained by dividing the dune length extracted from

Orgis and Fedele primarily consider coarser (gbavelsate”ite images (Table 3), by the time necessary .f
grain-sizes and thus do not provide satisfactong]e dune to pass under the (water-colu_mn measu“”g)
predictions for fine-size (sand) granulometry (Fig. chlumberger sensor. The results are given in Table

nnnnnn

and Table 4) (data from Guet al. 1966, Termes 1986 Dpate Choreti test | Kondap & Garde]
and Driegen 1986). Therefore, despite the fact that reach (m/h) (m/h)
granulometry is not explicitly represented in the 14/4/09 1.01 0.45
relation, we will use the one of Kondap and Gaale t 26/3/11 4.48 1.27
evaluate the dune celerity in the Choreti site 1/04/11 1.34 1.26
(Equ.2.2).
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Table : Comparison of the measured dunes celeiftyte  continue the study of the Riverbed filtration ae th
celerity calculated by the equation of Kondap & @ar Choreti test reach.

As we can see, there is an acceptable relationship

between sand wave celerities. This tends to confird. NOTATION

our hypothesis that records such as the one in7Fig.

(we have many of them) indeed correspond to thé Gravity wave celerity (m/s)
indirect visualisation of the sand wave (the duneP Water depth (m)

migrating under the pressure probe. Furthefso  median grain size (m)
investigations and more data are needed to confirferched VOrtex shedding frequencyfs

this hypothesis in the future. Fr Froude number (-)
g Gravitational constant (nf)s
3. CONCLUSION hor - Bune length (m)
) m Control factor m (-)

Pw Specific stream power (WAn
Q Discharge (rfis)

We study the applicability of the vortex-drag edjpat S Water surface slope (-)

on the Choreti test reach of Rio Parapeti, Camiril ok KOlk-boil period (s)

(Bolivia). In the shallow-water condition prevaijn U Stream velocity (m/s)

here, Fully Developed Dunes are associated withw Sand wave celerity (m/s)
marked kolk-boils periodicity appearing at the wate X Length of separation zone (m)

surface. We show that field observation of kolktboi
periods leads us to the expected value of the @ontr

factor (m equal 2). Then we make use of the vortex- D(m) U(m/s) Q(mis) S

drag equation to study the stream velocity changeverage 0.88 0.82 90 0.00023
taking into account bedforms configuration (m,

wavelength),y), water depth and water surface slope A, Hee(m)  c(mis) do(m)
(S). The results show a satisfactory descriptiothef t(m)

stream velocity changes. This means that, reverseljverage 6.72 0.25 1-4m/h 25040

the same equation could be used' to correc'tly aSSeEfle : Average hydraulic characteristics of Rrapeti at
the water surface slope over fluvial dune fields byne choreti test reach.value has been estimated with the
simply measuring the stream velocity, water depith @ equation of Flemming (2000) and Julien & Klaassen
dunes length. A universal method to predict theiwal (1995).

of control factor m as a function of local stream

circumstances (and increasing stream power) would

thus be most welcome. 5. ACKNOWLEDGMENTS

We also show that the sand wave celerity can be ) ] o
followed by the simple deployment of a (fixed- This stuo!y contrlbgtes to the project (.W.BI-I'30I|V|e
altitude) pressure probe within the right condision 2010-Projet 8) entitled 'Analysis & optimization of
Indeed, we obtain the dune celerity with thethe Rlvengd I_:lltratlon extract_lon systgm used_@p
determination of the time needed for the dune &spa réat the drinking waters feeding the city of Canmr
the probe and the sand wavelength determined byanta Cruz Province, Bolivia, funded by the Walteni
satellite images (confirmed by the equation ofefuli Bruxelles-International agency (www.wbi.be). The
& Klaassen, 1995, and Liang, 2003). The comparisoffficient technical help provided by the Coopadaifs
of this celerity with the one obtained by the eqmat N Cgmm was greatly. appr'eC|ated. In additionhas
of Kondap and Garde (1973) shows that it ighe.fl_rst author benefitted in 2911 pf a travelrgra)'
reasonable to argue that it is actually a sand wavgolivia financed by the Unlversltles Cooperation
passing under the probe. This is also indicatethpy D€velopment Fund (www.cud.be) in Brussels.
recurrence of this observation in our databasehEur

investigation and data collection are needed to

79



6. REFERENCES to the upper regime. Journal of Hydraulic Enginegyri
137(9): 932-94.

filtrantes en lechos aluviales de Bolivia. Masteedts, geometry of Large Rivers during floods, Journal of
Universitad del Valle, Cali, Columbia. Hydraulic engineering: 657-663.
Barua, D.K., Rahman, K.H. 1998. Some aspects okevi, E. 1983. A Universal Strouhal Law. J. Eng.
turbulence flow structure in large alluvial riverd. ~Mech.109: 718-727. ) _
Hydraulic Res. 36(2): 235-252. Liang, Z.Y. and al. 2003. Antl-dunes in Hyper-comicated _
Best, J. 2005. Kinematics, topology and signifiearaf flows. Journal of Sediment Research, 4: 14-18 (in

dune-related macroturbulence: some observations fro Chinese). S o
the laboratory and field. Spec. Publs int. Ass.i®edt, Muller, A. and Gyr, A. 1982. Visualization of theitihg

35 - 41-60. Layer Behind Dunes. In: Sumer, B.M. and Miiller, A.
Craddock, F. 2012. Modélisation de la productiwdtén (eds.), Mechanics of Sediment Transport: 41-45AA.
systéme de filtration sur lit de riviere pour laguction Balkema, Brookfield, Vt. .
d’eau potable. Master Thesis, ULB. Muller, A _and Gyr, A. 1986. On the Vortex Formatim _
Driegen, J. 1986. Flume experiments on dunes wstdady the Mixing Layer Behind Dunes. Journal of Hydraulic
flow conditions (uniform sand, s¢ = 0.77mm). Res. 24(5): 359-375.

Description of bed forms. TOW Report R 657 — XXyl Schalchli U. 1992. The clogging of coarse gravetrribeds
M1314 part XV, WL / Delft Hydraulics, Delft, the by fine sediment. Hydrobiologia, No. 235/236: 188¢1

Netherlands. Simons, D.B., and Richardson, E.V. 1961. Forms ed b
Flemming, B.W. 2000. The role of grain size, wadepth roughness in alluvial channels. ASCE, Proc. Jouafal
and flow velocity as scaling factors controllingthize hydraulic Division 87 (HY8) : 87-105.

of subaqueous dunes. In: Trensetaux A, Garlard$)(e Stoguart, C. 2009. Contribution & la caracterisatau

Proc Worksh Marine Sandwave Dynamics : 55-60. 23- Systeme de production potable, par la techniqueider

24 March 2000, University of Lille, France Bed F|Itrat|on, du district de Choreti, Camiri (Boé).
Guy, H., Simons, D.B., Richardson, E.V. 1966. Sedim _ Master Thesis, ULB. o _ o

transport in alluvial channels: Summary of alluvial Strasser, M.A. 2008. Dunas fluviais no rio Solimdes

channel data from flume experiments, 1956-61. Amazonas: dinamica e transporte de sedimentoe, Tes

Geological survey professional paper 462-1. Universidade Fedt::‘ral do Rio de Janeiro, Coppe.
Harbor, D.J. 1998. Dynamics of bedforms in the lowe Stuyfzand, P.J., Juhasz-Holterman, M.H.A., and dage,

Mississippi River. Journal of Sedimentary Reseavoh, W. 2006. Riverbank Filtration in the Netherlanda/ell

68, N°5: 750-762. fields, clogging and geochemical reactions. Springe

Hulka, C. Heubeck, C. 2010. Composition and Proneea Netherlands. NATO Science Series, Vol. 60: 119-153.
History of Late Cenozoic Sediments in Southeasterd€'mes, A.P., 1986. Dimensies van beddinvormen onde
Bolivia: Implications for Chaco Foreland Basin ~Permanente  stromingsomstandigheden  bij hoog
Evolution and Andean Uplift. Journal of Sedimentary sedimenttransport. Waterloopkundig laboratorium|ftDe

Research (SEPM), 80 (3): 288-299. hydraulics laboratory. _

Hulka, C., Grafe, K.-U., Sames, B., Uba, C.E. andverbanck, M.A. 2008. How fast can a river flow over
Heubeck, C. 2006. Depositional setting of the neddl alluvium? Journal of hydraulic research, Vol 46 raxt
late  Miocene Yecua formation of the Issue: 61-71. _ .

Chaco Foreland Basin, southern Bolivia. Journal of Vice Ministerio de Saneamiento Basico. 2005.
South American Earth Sciences, 21(1-2): 1-16. Investigacion sobre galerias filtrantes en Camiri.

Huybrechts N, Luong G.V., Zhang Y.F. & Verbanck M.A  Technical report, inisterio de Servicios y ObrablRas,

2011a. Observations of canonical flow resistancast- Cochabamba, Bolivia.

flowing sand-bed rivers. Journal of Hydraulic Resba
49(5): 611-616.

Huybrechts, N., Luong, G., Zhang, Y., Villaret, Gnd
Verbanck, M.A. Sept. 2011b. Dynamic Routing of flow
resistance and alluvial bed-form changes from oeet

80



Marine and River Dune Dynamics — MARID IV — 15 &Afril 2013 - Bruges, Belgium

Developments in North Sea wide resurveying andtritpof
dynamic sand wave areas

L. Dorst®, T. Dehling®, C. Howlett®

1. Hydrographic Service, Royal Netherlands NavyKI$)), The Hague, The Netherlands -
[l.dorst@mindef.nl

2. Bundesamt flr Seeschifffahrt und Hydrographi8Hg Hamburg, Germany -
thomas.dehling@bsh.de

3. United Kingdom Hydrographic Office (UKHO), Taont United Kingdom -
chris.howlett@ukho.gov.uk

Abstract

We discuss two cases of international cooperatietwéen hydrographic offices. The first case is tindied

approach to populate the CATZOC indicator for bathtric quality in nautical charts, in the presenteand
wave fields. The second case is the North Sea feidBulation of resurvey policies. The two cases oaly be

successful if it is understood and agreed how #dzefor develops. For both of the cases, it iy vetevant to
distinguish between the growth of a pattern, asdniigration. Therefore, hydrographic offices needuaate
morphodynamic models, an appropriate set of metffiodshe analysis of time series of bathymetricagdatnd
versatile remote sensing techniques.

The two cases are discussed using the examplesahd wave field near the Port of Rotterdam, inSbeathern
North Sea. The development of the field is potdigtiafluenced by the maintenance of dredged chknaed an
emergency turning zone; extensive sand pits; amdinfvastructural projects in the coastal vicinibjaasviakte 2
and the Zandmotor.

1. INTRODUCTION values that are likely to appear in the surrounding
area. Consequently, the mariner will not notia th

Hydrographic offices around the North Sea arenigratory character of the sea floor, and has to
faced with the challenge to resurvey and rechattust the prudent monitoring of pattern
areas with rhythmic patterns on the sea floordevelopment by the hydrographic office.

Especially tidal sand wave fields, with This practice is acceptable as long as the
wavelenghts of several hundreds of metres angydrographic office is able to maintain a safe
heights of up to several meters, are found at mamgsurvey frequency for the area, and as long as
locations. It is mostly unknown whether thethere are no large-scale human interventions in the
observed patterns are dynamic, although timgreater region of the sand wave field, with the
series of modern high resolution surveys haveotential to disturb the morphodynamic processes
become available for more and more areas [Vathat have created the migratory sand wave field.
Dijk et al., 2012a]. National hydrographic survey budgets are under
The most common change of a sand wave pattefsressure though, which translates into a reduction
is a migration, due to e.g. asymmetries in thel tidain bathymetric survey capacity [Ward, 2012].
currents [Németh et al., 2002]. In such a situationyet the mariner expects accurate and recent
the charted depth values remain constaninformation. Users of digital products, a groupttha
according to the nautical charting principle ofgrows fast now that this is mandatory for certain
shoal biasing [Smith et al., 2002]: the shallowestypes of ships, are often not even aware that the
values are selected for visualisation in the charsource data could be less accurate due to survey
implying that these values represent the shallowesige. Ship owners are aiming for a maximum
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quantity of cargo, allowing for a minimum under beach nourishment project, are of such a scale that

keel clearance, also along coasts with heavthe tidal currents change[Dorst et al., 2012b]. The

maritime traffic, sensitive ecosystems and aandy sediment that the two projects use is taken

flourishing tourism industry. The Southern Northout of sand pits (Figure 1) that are sufficiently

Sea is a perfect example of such a combination axtensive to affect the hydrodynamic conditions,

risks. potentially inducing a corresponding change in

The hydrographic offices that constitute the Northmorphodynamic conditions [Roos et al., 2008].

Sea Hydrographic Commission (NSHC) have

reacted to these developments by intensifying the®, GLOBAL DEVELOPMENTS

cooperation. This takes place on different levels.

We present some developments on three level¥Vithin  the International Hydrographic

global, European, and North Sea wide. Organization (IHO), there is consensus that the
visualisation of the quality of bathymetric data in

. Electronic Navigational Charts (ENCs) needs to be
2. AN EXAMPLE: THE PORT OF improved [Dorst & Howlett, 2012]. For future

ROTTERDAM APPROACH ENCs, the S-101 data model containing a
hierarchical series of new quality indicators is
An example of an area with a challenging mix ofunder development. For current ENCs, produced in
human activities and critical depth values is theéhe S-57 data model, the “Zone Of Confidence”
approach area to the Port of Rotterdam. The largéndicator will be populated in a more consistent
ships can only enter during high tide, which putsmanner by the national hydrographic offices.
serious constraints on the quality of the survey anAn important consistency aspect is the assignment
the chart, both in terms of measurement accuraayf a category for the Zone Of Confidence
and in terms of update frequency. The sea floor iE€CATZOC) in case of a mobile seafloor. Six
characterised by a dredged channel through acategories can be distinguished, five of those
extensive field of rhythmic patterns with differentranging from Al (best quality) to D (worst
wavelengths [Knaapen et al., 2001]. quality), and the sixth being U (unassessed)
An example of a survey of the area and the largddohnson, 2004]. Currently, a proposal to degrade
scale chart is given in Figure 1, and the contehts CATZOC to category C in this case of seafloor
the bathymetric database in Figure 2. Obviouslymobility is under discussion, even in case of a
the sand pits are not relevant for navigation at serecent, accurate survey without gaps. This category
Hence they did not generate new editions ofs described with the words “depth anomalies may
nautical charts or Notices to Mariners. be expected”.
The patterns in the deeper, Western part of thee aréor a migrating sand wave field, different
are found to be hardly dynamic [Van Dijk et al.,arguments about the appropriate CATZOC value
2012b; Dorst et al., 2011], while the pattern ia th can be made. On one hand, one may argue that
shallower Eastern part shows a clear migratiomlepth anomalies cannot be expected, as the charted
[Van Dijk et al., 2012b; Dorst et al., 2008]. The depth values remain constant. Such an argument
heights of the sandwaves are generally found to kignores the changes in surveyed depth values,
constant [Van Dijk et al., 2008; Knaapen, 2005]which it justifies by pointing out that CATZOC
which implies that the shallowest likely depthapplies to the charted product, not to the observed
values in the area do not change [Dorst et aldata set. Advocates of this argument even fear that
2012af. degradation of such a “safe” sand wave area to a
In the area of the example, several humai€ATZOC of C could tempt mariners to enter other
interventions are in progress. The coastlineCATZOC C areas with insufficient care.
changes, due to the Maasvlakte 2 extension to th@n the other hand, one may argue that the mariner
Port of Rotterdam and the Zandmotor megascalshould be informed about the mobile character of
the sea floor, especially if human activities may
) change the hydrodynamics that drive the sea floor
In the terminology of Dorst et al. [2012a], theecal dynamics. Hydrographic offices may not have the

shoaling rate of the area is zero, while the maxinsoaling  resources to resurvey the area with a sufficiently
rate at a location within the area is larger themoz
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high frequency to detect changes in the behaviouesources to survey more frequently than your
of the pattern in time, or may otherwise not beneighbour, and a potential risk to survey less
willing to accept the risk of assigning the arethwi frequently.

a CATZOC value of A or B. This argument would At present, Belgium, Germany, the Netherlands
satisfy the desire to indicate the potential damder and the United Kingdom have agreed to publish
mobile areas, rather than give a potentially falséheir resurvey prioritization together, in a single
indication of a highly accurate depiction of theonline map, for at least a part of their North Sea
seafloor. area. The current status of this plan is shown in
Given the challenges that the example providedsigure 3.

we are inclined to, at least, allow hydrographic

offices to artificially degrgde CATZ_OC to a 6. APPLICATION OF THE
category C for areas with dynamic pattemsDEVELOPMENTS TO THE

Perhaps the ideal of an internationally fully
consistent assignment procedure is not feasible e XAMPLE

CATZOC, and the specifics of each sea area, 8gne gredged channel to the Port of Rotterdam
known at the national hydrographic office, have tocurrently has a CATZOC value of A1, and the
be taken account. sand wave field a CATZOC value of A2. Category
A indicates that “significant seafloor features

4., EUROPEAN DEVELOPMENTS [were] detected and [their] depths measured”.
~ Subcategory Al and A2 differ only in their

On the European scale, the INSPIRE directivgequirements for survey accuracy [Johnson, 2004].
contributes to a European Marine Spatial Datapne Netherlands Hydrographic ~ Service is

Infrastructure (SDI) by setting requirements tOconfident that these requirements are met, as

publish bathymetric data in a unified andfequent resurveys are done by Rijkswaterstaat (the

automatic way. The European EMODNet projecyredged channel, several times a year to once a

will take this one step further by creating a singl month) and the Hydrographic Service (the sand
portaf from which marine datasets, like yyaye field, once every other year).

bathymetry, can be viewed and downloaded Deep draught ships are led into the
[Longhorn, 2012]. These facilities will create neWchannel by pilots, taking advantage of the
opportunities  for  morphodynamic  research,maintained depths in the channel. This guarantees
provided that researchers have powerful tools fofhat ships with a critical depth will not accese th
the analysis of large volumes of spatial data. sand wave field. Although considerations like
shipping intensity and draught are not included in
5. NORTH SEA DEVELOPMENTS the assignment process of an indicator in a ndutica

) o chart, they do play a role in the determinatiora of

The North Sea Hydrographic Commission (NSHC)safe resurvey frequency, especially when such
established a Resurvey Working Group, which hagformation is available through AIS data [Ward &
been active since 2007. National hydrographlq;a”agher’ 2011; Van Dijk et al., 2011].

offices share their resurvey plans, with the aim to The assignment of a CATZOC value of C
unify survey efforts at their maritime boundarytg the mobile sand wave field would require an
areas and for international shipping routes. Thesgssessment of a line where the migration becomes
routes cross several international maritimesignificant. This could for instance be done by a
boundaries, which makes access to all major POrmparison of the CATZOC position accuracy

dependent on the survey and charting efforts gfequirements to the expected migration between
neighbouring countriéslt is a potential waste of

2 . . .
A comprehensive bathymetric data set at a coaesBUtion  gelected track for deep draught ships. The soetdllever

is directly available at the portal www.emodnet- Straight Survey Policy was revised, in order totdveteflect
hydrography.eu, for high resolution sub-datasesférs to the national responsibilities of each country tovey its own
the relevant authorities. waters

3 Until 2012, the four countries around the Engl@hannel
had a shared policy on transboundary surveys ardbad
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consecutive surveys. This immediately leads us tother hydrographic offices make. Poor decisions
a requirement to accurately predict migration ratesmay jeopardize the coasts around the North Sea, or
As it currently is not feasible to make reliablelimit the accessibility of the ports of each coyntr
predictions for large parts of the sand wave field$cientific progress will enhance the insights @& th
in the North Sea, we either need to set CATZOC thiydrographic community into marine sand wave
a value of C for all these sand wave fields, obehaviour, opening up opportunities to improve
accept that sand wave migration is excluded fronsurvey efficiency and correct use of quality
the assignment process of a CATZOC value. Wéndicators in nautical charts. Hydrographic offices
reject the option to only assign a CATZOC valueneed accurate morphodynamic models, an
of C to areas, like our example, where theappropriate set of methods for the analysis of time
migration is known and deemed significant, as thiseries of bathymetric data, and versatile remote
option would indicate the areas of knownsensing techniques.

migration as less safe to the mariner than areas Meanwhile, European policy decisions allow
unknown migration. scientific institutions easier access to the
The area of the example does not only facilitatdbathymetric data that hydrographic offices possess.
intercontinental shipping through the EnglishThis could facilitate further progress in scietifi
Channel. There is an inshore traffic zone toward&nowledge on sand wave dynamics, satisfying the
Belgian and French ports, the Maas Northwesheed for accurate hydrodynamic models.

Traffic Separation Scheme (TSS) towards English

and Scottish ports, and the Maas North TS ACKNOWLEDGMENTS
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Figure 1. Bathymetric survey of the approach aoethe Port of Rotterdam, HNLMS Snellius, May-JuBA2 (top):

notice the presence of the dredged channels, tkegemcy turning zone, and the sand pits for infoastiral projects
like the Maasvlakte 2 (lower right) and the Zandonghot visible) [Dorst et al., 2012b]. Bathymeutfyithe approach
area to the Port of Rotterdam in Electronic Navagetl Chart NL400122 (bottom): notice the absenfcihe rather
recent sand pits. A new edition is expected inhmmer of 2013. (figure courtesy of crew HNLMS dins)
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Figure 2. Bathymetry of the approach area to the ¢fdRotterdam in the database of the Netherlatytrographic
Service: digital terrain model (top) and isolinéstom). Notice the presence of the sand pits. iSbknes will be
published in new chart editions expected in the @emof 2013. (figure courtesy of Data processingatignent,
Netherlands Hydrographic Service)
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Figure 3. Resurvey prioritization map of the NSH&sRrvey Working Group. (figure courtesy of BSH)
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Modelling sediment pick-up and deposition in a doralel
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1. University of Twente, Enschede, The Netherlandg.m.vanduin@utwente.nl

Abstract

Often river bed form modelling is done with an dduium bed load transport formula like that of MeyPeter &
Muller (1948). However, a physically more correcaywwould be to model it with separate models fa th
sediment pick-up and deposition processes as Hesdchy Nakagawa & Tsujimoto (1980). Besides thespisyof
the sediment transport itself, using such a metilmvs for the modelling of higher-order procesasswell like
spatial lag in bed load transport.

As shown by Shimizu et al. (2009) applying the afentioned pick-up and deposition model in a dwwduéion
model, makes is possible to model dunes well. Sipally it made it possible to determine a tramsitito upper
stage plane beds, as well as capturing hysteredis w

In this paper we will explore the effect of usiniffetent kinds of bed load models in a relativelgngle dune
evolution model. The Nakagawa & Tsujimoto (19804 bkead model, will be implemented in the dune etiohu
model of Paarlberg et al. (2009). Results of thaxlet version will be compared with the original sien (using
the Meyer-Peter & Miller formula) and a later versthat directly models spatial lag with a relazatequation.

