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”Imagination is more important than knowledge.”

Albert Einstein (1879 - 1955)

”I have not failed. I’ve just found 10,000 ways that won’t work.”

Thomas A. Edison (1847 - 1931)

”To invent, you need a good imagination and a pile of junk.”

Thomas A. Edison (1847 - 1931)
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Abstract

The increasing economical and environmental attraction towards coastal and
offshore areas has put relevant pressure into the understanding of the different
processes taking part in this zone. Sediment transport, in particular, affects
directly several human activities and has a strong impact on marine biology.
From a physical point of view, bottom morphology and dynamics play a key
role with respect to hydrodynamic and wave processes. The interaction with
the bottom modifies the current velocity profile, the energy content of the wave
field and their shape. Despite its importance, sediment transport prediction
still contains very high margins of uncertainty. Sediment characteristics are
often scarcely known, the interaction with waves and currents are difficult to
model and the number of field measurements for a validation of the calculations
are very limited.

In this work, three different numerical models were set-up in order to sim-
ulate the hydrodynamic flow, the wave field and their effects on sediment
transport. The possibility of running the different models as separate applica-
tions or in coupled mode, allowed assessing the relative importance of waves
and currents and their joint effect.

Two different study areas were considered for a validation of the numeri-
cal models: a typical sandy environment represented by a sand bank in the
North Sea (Kwinte Bank) and a prevalently muddy environment represented
by an estuary at the Belgian coast (IJzermonding). The application of the
models to two different environments allowed testing different approaches and
formulations typical for non-cohesive and cohesive sediments. Model verifica-
tion involved a comparison with hydrodynamic, wave, sediment transport and
bottom data.

At the Kwinte Bank both waves and currents were considered as driving
forces of sediments at the bottom. Two issues were investigated: the conse-
quences of sand extraction on the sediment transport at the sand bank and the
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effect of wave activity on the morphodynamic evolution of the bank. Numer-
ical modelling indicates that the Kwinte Bank stability is not endangered by
the intense sand extraction. On the other hand, wave activity seems to play
a central role in enhancing the magnitude of sand transport and changing its
direction.

In the modelling work at the IJzermonding, wave activity was neglected.
The high complexity of sediment dynamics in this area and the strong an-
thropogenic impact necessitated the use of a variety of measurements in the
interpretation of model results. The amount of deposited sediment was cal-
culated and compared to the volumes yearly dredged. Erosion and deposition
areas calculated by the model were verified by the use of airborne images.



Samenvatting

De toenemende aandacht voor kustgebieden zowel economisch als ecologisch
gaat gepaard met een toenemende belangstelling en druk om de verschillende
processen die zich afspelen in die zone beter te begrijpen. Sedimenttrans-
port heeft een directe weerslag op menselijke activiteiten en heeft bovendien
een grote impact op het mariene milieu. Vanuit een puur fysisch standpunt
bëınvloedt de morfologie de dynamiek van stromingen en golven en vice versa.
De interactie met de bodem heeft een weerslag op het snelheidsprofiel van
de stromingen en op de energieinhoud en vorm van de golven. Ondanks hun
belang zijn voorspellingen van sedimenttransport nog altijd heel onzeker. Sed-
imentkarakteristieken zijn niet altijd goed gekend, de interactie met golven en
stromingen zijn moeilijk te modelleren en het aantal veldmetingen voor de
kalibratie en validatie van berekeningen is beperkt.

In dit onderzoek werden drie verschillende numerieke modellen opgezet om
de stromingen en golven enerzijds en hun effect op het sedimenttransport
anderzijds te modelleren. De mogelijkheid om de verschillende modellen ofwel
afzonderlijk ofwel gekoppeld te laten lopen, liet toe om het relatieve belang
van golven en stromingen afzonderlijk en gecombineerd te onderzoeken.

Twee verschillende gebieden werden uitgekozen voor de validatie van de
numerieke modellen: een typisch zandig gebied met name een zandbank in
de Noordzee (de Kwintebank) en een typisch modderige omgeving met name
de ”IJzermonding”, een klein estuarium aan de Belgische kust. Door deze
twee gebieden te kiezen als toepassing konden de verschillende manieren van
aanpak en de verschillende formules voor transport van zowel niet-cohesieve als
cohesieve sedimenten uitgetest worden. Model validatie gebeurde aan de hand
van vergelijkingen met metingen van stromingen, golven, sedimenttransport
en bodemprofiel.