1. INTRODUCTION sediment transport at the flow separation zone is
parameterized instead of using complex
Hydraulic roughness values play an important roléyydrodynamic equations. This model is able to
in correctly determining water levels (Casas et al.predict the evolution of dunes from small initial
2006; Vidal et al., 2007; Morvan et al., 2008),disturbances up to equilibrium dimensions with
which is critical for flood management purposes. limited computational time. In addition, this model
River dunes increase the hydraulic roughneshas been coupled with an existing hydraulic model
significantly, because their shape causes forrmo form a ‘dynamic roughness model’ (Paarlberg et
drag. Water level forecasts during a high riveral., 2010). Results are promising, as the coupled
water discharge therefore depend on accurai@odel clearly shows the expected hysteresis
predictions of the evolution of river dune effects in dune roughness and water levels and
dimensions. different behaviour of sharp-peaked versus broad-
In the past, many approaches have been used jeaked flood waves (Paarlberg et al., 2010).
model dune dimensions, varying from equilibriumpaarlberg et al. (2009) assume that equilibrium
dune height predictors (e.g. Yalin, 1964, Allen,between shear stress and transport is present, so
1978; Van Rijn, 1984) to different forms of the formula devised by Meyer-Peter and Miiller
stability analyses (e.g. Kennedy, 1963; Engelund;1948) is used. As Nakagawa & Tsujimoto (1980)
1970; Fredsge, 1974, Yamaguchi & Izumi, 2002)argue, a lag distance between flow properties (and
Recently, models have been developed thahereby bed shear stress) and sediment transport is
calculate the turbulent flow field over bedforms, i the principal cause of bed instability and thereby
some cases in combination with morphologicakegime transitions. They further identify two
computations (e.g. Nelson et al., 2005; Tjerry &sources of this lag distance. The first is theiapat
Fredsge, 2005; Shimizu et al., 2009; Nabi et aldistribution of bed shear stress, which is handiied
2010). These models are valuable to study detailetie Paarlberg et al. (2009) model by applying the
hydrodynamic processes, but are computationalljransport formula to the local bed shear stress. Th
intensive. second is the probability distribution of sediment
particle step length, which is the distance trackll
To be able to efficiently predict dune dimensionsfrom dislodgement to rest according to Einstein
over the time-scale of a flood wave Paarlberg.et a(1950). This effect is not taken into account ia th
(2009) developed a model in which the flow andbed load formulation of the original model.
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To be able to model the latter effect with bed loadn a parameterized way using experimental data of
transport, the Paarlberg et al. (2009) model & fir turbulent flow over two-dimensional subaqueous
extended with a linear relaxation equation appliedbedforms (Paarlberg et al. 2007). In the flow
on the Meyer-Peter and Muller (1948) transportseparation zone the bed shear stress is assumed to
and secondly with the pick-up and depositionbe zero and all the sand transport that reaches the
model of Nakagawa & Tsujimoto (1980). This bedcrest of the dune is avalanched under the angle of
load formula is also used in the model of Shimizuepose on the leeside of the dune (Paarlberg,et al.
et al. (2009), with good results. The pick-up is2009). This enables the model to predict river
determined from local bed shear stress. Theunes with their characteristic shape and realistic
sediment is deposited from the pick-up point withdimensions without resolving the complex
a distribution function, which uses a mean stepecirculating flow in the flow separation zone and
length, exponentially decreasing with distance. Byemaining computationally cheap.
handling the transport like this a lag distanceThe model consists of a flow module, a sediment
between shear stress and sediment transport timnsport module and a bed evolution module
introduced. which operate in a decoupled way. The model
The effects on bed morphologies and developmersimulates a single dune which is assumed to be in
characteristics of using the non-equilibriuman infinite train of identical dunes. Therefore
transport relations versus the previous equilibriunperiodic boundary conditions are used. The
transport relation will be explored. Different domain length and thereby dune length is forced
values of step length are used to see how Ity either using the simple relation Van Rijn (1984)
influences the results. It is expected that theedunfound or using a numerical stability analysis as th
shape will differ significantly between versions of original model by Paarlberg et al. (2009) does. In
the model due to the introduction of spatial lagthe first case the dune length is seven times the
with the two new model versions. This shouldwater depth, a reasonable approximation of the
improve the predictions of the model for futurevalues Julien & Klaassen (1995) find, namely 7.3
applications, as this lag is one of the causesdf b and Z times the water depth. In the latter case the
instabilities, and thereby controls transitionslength of the fastest growing disturbance is
between bed form regimes. determined during simulation. Only the first
approach will be used in this paper.

2. MODEL SET-UP
1.2 Flow model

1.1 General set-up In general the flow is forced by the difference in
The basis of the present model is the dunevater level across the domain. Though the water
evolution model developed by Paarlberg et aldepth at the start and end of domain are the same
(2009). Paarlberg et al. (2009) extended thelue to the periodic boundary conditions, the water
process-based morphodynamic sand wave modgivel differs because the domain is sloped. The
of Németh et al. (2006) , which is based on theverage bed level is taken as zero but has a slope
numerical model of Hulscher (1996), with a(this average bed slope is an input parameter for
parameterization of flow separation, to enablehe model). By solving the flow equations with a
simulation of finite amplitude river dune evolution certain average water depth a discharge is found.
The average water depth is adjusted until this

A discharge matches the discharge given as input.
= L. Schematization of a dune (flow left g0 1.2.1 Governing equations

igure 1. scnematization or a aune (riow le ) . .
g The flow in the model of Paarlberg et al. (2009) is
Flow separation is forced in the model when thél€scribed by the two-dimensional shallow water

leeside slope exceeds 10°. The form of the ﬂovﬁquations in a vertical plane (2-DV), assuming

separation zone (see Figure 1) behind the dune a ydrostatic pressure conditions. F_or small Fro_ude
the effect it has on flow. bed shear stresdiumbers the momentum equation in vertical

distribution and the sediment transport is includedliréction reduces to the hydrostatic pressure
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condition, and that the time variations in theprocedure, reference is made to Paarlberg et al.
horizontal momentum equation can be dropped2009), Van den Berg and Van Damme (2005),
The governing model equations that result areand Van den Berg (2007).
shown in equations (1) and (2).

1.3 Bed load transport model

NI I Ai+ | For this work we compare three versions of the
ox 0z gax 07 9 (1) bed load model : the original, a later version with
spatial lag via a relaxation equation, and a new

ou ow_ version with the Nakagawa & Tsujimoto (1980)
&’LE‘O @) pick-up and deposition model. These three

versions are explained in the next paragraphs.

The velocities in the x and z directions are u an I

w, respectively. The water surface elevation i 3.1 Equilibrium transport model

denoted by, i is the average channel slope, and dgn the original dune evolution model equilibrium
and A, denote the acceleration due to gravity anded load transport is taken into account. This is

the vertical eddy viscosity respectively. calculated by applying the formula of Meyer-Peter
and Miller (1948) including gravitational bed
1.2.2 Boundary conditions slope effects. Below this formula is given in

imensional form (as volumetric bed load transport

The boundary conditions are defined at the wate(?ler unit width, rﬁs):

surface (z=h) and at the bed (g=ZThe boundary P
conditions at the water surface are (3) no flow .
through the surface and (4) no shear stress at the (1,00 -1 (X))n[lma_zbj it 1, (7)
surface. The kinematic boundary condition at thed,. = b ¢ ox ¢

bed is (5) that there is no flow through the bed. 0 if r<r,

ou

el [ where t(x) is the local critical (volumetric) bed
0z

2=h (3) shear stress @), n=3/2 andh=tan()™ with the
angle of reposee=30°. The proportionality

a7 constantf (s/m) describes how efficiently the
u& i =w sand particles are transported by the bed shear
=" 4 stress (Van Rijn, 1993) and its value can be
estimated with
0z, _
U& =W
5 p=m 8) (
Ag

As basic turbulence closure, a time- and depth-

independent eddy viscosity is assumed, leading tohere A=pJp-1=1.65 fJp is the specific grain

a parabolic velocity profile. In order to representdensity), and m is an empirical coefficient whish i
the bed shear stress correctly for a constant edégt to 4 by Paarlberg et al. (2009) based on
viscosity, a partial slip condition at the bed {$) analysis done by Wong and Parker (2006). The

necessary. local, critical bed shear stresgx), corrected for
bed slope effects, is given by the following
au equation:
I, = A/E =3y,
oh (6) azb
1+
X ©)

In this equationt, (M%s?) is the volumetric bed 7c(X) =T ;
shear stress and the resistance parameter S (m/s) 1{64]
controls the resistance at the bed. For more detail OX
about the model equations and numerical solution
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with 1o the critical bed shear stress for flat beda certain locatiorx the distribution of picked up
defined by equation (10). In this equatiiapis the sediment from upstream locations is needed. The
critical Shields parameter andsDis the median determination of deposition is done by applying

grain size. the following formula:
=6_,0AD, 10 ®
Teo = G09RD;, (10) Py (X) = _[ pS(X— é f( éds
0 (24)

1.3.2Linear relaxation of transport

Here the model differs from the model presentegvhere the distributiorf(s) determines the fraction
by Paarlberg et al. (2009). Instead of calculatingf sediment that is deposited a distance s away

the equilibrium transport (see previous paragraphfom the pick-up point(x-s) The distribution
and taking that as the actual transport, theynction is defined as follows:

following relation is applied:

f(s) = L exd =8

4% _ %e= G 11 A CUA

A () ATTUA (15)

where g is the actual sediment transport ands ~ Where/ is the step length. By using this function,

the mean step length. This is determined by: all the sediment that has been picked up at certain

location is deposited between that location and 5

A=aD. (12) times the step length in downstream direction.

%0 Finally the transport gradient is determined as

where « is the non-dimensional step length (as© WS’

used by Nakagawa & Tsujimoto, 1980). It should

be noted that equation 11 needs a boundarﬂqb(x):D [p. ()~ p, (X)]

condition (at x=0) whereas only a periodic dx SoLTs d (16)
boundary condition is defined. Therefore a value is

guessed for x=0 and the rest of the values arg 4 Step length

determined using equation 11 and a backward_,@ranciS (1973), Fernandez Luque & Van Beek
Euler scheme. The value at the end of the domai 976) and Sekine & Kikkawa (1984) have done
should be the same as the value at x=0, if this i xperiments to determine the dependence of
not the case a new guess is made. This processyigricie velocity on various parameters under flat
repeated until a satisfactory result is found (i.epeq conditions. The latter authors have used this
when the periodic boundary condition is met). a4 to verify a numerical model of saltation of
particles (Sekine & Kikkawa, 1992). All computed
1.3.3Pick-up and deposition model values are no more than two times larger or

The pick-up and deposition model of Nakagawa gSmaller than the observed values.
Tsujimoto (1980) uses the following formulae to 1 N€ir model further shows that the mean step
determine bed load transport. Pick-up of sedimerfNdth can vary between near zero and about 350

(probability of a particle being picked up if)ss times the particle diameter, mostly dependent on
determined by friction velocity (positively) and settling velogit

(negatively). The data shows a range of
3 approximately 40 to 240 times the particle
P (x)=F ﬂr (x 1- Lo diameter. For this paper the step length will
s 0 ' . (x) therefore be varied between 25 and 300 times the
(13) particle diameter, to get an idea of how sens#ivit
where [=0.03. Deposition at a location is

the results are to this parameter.
determined by summing the sediment that arrives
at that location. So, to determine the deposition a

50
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1.5 Bed evolution

The bed evolution is modelled using the Exnel *'EFmm e =

equation given by (17), where the sedimen Wi =

transport rate is calculated with one of the thre« wEn D e e

options and;,=0.4 is the bed porosity. T

N e

E o = = =

3z, _ g, : e e

e o= o RS —— — =~

e e = = ——

RN

£ e N Nl N e NI

It should be noted that in the case of flow? ==Y —"——o "4

separation this equation is only applied outside th nw

flow separation zone. In the separation zone th T

bed transport at the crest of the dune is deposite *————F+ —— —~——— =

on the leeside of the slope under the angle ¢ —F—+————7— > —F—>——@—
repose (i.e. avalanched). So, an integral form c Distance [m]

equation is used for the lee slope of the dune. Figure 2. Dunes of the original model (flow leftright)

3. RESULTS It should be noted that this figure is obtained by
plotting the resulting single dune as a train afrfo

The reference case used for this study is atflentical dunes to make the results more clear.

experiment done by Venditti et al. (2005). The

relevant parameters can be found in the tablé.7 Results with linear relaxation

below. Using the original bed load model, but with an
additional forcing of spatial lag with a relaxatio
h; [m] 0.152 equation the following is found.
o] -2 [] Ae[m] |le[m] |he[m]
- m m m
q [m%/s] 0.077 2 z c °
Deo[mm] |05 [original] [0.064 |1.33 ]0.19
lo [m] 1.3172 25 0.029 1.11 0.16
A [m] 0.048 50 0.023 | 1.10 | 0.16
he [M] 0.17 75 0.000 1.07 0.15
0co[-] 0.050 100 0.000 | 1.07 0.15
Table 1. Used parameters Table 2. Linear relaxation results.

New parameters in this table ane(initial water  As can be seen applying spatial lag in this way
depth),q (discharge per unit widthl, (equilibrium  |eads to a very strong suppression of the dune
dune length) e (equilibrium dune height) antk  height and length. The first is because the spatial
(equilibrium water depth). lag decreases the total transport and the lee side
_ o angle, and no more flow separation occurs. This
1.6 Results with the original bed load model severely limits the dune growth, leading to these
Using the original bed load model, Meyer-Petefery small dunes. The less steep dunes of limited
and Mller (1948), an equilibrium dune height ofheight are shown in figure 3, presenting the bed

0.064m, dune length of 1.33m and water depth ofhorphology with a non-dimensional step length of
0.19m are found. The dune length is predicted webs.

(the experimental result was 1.32m), but the dune
height is overestimated by about 25%. The
resulting water depth is reasonably close to the
experimental result of 0.17m. In figure 2 the

evolution of the dune shape is shown.
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200 T T T 1 =
.

180 a[-] | Ae[m] | le [m] | he [m]

B0 e e e 25 |0.067] 1.33| 0.19

M= 50 |0.066| 1.33| 0.19

W e e e 75 |0.064| 1.32| 0.19

wE—r—— =

100 | 0.067| 1.33| 0.19
150 0.069| 1.34 0.19
200 | 0.070| 1.35| 0.19
2501 0.076( 1.39] 0.20
300 | 0.079( 1.41] 0.20

B

60

40

20F

0 U.IS ; 1f5 2I 2.‘5 é 315 Jll
. Distance [m] ] Table 3. Pick-up and deposition results.
Figure 3. Dunes of the model with linear relaxation

a=25 (flow left to right)

Against expectation, the water depth and thereby
. . _ dune length are very similar to the experimental
With a stronger lag (non-dimensional step lengthy, original model results. The dune height i4 stil

of 75 and greater) this ‘smearing’ effect is Soy,q high compared to the experimental results, but
strong that no more dune growth occurs at all. Thigery near the original model. This at least shows

is similar to what would occur when going towardsthat the new bed load formula still performs
an upper stage plane bed, where the bed WaShlee%sonably well.

out. Because the dune height is small, there & |egyji, the linear relaxation method dune height was
hydraulic roughness so th.e water depth is Ilmllte uppressed strongly, and now it is not. This is
as well. The dune length directly follows from this poca,se with linear relaxation the transport was

so that remains small as well. (greatly reduced, while now it is still about asthig
As presented at RCEM 2011, the authors foundg \ith the original model. Flow separation still

that this same analysis but then with the dungccrs and so all in all the dune is able to grow
length selected by a stability analysis (se§jye it did with the original model. Even larger
Paarlberg et al., 2009) led to different resulse T 4,65 for the non-dimensional step length don't
dune height was still supressed, but not so strong,q (g decreasing dune growth as it did with linea
as presented here (Van Duin et al, 2011). FOfgjaxation but actuallyincreasing dune growth.
higher values of the non-dimensional step lengtyit, increasing step length in this model version,
dunes kept appearing as opposed (0 NOWeqiment is spread over a larger distance, so more
Interestingly the dunéengthwas not supressed at qo4iment actually reaches the crest. Because flow
all, and greatly increased for larger values of th@enaration still occurs, all the sediment thatheac
step length. During the selection for dune lengthya crest is avalanched there instead of being

the transport with linear relaxation was used tQ,.a0d out over the lee side and trough as
determine which dune length lead to the strongeq.[gppened with linear relaxation.

growth, and that method selected progressivelfna final resulting dune shape with a non-

longer dunes up until values of 200 for the nonyimensional step length of 25 can be seen in figure
dimensional step length before decreasing again.

This interplay between the selected dune length’
and the introduced spatial lag is not fully
understood (Van Duin et al, 2011), but should be
taken into account in further model development.

1.8 Results with pick-up and deposition
Using the pick-up and deposition model of
Nakagawa & Tsujimoto (1980) as the bed load
model, the following is found.
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] 5. FUTURE WORK

#  Linear relaxation
0.021 + Nakagawa & Tsujimoto

The model will be further refined by improving the
relation between bed shear stress and the step
length of transported material. For this the
conceptual model of Shimizu et al. (2009), a step
length model for flat bed (Sekine & Kikkawa,
1992) and a formulation that depends on the

Him)

o 02 04 %itance [gﬂa 1 12 14 transport parameter by van Rijn (1984) will be
Figure 4. Dune shapes of the three versions, a5 tested. Also, experiments have been undertaken by
for linear relaxation and pick-up and depositidowf the authors regarding step length. With this
left to right) knowledge and the different step length models the

model will be improved further.
It is clear that it is very similar to the resulithv
the original model version but strongly differs§. ACKNOWLEDGMENT
from the linear relaxation result. While by itsalf
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Abstract

Sediment transport is studied by means of two phaseerical simulations based on a discrete elemetiiod for
particles coupled to a continuum Reynolds averalgsgription of hydrodynamics.. We analyse the meishas at
the grain scale in the case of bed load, in orajite support to empirical transport laws. Thetieat velocities
of the grains are small and sediment transportrscicua thin layer at the surface of the static. fady, or
“saturated' transport is reached when the fluishdshear stress at the interface between the nrailes and the
static grains is reduced to its threshold values fiimber of grains transported per unit surfatkdsefore limited
by the flux of horizontal momentum towards the anef. However, the fluid velocity in the transpantdr remains
almost undisturbed so that the mean grain velsggles with the fluid shear velocity., eventually leading to a
sediment flux scaling with the third power df. The influence of the grain to fluid density raitsosystematically
studied to reveal the transition between sub-aguéedload and aeolian saltation, for which thespart law has
a different scaling withu.. Based on the mechanisms identified in the steadg, we discuss the transient of
saturation of sediment transport and in particite saturation time and length. Finally, we invget the
exchange of particles between the mobile and gpatises and we determine the exchange time otleatti

1. INTRODUCTION transition from bed-load to saltation by studying
_ _ . the influence of the grain to fluid density ratio

Despite a Wl_de literature, some fundamentalpp/pf, A similar approach has recently been used

aspects of sediment transport in turbulent floves ar, study the onset of aeolian saltation (Carneiro e

still - only partly understood. In particular, 5 5411y The present paper summarizes the
derivations of transport laws, relating the sedimen A

: ..~ 'MARID presentation. More details on this work,
flux to t_he ﬂO.V\.' velocny, have a strong empirical 5 \ve|| as a more developed bibliography on the
or semi-empirical basis (see e.g. among Many,iect can be found in Durén et al. (2012).
others Meyer-Peter and Muller (1948), Ribberink
(1998), Camemen and Larson (2005), Greeley
al. (1996), Ilversen and Rasmussen (1999), Kok THE MODEL
and Renno (2009) and references therein), thuhe jdea is to use a continuum description of
lacking more physics-related inputs. Also, thepyqrodynamics, averaged at a scale larger than the
dynamical ~ mechanisms  limiting  sedimenty ain size. This means that the feedback of the
transport, in particular the role of the bed digord particles on the flow is treated in the mean field

(Charru, 2006) and turbulent fluctuations manner. This method allows us to perform very

Poailly et al., 2009), remain matter of discussion. 1000\/d_/g), using a (quasi) 2D large spatial

Here we investigate the properties of steadylomain (typically 15000 spherical grains inxgz
homogeneous sediment transport using a novéoX of respective dimensions
numerical description of particle-laden flows, 100(dx1dx100(d), ~ while  keeping the
using two-phase numerical simulations based on @omplexity of the granular phase. Periodic
discrete element method for particles coupled to Roundary conditions are used in the (flow)
continuum Reynolds averaged description ofirection. We will now detail the different
hydrodynamics. In particular, we examine theingredients of the model - see table 1 for notation
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the corrections to the drag force (Basset, added-

General:  length [ . d mass, Magnus, etc.) are neglected.
acceleration g
ameis /g Drag force — We hypothesize here that the drag
velocity v vgd force exerted by a homogeneous fluid on a moving
Particles:  angular velocity w Va/d grain only deeends on the difference bet\iveen the
T d3 grain velocityi’(x,z) and the fluid velocityli(z
mass m & Ppd
moment of inertia [ md? at grain's height z. Introducing the particle
force m Reynolds numberR, based on this fluid-particle
f g u
contact stiffness k mg/d velocity difference R, =|Gi—u"|d/v, the drag
damping constant -y m+/g/d force can be written under the form
. z 7 o .
Fluid: shear stress 7 (pp—py)gd forag =§pfd2Cd(Ru) |G-aP [ (@-UuP) (2)
Table 1: Units used in the model, expressed indesm \\here Cd(R ) is the drag coefficient. We use the
. . . . u '
the grain density ©y), the fluid density 0¢), the  f5)5ying convenient phenomenological
gravity (g) and the mean grain diamete)( approximation (Ferguson and Church, 2004):

C,(R) =[1/CZ ++/RE/R ]2, whereCZ = 0.5, i

21 Forces on particles the drag coefficient of the grain in the turbulent

- e o2 "
The grains have a spherical shape and afdnit (R, — ), and R =24 is the transitional
described by their position vectdr, velocity i Particle Reynolds number above which the drag
and angular velocity. A given grain labellegp ~ Coefficient becomes almost constant.

inside a fluid obeys the equations of motion, Archimedes force — This force results from the

iiP
mdi = mg+z fray ‘?fﬁnd stress which would have been exerted on the grain,
q

dt ) if the grain had been a fluid. Thus,
. 1) - 75,

| _da)p :gZﬁpvq X fp,q prrch :€d3d|V0'f (3)
dt 27 where 7d%/6 is the grain volume and

where § is the gravity acceleratior, = md* /10 a'ijf :—pfdu. + rijf is the undisturbed fluid stress

is the moment of inertia of a spheré® is the  tensor (written in terms of the pressypé and the
contact force with graing, n™? is the contact shear stress tensat). In first approximation, the

direction, and fg, encodes forces of stressis evaluated at the center of the grain.
hydrodynamical origin.
2.2 Hydrodynamics and coupling

We model the contact forces following a standardn the presence of particles occupying a volume
approach for the modeling of contact forces in MDfraction ¢, the hydrodynamics is described by the
codes (see e.g. DEM book (2011) and referencaso-phase flow Reynolds averaged Navier-Stokes
therein), where normal and tangential componentsquations:

are described by spring dash-pot elements. Ap (1-@D.u =-3 pf +p.(1- P)g +0. I =
microscopic friction coefficient is also introduced ' ' o ' ! oo

For S|mpI|§|ty we ﬁassume. that thg "l here D,u; =gu; +u;du; denote the fluid inertia.
hydrodynamical force {,,) acting on a grainp ! i the total sh ¢ . tina both
due to the presence of the fluid is dominated Iy th 7y s the fotal shear stress tensor resulting bo

drag and Archimedes forcesf”. and f” from viscous diffusion of momentum (viscous
9 drag Arch  stress) and transport of momentum by turbulent

respectively. The lift force, lubrication forcesdan g, ctuations (Reynolds stressﬁ. is the body force
exerted by the grains on the fluid. In the steaty a

(4)
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homogeneous case investigated here, These RANS [1 [1]

equations simplify into vo,l=kl-e'™" (11)
a,p'=-pg (5)

o"zrf =F (6) Wwhere k=04 is von Karman's constant. In the

case of a turbulent flow over a smooth and flat
surface (no grains), we recover the prediction
computed with the phenomenological expression
for the mixing length suggested by van Driest
The coupling termF can then be obtained by (Pope, 2000), which reproduces well classical

averaging the hydrodynamical forcﬁlu'd acting experimental results. Comparison to measurements

on all the grains moving around altitude in a determines the dimensionless paramdter 7.

horizontal Iayer of are# and thicknesslz: o ) ) ]
Starting integration deep enough in the static bed
F(2)= Z fp 7) to be in the asymptotic limit that can be analytica
AdZ pD{zz+dzf}IUId

derived, we obtain the different hydrodynamical
We take for A the total horizontal extent of the

fields. They are displayed in Fig. 1, in the cabe o
domain (i.e.100(d x 1d). The symbols(.) denote

sub-aqueous transporp(/p; =2).
ensemble averaging. Here, we retain i
component only, which simplifies into

1_ < Zfdragx> Z LGTdS (8)
p{zz+dz p{ z;z+dz
where the grain's volume fractignis defined as &
w=r ¥ Ld @ & J
Adz pD{zZ;z‘idz} 6
Eq 6 integrates ag'(2)=,u? —1°(2), where
we have introduced the shear velodity, defined
by the undisturbed (grain free) wall shear stress 2 \

and the grain borne shear stres§, computed -
from the integration of (8) over sufficient vertica 1 \

where we noter" =7}, the fluid shear stress, and
later onu =u, for the fluid horizontal velocity.

extension to count all moving grains. Mt \“*»__
In order to relate the fluid borne shear streshéo R if ""“"""'R\f'
average fluid velocity field, we adopt a Prandtl-
like turbulent closure. Introducing the turbulent -2
mixing length /, we write ;
f_ = T T
' =p (v 2| dul)du (10) D 020406081 0 2 4 6 8 10

v is the viscosity (a constant independent of th‘Tflgure 1. Vertical profiles of the rescaled volume
volume fraction). As for the mixing length, we

know it should vanish below some critical
Reynolds numberR, and should be equal to the Iength F =(/d, fluid bome shear stress
distance to the surface far above the transport r' =1 (pul), viscous shear stress
layer. To avoid the need of a somewhat arbltraryrf+ =vdu/u? and turbulent shear stress
definition of an interface between he static and =

f+ f+
mobile zones of the bed, we propose the’t = (£OU)°IUF (by definition 77" =7," +7,").
differential equation The reference heighz =0 is set at the altitude such

that ¢ = ¢, /2.

fraction ¢/¢,, flow velocity U™ =u/u., mixing
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3. SEDIMENT FLUX We show in Fig. 2 the saturated flux in both cases
(water and air). In agreement with experimental
Steady and homogeneous sediment transport ghservations (e.g., Meyer-Peter and Muller, 1948;
quantified by the volumetric saturated flux,, Ribberink, 1998; Lajeunesse et al., 2010;
i.e. the volume of the particles (at the bed dghsit Rasmussen et al., 1996; Creyssels et al., 10@9), w
crossing a vertical surface of unit transverse sizénd that Q.. scales asymptotically a® (or uf)
per unit time. I_t hr_sls the dlmenS|c_)n of a square(fior saltation, while q_, scales as®*? (or U?)
length per unit time. In the simulations, we o .
compute it as underwater. This figure al_so reveals the existence
1 7 of a threshold shear_velocny belqw which the fI_ux
Ot :__d3z u, (12) vanishes. More precisely, we define the dynamical
Ag, 6 P threshold Shield number ©, from the
A key issue is the dependence@yf, on the shear extrapolation of the saturated flux curve to O,
velocity or, equivalently, its dimensionlesswhich gives in our cased,=0.12 for water

counterpart the Shields numb@x, defined by (pp/pf =2) and ©,=0.004 for air
_ P U (13) (p,!p; =2000), respectively. These values are
(L, = ps)ad consistent with experimental ones within a factor
which encodes the strength of the flow. of 2.
1.6 4, MECANISMS AT WORK IN
L
WA : THE TRANSPORT LAYER
: - ! Bed load and saltation mainly differ by the vettica
[ ) . characteristics of the transport layer. At small
. density ratios the motion of grains is confined
s . . within a thin layer of few grain diameters. By
o . contrast, for large density ratios, grains expeen
o 04 ra much higher trajectories: the transport layer is
3 " ; much wider and the flux density decreases
" i exponentially with height with a characteristicesiz

of the order of5Cd, roughly independent of the
shear velocity. The transport layer thickness is
effectively determined by the hop length for
00 : p,!p; >10. Below this cross-over value, this

n.os thickness is given by the grain diametdr as
A * trajectories are almost horizontal. The transition
| from bed load to saltation therefore takes place
0.0 | 1 when the vertical velocities of the particles are
- : sufficiently large for these particles to escape th
A =) s traps formed by the grains on the static bed.

onh 01 0EF 002 03 03 035
ol

s ! Another difference between bed load and saltation
0oL v 3 is how the grain's feedback on the flow is

= ! distributed within the steady state transport layer

Fig. 3 presents the vertical profiles of the fluid

shear stress, rescaled by the dynamical threshold

7, (as defined by the saturated flux), for different

Figure 2. Rescaled saturated flux ver@¥? for water shear velocities. For bed load (Fig. 3a), the

(a) and © for air (b). Full lines are the predictions gjfferent profiles of the fluid shear stress se¢ms
given in the text.

1 .0l 0.02 D .M AR

=
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converge to the threshold value very close to th&@hese quantities are plotted as functions of the
surface ¢=0). In this transport layer, the fluid Schields number in Fig. 4. A scaling law
momentum decays over few grain sizes, InnJO©-0, is well verified over two decades,
agreement with the vertical extension of theindependently ofp, / p;. By contrast, the density
transport layer. By contrast, the fluid shear sties . p .
below the threshold in the bed € 0) but some ratio _has_ a_strong effect di*. The mean grain
(weak) transport still occurs there, which isVelOCily is independent of® for large Pyl P
sustained not by the fluid itself but by the(aeolian case), whereas it varies linearly with the
momentum transferred to the surface by graidluid shear velocity at low density ratio (sub-
collisions. aqueous case). Interestinglyl” remains finite at
the threshold, at a value independentmf/ o, .

This general picture is still valid for saltatiofid.  These behaviours are in agreement with

3b), however now the dynamical threshold isgxperimental findings in the case of bedload
reached much farther from the surface (af ajeunesse et al., 2010).

2=10d) which implies that the kinetic energy of
impacting grains is large enough as to sustain th #
transport below this height. Above it, the transpor
is driven by the fluid and most of its momentum is
dissipated in a much larger layer (comprising ten
of grain diameters) again in agreement with the
size of the saltation layer. Notice that althoulgjis t 2
surface sublayer belodCd contains most of the
grains, it still represents a small fraction of the — 1
overall transport layer. : NCY

A

An important consequence of this distinction in the
vertical structure of the grain's feedback is tha -1
although for bed load transport is equilibratec
when the fluid shear stress reaches its dynamic.
threshold below the transport layer, this conditior {1
is not enough for saltation to equilibrate. For R
saltation there is a sub-layer where transporbts n 1#/ '
directly driven by the fluid and thus its 1ood |

equilibration is not dictated by the threshold.

There, the properties of grain's collisions becom:
relevant and the equilibrium is described by the
conservation of the number of saltating grains i.e 1o
when the number of grains entering the flow
exactly balance those grains trapped by the bed.

5. SCALING LAWS 10 ,' X

The saturated flux can then be decomposed as tl
product of the numben of transported grains per
unit area by the mean grain horizontal velocity

u”: q,=nu’/™®/(6g). In the numerical - -
simulations, we computa andU” as filzy

Fas

= e

u E u? Figure 3. Vertical profiles of the fluid borne sha#ress
p o p . . .
P and UP==—F (14) for different values of the shear velocity raticeds

Azp u Zpup legend), in water (a) and air (b).
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when the fluid shear stress equals the transport

threshold at the surface of the static bed, i.eerwh
_,r"'. r’=pu’-r,,  with, by  definition,
T Iy =0,(0, - p;)9d = p,U. As consequence, the

01 | ' number of transported particles per unit area is
i solely determined by the excess shear stress:

n=(p,u>-r,)/f,, Assuming that the

o . ’:- transported grains do not disturb the flow, thevflo
= velocity around graingl must be proportional to

SR . .10 the shear velocity, so that/u, =4/©/@,. One

= & LODD can then deducell® =u,(y/O/O, =~y /1),
| . . where L, is a friction coefficient characterising the
0001 a0t 0.1 drag force necessary to set into motion a static
O i grain. This predicts that the grain velocity does n
vanish at the threshold, if friction is lowered
. during motion (4, </.). The velocity at threshold
can be interpreted as the velocity needed by a grai
to be extracted from the bed and entrained by the

-
(5

L]

- -
- b pa
— o

- -l. j - E!lf.l flow.
| y A « 400 , - .
> 15 4 f I;[Hf' We can proceed in a similar manner for the aeolian
i A0 h o saltation regime, following ideas initially propake
5 | &% gt by Owen (1964) and Ungar and Haff (1987). The
i D 1o T IO momentum balance® = p,u? - 7, still holds, so
e rLEN .'I.I...I'II'.

that n has the same form as in the bed-load case,
but with a different effective drag forcé,, not

related to friction anymore but to grain velocities
g For saltation, steady transport also implies that t
A SR S S & I number of grains expelled from the bed into the

Jara, flow exactly balances those trapped by the bed, i.e

. . . a replacement capacity equal to one. Due to the
Figure 4. (a) Number of transported grains per aré&  grain feedback on the flow, in contrast with bed
and (b) mean velocity of these grains as functafrtbe load, grains in the transport layer feel a flow
Shields number for different values of the densittjo indei)endent of the wind strength (see Fig. 3)
(see legend). Thus, new moving grains come only from high

We can derive these scaling laws from Simloleenergy bed collisions. Since the number of ejected

models. Following Bagnold's (1956) original ideasdrains 1S a functlon_ of the Impact energy (or
for the case of bedload, we write the grain bomequ.lvalentl)./, O_fp the impact veIOC|ty)., the mean
shear stresg® as proportional to the moving grain grain velocity U must be_ cons_tant, independent
density n and to the drag forcd, acting on a of the shear velocity, .s.callng withl,. In fgct, all
moving grain. As these grains are in stead)Part'Cle sgrface velocities also sca!e with, S0
motion, f, balances a resistive force due granulaf?@ fq is a constant too, leading again to
friction, collisions with the bed, etc. These nbe-06,.

different dissipative mechanisms can be modeled

as an overall effective friction force charactedize These scaling laws explain the different behaviours
by a friction coefficient g, leading to ©f Oy (©) in the sub-aqueous bedload and aeolian

f, = 711644, (p, —p,)gd®. Saturation is reached saltation cases, as shown in Fig. 2.
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boundary layer: experiment and theory. J. Fluid

6. CONCLUSIONS isi/lr(:f:'e?:ri;zjl\jl.odeling of Granular Materials
The aim of this paper was to present a novel *gHied by F. Radjai and F. Dubois, ISTE, Wiley,
numerical approach for sediment transport based 577

ona dlsc_rete element method for partlcles_ cquple?urén, O.. Andreoti, B. and Claudin, P. 2012
to a continuum Reynolds averaged description of 'nymerical simulation of turbulent  sediment
hydrodynamics. We have studied the effect of the transport, from bed load to saltation. Phys. Fluids
grain to fluid density ratio and showed that we can 24, 103306.

reproduce both (sub-aqueous) bed Ioadjﬂaltpf Ferguson, R.l. and Church, M. 2004 A simple uniaers

close to unity, where transport occurs in a thin equation for grain settling velocity, J. Sedim. Res
layer at the surface of the static bed, and (agplia 74, 933-937.

; Greeley, R., Blumberg, D.G. and Williams, S.H. 1996
saltation at Iargq)p/pf’ where the transport layer Field measurement of the flux and speed of wind

is wider and more dilute. Scaling laws for the blown sand. Sedimentology 43, 41-52.

density of moving grains, and for the averagejoussais, M. and Lajeunesse, E. 2012 Bedload

velocity of these grains, as functions of the transport of a bimodal sediment bed. J. Geophys.

Schields number are found in agreement with Res. 117, FO4015.

experiments, and support simple mechanisms aersen, J.D. and Rasmussen, K.R. 1999 The effect o

work in steady and homogeneous transport. wind speed and bed slope on sand transport.

Sedimentology 46, 723-731.

Further work will be focused on transientKok, J.F., Renno, N.O. 2009 A comprehensive

situations, in order to study the time and length numerical model of steady state saltation

scales encoding the relaxation properties of out-of (COMSALT). J. Geophys. Res. 114, D17204.

equilibrium transport. Also, it would be intereggin Lajéunesse, E., Malverti L. and Charru, F. 2010

to investigate the case of bimodal or more Bedload transport in turbulen_t flow at the grain
. . . . scale: experiments and modeling. J. Geophys. Res.

polydisperse grains (Houssais and Lajeunesse, 115, FO4001.

2012) Le Louvetel-Poilly, J., Bigillon, F., Doppler, D.,

Vinkovic, 1., Champagne, J.-Y. 2009 Experimental
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Abstract

The deep sandwave dynamics is still in debate. k&taleding the migration processes and the resudtiadution
of their 3D internal architecture are scientifigathallenging. To address these questions we eshliwo swath
bathymetry surveys complemented with seismic réflacacross the large sandwaves field named “Banfeair”.
It is located offshore the Western Brittany anadaésnposed of more 500 dunes. Some of the dunes’lersyths
and heights exceed 1000m and 30m respectivelyngdabhem among the largest dunes ever describedliliEmgum
laws obtained from our morphological analysis ave completely in agreement with those describegrévious
studies of similar structures in shallow waterslakeely high migration velocities on deep contitedrnshelves
(from 3 to 20m.yr-1) attest of their still presedynamical equilibrium. Internal-external morpholcaji and
kinematical analyses show the existence of tweedhfft dynamic regimes. Interpretation of the seismflection
data allowed to reconstruct long-term evolutionthaf sandbank and the establishment of progressiveections
between stepped submarine channels and tidal dgsatuiing the last sea-level rise.

1. INTRODUCTION determine universal relationships. Flemming
(1988) gives an evidence of the existence of a

Seabed is often covered with rhythmic sandygeometrical equilibrium relationship betweén
bedforms, the marine dunes, which are particularlgnd h (h=0.067%%%% and defines an upper height
wide-spread on macro-tidal continental shelveslimit (hy,.=0.16."%%. However, recent studies on
According to Ashley (1990) and Berné et al.giant-deep dunes tend to invalidate this limit
(1993), dunes are classified by their size(Barrie et al., 2009; Van Landeghem et al., 2009).
(wavelength): small (0.04-0.25m), medium (0.25-As Allen (1968) observed an increase of h in
0.44m), large (0.44-2.8m) and giant (>2.8m).accordance with D, Francken et al. (2004)
Those are elongated bedforms, with angulacalculated another upper height limit,{x0.25P).
variations frequently reaching up to 20° Other studies (Werner et al., 1974; Van
perpendicular to the main current (Hulscher andandeghem et al., 2009) have produced
Van den Brink, 2001). The latter ones differ fromcontradictory evidence and have demonstrated that
sandbanks which are defined as flow-parallethis relationship does not apply in general cases
bedforms or slightly oblique (<30°) to the peak of(Flemming et al., 2000).

tidal flow direction (Le Bot, 2001) and are alsogyndbodies are formed in response to the
characterized by much larger sizes (>1000Myteraction between sedimentary characteristics
large). and local hydrodynamics regime (Allen, 1968). It
Morphology dunes parameters (wavelength, height usually assumed that migration velocities of
and depth) are commonly correlated in order t@lunes decrease as their size increases (Ernstsen et
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al., 2006). However, inverse correlations have?). The Evalhydro2009 campaign, carried out in
been observed (Garlan, 2004). Marine dunes terigebruary 2009 by SHOM from the board R/V
to migrate in the direction of the residual current'Pourquoi-Pas?”, yielded a DTM of 5m resolution.
by acquiring asymmetric shapes facing the samand the AlbertGeo2010 campaign, carried out in
direction (Hulscher and Dohmen-Janssen, 2005August-September 2010 by IUEM from the board
Knaapen (2005) uses the degree of asymmetry ®/V “Albert Lucas” yielded four DTMs (A to D)
estimate their direction and their migration rates. of 2m resolution. Internal sandbodies structures
However, some field observations showWere investigated by seismic reflection acquisition
asymmetries opposed to residual currents (Besio &1OM conducted very High Resolution (VHR)
al', 2004) and migrating directions (Van selsmic proflleS W|th SIMRAD EM120 CHIRP on
Landeghem et al., 2012). R/V “Beautemps-Beaupré” in November 2010

. . . Daurade2010). HR seismic profiles were carried
Internal geometries of sandbodies partially reflecf)ut by IUEM on R/V “Cétes de la Manche” with

their paleo-morphologies. Indeed, the recognition .
of internal dune structures allows a reconstitutior?"oarker (250 Joules) mono and multi-channels

of depositional environments and processes on %grmg several surveys GeoBrest (2005, 2006,

annual-decadal timescale (Morelissen et al., 2003 10 and 2012). .
orphology dunes parameters were obtained

Berné et al. (1993) describe three orders Ofjther manually or automatically on bathymetric
boundaring surfaces: (1) first order surfaces whiclhyTps. Wavelength), lee side length Ls and
are sub-horizontal and correspond to _the erosionﬁleight h were found manually from at least three
overlapping of small sandwaves superimposed  2pcross-sectional profiles perpendicular to the
(Berné, 1991) (2) second order surfaces which dipaves’ crests. Crest depth D and dip direction of a
in direction of lee-side and correspond to ariee sideoa are defined automatically by zonal
erosive process of wind-current and wave-stornstatistics. The asymmetry A is defined as
(Le Bot and Trentesaux, 2004) (3) third order( 2Ls)A according to Knaapen (2005).
surfaces, which are more inclined than the latteTwo different methodologies were used to measure
ones, and result from the alternation of avalanchdunes’ migration between February 2009
phases and “sandy rainfalls” (Berné, 1991). AllenEvalHydro2009) and August-September 2010
(1980) suggests that the layout of internal ursits i(AlbertGeo2010) in zone D: (1) firstly, the
led to the tidal asymmetry degree. crosscorrelation, which is a rasterial technique,
calculates migration vectors from the search of
similar shapes between two grids obtained for two

2. DATA AND METHODS different times t1 and t2 (Delacourt et al., 2004,

The north Iroise Sea connects the English Chann8uffy and Hughes-Clarke, 2005; Buijsman and
and the North Atlantic Ocean on the westerrRidderinkhof, 2008) and (2) then, the
Brittany’s continental shelf. The hydrodynamics isspatiotemporal graph approach is based on an
strong with tidal current velocities reaching up toentitiesrelations  conceptual model and on
4m.s' (Hinschberger, 1962) and storm wavesgeometrical measurements between geographical
regularly exceeding 4m (Dehouck, 2006). Theentities (crests of dunes) related by filiation or
study area consists in a wide Northward openegptatiotemporal links (Del Mondo et al., 2010;
triangular bay, bounded to the East by coastasreeflhibaud et al., 2012). The results of these two
and to the South and West by the Molene-Usharifiethods were then compared.

Archipelago. The island belt is interrupted by two

narrow and shallow channels, the Fromveur

channel (50m b.s.l.) and the Four channel (10n3, RESULTS

b.s.l.). The “Banc du Four” is located 100m b.s.I.

in the middle of the bay (Fig. 1). The sandbody had e “Banc du Four” is a series of more than 510
been the subject of little investigation bedforms extending between 70 and 105m b.s.|. It

(Hinschberger, 1962) up to now. is characterized by a sandbank flanked by two
DTMs were obtained by two multibeam dune fields, which define a V shape (Fig.2). The
echosounders (MBES) bathymetric surveys (FigSandbank covers an area of 4x2km2 ranging
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between 35 to 90m b.s.l. It is nearly symmetricalthe western part characterized by lower velocities
with a flattened crest aligned to the East-Wes{6m.yr' mean) and motion directions towards the
direction. To the south, it is preceded by a gianSouthwest (2) the eastern part characterized by
asymmetric straight dunex£1050 m, h=32 m, higher velocities (12 m.yr-1 mean) and an opposite
width=2000 m) oriented towards the Southwestmigration direction (towards the Northeast). Here
direction. In one hand, the northwestern dune fieldigain, one can identify a central shear separation
is characterized by dunes decreasing in sizeith no preferential motion direction. Similar dune
(between 0.02 to 30m high and 10 to 600nmigration results were obtained with the
wavelength) while increasing in depth (50 to 105mspatiotemporal graphs method (deviations less than
b.s.l.) as one goes away from the sandbank. They0% for migration rates and 15% for migration
are generally asymmetric with a flexing of thedirections).

upper part of the crests and polarity directiora th The analysis of internal geometry of Zone D dunes
rotate clockwise (from Southwest to Northeast) asvas performed with seismic CHIRP and sparker
the distance to the Northwest increases. In thprofiles. The observed reflectors can be split in
other hand the northeastern dune field idwo groups characterized by different layouts. The
characterized by giant asymmetric dunes (betwedfirst group is composed of oblique third order
0.02 to 20m high and 10 to 500m wavelength) andeflectors parallel to the dune lee-slope and
an increasing depth as one goes away from therograding towards the Ilatter. These foresets
sandbank. Their morphologies delineate twadownlap a first order (subhorizontal) reflector
distinct zones: (1) in the western part, dunes arehich is the prolongation of the next dune’s
nearly straight and oriented towards the Southwestossside. According to Reineck and Singh (1980),
(2) in the eastern part, dunes are smaller, ydt avit this

greater sinuousness (even barkanoid) and inversefjgometry is due to dune migration which proceeds
oriented (towards the Northeast). The separation dfy successive avalanches at the lee-side and
the latter ones manifests itself by a well-markedrograding on the next dune’'s stoss-side. The
shear zone. reflectors of second group form small units made
The dunes’ morphological parameters analysis obf first and third order reflectors crosscut by
“Banc du Four” gives interesting results. Theslightly oblique second order reflectors dipping in
geometrical equilibrium relationship betwean direction of lee-side (Ferret et al. 2010). These
and h (h=0.012¢-"""2 ”=0.75) has a similar trend units are accumulated vertically whithin the dune.
to that of Flemming (1988) but with a steeperinternal structures of sandbank were derived from
positive slope. Furthermore, some measuremengeismic sparker profiles (Fig. 3). Six differenitan
values exceed the upper limit of Flemming (1988).have been individualized and numerated in
One can also assess that the calculated relati@hronological order. The first unit (Ul) is the
between h and D is not accurate (h=13156.1030leepest and smallest one, localized in the cefiter o
3459 2=0.3). Yet, the height of the dunesthe sandbank and lies on the substratum. The
decreases as the crest depth increases, this tresgtond unit (U2) is bigger, aggrades and progrades
being opposed to Allen’'s observations (1968)partially on the previous unit toward the
Moreover, for some dunes, the ratio of h and DNorthwest. The third unit (U3) rests on previous
exceeds the upper limit calculated by Francken ainit side and progrades toward the WNW. The
al. (2004). fourth unit (U4) aggrades and progrades towards
Cross-correlation parameters used were 32 pixethe WNW with the same area that the sandbank
for the search window and 8 pixels for the shapdéself. The fifth unit (U5) aggrades in the WNW
matrix. Only migration vectors associated to SNRpart of the sandbank. The last active unit (U6)
above 0.99 and magnitude vector greater or equabvers the entire sandbank with an aggrading
to 5m were kept. The calculated dune migratiortomponent in the northwestern part.

rates vary between 3 and 20m.yr-1. At 75%, the

migration directions correspond to morphologicalg. DISCUSSION

directions of dunes with an angular spacing lower

than 30°. As for the morphological analysis, theMorphology parameters relationship results of
dune migrations delineate the same two zones: ({Banc du Four” are different from other authors’
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studies. Flemming (1988) described well thebehavior.
general trend of increasing height as wavelengtifhe internal structuration of sandbank reflects
increases, without determining a universal law fomajor developments over time in relation with the
the geometrical equilibrium relationship and anlast sea-level rise and the establishment of
upper height limit. This assessment is consistergrogressive  connections  between  stepped
with other observations (Barrie et al., 2009; Vansubmarine channels and tidal dynamics. The Ul
Landeghem et al.,, 2009). Moreover, the inversanit marks the first formation stage of the “Banc
relationship between height and crest deptldu Four” with the establishment of a small sandy
observed here is contrary to that of Allen (1968)structures (most likely a small sandbank or a dune
and some height values measured exceed the upgiedd) in shallow water. At this time, the sand
limit established by Francken, et al. (2004). Herestructure was no deeper than 80m below the
again, these observations are consistant to similaurrent sea level (b.c.s.l.) and the north Iroisa S
studies (Werner et al., 1974; Flemming et al.could look like a wide open bay toward Northwest.
2000; Van Landeghem et al., 2009). The norThe U2 unit marks a strong change of the
universality of morphology parameters relationshipsedimentary dynamics which can be explained by
can be linked to the failure to take into accounthe opening of one of the South channels when the
particular environments such as deeper waters arsgta level was above 50m b.c.s.l. This episode is
highlights that the complex physical mechanismdollowed by a gradual displacement of the
of dunes’ forming are still poorly known. sedimentation in Northwest direction (U3, U4 and
The migration directions of dunes in Zone D are inJ5) due to the submersion of the Molene-Ushant
agreement with their morphological directionsArchipelago. The recent stabilization of coastline
(Hulscher and Dohmen-Janssen, 2005). The dunesiay explain the low mobility of sedimentation
dynamic study clearly shows two opposing(U6).
dynamic sets in shearing. This is in accordance
with numerical models of tidal residual current; ~ ACKNOWLEDGMENT
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Abstract

The most recent hydrographic surveys conductedi®¥8 in the north and west of Brittany, at depths76fto
200m, delineated two very large dune fields, thatl vnow, had been described only by a few old ifgef More
than two thousands dunes were identified duringests of 2011 and 2012. These one have been addbd @IS
dedicated to banks and dunes of the French comtihshelf. These surveys have highlighted the baried of
these two dune fields, and the existence of fiefdzgarchan, giant dunes and very large variatiartbé orientation
of the dunes, characterizing the complexity of ¢hesvironments. The dunes field of the Celtic S®aer a
surface of 31 000 ki The main direction of the transit is to the sowst, and most of the dunes are transverse
and of some meters high. But when we look the maggly of dunes at the local scale, it appears nuguies
that have been rarely described. After describliregGeltic dune fields, we establish a classificattbdunes based
on their shape, their dynamics and their envirortrimearder to achieve a synthesis of the duneb@Qeltic Sea.