Op de Kwintebank zijn stromingen en golven de drijvende kracht voor sedi-
menttransport. Twee zaken werden bekeken: i) de gevolgen van zandextractie
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op het sedimenttransport op de zandbank; en ii) het effect van golfwerking
op de morfodynamische evolutie van de zandbank. Uit de numerieke simu-
laties blijkt dat de stabiliteit van de Kwintebank niet in gevaar werd gebracht
door de vrij intense zandextractie. Aan de andere kant is gebleken dat de
activiteit van de golven een centrale rol speelt niet alleen in de hoeveelheid
sedimenttransport, maar ook in de richting ervan.

In de IJzermonding werd het effect van de golven niet in rekening gebracht.
Omwille van de hoge complexiteit van de sedimentdynamiek en omwille van
de niet geringe antropogene invloed in dit gebied was het nodig om een ver-
scheidenheid aan metingen te gebruiken voor de interpretatie van de mod-
elresultaten. De hoeveelheid sedimentatie werd bijvoorbeeld vergeleken met
jaarlijks gebaggerde volumes. En de gebieden waar volgens het model erosie
of depositie plaats vindt, werden kwalitatief geverifieerd aan de hand van de
uit hyperspectrale beeldopnames afgeleide evolutie van het gebied.
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Chapter 1

Introduction

1.1 Background

The interaction between sediments transported by river or marine action and
human activity is almost as old as the appearance of human beings on the
earth. One need just to think of the ancient Egyptians, who based their agri-
cultural production on the regular floods of the river Nile and the consequent
transport of fertile mud. All the ancient civilizations (Assyrians, Babylonians,
Phoenicians, Romans...) were born in proximity to rivers or seas, which in-
evitably forced them to deal, in varying extents, with the river or sea bottom.

The evolution of human activities has led to a large increase in the inter-
action between humans and sediments. Nowadays, sediment transport plays
a vital role in many aspects of river, coastal and offshore engineering. The
dynamics of sediment influences the constructions of infrastructures (bridges,
dams), embankments, harbours and approach channels, power stations, the
integrity of beaches, dredging and dumping activities, the safety of offshore
platforms and pipelines, and many other activities. Moreover, sediment dy-
namics have a large impact on biodiversity.

Despite its importance, the study and prediction of sediment dynamics
still remains a challenging discipline where the margins of uncertainties are
still very high. There is a curious story about Einstein’s son. According
to the story, one day he went to the father and asked ‘Dad, I am thinking
about working on sediment movement in rivers, what do you think?’. Einstein
replied ‘Son, take my advice. Don’t get mixed up in that stuff, it’s too com-
plicated’. The difficulty of this discipline arises from many different reasons.
Sediment characteristics are often scarcely known and their spatial variability

1
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too high to be correctly represented by a limited number of variables. The
moving agents of sediments (currents and waves) besides varying in time and
space, interact with each other and with the sediments at the bottom. This
makes the relationship between flow properties and sediment dynamics not
straightforward, even for very simple situations.

Two main approaches exist for describing and predicting sediment trans-
port dynamics. Physical scale modelling consists in reproducing in reduced
scale a physical system. This provides with qualitative and quantitative infor-
mation concerning the original system or prototype. Main drawbacks of this
approach are the low flexibility, the possibility of reproducing only very sim-
ple conditions and the high costs. Moreover, errors such as scaling effects and
laboratory effects are introduced by the use of this approach. During the last
decades, numerical modelling has gained importance and partially unseated
laboratory experiments, thanks to the increase in computer resources. Main
advantages of numerical models are the possibility of simulating very diverse
conditions (physical and spatial) in a small time and at a relative low cost.
However, the reliability of numerical models is strictly connected to a good
model calibration and validation. This involves a wide use of measurements
and physical modelling.