1. INTRODUCTION less than 40m and it must be necessary to take into
account currents and regional characteristics of
During the bathymetric surveys achieved by theediments. As Kocurek says during the precedent
French Hydrographic Office (SHOM), submarineMARID « Boundary conditions makes each
dunes were detected in the shallow water zone, #edform field unique ». Studies on dunes of the
the end of the nineteenth century. We neverthelessench continental shelf were done at the
had to wait until the late twentieth century, with beginning on some sandbanks environment and on
the arrival of multibeam echo sounder and GPS, teome dune fields of estuaries or near the coast of
have an accurate characterization of theCalais and Cherbourg (Berné et al 1989, 1993),
morphology and location of these dunes. It hasince 1988, SHOM has done hydrographic cruises
thus become possible over the past fifteen years Wevoted to the study of the dynamics of dunes of
precisely quantify the speed of dunes and followthe North Sea and the English Channel. Since
their morphological evolution over time. 2011, these surveys apply now to the Celtic Sea,
According  sediments and  hydrodynamicsand the region of dunes explored, will therefore
involved, these rates vary from a few meters tdrom the border of Belgium to the continental
tens of meters per year. The study of the dunas isslope of the Atlantic.
young science, and knowledge of the movementshe objectives of our works are to answer to some
of the dunes stay must await the results of surveyguestions about the time needed between
of different environments on recurring periodshydrographic survey, the impact of these fields on
sufficiently significant. Synthesis of studies madepenthic habitat mapping, on offshore renewable
by Wever (2004), gives the values of dunesnergy and on mine burial. In parallel we realised
displacements reported in the scientific literatureresearch on dunes (Le Bot, 2001; Ferret et al,
These studies are unfortunately limited to depthg010; Franzetti et al, 2013) and on numerical
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modelling of dune dynamics (ldier, 2002; Idier etEnglish Channel and of the Celtic sea. For these
al, 2011). We develop a specific GIS on dunesegions the only documents which describe dunes
which is the synthesis of knowledge from someare papers of Belderson et al (1971) and some
decades of surveys (Garlan et al, 2008, Thibaud &orks on small areas of the Celtic Sea for the
al, 2012). This system is used to compare theesearch of petrol (SHOM and SNEAp, 1962), and
knowledge of bedforms with charts, to modify theresearch on Neogene stratigraphy (Reynaud et al.,
surveying strategy, to look at the historical1999).

movement of the dunes and to develop new

cartographical products (Garlan, 2009). Thes@.2. West Channel and Celtic Sea Surveys
works are done in the context of the second SHOM

Dune projects (2013 to 2017) which concern. " g
research, GIS and products for the safety o . it
navigation, sand mining, mine burial, wind farm, pa bl
European marine strategy directive, marine .
protected areas, ... - ;

2. DUNES SURVEYS it e Y g e

2.1. North Sea recurrent surveys

Recurrent hydrographical surveys in the Frencl
part of North Sea are done for the safety o R
navigation. Hydrographic Offices should ensure; s = e, T
for sea transport a minimum depth of 26m. If the= = ° - " 5. T
maximum height of a dune is 22 meters; areas witn' ' S
dunes and a maximum depth of 48m, thus presefitgure 1. Fields of dunes of north Brittany defirisd

a potential risk. But we must take into account thdhirteen recent SHOM hydrographic cruises

impact of the water level, which is critical to the From 2002 to 2007, thirteen hydrographic surveys
height of the dunes. In fact, the height of theedun were done in the north of Brittany in regions which
saturation is about 35% of the depth so, for a dunigad not been surveyed since more than fifty years.
reaches a depth of 26m, it is a necessity that thEhese MES surveys had been used to delineate the
bottom is of 40mSo, for safety of navigation, all field of dunes and to characterize their properties
areas containing dunes and whose depths are lggs this area, tidal currents have a principal
than 48m are classified as risky; below 40m, theylirection from WNW to ESE, with intensities of
are classified as high risk. The surveys were dongie bottom currents which go from 1 to 1.5 knots.
from 1988 to 2000 every 3 years on some specifithe depth is from 70 to 120 m. 46% of the dunes
zones. With a 3 weeks survey/year, a completare large (10 € < 100m, 0,75 < H < 5m), 44% are
survey of the French part of the North Sea traffiosery large dunesi(> 100, 5m < H < 10m), and
separation channel was done from 2000 to 2012.0% are dunes with heights between 10 and 22
We define a new protocol which consist of surveymeters.

every 2 years a dozen of dunes all along the zone 18
of navigation and study the movements of these 1
dunes. These observations are sufficient to look at 14
the normality of the dynamics of the dunes 12

10

concerned by the safety of navigation and of the =
conformity of the reality with charts.

8
6
4
2

x
I

To define marine habitats, for mine hunting and to r 1|

choose appropriated zones for marine cables or 0 LI | 11 FEFT—— -

wind farm, the first need is to know if there isnéu KR T L 4

in the region and if so, do they move. If the Hetght of the dunes (m)

delimitation of dunes and dune fields of North Sedrigure 2. Height of dunes in the north Brittanythe
are well known, it is not the case of the westhef t area of 70 to 120 m depth
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Studies on twenty parameters, measured on each of in the south-west, to the extern part of the
these dunes, allow regional comparisons using Channel.

relationship between the height, the wavelengtfThe fourth part, located in the north-west shows
and sinuosity parameters. It remains to analyze thdisplacement in very different directions and
current meter measurements and sedimemequire additional surveys to clarify this system.
samplings which will continue to be performed
during planned campaigns in 2013 and 2014.
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Figure 3. Comparison of Height/wavelength relation

with Flemming's results

The characteristics of these dunes change witﬁ' SOME EXAMPLES OF DUNE
depth in this region. Height of dunes increases FIELDS OF THE CELTIC SEA

with bathymetry, and the higher dunes are on thﬁ"he two sedimentological cruises of 2011 and
edge of the central depression of the Englis(%>

Channel. It is why it is important to go deeper an 012 with the Beautemps Beaupré and the
. o . . .
look at the Celtic Sea with it's depths from 70 to ourquoi Pas? were realized to define the limits of

%the dune fields, and to characterized the principal
200m.
properties of the dunes and of their environment.
The west limit of dunes, on the top of the

LB continental slope, and the limit with the Bay of
Biscay, where dunes are limited to coastal bays
B and estuaries, are not completely defined, but the
10,00 | § French fields of dunes of Iroise Sea, Celtic Seh an
5 west part of the English Channel are now globally
IS delimited (Figure6). _
-g) 173 "
1,00 | @ : ‘
I ‘ba
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Figure 4. Evolution of the height of dunes with tejm 5
the north of Brittany and between the English idian e Y
and Normandy B 5

Zones covered |:
with dunes

The study of directions of movements of the dune
shows three regions with a clear direction:
* in the north-east, to the English island

= in the south-east, to the Bay of Saint-Brieuc, Figure 6. Location of the dunes of the Celtic Sed the
west part of the English Channel
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Most of the analysis of the data from these survey8.2.  Portsall Dunes
must be done and two new surveys are ims an example of the poor knowledge of dunes of
preparation. Results on the Four Banks arghese regions, the Portsall field of dunes is at 50
presented by Franzetti et al (2013), for the rést ckilometers to the French coast and it has been
our observations, the following chapters showdiscovered during the PROTEVS-Dunes survey of
some of the first observations. October 2012. At a depth of 90 to 100 meters,
more than 300 dunes associated to a low sandbank.
3.1. Ouessant sandbank and Ouessant 7.7 % of these dunes are higher than 10 meters and
Dunes field some of these higher dunes are barchans (figure 8).
The Ouessant sandbank (Figure 7) is the brother of
the Four sandbank, they are at the two extremiti
of the Fromveur which is a channel with strong
bottom currents up to 2.5m/s. In the north, a king
of corridor of dunes, go in the direction of the
sandbank. Along this bank, the dunes turning
around in an anticlockwise direction with speeds
of the order of 20m/an (measured on two surve
spaced to 11 months)

05- 5m
— 5-10m
e 10-21m

Figure 8. Portsall sandbank and it's very largeediand
barchans

In deserts, barchans are the dunes with the fastest
speeds. Portsall sadbanks with barchans and
longitudinal dunes, which is near the coast, is a
particularly interesting environment to study the
dynamics of dunes at depths of 100 meters.

3.3. Celtic Giant Dunes

The new surveys show that all the Celtic Sea
shows dunes. These dunes are associated with
great sandbanks which had been described since
many years (Belderson et al 1962, Reynaud et al,
1999). Before MES, at these depth of 100 to 200
meters, the bathymetric systems didnt had a
sufficient accuracy for the mapping of dunes. In
2011 a profile had showed a series of giant dunes
with height from 25 to 29 meters. Eleven months
after a survey in this area shows that these dunes
Figure 7. Bank of Ouessant and dunes with 20m/y did not seem to move, and that these symetrical
dynamics structures are not numerous. These dunes are
At some nautical miles in the South west of thissimilar to those described by Van Landeghem
sandbank, a large field of dunes presents the?009) and a study about morphology and regional
particularity to be the zone of life for a colonfy o CUTTeNts is under process (Figure 9).

dolphin. New observations must be done on this

particular field.
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Ferret, Y., Le Bot, S., Tessier, B., Garlan, T fitea R.
2010. Migration and internal architecture of marine
dunes over 14 and 56 years intervals (Eastern
English Channel)Earth Surf. Process. Landforms
35, 12 : 1480-1493

Idier, D. 2002. Dynamique des bancs et dunes de sab
du plateau continental: observations in-situ et
modélisation numérique. Mémoire de Doctorat, INP

Toulouse.
Figure 9. Comparison of 2011(lines) and 2012 (DEM) Idier, D., Astruc, D., Garlan, T. 2018patio-temporal
bathymetry of trochoidal dunes of the Celtic sea. variability of currents over a mobile dune fieldthre
Dover Strait Continental Shelf ResearcB1, 19-20
: 1955 — 1966.
4. CONCLUSIONS Franzetti, M., Delacourt, C., Garlan, T., Le Roy, P

Dunes observed during surveys conducted in 2011 Cancouét, R., Submitted, Giant sandwave
and 2012 shows different morphologies. The morphologies and dynamics in a deep continental
dynamics of these dunes appears possible even atshelf environment. example of the Banc du Four
depths of 200m. Many criteria shows that these (Western Brittany, France).

movements exist locally, it is necessary to comtinuGarlan, T., 2004. Apports de la modélisation dans
the measures to support these observations. I€tude de la sédimentation marine récente. Mémoire
Surveys on the dunes of the Celtic Sea and d'I—!abllltatlonaDlr[ger la Reqherche, Universitsd
Western Channel will continue in 2013 and 2014, Sciences et Techniques de Lille, 155 p.

including new surveys of MES acoustic imageryGa”anv T., 2007. Study on marine sandwave dynamics
and bathymetry, seismic profiles, measurements of 'Nternational Hydrographic Review, 8 (1): 26-37

currents, turbidity and recurrent photographs. Garlan, T. Le Faouy. Guyomard, P., Gabelotaud, I.
2008. French marine sand dune project. In D.

Parsons, T. Garlan & J. Best (eds.), Proc.
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Abstract

The major part of the navigation channel in thaltillbe river in Germany is covered with bed fortrustures.
When increasing in height, these structures imgheirsafety of navigation and therefore have tolimeiated by
dredging or water injection procedures. Henceiitnigortant for river managers that the understagdiinbed form
dynamics is improved. Therefore we analyzed ele@ro-sounding datasets from March to August 20¥thgu
different headwater discharge with the Rheno Bedfdracking software. In our study area near St.ddeethen
we detected over 10.000 individual bed form streguwith an average height of 2m and an averaggtHeof
82m. Results of the bed form height and length db show correlation with headwater discharge. Bat w
identified a correlation between migration rate aeddwater discharge. Using the example of oneiohdal bed
form structure we were able to monitor the re-depalent of this structure after it has been elingdaty water
injection procedure. It could not be establisheativbr sediment supply on relocation sites clogegmavigation
channel in the study area has an influence on ¢roate of bed form structures in the navigationncieh

1. INTRODUCTION large extend all these relevant reports except that
from Zorndt et al. (2011) where done with former
The tidal Elbe river is the largest estuary at thecho-sounding techniques. Study area of Zorndt et
German North Sea coast and it is an importandl. (2011) was a 3km long river section directly
waterway connecting the Port of Hamburg with thedownstream of the Port of Hamburg. For the entire
North Sea. To maintain the safety of navigationaktudy period between 1995 and 2010 they
purpose and a certain navigational depth theletermined an average bed form height and length
system is frequently dredged since the last Elbef 1.8m and 49m. However, in the tidal Elbe id stil
channel adjustment in 1999. The major part of the lack of studies with regional focus especially in
navigation channel in the tidal Elbe river ismore downstream regions. To improve sediment
covered with bed form structures. When increasingnanagement strategies and to maintenance the
in height these structures impair the safety ohavigational depth river managers need better
navigation, therefore the bed form crests have tanswers to questions such as: (I) What is the
be eliminated by dredging or water injectiongeometry and the dynamic of the bed form
procedures. In 2010 about 36% of all waterstructures, (1) What is the exact impact of
injection procedures in the tidal Elbe river wereheadwater discharge on the rate of increase in bed
carried out between Elbe-km 680 and 690, wheréorm height. (lll) Is there an impact of relocation
our study area is located. There are only a fewites on bed form dynamics?. To answer these
studies on bed form dynamics having conducted guestions river managers at least require an semi-
regional focus on the tidal Elbe river (Vollmers automatic method to analyse geometry and
and Wolf, 1969; Nasner,1974, Dammschneidermigration of bed forms in an operational way. This
1983; Mohl, 1996 and Zorndt et al., 2011). Nasnetase study is investigating the bed form dynamics
(1974) for example analyzed echo-sounding datin a river section of the tidal Elbe near St.
between Elbe-km 624.4 and 624.7 in an area of thlargarethen.
Port of Hamburg with an average bed form heighFlemming (2000) mentioned, that in deep rivers
of 1.15m and bed form length of 21.5m. But to aed form growth is not limited by water depth and
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that bed forms will continue to grow in response taachieve changes in bathymetry. The survey vessels
increase in mean flow velocity until a critical are equipped with Kongsberg company multi-
suspension threshold for a given grain size i§eam sonar (EM 3002). To determine bed form
reached. For the study presented here no velocistructures in the study area, we analyzed eleven
measurements are available. Zorndt et al. (2011Hed level measurements between 01.03.2010 and
determined that headwater discharge is stron$6.08.2010 (table 1). The measurements were
enough to alter tidal asymmetry and outweighedonducted during different headwater discharge
influence of the tides. Therefore a particular focu and tides. The use of a precise differential global
of our analysis is the impact of headwatermpositioning system leads to accurate surveying.
discharge and the impact of water injectionThe point density of the echo-sounding
procedures (as a human influence factor) on bemheasurements is approximately one point per m
form structures in the study area near St.
Margarethen. table 1. Overview over evaluated echo-sounding
measurements, belonging headwater discharge and
determined mean bed from heights and length.

date headwater bed form  bed form
2' STUDY AREA discharge  height length
. - . 3.s-1

The Elbe river with its length of 1.094km is one of 51032010 [12043 ] [1m;g [7"(;]82

the major rivers of central Europe and originates i 09'03'2010 1874 2’30 91’45

the Krkonose Mountains in the northern Czech31'03'2010 1614 2’16 87’82

Republic before transverses Germany and enter58'04'2010 a1 1’81 75’75

the North Sea at Cuxhaven (IKSE, 2005). The tidaﬁo'oézom 616 1’86 71’10
Elbe river extends from the weir in Geesthacht_ =~ ’ ’

o 31.05.2010 920 2,29 89,02

(Elbe-km 585.9), which is the border between the15 06.2010 1370 501 26.88

tidal and the non-tidal part of the river Elbe the 30'06'2010 70 o as 86'93
h at Cuxhaven and has a total length of about, ’ ’

mout U 07.2010 371 2,55 86,14

140km. The study area is located in the navigation,, ,q 5010 519 266 84.82
channel in the river bend near St. Margaretheng ;s ,010 1296 248 83.00
between Elbe-km 685.4 and 689.9 about 60km
downstream of the Port of Hamburg (figure 1).

The study area has a length of 4300m and a width 2. Headwater discharge

of 450m. The area is characterized by semi-diurnafhe headwater discharge from the inland river

tides with a distinct diurnal asymmetry andcatchment into the tidal Elbe river is measured at

classified as upper meso- to lower macro-tidal withhe |ast gauge upstream of the weir Geesthacht at
a maximum tidal range up to 4m at spring tidalNeu Darchau (Elbe-km 536.4). The headwater

conditions (Kappenberg and Fanger, 2007). Theischarge is given by means of daily values. The

river width between the mean hlgh tide level is Z.G'nean headwater discharge amounts glégmn

to 2km at the location site. The navigation channepo10. During study period a peak of 187Gh

of the tidal Elbe is frequently dredged and thegccurred on 09.03.2010 and a minimum of 269

dredged sediments are given back to the river if® s* on 22.07.2010. The headwater discharge

so-called relocation sites. Major relocation Site%elonging to each echo_sounding measurement is
are located on both sides next to the navigatiofjsted in table 1.

channel in the study area (figure 1).

5.3.  Bed sediments
The bed sediments in the navigation channel

3. DATASETS consists mainly of fine and middle sand fractions
) (BfG, 2012). Based on dataset from 2005,
5.1.  Echo-sounding data provided by the German Federal Waterways

Within the navigational channel the Germangpgineering and Research Institute, in the study

carries out hydrographical measurements tQetermined with 4% coarse sand, 27% middle
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sand, 43% fine sand and 26% silt and clayhe height characteristics of the river bed. Using

fractions. Rheno BT software we could (Il) indicate bed
forms, (lll) calculate bed form properties and
5.4. Dredging and supply finally (IV) determine the bed form migration

In 2010 the German Federal Water and Shippin§etween two consecutive measurements. First of
Administration has supplied about 2.5 Mid o all, we import the three-dimensional bed-elevation
the relocation sites near St. Margarethen, #data, after that Rheno BT calculates two-
substantial part of 47% of this was relocated withi dimensional bed-elevation profiles, called BEPs to
the whole April 2010. Depending on the origin ofthe left and to the right of the used tracking aixis

the dredged material the supplied sediments wef@Ur case in a distance of every 20m. This is
covering a wide range of fractions: silt, fine sandexecuted in two steps and continues as long as the
and middle sand. When being released from thBumber of points contributing to the BEP did not
hopper dredger most of the S||ty sediments arél’Op below a certain threshold. Points which
expected to remain in suspension and drift with th€ontribute in a circuit of 5m to one BEPs are
current. For coarser fractions, mainly middle sandselected. Afterwards the points are projected to
are assumed that they accumulate on the river beBEP separated in sections. In the second part bed
afterwards they attend in bed-load transport anfPrms are identified downstream in two-
get in the navigation channel in some places (BfG(,jimenSional longitudinal direction. In order to
2010). In the study period between March andichieve information about spatial variability
August 2010 about two to three times a montiRheno identifies bed forms for several BEPs
water injection procedures were carried out in théocated next to each other in lateral direction. A
navigation channel to eliminate individual bedpPeriodogram is used to provide us the possibitity t
form crests. Due to ice drift no water injectiondetermine a window length for the moving average
procedures take place during February (Qrefaline therefore a power is plotted against distance.

Sander, WSA Hamburg, pers. comm.). T.he larger th(_e power, the more suitable is the
distance as window length. For our analyses we

used a window length of 120m and a zero down

crossing factor of 0.3m prevents noise to be
4. METHODS recognized as bed forms and skip the smaller bed
5.1. History forms. In the third part Rheno BT provides the

A first version of the dunetracking software DT2D determination of the bed form properties of the
(Dune Tracking in 2 Dimensions) was launched iridentified bed forms like bed form height, bed
1997. A final version of the program, calledform length, bed form area and the shape factor.
DT2D 3, was released in 2000 (Wesseling &The shape factor determines the similarity between
Wilbers, 2000) and was successfully applied in @n identified bed form and a related idealized
large number of studies for the quantification oftriangle. In the fourth part we determined the bed
transport rates in Dutch rivers (e.g. Wilbers, 2004form migration based on our three-dimensional
Frings, 2005a, 2005b; Wilbers and Ten Brinkeped-elevation data between two consecutive BEPs
2003; Frings and Kleinhans, 2008). In 2007 théising a cross correlation procedure with a
German Federal Institute of Hydrology expressednaximum migration distance of 60 m.
the wish to convert DT2D into a tool for
operational management, which led to a&5.3. Post-processing
completely new development of the software nowl he post-processing is carried out in the same way
being called Rheno Bedfrom Tracking (Rhenofor each dataset. Average point density in Rheno
BT). Refer to Frings (2011) for further readingsBT was determined at one point pef. iReflecting
about the software. the work of Wilbers and Ten Brinke (2003) we
supposed that bed form length could determined
5.2. Bed form analyses with Rheno BT accurate when the bed form consists at least of ten
Rheno BT software detects bed form structures iRoints. Therefore we deleted bed forms with a
echo-sounding data. Data input (I) are threelength shorter than 10m from our dataset. Also 2%

dimensional echo-sounding data, which represerf the largest bed forms were selected and deleted
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as outliers. For each dataset and BEP a mean bed
form height and length is calculated and all BEPs
in the same distance to ftracking axis weres 2 Geometry and discharge

averaged. Migration rate was calculated using th¢he mean bed form height and length for each
migration distance which was computed in Rhengjataset is plotted against headwater discharge in
BT between seven echo-sounding datasets anfjyres 3. There is neither a clear correlation
dividing it through time interval between the two petween headwater discharge and bed form height
datasets. Migration rate is plotted against theor petween headwater discharge and bed form
headwater discharge which is averaged over thgngin.

corresponding time period. Afterwards we
compared our migration rate depending or g0
headwater discharge with results from Nasne —  |[@®
(1974) and Zorndt et al. (2011). To describe = 90 - L
development of an individual bed forms after 5 m g
water injection, we monitored height of bed form g 80
crest in each dataset after the cut back of th&t.cre g
We determined a rate of increase by dividing
increase of height of the bed form through time =

70 LR

interval.

5. RESULTS
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5.1. Geometry

The averaged bed form geometry over time an
space is about 2.2m in height and 82.2m in lengtt
Figure 2 shows mean bed form heights and lengtt
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the north eastern part of the navigation channeFigure 3. Averaged bed form length (a) and height (
Bed form heights vary between 1.7m in the sout/@ver time and space against headwater discharge.

western part and 2.6m close to the tracking aris. |
south western part of the tracking axis the bed

forms are not as high as on the north eastern part.5-3-

Migration
The migration rate is plotted against headwater

R swlo0 discharge in figure 4. A good correlation can be
— . .o m I found between these two factors. In the study area
E 25/ o ®°F Bgn " & near St. Margarethen migration rate was about 0.6
5 ..“' m 78 B gn m.day" in the direction of the North Sea when
& 20 *e.as8”% | &  headwater discharge was higher than 1208
£ m =ols0 g During periods of headwater discharge less than
< 151 " " & % 500 nt.s"the migration rate is close to zero with
2 " S 0.1 m.day in the direction of the North Sea with

Lol%. ... 70 0.1 m.day". Figure 4 also shows our results

-180 -120 -60 0 60 120 180 together with the migration rates determined by

distance from tracking axis [m]

Naser (1974) and Zorndt et al.(2011). All studies
show a good correlation between migration rate

Figure 2. Average bed form height and length irssro

section of the navigation channel . and migration direction with headwater discharge.
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To highlight the correlation we used a linearFigure 6 focuses only the bed form crest. During
regression. For each location and headwatdow headwater discharge the crest increase and
discharge there might be a point of reversal wherduring high headwater discharge the crest decrease

bed forms change their migration direction. in height.

2000 Hamburg North Sea -13.2 ] L 4000
".‘: ] n before water injection procedire —
-l ‘wn

E o
Z. 15001 b A 13.6] 13000 &
an A g ] .
S . A ] &
= :'!u g " w required depth n =
7 4 ' =
2 1000 g P E _14.0] I 12000 9
E 1 " [ -7 - E f’\l I u )
z o] AA B Elbekm 636-639 o R n - e 5
= 5004 . Tomdtetd (2011 = P .. . .
E n k. Elbe-km 627 £ 1444 ! N IS L ‘r ~1000 _5
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sk st (o) 01.02.2010 01.05.2010 01.08.2010

Figure 4. Averaged bed form length (a) and height (  Figure 6. Reshape of bed form crest in relation to
over time and space against headwater discharge headwater discharge after the water injection.

5.4. Bed form height after water injection

Figure 5 and figure 6 refers to the same individuab. DISCUSSION

bed form structure, located 180m northward of the

tracking axis within the navigation channel. ToThe applied Rheno BT software and therefore the
maintain the required navigational water depth of dune tracking method which are used to analyse
13.9m SKN the crests of these structures werBed form structures in the presented study area
eliminated by water injection procedure onnhear St. Margarethen is a reliable tool to deteemin
23.04.2010. The following echo-soundingbed form geometry, migration distance and
measurement on 28.04.2010 shows that the credtrection between two consecutive echo-sounding
were cut back from -13.25m SKN to -14.65mdatasets. Rheno BT is a functional and stable
SKN. On 12.07.2010 within a few months thissoftware and provides proper and reproducible

individual bed form was observed to reshape anélatasets.
to regain almost its previous height with -13.68mThe presented dataset from March to August 2010

SKN (figure 5). covered a period with a range from high headwater
discharge in March to low headwater discharge in
-13 July. Although the spatial resolution of the datase
|SE NWwW . . .
Z 4. required depth -13 9m SKN is not very high, we were able to determine bed
4 | —— 31.03.2010 form geometry, migration rate and distance for the
g .15 - 28042010 period between March and August 2010. We also
A e o got an impression of the development of individual
E -164 bed form structures after water injection
-} 17 procedures.
'S ] We found out that geometry of bed form structures
<18 : . . . . . ; | varies across the width of the navigation chanmel i
2950 3000 3050 3100 3150 our study area. This seems reliable because our
kilometrage [m] study area is located in a river bend with the inne
Figure 5. Development of a individual bed form, @880  pend in south western part and outer bend in north
northward of tracking axis after a water injection. eastern part. It is likely that there are different

velocities in cross sectional area and therefotk be
form height might be higher in north eastern part
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than in south western part of the navigationparticipate in the sediment transport and conteibut
channel. Unfortunately we have no in-situ velocityby building bed form structures. We cannot
measurements in the study area to check thdgocument this with data at the moment, but we
assumption. know that water injection procedures in the study
A correlation between bed form geometry andarea were carried out more and more and the
headwater discharge could not found. Probabl§requency increase.

bed form structures not yet achieved a equilibriunBut we were able to document the development of
because of the constantly changing hydrologicahn individual bed form structure after a water
influences such as current direction and currennjection procedure in April 2010 in the navigation
velocity, headwater discharge or even because channel which was showed in chapter 5.4. Bed
human interventions. form structures generate to their original height i
Almost all bed forms in the study area show aonly a few month. We suggest that this
asymmetry in shape, which indicates a migratiomdevelopment is a kind of circulation process,
in direction towards the North Sea. In the studypecause sediments were re-arranged and not
area we found out that even during low headwatetemoved during water injection procedures and it
discharge the residual bed form migration iswill not end until water injection procedure stops.
directed downstream. In river sections locatedBut we also mentioned that the observed bed form
more upstream close to the Port of Hamburggrest decrease for a while during high headwater
where the study of Nasner (1974) was conductedlischarge, although there was no clear correlation
bed form structures migrate upstream duringpetween bed form geometry and headwater
headwater discharge smaller than 788mand discharge in our dataset.

downstream during higher discharge (Nasner,

1974). Zorndt et al. (2011) presented a datasat in

flood dominant area downstream of the Port off, CONCLUSION

Hamburg where the bed form migration direction

is upstream except during high discharge oveln this study we applied Rheno BT software as an
1468 m.s®. However, all three studies show theoperational tool for river managers to determine
same trends: (1) Bed form migration rate decreasbed form geometry, migration direction and
downstream to the North Sea with a decrease imigration rate. The computed results were further
headwater discharge, (Il) each study determined iavestigated to appoint the influence of headwater
point where bed form migration direction is beingdischarge and water injection procedures on bed
turned or becomes almost zero. We suggest th&§rm geometry, migration rate and direction in the
this reversal point is depended on the location itidal Elbe river in the study area near St
the tidal Elbe river, flood dominance in the riverMargarethen. In total eleven measurements
section and headwater discharge. between March and August 2010 were analysed.
If we want to correlate bed form geometry toMoreover daily values of discharge from the gauge
human influences like sediment supply inNeu Darchau, sediment samples from relocation
relocation sites and water injection activitiesrth  sites and the navigation channel and information
is no dataset which is not affected by humaron dredging, artificial supply and water injection
influence except that from 01.03.2010, because iprocedures were available.

February there was ice in the water and therefor@/ithin the study area 10.000 individual bed form
no water injection and no artificial supply took structures with an average bed form height and bed
place in this area. We know from our experiencdorm length of 2.2m and 82.2m were detected. But
that individual bed forms especially close to thebed form geometry varies over the navigation
border of the navigation channel increase in heighthannel and over time due to natural fluctuations,
and impair the safety for navigational purpose. Wdo river morphology and to water injection
suggest that the reason for this is the artificiaprocedures. Therefore neither bed form height nor
supply on the relocation sites close to thebed form length in our study area correlate with
navigation channel during the entire year. Theéheadwater discharge.

sediments which are coarser than a particular graihhe determined migration rate depends on
size are transported into the channel andieadwater discharge, we found a migration rate of

124



Marine and River Dune Dynamics — MARID IV — 15 &Alfril 2013 - Bruges, Belgium

0.6m.day during discharge >1200s" and a Frings, R.M. & Kleinhans, M.G., 2008. Complex
migration rate smaller than O.2m.O“a§turing low variations in sediment transport at three largerriv
discharge <700As!. Studies by Nasner (1974) bifurcations during discharge waves in the river

. . Rhine. Sedimentology 55 doi: 10.1111/j.1365-
and Zorndt et al. (2011) show for migration rate 3091.2007.00940 x: 1145-1171.
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Figure 1. The tidal Elbe river and the study arearr5t. Margarethen between Elbe-km 685.4 and 689.9
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ABSTRACT provide an excellent data base for the calibration

_ _ _ _ a numerical model.
The numerical modelling of three dimensional bed
form formation remains challenging (quelle?).The capacity of TELEMAC3D and SISYPHE for
Indeed, there have been major advances and som@delling dune dynamics and features has been
successful dune modelling has been shown (i.&hown in previous studies (Goll and Kopmann,
Nabi 2012, Tuijnder 2010). However, it seems thabg12a+b), where the emergence and movement of
dune modelling is still not applicable in gunes were successfully reproduced. Nonetheless
engineering practice, where most projects are 2Qere were shortcomings: the correct form in terms
hydrodynamic simulations and bed forms arey skewness of the dune slopes and their curvature
accounted for by either parametric methods (i-€kurtosis) were only partially reproducible. Also a
Yalin, 1992) or empiric formulations (i.e. v Rijn, carefully calibrated parameter was necessary and
1984). _ _ the model results were highly sensible to the
Dunes are the major bed forms in waterways. Ignojce of turbulence model, bed load formula as
they are only represented indirectly by a dungye|| as slope and deviation functions.
predictor and an average bed height, they argq reduce some of the difficulties of reproduction,
responsible for high uncertainties concerning watef second dune study with only two dimensional
depth and shipping capacity. Not only does thgjunes was calculated with the same calibrated
presence of dunes considerably modify the flow,ymerical model. The study flume is the one of the
structure with vortex creation in the lee of bedLaboratory of Hydraulic Research, Hokkaido
forms, also the sediment transport rates argnjversity, Japan. The mobile bed region has the
changed. S ~ dimension of 10x0.1m and the flume is filled with
The prediction of dune characteristic dimensiongniform sediment of D50 = 0.28mm. Several
(height and length) with numerical modules andstydies have been conducted (Giri and Shimizu
configurations that are applicable in project workppog, Toyama et al 2007) and from this selected
is therefore of high interest. runs have been calculated with TELEMAC3D and
The objective of this presented work is to validates|SypHE for this paper. It was possible to

a full 3D morphodynamics model to represent thewypiicitly reproduce the 2D dunes of the
bed forms dimensions as well as the characteristigyperimental runs with the same calibrated
time scales for dunes formation. Here we apply thgarameter set as for the BAW flume (see Fig.1).
open source Telemac system (release 6.1). The shape of the dunes has not been considered so

In the BAW moveable bed experimental flume (infar, put the height matches the experimental result
Karlsruhe) three-dimensional dunes have beegjreaqy.

produced and studied. The flume has a dimension
of 30x2m and is filled with uniform sediment with
a D50 of 1mm. High resolution measurements
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Further flumes shall be calculated to find aToyama A. et al 2007. Study of sediment transpemte r
parameter set that fits a maximum of dune Over dune-covered beds. Proceedings of RCEM
formation scenarios. In the end a configuration for o

project work will be extracted and the numericalTuijnder A.P._and J.S. Ribberink 2010._Developr’rm‘nt
system will be tested on a river stretch comparable SUPPIY-limited transport due to vertical sorting af

. ' - sand-gravel mixture. Proceedings of River Flow
to common project work configurations and 2010
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Figure 1: Calculations (preliminary results) wittsy®he/Telemac3d after 4h simulation time (longitadl section)
in comparison to results from Giri & Shimizu, 2006n A-1.
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1. Department of Civil Engineering, Queen’s UnivgtKingston, Ontario, Canada K7L 3N6
E-mail: patrick.grover@queensu.ca

ABSTRACT

The morphological evolution of river dunes
exposed to unsteady flow conditions presents
challenges to engineers trying to predict water
levels for navigation, flood and water
management. Our long term objective is to develop
a coupled hydrodynamic-sediment transport model
to predict the evolution of dunes under unsteady
flows. This paper presents our preliminary
investigation into the hydrodynamics of flows of
varying flow depths over rigid dunes. Detailed
velocity measurements are collected using LDV
over a train of 130cm long and 7.43cm high dunes
under various flow depths at our laboratory flume
located at the Coastal Lab at Queen’s University in
Kingston Ontario. A RANS numerical model is
developed using the OpenFOAM CFD package
and compared to the laboratory measurements. We
conduct a detailed investigation into the meshing
requirements in the near-wall region order to
develop a computationally robust and efficient
mesh. We also compare the results of a rigid-lid
and a free-surface model using based on the
Volume-of-Fluid approach. Finally we present the
preliminary results of our sediment transport
model.
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Evolution of secondary cellular circulation flowaile
submarine bedforms imaged by remote sensing tegésiq

. Hennings™, D. Herberg"

1. GEOMAR Helmholtz-Zentrum fir Ozeanforschung Kieilel, Germany -
ihennings@geomar.de

Abstract

Normalized radar cross section (NRCS) modulatioth aroustic Doppler current profiler (ADCP) measueats
above submarine sand ribbons and sand waves aenped. The two study areas are located in theh8ouBight

of the North Sea at thBirkenfelswreck and in the sand wave field of the ListerfTiethe German Bight of the
North Sea. These measurements reveal the develtpro€rsecondary cellular circulations in tidallydirced
coastal sea areas. Secondary circulation celldemalop perpendicular as well as parallel to thedtiion of the
dominant tidal current flow. Circulation cells démged perpendicular to the direction of the domtriatal current
flow are associated with marine sand ribbons matgte near an underwater wreck. Secondary circulatedls
within the water column observed parallel to theeclion of the dominant tidal current flow have beeitiated
during flood and ebb tidal current phases assatiatith submarine sand waves. These two types dfilael
circulations must obey the Hamiltonian principle ofassical mechanics. The current—short surfaceewav
interaction is described by the action balance awiation balance-equation based on weak hydrodynami
interaction theory. The calculated current gradargtrain rate of the applied imaging theory hreesgame order of
magnitude for both bedforms such as marine safwbnid and sand waves, respectively.

1. INTRODUCTION manifested near an underwater wreck in the
Southern Bight of the North Sea (Hennings &
During the last three decades it turned out that thHerbers 2010). In contrast, secondary circulation
wave-current-bedform interaction mechanism is &ells related parallel to the dominant direction of
rather complex process. Marine remote sensinghe tidal flowU, are associated with marine sand
data gave a certain impulse for the explanation afyaves in the tidal inlet of the Lister Tief in the
the different imaging mechanisms in the visible,German Bight of the North Sea (Hennings &
infrared and  microwave parts of the Herbers 2006).
electromagnetic spectrum as well as in the sound similar kind of secondary circulation arising in
waves spectrum. Normalized radar cross sectiothe water is the vortex pair generated by the ship
(NRCS) modulation and acoustic Doppler currenhull. Lateral current gradients behind the shipehav
profiler (ADCP) measurements above submaringeen measured (Marmorino & Trump 1996).
sand ribbons and sand waves reveal th@urface strain rates associated with the divergent
development of secondary cellular circulation inflow had a value obu/ox = 0.03 &. This strain
tidally induced coastal sea areas. Mathematicallyate is of the same order of magnitude as strain
and physically such kind of associatedrates associated with internal waves, fronts aad se
hydrodynamics obeys the Hamiltonian principle ofbottom topography in littoral waters (Gasparovic
classical mechanics (Neumann 1946, Neumang& Apel 1988, Marmorino & Trump 1994,
1949, Alpers & Hasselmann 1978). Hennings & Herbers 2010).
Secondary circulation cells can developThe motivation for this study is the mathematical
perpendicular as well as parallel to the directbn and physical formulation of the imaging
the dominant tidal current flow,. In this paper mechanism of radar signatures at the sea surface
both cases will be presented. Secondary circulatiopaused by submerged wrecks as well as ADCP
cells developed perpendicular to the direction ofneasurements above marine sand waves. First, the
Uy are associated with marine sand ribbons
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formation of wreck marks like sand ribbons at the
sea bed and the associated manifestation of rad s
signatures at the water surface caused by a vort: gy, . B
pair or helical flow cells triggered by Ry e v il
unidirectional tidal current flow interacting witi
wreck are summarized. Second, the ADCF 277477
measurements and the characteristic flow related o
marine sand waves in a tidal channel are Shown'_ IIE'igure 1. Standing cellular wave dynamics published
section 2, a brief background of the theory isyeymann (1946).

presented. Secondary circulation flow associated
with sand ribbons and sand waves are described in

Ja

section 3. Finally, section 4 contains the disaurssi k = — (2b)
and conclusions. 0x

where
2. THEORY afx.k.t)= o (k)+k U(x.t) 3)

denotes the angular wave frequency in the moving
The equations of Hamiltonian flow in phase spacgnedium with variable velocit{(x,t) ande’ (k) is
connect positiorx with momentunyy through the  the intrinsic angular wave frequency.
Hamiltonian H. Volume in phase space is The relationship between the wave height
conserved under Hamiltonian flow, a propertyspectrum®(k), the wave-energy density spectrum
known today as Liouville’s theorem (Nolte 2010). F(k) and the wave action density spectrifk) =
Neumann (1946) already concluded that a cellulaF(k)(w’ (k))* is defined by (Holliday et al. 1986)

current must obey the Hamiltonian principle of W (K)?
classical mechanics. The so called standindg=(k) =&/ (K)N(k) =———¢(Kk) (4)
cellular wave published by Neumann (1946) is k

shown in Figure 1. Standing cellular circulationAfter transforming the mathematical formulations
implies that volume or mass is not only belike described by Alpers & Hennings (1984) have
conserved by an acceleration or deceleration of tHeeéen carried out then the expression for the
flow associated with submarine bedforms but thafhodulation of the first order perturbed wave
up- and downwelling of the three-dimensional€nergy density spectrudt/Fo = (F - R)/Fo, with
current field is also important (see section 3)Fo as the unperturbed arfd as the local wave
According to this fundamental background the€nergy density spectrum, respectively, is derived
current—short surface wave interaction can b@s  first approximation

described by the action balance or radiationdF _

balance equation (Alpers & Hasselmann 1978) |:_0 B

d_N:(i+)'(i+kijN = auperp 1 4 (B
dt ot ox ok ) - @y (cg+UO)I+,u
S(x,k,t) Xperp

wherey is the relation between the group velocity

the space variabld,is the time variablek is the Gy and the_ phase velpcny of the_ short waves,
OUperd O%perp IS the gradient or strain rate of the

wave number an8(x,k,t) is a source function. The :
current velocity component of the secondary

waves propagate along trajectories in phase SPa&%culation perpendicular to the bedforl is the
which are given by the ray equations

, mean dominant tidal current flow of the
X = 9a (2a) undisturbed sea arela,denotes the spatial scale of
ok the flow cell in Xyrdirection, andp is the
relaxation rate parameter. Equation (5) describes
that the modulation of the first-order perturbed
wave energy density spectrum of capillary and
short gravity waves is proportional to the current

whereN is the wave action density spectruxis
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gradient of the secondary circulation caused b
marine bedforms such as sand ribbons (Kenyo
1970) and sand waves (Hennings & Herbers 2010
However, equation (5) is only valid if the one-
dimensional model for describing the sea botton
topography-current interaction is applicable.
Otherwise, a full three-dimensional approach i
required. If it is assumed that the radar is adine
imaging system then the relative radar image
intensity modulatiorl/ly is equal to the relative
normalized radar cross section (NRCS) modulatiol
dolog based on quasi-specular scattering. It follows
that daloy is then proportional toF/F, defined in
equation (5) (Hennings & Herbers 2010).

Figure 2. Schematic representation of the relakigns

3. SECONDARY CIRCULATION between secondary circulations of the boundaryr|aye

zones of convergence and divergence on the sea bed,

Transverse secondary circulation of flow over gsand ribbons, and sedimentary furrows in the model
furrow maintenance according to Viekman et al. @99

rough sea bed is equivalent to Langmuir : . . ;
circulation at the water surface due to wind Stress;:ggyg%r:at%%r;yﬁheIﬁ\(r:nencan Society of Limnology
Circulation patterns associated with Langmuir graphy, inc.

super cells off the coast of New Jersey of the
eastern U.S. coast have been identified by Garge

ey b e o e o Sandlow componerts cause . residal circulator
y P which favours the growth of the bedform, as

ribbons in the presence of strong tidal currents. . . . .
Karl (1980) and Viekman et al. (1992) assumed)umned in Fig. 2. In situ measurements verify up-

that helical secondary-flow circulation within aapd d_ownwellmg phenomena_ of the_ th_ree—
. . . . dimensional current velocity field contributing
boundary layer is responsible for the lineation

X . significantly to the interaction between marine

development of sand ribbons and sedimentar X .
) . , and waves and the tidal flow, which has not been
furrows. Secondary circulations in the sea bottom X X .
. known before in detail (see section 3.2, Alpers &
boundary layer concentrate large, low-density : .
. . . Hennings 2004, Hennings and Herbers 2006). The
particles in zones where there is flow convergence

. . . “up- and downwelling regimes cause remarkable
on the sediment surface. Thereupon, lineation P g reg

. epressions at the troughs of sand waves with a
such as sand ribbons can be formed. The schemalic.. . : .