Many of the principles of marine sediment transport derived from studies
developed for rivers. Fluvial sediment transport was investigated in the books
of Graf (1971), Yalin (1977), and Chien and Zhaohun (1999). Some of the
formulations were then extended to maritime applications. Marine sediment
transport was dealt with in the books of Sleath (1984), Dyer (1986), Fredsøe
and Deigaard (1992), Nielsen (1992), Van Rijn (1993) and Soulsby (1997). For
many years researchers tended to concentrate their attention on the study of
sand and gravel due to the high complexity of the behaviour of mud. Com-
prehensive books on cohesive sediment dynamics are the books of Whitehouse
et al. (2000) and Winterwerp and Van Kesteren (2004). The latest progresses
in the area of cohesive sediment properties, dynamics and modelling are dis-
cussed in the proceedings of the INTERCOH international conference.

1.2 Scope and approach

Numerical models were used throughout this work to simulate the sediment
transport and the morphodynamics taking place in two very different envi-
ronments: a sandy environment represented by a sand bank in the North Sea
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(Kwinte Bank) and a prevalently muddy environment represented by an es-
tuary of the Belgian coast (IJzer estuary). Despite the completely different
approaches used to study the sediment dynamics in the two areas, a common
trait characterizes these regions: the strong anthropogenic impact. On the
sand bank, sand extraction took place for several years leading to the cre-
ation of a depression which is now being monitored (MAREBASSE project,
Van Lancker et al. (2005)). The IJzer estuary was already under human influ-
ence in the Middle Ages when, due to land reclamation, the salt marshes were
largely reduced. In the last two centuries, the human modifications to the
area became even more evident with the construction of a dike along the river
bank, two harbours and a military base which was later relocated. Moreover,
river dynamics are influenced by dredging works and regulation of the river
inflow by means of tidal locks (Hoffmann (Ed.), 2006).

Three different models were implemented in order to simulate hydrody-
namic, wave and morphodynamic conditions. Different degrees of coupling
between the three models allowed the assessment of the effects of single pro-
cesses and their interaction on the morphodynamic evolution.

The set of models was used to shed light on the following issues:

• Studying the effects of sand extraction on the sediment transport tak-
ing place at the Kwinte Bank (Van den Eynde et al., In Press). The
consequences of sand extraction were evaluated by looking at eventual
changes of hydrodynamics and morphodynamics at the Kwinte Bank.

• Assessing the effect of wave activity onto the morphodynamic evolution
of the Kwinte Bank (Giardino et al., In Press). Different scenarios were
simulated in order to assess the separate impact of hydrodynamics and
wave activity on the morphodynamics of the Kwinte Bank.

• Studying the cohesive sediment dynamics in the IJzer estuary. The dy-
namics of cohesive sediment in the estuary were simulated. Model results
were compared to different sets of measurements and airborne images.

1.3 Outline of the thesis

This dissertation mainly consists in a compilation of different accepted or
submitted publications. The publications were readapted to homogenize the
contents of the different articles to the entire document. Three additional
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chapters supply the reader with a general background and literature review
on hydrodynamic, wave and sediment transport modelling.

In Chapter 2 the theoretical background is presented. The main processes
taking place in shelf seas and estuaries are depicted. Hydrodynamic pro-
cesses, wave dynamics, wave and current interaction and sediment transport
mechanisms are described through their driving equations. In Chapter 3 the
numerical models applied in this thesis for the hydrodynamic, wave and sed-
iment transport calculation are presented. These models are all part of the
same modelling system named the TELEMAC system. Changes and adapta-
tions to the main code are also described. The implementation of the different
models in the North Sea domain is given in Chapter 4. In Chapter 5 and 6
the set of models were applied to investigate two different issues. In Chapter
5 the consequences of sand extraction on the hydrodynamics and sediment
transport at the Kwinte Bank were assessed. In Chapter 6 the effects of wave
activity on the morphodynamics of the Kwinte Bank were investigated. While
Chapter 5 and 6 focus on sand transport, in Chapter 7 the numerical models
were applied to study the morphodynamics of a mostly muddy environment:
the IJzer estuary. In terms of sediment transport this area is very complex due
to the heterogeneity of the sediments and the strong human impact. However,
the limited extension of the study area allowed for the collection of a large
amount of field data which were used for the calibration and validation of the
hydrodynamic and morphodynamic model. A summary and conclusions are
given in Chapter 8.



Chapter 2

Dynamics in shelf seas and
estuaries

2.1 Introduction

Shelf seas are marginal seas located on the continental shelf within the 200 m
isobath. Typical example of a shelf sea is the North Sea. Due to their pecu-
liar geomorphologic location, between ocean and shore, several forces influence
flow and bottom dynamics of these regions. The first driving force consists
in the astronomic tide. Tides are oceanic waves characterized by a very long
wavelength and small amplitudes in deep water. Approaching the continen-
tal shelf their amplitude increases and the propagation of the wave crest is
retarded. This is associated with a considerable enhancement of the tidal cur-
rent, which becomes the dominant water movement in many shelf seas. The
regular and predictable tidal patterns are modified, to a greater or lesser ex-
tent, by irregular factors, the principal ones being the atmospheric pressure
and the winds acting on the sea surface. Superimposed to tidal waves are
wind-generated gravity waves. These waves can be generated by local winds
(wind sea) or exist but no longer under the influence of their generating winds
(swell). Due to the limited water depth, the presence of the sea floor can not
be ignored, since it is responsible for frictional effects which influence the dy-
namics throughout the water column and at the bottom. Moreover the shallow
water depth limits the volume of water available for mixing. Freshwater input
from river runoff or rain, seasonal cycles of temperature, may generate density
gradients in the water column responsible for additional residual currents.

At the boundaries between shelf seas and land, estuaries can often be found.

5
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Estuaries are defined as semi-enclosed coastal bodies of water, which have a
free connection with the open sea and within which sea water is measurably
diluted with fresh water derived from land drainage (Cameron and Pritchard,
1963). The movement of water in estuaries is normally regulated by the reg-
ular ebb and flood tides, by the difference in water density and by the wind.
Density increases with increasing salinity and decreasing temperature, and can
be enhanced by high suspended sediment concentrations. In an estuary, the
lighter fresh water mixes with the heavier salty water from the sea, creating
a gradient in water density. As the fresh water gains salt, it becomes heavier
and sinks, resulting in a movement of water known as gravitational circulation.
Water circulations inside large estuaries might also be caused by strong winds
blowing across the water surface. Persistent winds can push large volumes
of water at one side of the estuary producing a rise in water level along the
downwind shoreline. By gravity, a water flow at the bottom is produced in
the opposite direction (downwelling). In wave-dominated estuaries, waves can
also be significant at the river mouth. However, their importance, in general,
rapidly decreases inside the estuary.

The aim of this chapter is to give in the first place an overview of the
different forces characterizing shelf sea and estuarine processes. In Section 2.2
the equations describing the hydrodynamic processes are introduced, while
Section 2.3 depicts the general principles for studying wave dynamics. In
Section 2.4 the principles of waves and currents interaction are described.
Section 2.5, finally, focuses on the effects of these forcing on sediment transport
dynamics.

2.2 Hydrodynamic processes

This section describes the general set of equations used to represent the hydro-
dynamic processes. The different processes involved are separately illustrated:
astronomical tides, atmospheric conditions, bottom friction, Coriolis force and
turbulence.

2.2.1 Shallow water equations

For many applications in shelf seas and estuaries the hydrodynamic processes
can be well represented by the vertical averaged Navier-Stokes equations or
shallow water equations. These equations, derived assuming constant density
on the vertical and hydrostatic pressure distribution, consist of one continuity
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equation (Equation 2.1) and two momentum equations (Equations 2.2 and 2.3)
representing Newton’s second law for a volume of water in the two directions:

∂h

∂t
+ U · ∇(h) + hdiv(U) = Sh (2.1)

∂U

∂t
+ U · ∇(U) = −g

∂h

∂x
+ Sx +

1
h

div(hνt∇U) (2.2)

∂V

∂t
+ U · ∇(V ) = −g

∂h

∂y
+ Sy +

1
h

div(hνt∇V ) (2.3)

where h is the water depth, t the time, U and V the flow velocity in the two
directions x and y and U the total velocity, νt the diffusion coefficient, g the
gravity acceleration, Sh a source or sink of fluid. Sx and Sy are source or sink
terms in the dynamic equations representing the wind and the atmospheric
pressure, the Coriolis force, the bottom friction and additional sources or sink
of momentum within the domain in the two directions x and y. An additional
equation might be used to describe the propagation of a tracer subjected to
the flow conditions calculated by the previous equations:

∂Tr

∂t
+ U · ∇(Tr) = STr +

1
h

div(hνTr∇Tr) (2.4)

where Tr is the non-buoyant tracer, STr a source or sink of tracer and νTr the
tracer diffusion coefficient.