. . : maximum depth of 2 m and a width of maximum
representation of the relationship betweer%

Flocity. It is directed upward above the crestd an
ownward towards the troughs. These residual

secondary circulations in the boundary layer, zone %rglﬁHﬁgg'T/%srtg‘xHe;ﬁe; Ze(IJIiC)(?[i)éal helical flo
of convergence and divergence on the sea be P P P S
Ceélls are assumed as a first approximation to

sand ribbons, and sedimentary furrows in theexplain the interactions between the wreck mark,

r;ioﬂi ; f(\;iuerli(r)nvénnggﬁenleg]gcz(; Eulgrciseerngggg)}he (tidal) current, the residual flow and the wate
9 ; . : S surface roughness. This assumption was based on
shows that inclusion of vertical flow structures

) the formation of wreck marks such as sand ribbons
turned out to be necessary to describe thgt the sea bed as shown in Fia. 2 and the
formation, or absence, of all known large-scale . : . 9-
.~ manifestation of associated radar signature at the
regular sea bottom features. The residual .
. o water surface as well as due to spatial

component of the vertical velocity is one order of . . . .

onsiderations presented in section 3.1.

magnitude smaler than the horizontal residual’
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3.1  Sand ribbon associated with secondary
circulation flow

The following relation can be derived for =
OUperdO%perp  from  equation (5) according to e T bright
Hennings & Herbers (2010): modlation ‘ P
2 sea surface MWW"
auperp - uperp |1 1_ 2& X roughness
0Xperp R z — e g —
(6) current flow « \\ ______

ive secondary \\A("".O' active secondary

direction () i
X 1 (" circulation cell circulation cell ¥
perp ( _ ) [ﬁ _ )2_ ~ 24
( + Zmax Z ‘I FSp Xperp R 2 z P center position

Rz z S—
whereR = R| of the space vector of a point on an

ellipse in the Cartesian coordmgte systemay, IS Figure 3. Schematic sketch of the unidirectionab eb
the tangential current of an elliptical gyre at 8@  {jgal current flow (direction coming out of the ghic
surface inxpeqrdirection, z is the water depttgnax  plane), cross-structure secondary circulation c#lsve

is the maximum water depth, ard, is the so- sand waves or sand ribbons, centre position of kyrec
called shape parameter, which determines thmarked by the capital letter X, sea surface, hatalo
slope of the sand ribbon. component of Ehe tangential current of the secondar
Due to the analysedBirkenfels wreck data Circulation cellu = Uper in X = Xperrdirection at the sea
(Hennings & Herbers 2010) it turned out that On|y_surface,. assqmated sea surface roughness and radar
one of the two possible circulation cells image intensity modulation due to g_ccelerat(_ed and
downstream of the wreck is responsible for th decelerated sea surface current velocities of ttieea

. . ) .secondary circulation cell. The wind directid, is
manifestation of the radar signature (see also Fig.jicated by an arrow and the left and right veitic

3). Otherwise the bright and dark signatures agnes indicate schematically the space range of 200
well as the spatial scales @fl, are not consistent ysed for simulations.

with the theoretical assumptions. The reason for

the manifestation of only one bright as well as ongneasurements would have been in this situation.
dark radar signature can be due to the followingdn the basis of these considerations, Figure 3
effect: The inactive circulation cell has been nofresents a schematic view of the radar imaging
developed to such an extent that the currenhechanism of the submergBitkenfelswreck and
gradients become too weak to produce ahe associated sand ribbon. More details are
significant NRCS modulation. This can happendescribed in Fig. 3's caption.

due to changing tidal current directions 0% The comparison of simulated and measured NRCS
relative to the orientation of the wreck and sandnodulation as a function of position is shown in
ribbon, which has been indeed observed aboveigure 4d. The simulated water depth as a function
marine sand waves (Hennings et al. 2000)of position (-100 M< X = Xper, < 100 M) with a
However, Innes McCartney, a wreck specialisttotal length ofx,e,, = 200 m is presented in Figure
reported in Divernet, the Diver Magazine Online4a and has been used for all simulations. Figure 4b
(2012), that strong tidal currents can be developeshows the simulated perpendicular current speed
at a wreck even in a water depth of 70 m lying inu,., = u" relative toU,. A maximum current speed
the sea area between the island of Alderny angf uy," = -0.34 m § has been calculated. The
Cape Le Hague in the English Channelstrain rate or the gradient of the perpendicular
McCartney discovered the wreck on 4 July 2006&omponent relative tdJ, of the current velocity

off Cape Le Hague which was the German Nav\u,e/0%yerp is presented in Figure 4c. Minimum
raider Komet The Komet sunk on 14 October and maximum strain rates varied between -0.0084
1942. In 2007 it took two days for the divers tos! and 0.0088 § The comparison of simulated
work out how to negotiate the treacherous currentSRCS modulation de/oo)sim and measured NRCS

in the area. The currents run fiercely over th@nodulation §o/og)meas @s a function of position is
upturned hull. But the uncertainty over the trueshown in Figure 4d. The calculations f66/go)sim
nature of the water motion around a wreck

underlines just how valuable in situ current

of wreck
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30.0 : : : a maximum modulatiodo/og)sm - = 0.26 at the
minimum strain rate (see Fig. 4c) and the
et measured maximum NRCS modulation
SUTTITIUTIRRITIOROIe P et (60log)meas = 0.38 is located also at the minimum
7.5 strain rate. The measured minimum modulation
(60log)meas" = -0.31 at the maximum strain rate
2000 ey 00 500 100.0 position agrees fairly well with the simulated
0.00 modulation(do/og)sim ' = -0.29 with a coinciding
&) phase relation. The results ét{oo)sim presented in
Figure 4d show the best fit {0o/00)measbased on
~0.20 available in situ data and most consistent other
= parameters likgl.

32.9
skt

35.0

water depth [m]

—0.10

[mis]

—0.40

Ho0.0 ~s0.0 00 500 1000 3.2  Sand wave associated with secondary
0.010 flow
I A The vertical flow components, of the three-
dimensional current field measured by the ADCP
0.000 over asymmetric marine sand waves on the sea
A bottom in the study area of the Lister Tief in the
German Bight of the North Sea are shown in
—00100s 500 0.0 50.0 100.0 Figures 5a-b at the end of the paper (Hennings &
0.50 : ‘ : Herbers 2006). The current field has been
MSM e M measured by the ADCP of the same kind during
’ ebb and flood tidal current phases, respectively.
During flood tidal current phase the vertical
component of the tidal current is reversed
compared to the ebb tidal current phase. Upwelling
e 0.0 o0 0.0 T00.0 events during ebb tidal current phase are
Femr ] associated with steep flanks of sand waves and
Figure 4. Results of simulations according to Hegsi during flood tidal current phasa.. is related to
& Herbers (2010): (a) water depth as a functioma$,  downwelling events at the steep flanks of sand
(b) perpendicular current speegly, relative toUo, (€)  \yayes. The water depth dependent vertical
strain rate or gradient of the perpendicular congmbn component Ue; of the current velocity as a

relative toU, of the current velocityuper/0Xpern (d) . .
comparison of simulated o¢/oo)sm and measured functlon' of the horizontal space _component
(06100 meas NRCS modulation. perpendicular to the sand wave crggt, is shown

in Fig. 5a and varies between -12 cl<Suyer <

applying equations (1)-(26) from Hennings & 16 cm & during ebb tidal current phase at 0502-

Herbers (2010) have been carried outfgr= 70, 0913 UT on 10 August 2002. Last high water at
9=981m& ) =1026 kg, T = 73 x 1& n?’ station List was at 0243 UT on 10 August 2002.

2 B=4.6x 10, B = 3.15 x 10, k, = 502.28 rit, The downward orientated vertical component
Up=08m& U,=9m¢& L=369mu=15"a (dark or blue colour) is located at the troughs and
= 184.50 mb = 25.04 mho = 5 m, andz,., = 36 gentle slopes. of t_he sand waves. A regular
m. The value forp is in the range of structure of circulation cells Oflex WI'FhIn the .

parameterizations for the ,Kband radar as water column has been developed during that time

published by Caponi et al. (1988). The direction off the ebb tidal current phase. The upward

¢, has been assumed equal to the wind directiofifientated vertical componeute, of the current
from 270. For all simulations the perpendicular VE!OCity (bright or yellow/red colour) has been
component of, relative toUs in the direction of developed at the steep flanks of sand waves and is

%ep has been used. The simulated NRC§uperimposed on the divergent zones of the
modulation §o/ag)sm presented in Figure 4d shows perpendicular component _relatlve _to the sand wave
crest of the current velocity gradiedtipery/0Xperp

auwm/axpﬂ [1/s]

-0
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During flood tidal current phase at 1025-1031 UTassociated with sand ribbons in coastal waters.
on 10 August 2002, varies between -16 cm's However, the quasi-specular scattering theory does
< Uen < 12 cm § (Fig. 5b). Last low water at produce sensible results at this stage in our
station List was at 0829 UT on 10 August 2002understanding and can explain certain aspects of
The downward orientated vertical componentthe radar signature. This subject has been shown
(dark or blue colour) is located at the troughs andby simulations of the NRCS modulation and by
steep slopes of the sand waves and isomparison with measured NRCS modulation data
superimposed on the convergent zones of theaused by theBirkenfels wreck of the southern
perpendicular component relative to the sand wavBorth Sea (Hennings & Herbers 2010). That the
crest of the current velocity gradiedtiye/0%erp  quasi-specular theory is capable to explain the
The upward orientated vertical component (brightadar signature of the wreck/sand ribbon may be
or yellow/red colour) is associated with the gentledue to the fact that thBirkenfelswreck is lying
slopes of the sand waves. These observatiommore or less sub-parallel to the dominant regional
confirm the theory of the radar imaging tidal current direction.

mechanism of sea bottom topography presented yrom the results derived in this paper the follayin

Alpers & Hennings (1984). conclusions can be drawn for the NRCS
modulation and ADCP measurements above
4. CONCLUSIONS submarine sand ribbons and sand waves revealing

the developments of secondary cellular

The standing cellular wave mechanism publishe irculations in tidally induced coastal sea areas:
by Neumann (1946) has been visualized by the ups: Wreck marks like sand ribbons as well as radar
and downward orientated componens; of the signatures of wrecks are indicators of local (didal

t

three-dimensional current velocity field measureoCurrent directions. Radar image signatures of

by the ADCP at stoss faces of asymmetric marint\évreCkS associated with sand ribbons are indicators
sand waves in the study area of the Lister Tief ir?f secondary flow regimes or helical circulation

the German Bight of the North Sea (Hennings e ells triggered by unidirectional (tidal) current

p " d by submerged wrecks.
al. 2004). The so called “waterspouts” have bee ow cause ;
measured by the ADCP of the same kind durind: The simulated NRCS modulatiofizloo)sim and

ebb and flood tidal current phases, respectivel he measured NRCS modulatiofvgo)meas above

During ebb tidal current phase the waterspouts allnaz x\(:egzlsa_;lﬁ ;'bc?r?c.give tﬁ:sjiggt_gade{hgf
upwelling events and during flood tidal current gnitude wi Inciding p lon.

phase they are associated with downwelling at thglfference between the maximum simulated and

N o
steep flanks of the investigated marine sand wave .easureo_l NRCS modulation is _Ie_ss thaf‘ 31.6%
It has to be noticed here, that observed vertic nd the difference between the minimum simulated

and measured NRCS modulation is less than 6.5%.

velocities over two-dimensional (2-D) dunes in & hese results are acceptable but need to be
laboratory channel analyzed by Bennett & Best proved P

(1995) are directed downwards above the dun . The existence of a significant upward orientated

trough and upwards over the stoss during floo ertical componen of the three-dimensional
tidal phase. The vertical velocities described hergurrlent veIocF;t fiercjjve&easured b th(le ADéP has
have a different phase relationship to the san@ y y
een recorded. Marked waterspoutsugf; have
waves. . ) L
been measured in a more or less straight linedan th

The presented theory is a first-order theory\/icinit of crests above steep slopes of flood tide
describing the NRCS modulation in the capillary” : y . p Slop
riented marine sand waves. These waterspouts

as well as in the gravity wave ranges of the Wavgreated byer produce upwelled water and create

energy density spectrum due to secondary flo
circulation or helical eddies caused by theurbulence patterns at the water surface. The

investigated submerged wreck/sand ribborgpmwelltrgneooglemzteder.rﬁaét:ergs OnOftL;]V;” d'aerf ent

configuration. The theoretical model proposed inﬂ'o u onei yof Lép 'ap The do nlvarg

this study is not able to explain all aspects @& th Wz . Upery/ OXperp wnwa
orientated vertical flow component dfie; is

NRCS modulation due to submerged WreCkﬁocated at the troughs and gentle slopes of the
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marine sand waves. A regular structure oMHennings, I. & Herbers, D. 2006: Radar imaging
circulation cells ofuye Within the water column mechanism of marine sand waves at very low grazing
has been initiated during ebb tidal current phaseéngle illumination caused by unique hydrodynamic
During flood tidal current phase the Vertica|interactions. Journal of Geophysical Research 111:

component of the tidal current is reversed. Thig-10008 doi: 10.1029/2005JC003302.

implies that mass is notlonly be conserved by aﬂennings, I. & Herbers, D. 2010. A theory of thg K
acceleration or deceleration of the flow in relatio yonq radar imaging mechanism of a submerged wreck

to marine sand waves. Up- and downwelling of theyng associated bed forms in the southern North Sea.
three dimensional current field also contributejournal of Geophysical Research 115: C10047, doi:
significantly to the extensive circulation 10.1029/2010JC006360.

mechanism above marine sand waves in the study

area of the Lister Tief. Holliday, D., St-Cyr, G. & Woods, N.E. 1986. A rada
ocean imaging model for small to moderate incidence
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Figure 5. (a) Water depth dependent vertical corapbn,, of the current velocity as a function of the horital
space component perpendicular to the sand wavexgrgs The ADCP data from the near water surface tostee
bed have been obtained on board R.Mdwig Prandtlduring ebb tidal current phase at 0502-0513 UT@®ugust
2002 along the profil&A’ in the Lister Tief of the German Bight in the No&ea (Hennings & Herbers 2006). Dark
or blue colour shows the downward and bright oftoyefed colour the upward orientated vertical comgat e
The direction of the ebb tidal current is from tigh left; (b) same as (a) but the data were measduring flood
tidal current phase at 1025-1031 UT on 10 Augu822flong the profildA’. The direction of the flood tidal current
is from left to right.
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ABSTRACT shore) in order to predict the sediment feeding
_ _ from the sea. In numerical model, the dune
The Somme estuary, located in France in thgyfluence can be reckoned through an equivalent
eastern English Channel, endures a seveigughness using empirical formulae such as van
sedimentation with an increase of the mean beﬂijn 2007 formula. This kind of formula is
level about 1.3 cmiyear. The sedimentation iyenerally built from datasets collected on river in
probably induced by the asymmetry of the tidalequilibrium conditions. Their application to
current and the associated residual sediment fluXstyarine (Huybrechts et al. 2012) or coastal
between the flood and the ebb. This phenomenoghyironments is still challenging because of: (1)
is probably increased by different hydraulicthe unsteady behavior of the flow induced by the
structures  built during the last centuries tojide and the waves, and (2) the lackirokitu data
domesticate the tide or river dynamics and to gaify yalidate the predicted value of the roughness. |
farmland. More recently, new hydraulic structureshe present contribution, it is therefore propoted
have been plan_ned to limit the sedimentation, SUCQnalyze how the high resolution bathymetric data
as flush operation from the Somme channel or agan e integrated into the numerical model and can
experimental realignment project. To predict thesepye to estimate the friction coefficient. In dais
bed morphology evolution and the influence ofgrea; the grid resolution is often about 500 to0100
these hydraulic works, it is necessary to estimatgy,, The bedforms are thus not physically
the sedimen_tation rate feeding the bay fro”}epresented. Using finer grid may allow to
offshore.  Field surveys (MOSAGO7  and physically represent dunes but it will also reqire
MOSAGO08 on RV Thalia) conducted offshore, 3p computation to reckon the 3D flow behaviour
about 30 km away from the mouth in South Wesiyquced by dunes. More attention is thus currently

wavelength. The presence of bedforms, such &gpegtment.

dunes, strongly influences the hydrodynamic

characteristics and the sediment transport rateg CKNOWLEDGMENT

Their influence thus needs to be included into the

methodology. The field surveys included highField measurements have been acquired in the
resolution bathymetric data, measurements of tiddfamework of a study supported by the

currents, wave characteristics and bed materidlydrographic and Oceanographic Office of the

" . rench Navy (SHOM) and the Regional Council of
composition. A numerical model of the Somme‘Haute—Norn)q/éndie’ (l):rance). Theg SHOM is also

estuary has been developed using the open sourginked for providing complementary bathymetric
Telemac System (www.opentelemac.org) based ogfata. The authors want to thank the crew of the RV
finite element technique. The model comprises &6éte d’Aquitaine’ (INSU/CNRS) and RV ‘Thalia’
large coastal area (up to 60 km offshore and alongFREMER).
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Abstract

To guarantee optimal accessibility to the port oftwerp, a deepening of the navigation channel wapgsed
within the Long Term Vision for the Scheldt estuaAn environmental impact assessment and an apptepr
assessment were carried out for this project. Rtwse studies it was concluded that the most pefescenario
for the enlargement of the navigation channel idetua strategy aiming at disposing dredged matedat 3
sandbars in the Western Scheldt, creating oppaiggrfior nature. To determine the optimal dispasitegy on a
detailed and more practical level, research waopeed by Flanders Hydraulics Research. The majactie of
this study was to determine a detailed disposaltesyy in order to maximize the ecological benefits,
maximizing the potential creation of low dynamideridal and shallow water area. This paper dessrithe
studies undertaken by Flanders Hydraulics Researdbetermine the most optimal disposal strategy hext part
the most optimal disposal strategy resulting fréwa tesearch will also be presented, as well astthéegy being
used to evaluate this new disposal strategy.

1. INTRODUCTION (called Port of Antwerp Expert Team, or “PAET")
to investigate the possibilities of a further
The Scheldt estuary is the maritime access tdeepening of the navigation channel. The PAET
several ports in Flanders and the Netherlands, thsroposed the idea of morphological management.
largest being the Port of Antwerp, located at som@s a pilot project they proposed to use dredged
100 km from the open sea. The Western Scheldt material to restore the western tip of the
the part of the estuary between Vlissingen and the/alsoorden sandbar in the Western Scheldt
Dutch-Belgian border — is a typical multiple [Meersschaut et al., 2004; PAET, 2003]. This
channel system, with the navigation route beingroposal would not only improve the distribution
mainly located in the ebb channel. Up-estuary thef the flood currents between the ebb and the flood
Dutch-Belgian border, the estuary evolves to &hannel, but would also create benefits for
meandering single channel system. The maiecology. The feasibility of the Walsoorden pilot
driving force from point of view of hydrodynamics project was investigated by Flanders Hydraulics
is the tidal penetration from the North sea inte th Research using in situ measurements, a physical
estuary: the tide penetrates up to Ghent (a distangcale model as well as numerical modelling [FHR,
of approximately 160 km from the mouth in the2003]. Final proof of the feasibility of the
North sea) and is blocked there by a weir. Thenorphological disposal near the Walsoorden
fresh water discharge is hydrodynamically lessandbar was brought by 2 in situ disposal tests
important, however it has an important influencefFHR, 2006; FHR, 2009a; Plancke et al., 2009].

on the salinity gradient along the estuary. In the environmental impact assessment of a
In 1999 Flanders and the Netherlands agreed farther deepening of the navigation channel of the
cooperate closely for managing the Scheldt estuar§cheldt estuary, different scenarios were
and set up a “Long Term Vision” (LTV), based oninvestigated for the Western Scheldt. The scenario
3 pillars: safety against flooding, port acces#ipil in which the material from the capital dredging

and nature. Parallel to the LTV, the Antwerp Portworks was disposed near sandbars (i.e.
Authority asked an international expert team
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morphological disposal as introduced by PAETwould also serve as a TO situation, in order to
see Figure 1 for locations) was the most favorablevaluate the effect of the disposal.

one: this strategy would not induce any negative

effects, on the contrary it would create possib#it $\ asiae

for the development of nature [Arcadis-Technum
2007].

Where the environmental impact assessmer
investigated the overall effects of the channe NN .
enlargement (including disposal) on a large estuar ﬂ C N AN T
wide scale, Flanders Hydraulics Research wa A
asked to conduct research to optimize the dispos
strategy near sandbars on a detailed and mo
practical level.

Emanuelpolder

2. RESEARCH OPTIMIZING THE \ - : ; :
DISPOSAL STRATEGY Figure 2. Results of float measurements at the

Walsoorden sandbar.

The goal of the proposed disposal strategy along

sandbars was to maximize the creation ofl.3. Numerical hydrodynamic model
ecological valuable ecotopes, i.e. subtidal and\s a next step a detailed numerical hydrodynamic
intertidal areas with low currents, in a sustaieabl model was set up for each sandbar location, which
way. Flanders Hydraulics Research used aas calibrated using all available measurement
combination of different tools to investigate thedata [Ides et al., 2010]. Since local hydrodynamics
most optimal disposal strategy: analysis of topowere to be represented very accurately by the
bathymetric maps, field measurements and a higmodel (cfr. goal to create low dynamic area),
resolution 2D hydrodynamic numerical modelspecial attention was paid to the flow velocities.
[ldes et al., 2010]. Moreover, the experience/Vhere the flow velocities in the deep and shallow
gained near the Walsoorden sandbar [FHR, 2008vater areas were good reproduced by the model,
FHR, 2009; Plancke et al., 2009] was used abmited data availability in the intertidal area
valuable input during this research. prevented a good calibration of the models in this
reach. Therefore an additional validation of the
intertidal area was carried out based on the maps

Since it is important that the disposal strate . of ecotopes, which define several classes in regard
: LIS 1mp ISP gy wi to their ecological value. One fundamental aspect

not work against the natural evolution, airl the definiion of the ecotopes is the

morphological analysis — based on topo—h . o
! ydrodynamic character, which is related to the
bathymetric maps from 1931 to 2005 — was mad w velocities. Figure 3 shows some results of the

oreach sandbr ocaler, Besdes obsenvatn Saloraton of e model based on he maps o
orp gica . T §cotopes for the Rug van Baarland.

evolutions were investigated trying to understan

the morphodynamics of the estuarine system.

1.1. Historical topo-bathymetric analysis

1.2. In situ measurements

Insight in the local hydrodynamic conditions was
obtained by intensive flow (GPS floats and ADCP)
and sediment transport measurements on the 4
potential disposal locations. Besides gaining
insight in the local conditions, these measurements
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the sandbar, creating a low dynamic shallow
water area.

Figure 3. Calibration of the numerical model in the > et
initertidal zone wusing ecotope classification for :
Baarland. The green contour indicates the intdrtida
area, the pink contour indicates the low dynamic
intertidal area as indicated on the ecotope ciaasifn.

The colors indicate respectively high dynamic (raxil -
low dynamic (green) area as calculated by the nigaer | -+

model. The 2 figures show different results durihg — -
calibration of the model. — e
B 14 tot-12
B 16 tot-14
— v
3. THE PROPOSED DISPOSAL |m--
STRATEGY A
N
The research carried out by Flanders Hydraulic | st

Research revealed that fundamental difference
exist between the 4 proposed locations (set
Figure 1). On one hand both the locations nea
the Walsoorden sandbar and the Hooge Plate
West are located near the seaward tip of ¢
sandbar, attacked by flood currents. It is
expected that sediment disposed at thes:
locations will gradually be transported towards
the sandbar. On the other hand the locations ne
Rug van Baarland and Hooge Platen North are
located along a sandbar, guiding the currents. | A
is expected that sediment disposed at thes.®
locations, will be transported along the sandbar.Figure 4. Megadune propsed at Walsoorden sandbar
For the Walsoorden sandbar and the HoogfPove)and Hooge Platen West (below).