2.2.2 Astronomical tides

Water level ζ can be predicted with a high degree of accuracy, in function of
time and for a certain location, by means of a superposition of different tidal
components (Dronkers, 1964):

ζ =
N∑

n=1

fnAn cos[ωnt−Gn + (Vn + un)] (2.5)

where t is the time referred to 0 hour at Greenwich Mean Time (GMT), n is
the index of the tidal constituent, An is the amplitude of the tidal constituent,
fn is the nodal factor of the tidal constituent, ωn is the frequency of the tidal
constituent, Gn is the phase lag of the tidal constituent behind the phase
of the corresponding constituent at Greenwich; (Vn + un) is the value of the
equilibrium argument of the tidal constituent; Vn is the uniformly changing
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part of the phase of the constituent at the Greenwich meridian; and un is the
nodal adjustment of the tidal constituent (Yu, 1993).

The values calculated according to Equation (2.5) can be used to define the
variable water depth h in the shallow water equations at the open boundaries
of the domain.

2.2.3 Atmospheric conditions

The wind resistance appears in the momentum equations as part of the source
terms Sx and Sy and can be calculated according to Equations (2.6) and (2.7),
for the two components x and y:

Forx =
1
h

ρair

ρw
aventUvent

√
Uvent

2 + Vvent
2 (2.6)

Fory =
1
h

ρair

ρw
aventVvent

√
Uvent

2 + Vvent
2 (2.7)

where ρair is the air density, ρw the water density, avent the wind resistance
coefficient, Uvent and Vvent the wind velocity in the two components. The wind
influence depends upon the smoothness of the free surface and the level above
which the wind speed is measured. Conventionally a 10 m level is chosen.

Sea-level responds to atmospheric pressure according to an inverse propor-
tional relationship (Pugh, 1987). The total pressure P is given by the sum of
the atmospheric pressure PA and the weight of the water above this point:

P = PA − ρwg(h− ζ) (2.8)

The negative sign in the hydraulic pressure term appears because the dis-
placement from the mean sea level ζ increases upwards, while h is negative
below the water surface. If we assume that equilibrium conditions with no
currents are reached after the application of a pressure field and we neglect
the influence of additional source terms, Equation 2.2 becomes:

(
∂P

∂x

)
= 0 (2.9)

with a similar expression for (∂P/∂y). Therefore, differentiating Equation
(2.8) with respect to x, we obtain:
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∂PA

∂x
+ ρwg

∂ζ

∂x
= 0 (2.10)

which gives:

PA + ρwgζ = constant (2.11)

Therefore the sea level will respond to atmospheric pressure variations ∆PA

with an increase or decrease given by:

∆ζ = −∆PA

ρwg
(2.12)

This term can be added to the source terms of the momentum equations in
the form:

For = − 1
ρwh

∇PA (2.13)

2.2.4 Bottom friction

The effect of bottom friction is to remove energy from the water motion. There-
fore, this parameter is of crucial importance either for understanding currents
and wave dynamics, or to study the transport of sediments at the bottom
where water energy is disssipated. One of the critical aspects in modelling
shelf sea dynamics, is to parameterize this term taking into account all phys-
ical parameters which play a significant role in its definition: current field,
wave field, water depth, bottom roughness. The bottom shear for 2D depth
averaged flow is commonly described by the quadratic law:

τ =
1
2
ρwCfrU|U | (2.14)

where Cfr is the dimensionless friction coefficient and U the depth average
flow velocity. The dimensionless friction parameter can be defined by means
of different coefficients among which the most commonly used is the Chezy
friction factor Ch:

Cfr =
2g

Ch
2 (2.15)

Therefore, the final expression for the friction force at the bottom to be added
to the momentum equations is:
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For = − 1
cos α

g

hC2
h

U|U | (2.16)

where α is the angle between the steepest slope at the bottom and the bottom
friction direction.

2.2.5 Coriolis force

Newton’s second law applies for motions in an absolute unaccelerating coor-
dinate system. When the law is applied to motion in a rotating earth-bound
coordinate system, and this is the case of the momentum equations, an addi-
tional acceleration term is required: the Coriolis force. The following expres-
sions have to be added to the momentum equations, for the two directions x

and y:

Forx = 2ωEV sinλ (2.17)

Fory = −2ωEUsinλ (2.18)

where ωE is the angular velocity of the earth and λ the latitude.

2.2.6 Turbulence modelling

When dealing with turbulent flows it is preferable to decompose the instanta-
neous variables (for example pressure and velocity) into a mean value and a
fluctuating value. This is due to two main reasons: first of all mean quanti-
ties are generally more interesting for practical purposes than instantaneous
values. Secondly, the numerical solution in term of instantaneous variables
would need a too high resolution in space and time. The averaging process
introduces additional terms which form the Reynolds tensor, representing cor-
relations between fluctuating velocities. The resulting system is not closed and
this gives rise to turbulence models called closure models. These models allow
the calculation of the diffusion coefficient νt in the momentum equations.

For large scale applications a constant diffusion coefficient (including molec-
ular + turbulent viscosity) is often used. This assumption is valid as long as
the application does not require detailed resolution of the flow (e.g tidal sim-
ulations). More complex models allow a better description of transport and
dissipation of turbulent energy. The use of these models is required for small
scale applications (e.g. flow around a pier) or whenever turbulence related



2.3. Wave dynamics 11

phenomena are modelled (e.g. flocculation and settling of mud). Main draw-
back of this last type of models is the need for higher computational resource,
required by the solution of additional equations used to calculate the turbulent
viscosity.

2.3 Wave dynamics

The mathematical description of the wave field contains a large amount of
random parameters. Therefore a statistical approach is often used. This
section describes the physical forces driving the wave field propagation in time
and space. More details on the formulations available to study the different
phenomena are given in Paragraph 3.3.

2.3.1 Action balance equation

A common way of describing the wave field is the energy density spectrum
in both frequency and direction F (ω, θ), where ω is the intrinsic frequency
and θ the propagation direction. In situations with non uniform currents, the
wave energy is not conserved due to an exchange of energy between waves and
current. A new quantity is introduced, named wave action, which is conserved
during propagation (Phillips, 1977). The generalized action balance equation
governing the wave evolution in Cartesian coordinates is given by Komen et al.
(1994):

∂N
∂t

+
∂

∂x
(cxN) +

∂

∂y
(cyN) +

∂

∂Ω
(cΩN) +

∂

∂Θ
(cθN) =

Stot

ω
(2.19)

where N(t, x, y,Ω, θ) is the wave action density, t is time, cx, cy are the abso-
lute group velocities in x and y direction, cΩ is the rate of change of apparent
frequency, cθ is the rate of change of wave direction, Ω is the absolute fre-
quency, θ is the wave direction relative to the North, Stot is a total source
term. The absolute and intrinsic frequencies are related by the Doppler type
equation:

Ω = ω + k ·U (2.20)

where k is the wave number vector and U is the velocity of the medium in
which waves propagate (such as a current). On the other hand, the absolute



12 Chapter 2. Dynamics in shelf seas and estuaries

group velocity cx,y is linked to the group velocity observed in the moving frame
cix,y by the relation:

cx,y = cix,y + U (2.21)

Action density N and energy density F are related through the intrinsic fre-
quency:

N =
F
ω

(2.22)

The term Stot includes wind input Sin (Paragraph 2.3.2), dissipation Sds

(Paragraph 2.3.3, 2.3.4, 2.3.5) and non linear wave-wave interactions Snl

(Paragraph 2.3.6) . In deep water the main dissipation process is due to
whitecapping Swc (Hasselmann, 1974). Reducing water depth, a consider-
able amount of wave energy is also dissipated by wave-bottom interaction Sbf

(Komen et al., 1994). In extreme shallow water, depth-induced wave breaking
Sbk dominates over all other dissipating processes (Battjes and Janssen, 1978).