Platen West (see Figure 4) the disposal strate
aims at creating a subtidal “megadune” whichVea" Rug van Baarland and Hooge Platen North

will migrate towards the sandbar under influencdS€€_Figure 5) the disposal strategy aims at
of the flood-dominated currents. This can befonstructing a “sand spit” near the tip of the
seen as an application of the “working Withsandba}r. _Thls new sf';md spit, in comblnatlon with
nature” principle. This so-called megadune aimd€ €xisting one, aims for the creation of an
for the creation of an underwater barrier whichUnderwater  barrier  reducing the currents
will reduce the currents between the barrier and
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between the barrier and the sandbar, creating sediments were disposed near the 4 proposed
low dynamic shallow water area. locations along sandbars. In the deeper areas

near the sandbars, the disposal was performed
T using the conventional “clapping” technique
T with hoppers. In the shallower areas, the trailing
suction hopper dredgers connected to a floating
line which was connected to a diffuser (see
Figure 6). This technique allowed the disposal of
sandy material in zones up to 2m below low
water. Simultaneously with the capital dredging
works, maintenance dredging works had to take
place. Part (20%) of the dredged sediments from
the maintenance works, are disposed near the
sandbars, while the other part is disposed in the
main or secondary channels. Over the first 2
years a total of 12.4 Mm3 of sediments have
been disposed near all 4 sandbars, which is 63 %
of the amount foreseen to be disposed in 5 years
(see Table 1).

Figure 5. Sand spit proposed at Rug van Baarlan
(above) and Hooge Platen North (below).

4. EXECUTION & EVALUATION
OF NEW DISPOSAL STRATEGY

On February 1R 2010 dredging works for the
enlargement of the navigation channel in the
Western Scheldt started. During a period of ong
year all necessary capital dredging works (7,

Mm? of sandy material) were executed. The

igure 6. TSHD connected to floating line (above) a
etail of diffuser head (below).
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Capacity Disposal Disposal Disposal

Focation sy | Yerl | Yems | Yewiss | Sabiiy evaluation of the new disposal strategy on the
[Mny] [Mnr’] [Mnr] [Mny] [%] |Onger term.

2 Jes 20 95 .5 2.53 ; ; _
o S = R i Besides these measurements, a calibrated 2D
RugvanBaind | 300 | 070 | 038 B ! numerical model [Idegt al, 2010] is used to
e o N B e evaluate the developments of the flows near the
Table 1. Overview of quantities to be disposed near ~ Sandbars. Simulations are performed on regular
sandbars and initial stability. basis (every 3 — 6 months), using the most actual

_ _ topo-bathymetry near the sandbars. All 40
To evaluate the possible effects of the deepeningeasurement points are defined in the model

of the navigation channel and the new disposaing similar analyses is performed. Additionally,
strategy, an extensive monitoring programmeypatial maximum flow maps are generated and
was set up [Plancke et al., 2012]. Thischanges in these maps are evaluated (figure 7).
monitoring programme consists among others ok special “protocol’, containing  several
high frequent multi-beam echo soundingsmorphological (stability of disposed material)
current measurements, RTK height measuremegj,q ecological (evolution of ecotopes) criteria is
and determination of grain size. _ appended to the disposal license to, quasi
To monitor the stability of the disposed continuously, evaluate the monitoring data. An
sediment, high frequent multi-beam echopngependent group of experts (“Commission
soundings (MBES) of the total disposal areayionitoring Western Scheldt”) will supervise the

were performed. In the period during theeyg|yation of the monitoring and advices at least
execution and 1 month after the last dlsposabveryz years on the disposal strategy.

one sounding every 2 weeks was made. After

this period, the intensity was reduced to one

sounding per month and finally to one every

months. Additionally to these “disposal zone’%' CONCLUSIONS

soundings, a MBES of a larger area took plac\eN. hin th | . £ th L
twice a year to monitor the morphological Ithin the enlargement project of the navigation

changes in case the sediment would bghannel in the Scheldt-estuary, a new disposal

transported out of the disposal zone. strategy was chosen, aimed at creating new

The flow velocities are measured on 10 transec cological valuable habitats. The combination of
ct% morphological analysis, the in situ

over 2 full spring-neap-tide cycles. Each transe .

consists of 3 points in the intertidal aregmeasurements, the numerical model as well as
(measured with Nortek AquaDopp | 2MHz _the experience with 2 in situ disposal tests at the
figure 7) and 1 undeep subtidal point (RDIW‘F’IIS.O.Ord.en sandbar , resulted in  detailed
ADCP | 1200 kHz). The AquaDopps in thespeclflcatlons for the dlsposa_l strategy. It was
intertidal zone were dug in the sandbar and Ioog)und thﬁt 4fundamenc:alll dl_fferenées eX|hstsd
upward, allowing maximal vertical resolution et\r/]veﬁn': € 4 propose hoc\:;l\'jlolns. dn one datl)n
when flooded during the tidal cycle. To presenf©th the locatons near the Walsoorden sandbar

measurement data, scatterplots are generat@&d the Hooge Platen West are located near the
showing the maximum flow velocity (flood or seaward tip of a sandbar, under attack by flood

ebb) versus the tidal range (rising or fa”ing)currents. It is expected that sediment disposed at

(figure 7). Before the start of the deepening, th1€S€ locations will be gradually transported

reference situation was monitored for all 40][owa_rds the saFlendbar. Oré thel oéher :arld the
locations, measuring continuously over25pring—ocatlon near Rug van baarand an 00ge
Platen North are located along a sandbar,

neap tidal cycles. Since the start of the works, ding th s It ted that sedi ¢
new measuring campaigns at all locations havi uiding the currents. 1t 1S expected that sedimen

been executed to evaluate the effect of th isposed at these locations will be rather
disposal activities. During the next 6 years thistransported along the sandbar. Therefore a

monitoring  will continue, allowing the
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different disposal strategy was proposed for both
type of locations.
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SIMHYDRO 2010: modeéles hydrauliqgues et
incertitudes, Nice, France

An extensive monitoring programme was set urﬂ/leerSSChaUt, Y., Parker, W., Peters, J.J. & Plantke

to evaluate the success of this new strategy,
focusing on topo-bathymetry (using MBES) and

2004. A dredging and disposal strategy for
managing the Western Scheldt’'s morphology and
ecology. WODCON 2004, Hamburg, Germany.

flow characteristics (using Acoustical Dopplerp; o Antwerp Expert Team 2003. Alternative

techniques).
numerical

Additionally, hydrodynamic
simulations were performed to

dumping strategy - The feasibility of morphological
dredging as tool for managing the Western Scheldt.

investigate the changes in flow patterns near thelancke, Y., Ides, S., Peters, J.J. & Vos, G. 20@9.

disposal locations. This extensive monitoring
and analysis of the measurement data will allow
a final evaluation 5 years after the start of
enlargement project.
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Figure 1. Overview of the present topo-bathymefrthe Western Scheldt (bathymetry expressed in rsdielow
mean low spring water level). The black contoutidate the different disposal areas near sandbadged in the
environmental impact assessment. 0: sandbar ofddalen; 1: Rug van Baarland; 2: Hooge Platen N@&tihjooge
Platen West.
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Figure 7. AquaDopp (left), scatterplot from ADP-raeeement rising vs. maximum flood velocity (mid)&iood
velocities and difference (TO+15months — TO) frommerical model (right).
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Abstract

Tidal bar complexes are common features of fluidaittransition zones. Such features are generayethe
complex interplay, across a broad range of spatigpbral scales, between fluvial, tidal and waverbgignamics.
This spatio-temporal variability is reflected iretgeneration and interactions of reach-scale flouctires around
and over bar forms, which in turn drive bar-scadsliment transport and bedform scale morphodynamics.
However, presently we do not possess adequate aatanderstanding to enable quantification of these
relationships and how they change across the fitigta transition zone.

This paper reports on the flow structure and modghamics around tidal bars through the fluvio-tittahsition

in the Columbia River, WA, USA. Detailed flow mappiusing an ADCP was conducted from a small launch
highlighting the evolution of flow around km-scdidally-influenced bars during the tidal cycle. Fleeflow data
were combined with targeted multibeam echo souBBES) bathymetric surveys conducted from a second
launch, thus allowing the link between flow forciagd bar- and bed- form geometries to be examiRedults
show how the spatio-temporal variations in the hytics around bars are highly dynamic, which cdattbe
likely transitions in bar morphologies as the tid#luence increases distally towards the river thoand likely
governs bar evolution and stability.

1. INTRODUCTION managing the sensitive environments located
within this region, particularly in regard to
All river-estuarine systems contain a transitionakenvironmental and sea-level change. As a
zone between fully fluvial and fully tidal consequence, the controls on flow and sediment
environments. This region is highly complex withrouting and the deposits within the fluvio-tidal
fluvial and tidal currents interacting on daily, transition zone are poorly understood, and
seasonal and annual cycles. The interaction afpecifically the relationships between flow
these variable current cycles makes measuring argructure, its change through tidal cycles, and the
defining hydrodynamic and sediment transporbed-sediment response.
processes difficult. However, gaining anWhilst fluvial and estuarine systems have been
understanding of these processes is crucial tpvestigated in detail (e.g., Dalrymple et al., 299
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Dalrymple and Choi, 2007; Uncles, 2010; van dervelocity and suspended sediment concentration
Berg et al., 2007), the transition zone has oftemlong a set of pre-determined cross-sections
been largely neglected. To understand tharound individual bar complexes, to investigate
morphodynamic and sedimentary processefiow forcing and flow structure generated as

occurring within this region, from tidally fluvial-tidal interactions varied during the survey

dominated zones through to tidally-influencedperiods. MBES surveys were performed with a
river systems, the flow and the fluid forcing RESON SeaBat 7125 and POS-MV system. These

mechanisms must be considered in detail. surveys were carried out in June 2012 and
measured channel bathymetry around the tidal
2. FIELDSITE bars. The morphologies obtained have permitted

investigation of bedform interactions and bedform
The Columbia River Estuary (WA, USA) has asteering by tidal bar morphologies.
total drainage area of 660,480 %rhefore entering
the Pacific near Astoria, Oregon, USA (Simenstach_ FLUID FLOW
et al., 2011). The river has an average discharge o
6,700 — 7,300 As* and a maximum tidal range of Flow was measured at both high and low tides
3.6 m (Sherwood and Creager, 1990; Fain et alground a bar head at several cross-sections (Figure
2001). It is a large estuarine system with2). Two of these cross-sections lay upstream of the
contemporary and historic tidally-influenced barbar head, within a major anabranch of the river,
construction (Figure 1). whilst the other two were positioned either side of
the bar head itself. The flows measured are shown
in Figure 3.
At low tide, flow in all parts of the channel flow
field is in a downstream (ebb) direction, with
lower velocities seen across topographic highs at
the channel and bar edges. Maximum flow
velocities in the sections reached over 1'ms
concentrated within the deepest parts of the
channel. Flow in the shallower channel to the north
of the bar head (cross-section D) was considerably

N =R - i % lower, with maximum velocities of ~0.3 rhs
Figure 1. The Columbia River Estuary, WA, USA. Well

-developed bar complexes can be seen throughout thg
channel, some of which are vegetated. Data on &ws b
are presented herein: i. Sandee Bar, where ADCI
measurements were carried out (Figs 2 and 3); iand i
Wills Bar where the MBES survey shown in Figure 4
was conducted.

3. METHODOLOGY

The fluid flow, sediment transport and
morphodynamics of a 40 km-reach of the river
have been studied using acoustic Doppler curremtigure 2. Position of ADCP lines around the barth@a
profiling (ADCP) and Multibeam Echosounding Sandee Bar.

(MBES). Several bars within the reach were ) i

chosen for careful investigation. Herein we preserff!0Ws at high (flood) tide had much lower overall
results from two of the bars investigated. At eactyelocities, up to a maximum of ~0.4 ']'35?“0”9
site, a 1200 kHz RDInstruments ADCP WaSWIth a distinct zone of flow reversal seen in twio o
deployed from a small launch during both 2011the sections. Interestingly, rovv_ at cross-sect#fon
and 2012, covering a number of tidal cycles. Thi$hows & weak upstream flow in the deepest parts
provided measurements of three-dimensional floW?f theé main channel, with slightly stronger
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downstream flow in the shallower areas of thevelocity in shown in cnis Note scales vary between
cross-section to the north. Cross-section D showssub-panels
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an increase in ebb-directed flow during the flood,
indicating a significant influence of tidal bar
topography in steering the flow driving the
incoming flood into the topographic lows, with
much higher variability in flow direction across
topographic highs in response.

5. BEDFORMS

Although the region studied shows bi-directional
flow through the tidal cycle, the bedforms
identified across the bar head at Wills Bar (Figure
1, 4) have dominantly unidirectional, asymmetric,
ebb-directed geometries, with long stoss sides with
sharp crests. Large dunes are found throughout the
estuary system, commonly with flattened crests.
Figure 4 shows that dunes upstream of the bar
head have crests orientated in a NE-SW direction
(normal to the bar head apex). As the channel
bifurcates, the orientation of the dunes changes as
they are steered around the bar head. In the larger
southern channel, flow is deeper and the dunes
become longer in wavelength and straighter
crested. Here, the dunes crests are N-S in

orientation. In the smaller northern channel, the
flow is shallower and dune amplitude declines
significantly.

Figure 4. Large dunes showing some steering and
pronounced decay around a bar head at Wills Bar
(location shown in Figure 1). Flow is diverted frahe

Figure 3. Streamwise flow around a bar head medsurey,ain river channel at the bottom right of the imagel

at four positions on 1) the outgoing (low/ebb) agy,
incoming (high/flood) tides. Section positions are
shown on Figure 2. All images show flow facing in a

separates around a large bar.

downstream direction. Water depth and distance from

left bank are shown in metres, while streamwiseavflo
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6. CONCLUSIONS tide-dominated depositional systems: A schematic

Flow fields around tidal bars have significant framework for environmental ~and sequence-

variability that is driven by the response and Ztlra'ig;agi;ﬁ: interpretation. Earth-Science Reviews

interactions of the tidal flow and topographic parymple, R.W., zaitlin, B.A. & Boyd, R. 1992.

forcing. This can result in appreciable steering of Estuarine facies models: Conceptual basis and
flow at tidal bar heads, with notable implications  stratigraphic implications. Journal of Sedimentary

for bar morphodynamics of and their Petrology 62: 1130-1146.

sedimentology. For example, there is littleFain, AM.V,, Jay, D.A., Wilson, D.J., Orton, P.N&
evidence for variation in bedform asymmetry Baptista, A.M. 2001. Seasonal and tidal monthly
through the reaches examined herein. However, Patterns of particulate matter dynamics in the
the multbeam surveys presented herein havg Columbia River Estuary. Estuaries 24: 770-786.
allowed a first view of this flow steering effeatca  >erwood. C.P. & Creager, J.S. 1990. Sedimentary

future repeat surveys will be carried out across a geology of the Columbia River Estuary. Progress in
P y Oceanography 25: 15-79.

complete tidal cycle to determine sedimentsjnenstad, C.A.. Burke, J.L., O'Connor, J.E., Canno
transport rates and directions. Full three- ¢ Heatwole, D.W. Ramirez, M.F., Waite, |.R.,

dimensional flow data will be examined in the near Counihan, T.D. & Jones, K.L. 2011. Columbia
future to elucidate the secondary flow components River Estuary Ecosystem Classification—Concept
and evolution of channel scale helicity and therol  and Application: U.S. Geological Survey Open-File
it plays in sediment routing round these key Report2011-1228, 54 pp.

features of the fluvial-tidal transition zone. Uncles, R.J. 2010. Physical properties and proseisse
the Bristol Channel and Severn Estuary. Marine

Pollution Bulletin 61: 5-20.
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Abstract

Despite the significant progress that has been nimah®deling dune dynamics in the marine environiniren
situations with abundance of movable sand, littlegpess has taken place in the understanding af dynamics
in areas of mixed sediment including sand and drawdures. In large parts of the North Sea, sanansported
as migrating dunes over a bed consisting of grags paper presents some initial results from &irgtain
model using a Cellular Automaton type model bagethe work of Bishop et al. (2008). The sediment is
represented as unit slabs And the movement of #labe within the model is based on a stochastiofsales
based on the flow and the gradient of the bed sealinTransport takes place over a given distarateighalso
dependent on the local bed gradients. As partisinfovement the model checks to see if the seditveshslope
exceeds a critical value, and if this value is exieel avalanching occurs.

1. INTRODUCTION observed in nature (other than simple dunes and
dune fields).

Cellular automata (CA) have been shown to be
capable of capturing the complex patterns of sand 2 CELLULAR AUTOMATA (CA)
wave, ripple and dune formation, which have
proven particularly difficult for conventional CA models are a class of individual based
process-based modeling techniques to reproduggodeling where each particle in the model is
(Nield and Baas, 2008, Bishop et al., 2002restricted to a spatial grid (Fonstad, 2006). The
Wilson, 1972, Hammond, 1979). spatial restriction helps reduce computational
The original CA models are deceptively simpleoverhead in calculating millions of iterative steps
and were intended to provide an understanding aff movement and these models can, therefore, be
the fundamental rule system which underlies th@ised to show how small scale processes can impact
patterns and features we observe in nature (Bishdarge scale patterns. Nevertheless, coding fordspee
et al.,, 2002). In order to apply these models fois important, and the size and complexity of these
prediction to the real world we need to addmodels can be limited by computing power. Any
complexity and flexibility without losing the instruction (rule) that is replicated may impacs th
essential simplicity that is their major strength.overall performance severely and so there is
Therefore, the base CA model was adapted talways a trade-off between computational
incorporate the ability to represent variable flowefficiency and rule complexity. For instance, the
fields using process-based hydrodynamic modelsodel developed during this project uses a 3-
(in this instance the TELEMAC system), multiple dimensional domain with over 40 million explicit
grain sizes, and simplified ecological rule systemscells, which each need to be classified and tracked
A series of simplified tests were undertaken tahrough the model runs.
demonstrate the model's ability to reproduce &arhe large scale patterns that develop in the model
range of complex bedform patterns that areare called emergent behavior of the model.
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Emergent behavior is often difficult to predict 1.1. Basic Model
from analysis of the simple cellular rules thavvdri The model consists of a three-dimensional lattice,
the model. In a ‘strict’ cellular automaton a c&ll’ which can be considered as a grid of stacked slabs.
state is only determined by its four or eight nefare The model is initialized with a stack of slabs on
neighbors (Von Neumann and Moore neighborseach cell of the grid. The model operates by
respectively). In the present case, the statecefla picking a cell at random and moving the top slab,
can be determined by cells far distant across thihe moved slab is shifted forward in the direction
grid, and multiple slabs can be ‘stacked’ on ef the -current (the strength of the current
single grid position (cell), in an attempt to determines a jump length in an integer number of
parameterize the model such that the emergeell widths). The current is parallel to one of the
behavior matches some of the patterns observed &xes of the base grid (a ‘one-dimensional’ current)
reality. and the moved slab is deposited on top of the stack
CA models allow interactions to be definedof slabs at the destination cell. A slab reaching a
between cells that are deterministic, probabilistidestination cell may ‘stick’ and remain there or
or rule based (Fonstad, 2006). In comparison tthounce’ and move again - this process of sticking
mathematical deterministic models, they are morer bouncing is designed to represent the process of
flexible and often more simple to initialize, saltation in the real situation where particles
understand and operate. CAs have been used $ometimes bounce along the ground or surface of
model biological colonization and succession orthe bed (bedload). When a cell is stuck a process
Aeolian sand dunes (Feagin et al., 2005; Baas araf local avalanching is initiated. Avalanching
Nield, 2010) and other physical sedimentaryinvolves a move to a neighboring cell if the slope
dynamics, such as river braiding (Murray andof the stack of slabs in that direction is higheart
Paola, 1994). the angle of repose (an initialization parameter),
Models specifically aimed at representing complexand the local avalanching process continues until
ephemeral bedforms such as sand dunes are oftea more slabs move. (There is a mirror image
complicated and reasonably limited to highlyprocess at the site which the moving slab left, in
theoretical cases (Duran et al., 2010), which s navhich the angle of repose is again maintained by a
to say they are inaccurate. On the other hangyrocess we call ‘fillback’). Once a slab has moved,
theoretical CA models ‘look right’ and that in ilse and initiated an avalanche and fillback (if eitber
is an important fact mitigating for their benefit i both are required) then a new cell is randomly
capturing the essential dynamics (Wolfram, 2002)selected and moved. A single model step is
However, we must exercise extreme caution ileemed to have passed once the number of random
suggesting that they are exact representations e€lections of cells is equal to the total number of
reality and in using them for prediction when wecells in the grid - i.e. on average each cell keenb
have not tested their results rigorously againsselected once.
reality. There is much left to do and the bestA key aspect of the basic model is shadowing,
predictions are always likely to be made by using avithout which interesting patterns do not form
combination of all model types (Paola et al., 2006)(Nield and Baas, 2008). Shadows are cast by
stacks of slabs downwind of the current direction
3. MODEL DISCRIPTION at the shadow angle (which is an initialization
parameter). If a slab is in shadow it does not move
The model adopted to describe the underlyingf its cell is selected (the selection attempttit s
sediment processes is the simple one-dimensionabunted against the number for a model step). If a
model described by Bishop et al. (2002), hereaftegell moves into a position which is in shadow it
called the ‘basic model. This model was thenalways sticks and does not bounce.
incrementally enhanced to reflect some of the
aspects of the real system we wish to model. Aiodifications were made to the basic model to
outline of the model is given below. improve the application of the model to real world
situations.
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1.2. Variable direction currents In an attempt to create a more realistic pyramidal
To vary the flow field during the simulation, a base the height of the diagonal neighbors were
method was developed to advect each slafivided by the square root of 2 to account for
independently based on a current field that isncreased distance from the center of the starting
overlain on the grid. In this case the current griccell. This also produced a square pyramidal shape
need not be the same as the cellular grid as Isng eotated at 45°. However, by taking an equal
the current can be interpolated at a center pdint dgandom choice of the root 2 corners and the normal
each grid cell. The slab is then pushed forward bgystem (with a similar adjustment to the angle of
the current (or in some relationship to the currentepose) it produced an almost conical avalanche.
resolved in ‘cell widths’) and lands on the celttwi
the center point closest to the destination. The kel.4. Multiple grain types
difficulty in this scheme is not pushing the cellIn the real world marine soils are often variable i
forward but calculating the shadow, which will betheir makeup and consist of different grain sizes
different for each cell relative to its velocity. A with different characteristics. These different
critical factor here is speed of processing as angharacteristics will affect sediment transport and,
scheme selected for calculation of shadow must béherefore, it is considered that by being able to
comparable to the basic case where the prograbetter represent this variability is advantageous
merely has to look along the row or columnwhen it comes to modeling seabed morphology.
upwind of a cell. A simple straight line calcutati One of the principal reasons for trying to use CA
was used to look upwind of a cell to determing if i type models to simulate sediment transport may
was in shadow and allowed a restriction on thevell be in trying to understand what may happen
maximum distance that the shadow influence washen a ‘slab’ of one soil type of material is
calculated. This method is restricted to cases dafverlain by another type. Previous studies have
smoothly varying current directions, if the currenttaken a similar approach to explain the patterns
changes direction significantly within the length o found in terrestrial sandstone (Anderson and
the shadow a method which follows the current (irBunas, 1993), but there are few studies of fluvial
reverse) to determine shadows would be superior.or aquatic dune formation. Anderson and Bunas
(1993) describe a typical observed pattern of an
1.3. Conical avalanches on a square grid.  aeolian dune, having a thin veneer of coarse
The basic model uses an avalanche system thatpgrticles on the upwind (stoss) slope, a coarser
determined by the 8 nearest neighbors of a ceftidge and a finer downwind slope. They attributed
(Moore neighborhood - In cellular automata, thethis to less saltation for the heavier particles
Moore neighborhood comprises the eight cellsombined with the release of fine particles after
surrounding a central cell on a two-dimensionaimpact with a heavy particle (Anderson and Bunas,
square lattice), therefore, it was assumed that thE993).
pyramidal shapes appeared due to the avalanchitésing sediment slabs representing multiple grain
system not accounting for increased distance dfize fractions is straightforward. The pick-up and
diagonal neighbor cells compared to adjacentleposition probabilities are varied depending on
neighbor cells (Von Neumann neighbors). Thisthe sizes being represented. The heaviest particles
effect was imperceptible for angles of reposemnight only move through avalanching.
relating to lower heights between neighbors as a
single slab height was greater than the variatiomhe critical difference between a model that has
between a direct neighbor and a diagonal neighbospecific grain types and the basic model which
As such, the random nature of the avalanchingperates with a single sediment type is that each
system caused approximately conical shapes. Aslab in the model needs to be identified and
alternative was to move to a system of Vontracked within the computer program. In the basic
Neumann neighbors for avalanches, however, thigiodel a stack of slabs on a cell are all expecied t
produced a square based pyramidal shape at 45°he the same, therefore, the computer needs only to
the one caused by the Moore neighborhoodecord the height, thus the memory requirement to
approach. define the model is restricted to an integer value
for each grid cell. However, if there are different
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sediment types represented in the model and thely6. Scenario 2: Bimodal sediment bed in a
occur at different levels within each stack thea th ynidirectional variable current

memory requirement becomes three dimensionakigure 2 shows the pattern emerging when the bed
the model has a ‘height’ and the absence of a ceflomposition is bimodal and the forcing flow
is recorded as well as the type when one is preseninidirectional but varying in speed. The first
In the present study 8 bit integer values wergnovement was from bottom right to top left
chosen for each cell leading to a limit of 255 ®/pe gligned with the grid in which all the material
including ‘no cell’ and ‘immoveable bedrock’ moved in a similar way. The second subsequent
cells. This system was, therefore, logical anthhase of movement was in the same direction and

simple to use. the various grain sizes behaved differently. The
light particles (black) moved whenever selected
4. SCENARIO’S (and when not in shadow etc.) and the heavier

. particles (gray) only moved on 10% of occasions
The results of three scenarios are presented here.when they were picked. The pattern is slightly
* Mound of mixed sediment in a constantsuppressed than with uniform condition with

current longer wedge shaped bedforms forming with less
+ Bimodal sediment bed in a unidirectional mobile particles on the upwind slopes and sorted
variable current faces on the downwind slopes. This is similar to
 Bimodal sediment bed in a bidirectional the bedforms described in Boyd et al. (2006).
variable current Figure 3 shows the presence of coarse material

veneers forming in the bed.

5. RESULTS

1.5. Scenario 1: Mound of mixed sediment in
a constant current

Figure 1 shows how a mixed mound of sedimen
(10% heavier particles) can be affected by ¢
current travelling in a single direction. The hesavi
particles are not advected by the current bu
avalanche as the finer material is moved away, thi«-|
leads to an armored mound and fine materig’ ]
moving away from the horns of the dune. If there = i
is sufficient fine material it will form a separate -
smaller Barchan dune moving away with the 2l
current.

7

Figure 2. Bed pattern emerging from a bimodal bed
under a unidirectional varying flow. Coarse matdsa
gray, the fines are black.

Figure 3. The sorting mechanism leads to veneers of
coarse (black) material underneath the mobile fines

(gray).

Figure 1. The sediment sorting of a mount of mixed
sediments leads to a Barchan dune and ridgesef fin
material being formed.
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1.7. Scenario 3: Bimodal sediment bed in a 6. DISCUSSION

bidirectional variable current _ _ _
Two fundamental sediment patterns which occur in

Figure 2 shows the pattern emerging when the b€ North Sea are sediment sorting in bedforms
composition is bimodal and the forcing flow @nd the existence of sediment veneers (HR
unidirectional but varying in speed. The first phas WWallingford, 1995). Sediment sorting leads to
of movement was from bottom right to top left andProgressively finer sediments in the direction of
aligned with the grid in which all the material th€ current and sand wave type bedforms of well
moved in a similar way. The second subsequerﬁorted finer sand. These patterns of sorting are

phase of movement was in the normal direction of°Mmon, and they have been used to infer the
the grid, bottom left to top right in which the transport characteristics of the North Sea (HR

different sizes of grains behaved differently. TheVallingford et al., 2002, Vanwesenbeeck and

light (black) particles moved whenever selected-2nckneus, 2000) and nearby UK coastal seas
(assuming they were not in shadow etc.) and thd1émming and Stride, 1967). In this instance the
heavy (gray) only moved on 10% of occasions/€N€ers are defined as thin layers of heavier

when they were selected. The mobile sand sorteRp'ticles —overlaying either fine or mixed
into waves of fine material and moving over gSediments. In the southern North Sea the seabed

veneer of heavy particles. sediments have been described as fine to medium
grade sandy sediment overlying the underlying
sediment (HR Wallingford et al., 2002). Buried
veneers have also been described whereby finer
material is drifting over a veneer (Flemming and
Stride, 1967). A typical arrangement that is often
described in the North Sea is one of sand waves
covered with a veneer of heavier particles overlain
by well sorted fine sand mega-ripples.
Apart from the armoring process, two processes
operate that sort the sediment. First, in weakening
flows the sediment to be deposited first consiéts o
the largest grain sizes. Thus the troughs of
bedforms are filled with relatively coarse sediment
while the bedforms themselves consist of finer
sediment. In weakening flows, such as occur over
a tidal cycle, more and more sediment is deposited
in the bedform troughs, leading to a fining upward
Figure 4. Bed pattern emerging from a bimodal bed séquence in the Seab.ed below the active bedforr_ns.
under a bidirectional varying flow. Coarse mateisal 1 hiS process is relatively well understood and is
green, the fines are blue. predictable using available bedload transport
formulae for different size fractions.
G The second process is due to the bedload sediment
x being sorted in the avalanche of grains along the
lee side of the bedforms. This process is less well
understood. The sediment that is transported over
Figure 5. The sorting mechanism leads to veneers of the length of the bedforms is deposited at _the lee
coarse (black) material mostly underneath the reobil  Side of the bedforms. At the top or slightly
fines (gray), but occasionally covering bedforms. downstream of the top the sediment avalanches
from the dune. Every avalanche forms a new
lamina in the set of layers called cross-bedding.
During this avalanche the bedload sediment is
sorted, with the coarse material being deposited
preferentially deeper within the trough. The finer
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material is deposited preferentially higher abovd-lemming, N.C. and Stride, A.H. 1967. Basel sand an

the trough. The result is a fining-upward sequence 9ravel patches with separate indications of tidal
in the bedforms. current and storm-wave paths, near Plymouth.
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Abstract

Extensive areas of the bottom of Lake Geneva avered with bedforms that have been referred toilbmmp
hollows and quilted-cover pattern by prior obsesyesis well as with sediment waves and trenchesselhe
structures are decimeter to meter scale. A lartgsdtof video recording and stereographic canmeageéry of the
lake bottom was recently acquired during a campaigiih the Russian MIR submersibles. We present a
classification of the different types of sedimetntistures with a focus on distinctive morphologichbracters. The
variations in the observed lake-bottom structuregeal a continuous range of morphologies between th
aforementioned bedforms. Although the role of tb#dm-dwelling Burbot fish in at least maintainitige bottom
landscape has been suggested in previous stuldésrigin of the observed bedforms is unclear. @nkasis of
our preliminary observations, other candidate meidmas are briefly mentioned, including bottom cuotse
generated by internal waves. Understanding the ddom and evolution of lake-bottom morphology ispontant
since the transport pathways of lake sediment tiamdio a large extent the fluxes and cycle of ytalhts.

1. INTRODUCTION example in providing shelter for certain species, i
particular during early development stages (Probst,

1.1.  Sediment structures and benthic 2008), or foraging grounds for others (Erlandsson

processes et al, 1999). Bedforms are observed at the

Sedimentary structures at the bottom of aquatititerface between mobile sediment substrate and
environments are of importance to variousoverlying fluid. Common in fluvial and shallow
processes occurring in the bottom boundary layemarine environments, bedforms also occur in
The benthic zone provides habitat for a number dicustrine and deep marine realms. There, they
species types, from bottom-dwelling fishes tousually exhibit slower dynamics because fluid
burrowing invertebrates and microbial faunaforcing is generally weaker and episodic.

(Thrush et al, 2001; Hewittet al, 2005). The

nature and properties of surface sediment contrdl.2. Prior studies in Lake Geneva

the type and rate of chemical reactions takingeplacFirst observations of bottom structures in Lake
near the lake bottom (e.g. Branet al, 1990; Geneva were reported by Vernet (1966) after
Mermillod-Blondin and Rosenberg, 2006), whichseveral dives with the submersible Piccard. He
ultimately govern the transformation cycle and fatejescribed a uniform landscape composed of a
of the compounds input into the aquatic systenguccession of humps and pits linked together by
(Warren and Haack, 2001). Bedform-scalesaddles, which he referred to as a quilted-cover
topography has an ecological function, forwhere stitches are randomly distributed. The
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hypothesis of interference of ripples generated bgummer 2011 (www.elemo.ch, last accessed 28
distinct current regimes was proposed to explaifrebruary 2013). The éLEMO project is an
the formation of the observed morphology, notingnterdisciplinary research initiative where mulépl
that the origin of such currents was not wellresearch groups coming from different Swiss and
identified. The role of fish inhabiting the lake international institutions have joined their effort
bottom in maintaining and enhancing the bedfornin a comprehensive study of lake processes.
pattern was already outlined. The analysis carried out in the present paperselie
Sedimentological studies were carried out on then two types of imagery data: raw video and
pillow-hollow  structures with radioisotopic, stereographic images. Video was recorded with the
chemical and microbial analyses of short coresubmersible’s camera attached to the portside
(Dominik et al, 1992; Brandkt al. 1990). Troughs robotic arm. The two stereographic cameras were
exhibited a stratigraphic hiatus compared tcset about 9 cm apart from each other and both fired
pillows, where sediment was relatively lesscontinuously at a frequency of 2 frames per
consolidated. There were differences in thesecond. For all dive profiles, the general strategy
thickness and age of missing sediment betweewas to record video and stereographic imagery
adjacent troughs. The above results suggestawhenever the submersibles were navigating right
localized erosion and reworking of the surficialover the lake-bottom.

sediment with small-scale inhomogeneity in

erosive events. Random changes in the intensi.2. Lake-bottom classification from video
and frequency of Burbot fish activity from one recording

structure to the next could explain the variability | gke-bottom topography was characterized by

the stratigraphy of the troughs. visual inspection of the raw video to establisist |
of sedimentary structures. The analysis was done
1.3. Scope of the paper using a collaborative, web-based GIS interface

This paper reports preliminary results on extensivgAkhtmanet al, 2012) where the video record had
observations of lake-bottom morphology in Lakebeen indexed with navigation data. Structures are
Geneva using video recording and stereographigefined as morphological elements shaping the
imagery. After describing the data acquisition andake-bottom landscape, consisting of accretions or
the analysis and processing methods, we focus dncisions, with typical size ranging from decimeter
a description of the sediment structures. Ato meter. They can be repeated with some degree
classification is derived from the more extensiveof regularity in their spatial arrangement (e.g.,
video record. Examples of 3D models are used tpillow-hollows or sediment waves), organized in
illustrate the added-value of scaled digital terrai networks (e.g., trenches), or isolated (e.g., singl
models continuously covering long sections of thelepressions); see section 3.1 for a description of
lake-bottom compared with raw video. Thethe structures. Structure identification can be
motivation for the study is to understand theaffected by certain characteristics of the video
mechanisms controlling the development of theecord such as perspective, backscatter and image
observed bedforms. Several potential processes ag@ality. Distinctive characters were used, such as
mentioned, as well as the two main approaches afie connectivity of local topographic lows between
the analysis, currently in progress, to asses®theadjacent bedforms and the extent and uniformity of
processes. the lake-bottom coverage by the bedform pattern.

2.3. 3D model reconstruction
2. METHODS Image sequences used to generate 3D models of
the lake bottom had to be manually selected to
21. Data acquisition retai_n only high-quality images. Low—Iigh_t settings
Data presented here were acquired with théeoIUIred by underwater photography_weld noisy
manned submersibles MIR-1 and MIR-2 operate(!lmages ar!d the local des_crlpt(_)r—njatc_hlng apprqach
by the Russian Academy of Sciences during th t the basis of image registration is highly séresit

< : ; . fo noise. Images were preprocessed using edge-
éLEMO campaign conducted in Lake Geneva Idetection methods to mask the submersible’'s
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robotic arm which is sometimes present. After
applying the resulting mask, images are subjecte
to histogram equalization before being fed to the
commercially available image registration software
Agisoft Photoscan Pro. The 3D models are finally
scaled using an algorithm calibrated with the
known distance between the stereographi
cameras. The camera calibration allowec
producing reliable 3D models up to 50 meters
long, corresponding to sequences of about 100
images. Depth maps are directly obtained b
projection of the 3D models on the plane normal tc
the orientation of the cameras. The 3D point clout
is then interpolated using a distance-weightet
function. Low frequencies are removed from in
order to use the entire grayscale of the image t
represent sediment structures only. Figure
(placed at the end of the paper) shows the produc
the above processing for one sequence of pillown
depressions used as an example.

3. RESULTS Figure 2. Pillow-hollows (close-up and perspective)

3.1.  Designation of the sediment structures
A set of observation keys was defined to describe
the lake-bottom  structures. Representative
examples of all structures are shown in Figures
to 5, where the image dimension ranges from 1t
a few meters, depending on the distance and anc
between the camera on the robotic arm and th
bottom. The structures most commonly observe:
are pillow-hollows, quilted-cover, sediment waves
and trenches. Pillow-hollows (Figure 2) are large
well-rounded, cushion-like structures staggeres
over the lake bottom and usually separated b
comparatively narrow troughs. The quilted-cover
(Figure 3) consists of local topographic lows
(depressions) alternating with local highs (bumps
in a regular and widespread pattern. The
depressions are usually circular and smoott
separated by saddles or ridges that prevent tt
formation of fully connected drainage paths.
Sediment waves (Figure 4A) designate sub-paralle
ridges extending in one direction, with low-relief
crests about 1 m wide and troughs narrower tha
typical dunes. In general, they are somewha
sinuous and not markedly asymmetric.

Figure 3. Quilted-cover on two different sedimees.
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Trenches (Figure 4B) denote continuous troughpockmarks (Wessekt al, 2010) but their shape is

forming branching networks. Areas betweensimilar. They tend to happen in small groups but

trenches may either consist of flat bed or shovwonly cover a small fraction of the lake bottom. In

bedforms, usually pillows and sediment waves. some cases a narrow and shallow channel can
connect a few single depressions, but their spatial
arrangement is generally random.

Figure 5. Lake-bottom images representing pillow-
trenches (A), cuspate pillows (B), pillow-depressio
(C) and an isolated depression (D).

3.2.  New insight from selected 3D models
Reconstructed models yield additional information
not included in the still images. Figure 6 (plactd
Figure 4. Sediment waves (A) and trenches (B). the end of the paper) shows examples of 3D
models for the four main structures. Continuous
extension of the models along the submersible’s
track provides a spatial context to examine
Three additional types are defined to describenorphological properties and assess the uniformity
bedforms corresponding to a transition betweemf the lake-bottom landscape at the level of sévera
structures or a variation on a structure. Pillowconsecutive bedforms. For example, models reveal
trenches (Figure 5A) naturally refer to thethe existence of more or less well-marked
combination of pillows and trenches. Cuspatenetworks of channels connecting troughs or
pillows (Figure 5B) have the same planardepressions in most sequences showing pillows, as
geometry as pillow-hollows, but a flatter top and acan be seen both in the depth maps and in the
steep lee side making them more markedlyerspective view (Figures 1 and 6A). Such
asymmetric than the rounded, cushion-like pillow-continuous channel networks are absent in the case
hollows. Pillow-depressions (Figure 5C) areof the quilted-cover. For isotropic bedforms like
similar to the quilted-cover but with lower saddlesthe quilted-cover, the regularity of the pattern is
separating depressions and connecting bumpgenfirmed over extensive sections of the lake
Regions of the lake-bottom devoid of topographitottom (Figure 6B). In the case of 1D-periodic
structures are labeled as flat bed. bedforms like sediment waves, lateral continuity
Finally, isolated depressions (Figure 5D) areand wavelength homogeneity can be examined
observed, usually but not exclusively over a flatFigure 6C).
bed. These local topographic lows are circular withrhe combination of multiple adjacent bedforms on

rims either fairly steep or smoothed. Their typicala single model also reveals the existence of a low
dimension of about 0.1 m is smaller than
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spatial frequency perturbation on the main slope iof asymmetric bedforms like the cuspate pillows

most sequences. Removing background lakeelative the main slope can be used to distinguish

bottom undulations enhances the morphology othese two mechanisms. In addition, episodic

the sediment structures. Figure 1 shows how theurrents with velocity on the order of cm/s have

level of connectivity between the depressions morbeen recorded at a long-term monitoring site on the

readily stands out after filtering. The height bét lake bottom (Lemmin, unpublished data). They are

saddles separating depressions, which controBssumed to be related to internal wave dynamics of

connectivity between depressions, can be used aghe lake.

gquantitative parameter to discriminate quilted-

cover from pillow-hollows. 4.2.  Other processes

Finally, the possibility to manipulate 3D models Entrainment of sediment from the bottom can arise

with texture and shadowing voids biases related tethrough mechanisms other than fluid shear. Boyer

the perspective of still images and ensures moret al. (1990) have observed foraging trenches

objective assignments of structure types. about 30 cm deep made by Burbot fish in Lake
Superior, showing the capacity of Burbot fish to
rework large amounts of sediment. Katt al.

4. DISCUSSION (2012) report that significant sediment

Our overall goal in characterizing the lake-bottom/€Suspension by bottom-dwelling fish along the

morphology is to infer the nature and origin of the0xygenated margins of Saanich Inlet in Bristish
bedforms. Their evolution as well as theirColumbia is at the origin of an intermediate

interaction with transport and biogeochemicalepheloid layer in the inlet. There is no doubt tha
transformation processes may be predicted on tHgurbot fish play a significant role in at least

basis of proposed models for their formation. ~ Maintaining the depressions in most sediment
structures occurring at the bottom of Lake Geneva,
41 Sediment transport driven by as confirmed by repeated observations of turbation

hydrodynamic processes activity of Burbot fish at the lake bottom during

Geotechnical measurements (Starkt al, this and prior campaigns.

submitted) as well as sedimentological analyse rocesses occurring within the sediment could also
indicate that bottom sediment mostly consists o € at the origin of the development of the observed

fine and poorly consolidated materials with Verysed|ment structures. _For Instance, bloturbe_ttlon
causes local changes in the rheological behavior of

low shear strength. Small velocity thresholds, o : : ; .
the order of a few mm/sec, are sufficient foﬁhe sediment and may induce spatial heterogeneity

sediment resuspension. Most of Lake Geneva in the response of the sediment substrate to erosio

over 200 m deep, so wind-induced surface curren nd deposmqn Processes. .
as expulsion is known to form craters in

are damped where bedforms are observed:;
However, some processes locally generatgnmersed granular layers (Varasal, 2009) and

significant near-bottom currents, notably shorelould be responsible for the development. of

: : : . depressions at the lake bottom, in particular the
hugging Kelvin waves and density flows acting. X oo :
along the slopes. Caused by a combination of win olated depressions. Significant methane bubbling

stress-induced pycnocline tilting in stratified a?s sbueberrr:it(t)gj)er\életﬂolﬂ IF]alt(:egeinse\é% (S\?igg?::geerof
conditions and Coriolis forcing, Kelvin waves are;” " ' 9

internal waves rotating counter-clockwise (in theIarge pockmarks as in Lake Constance (Wesels

Northern Hemisphere) that are confined to %H:II(;/IO). in hydradynamically quiescent

narrow band along the lake's shore (Lemetiral, nvironments, slow deformation of lake-bottom
2005). Rapid cooling of surface waters can occuf ™! ’ . o ) .
ediment under their own weight is possible given

in shallow areas near the shores of coId-regiot . | ¢ th. Bedf t Id
lakes (alpine or high altitude and high latitude eir very low strength. bediorm asymmetry cou
g}en result from long-term creep.

lakes) during winter. The denser water masses ne
the shores plunge and cascade downslope as
density currents (Fest al, 2002). The orientation
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4.3, Direction of continuing work Photogrammetry and Remote Sensing, Melbourne,
Further analysis of the dataset is in progress Australia, 25August-1 September 2012.
following two main approaches. First, aBoyer, L.F., McCall, P.L., Soster, F.M. & Whitlatch
distribution map will be generated from systematic R:B. 1990. Deep sediment mixing by burbbbta
classification of the entire video dataset. lota), Caribou Island Basin, Lake Superior, USA.

Correlations ith the variations of relevant Ichnos 1: 91-95.
: Wi variat v Brandl, H., Hanselmann, K.W. & Bachofen, R. 1980.

limnological parameters I'.ke d_epth,_topography O situ stimulation of bacterial sulfate reduction in
near-bottom current velocity will be investigated t g ifate-limited  freshwater  lake  sediments.

assess candidate mechanisms for bedform Federation of European Microbiological Societies,
development. Second, a quantitative analysis of Microbiology Ecology 74: 21-32.

morphological characters will be carried out usingbominik, J., Loizeau, J.L. & Span, D. 1992.
the depth maps. Identifying metrics for bedform Radioisotopic evidence of perturbations of recent
geometry that yield an objective discrimination sedimentary record in lakes: a word of caution for
will allow validating the visual classification. ~ Cclimate studies, Climate Dynamics 6: 145-152.
Contextual ana|yses of descriptors such akrlandsson J, Kostylev, V. & Williams, G.A. 1999. A

connectivity and anisotropy will be conducted on field technique for estimating the influence of
extensive 3D models. surface complexity on movement tortuosity in the

tropical limpetcellana grata gould Ophelia 50(3):

215-224.
Fer, 1., Lemmin, U. & Thorpe, S.A. 2002. Winter
5. CONCLUSION cascading of cold water in Lake Geneva. Journal of

With the exception of the isolated depressions, for Geophysical Research 107(C6): 13.1-13.16.
which the authors are not aware of prior referenclewitt. J.E., Thrush, S.F., Halliday, J. & Duffy,. C
in the literature, all structure types describethin é?r%i-t ur-ghfeor Ihrr/l]g%rttgligicr? gfet :rgi:g;ss?taleE;?gnat
paper had been previously reported in Lake 86(6): 1619-1626 9 Y- 9y
Geneva. However, the extent of the video datas?g ' o -
coverage and the 3D model reconstructions atz, T, vahel, G., Reidenbach, M., Tunnicliffe,, v

. . . Herut, B., Crusius, J., Whitney, F., Snelgrove,
enabled a finer assessment of the variations in the p R & Lazar B. 2012. Resuspension by fish
observed lake-bottom structures and of their spatia facilitates the transport and redistribution of stah
consistency, revealing a rather continuous range of sediments. Limnology and Oceanography 57(4):
morphologies. Future work on the dynamics of 945-958.
these sediment structures is under consideratiohemmin, U., Mortimer C.H. & B&uerle, E. 2005.
Understanding the formation and evolution of Internal seiche dynamics in Lake Geneva.
bottom sediment structures is relevant for the Limnology and Oceanography 50(1): 207-216.

benthic processes on which bottom topography hagermillod-Blondin, F. & Rosenberg, R. 2006.
a significant impact. Ecosystem engineering: The impact of bioturbation

on biogeochemical processes in marine and
freshwater benthic habitats. Aquatic Sciences 68:
434-442.
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