2.3.2 Wind input

The main input term for the growth of waves comes from the wind. Two main
stages are normally considered responsible for this mechanism, reflecting into
a linear (Ψinl) and exponential (Ψine) growth:

Sin = Ψinl + ΨineF (ω, θ) (2.23)

First, the small pressure fluctuations associated with turbulence in the airflow
above the water induce small perturbations on the sea surface. This reflects
on a linear growth as the wavelets move in resonance with the pressure fluctu-
ations (Phillips, 1957). This mechanism is only significant in the early stages
of the wave growth. Most of the development starts when waves have grown
to a sufficient size to start affecting the air above them. The input from the
wind at this stage is dependent on the size of the waves themselves and the
rate of this growth is exponential (Miles, 1957).

2.3.3 Whitecapping

Whitecapping is the primary dissipation process in deep water. It is known
that the growth of waves is limited by a point when waves reach a critical steep-
ness and they break. However, the physics which govern the breaking process
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are, until now, poorly understood. The existing formulations for whitecapping
are often used for tuning the balance of better known source functions to fit
known wave spectrum features (Cavaleri et al., 2007).

The mathematical description of the dissipation due to whitecapping is
given by Hasselmann (1974). The whitecaps are treated as a random distri-
bution of pressure pulses acting on the forward faces of the waves, exerting
a downward pressure on the upward moving water and hence doing negative
work on the wave. The process is highly non-linear and depends on the existing
energy in the waves and on the wave steepness. Assuming that the space and
time scales of a whitecap are small compared to those of the waves under con-
sideration, Hasselmann (1974) derived a source function for the whitecapping
of the form:

Swc = −ηω2F (ω, θ) (2.24)

where η is a constant for a given sea state. As observed in Janssen (1991)
this dissipation function, linearly dependent on the wave number, produces an
unbalance in the high frequency range of the wave spectrum. Especially for
old wind sea, the energy input in the high frequencies is too large compared
to the dissipation. Therefore this function was modified considering the wave
dissipation dependent on the square of the wave number, leading to a stronger
dissipation of the high frequencies waves.

Besides the previous dissipation model, other different modelling approaches
exist, which can be classified in quasi-saturated models, probability models and
turbulence models (Donelan and Yuan, 1994; Polnikov, 1993). The common
feature behind these models is that none of them deal with the physics of
the wave breaking, rather they suggest an interpretation of pre-breaking or
post-breaking wave field properties.

Advances in the development of the whitecapping theory could come from
experimental studies. However, only very few recent studies have been con-
ducted in this direction (Phillips et al., 2001; Melville and Matusov, 2002;
Young and Babanin, 2006).

2.3.4 Wave dissipation at the bottom

In sufficiently shallow water the orbital motion induced by surface waves ex-
tends down to the bottom. The interaction can follow different processes:
scattering on bottom irregularities, motion of a soft bottom, percolation into
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a porous bottom, friction in the turbulent bottom boundary layer, sediment
suspension under intense wave activity. The relative importance of the differ-
ent processes depends on the bottom conditions. An overview of the differ-
ent mechanisms of interaction between waves and bottom and their relative
strength is given by Shemdin et al. (1978). Komen et al. (1994) obtained an
expression for the wave energy dissipation due to bottom friction from the
linearized momentum equations for the bottom boundary layer flow:

Sbf (k) = −1
g
〈 τ

ρw
· Uk〉 (2.25)

In this expression the spectral energy dissipation depends on the known free
stream orbital velocity at the bottom Uk for a certain wave number k and on
the unknown turbulent bottom stress τ . The symbol 〈 〉 indicates an average
over the random wave phase. An exact solution for τ does not exist, which
therefore needs to be parametrized. In case of pure wave motion τ is equal to
the wave shear stress τw. Two possibilities exist to define τw: the first is to
retain a spectral description of the wave field and to calculate a drag law for
each spectral component. The second is to represent the wave spectrum by a
single frequency, as for example the peak frequency. The second approach is
considered an acceptable approximation as long as the bottom velocity spec-
trum is narrow and single-peaked. The shear stress can be represented by a
drag law of the form:

τw =
1
2
ρwCD(Uw)rms(Uw) (2.26)

where CD is a drag coefficient, Uw is the wave orbital velocity near the bottom
and (Uw)rms is the root mean square of the orbital velocity. In case of wave
and current combined flow, the drag coefficient CD can be enhanced by the
presence of a steady current. Defining Cf equal to 1/2 CD (Uw)rms results in:

τw = ρwCfUw (2.27)

Replacing Equation (2.27) in the dissipation Equation (2.25) yields to the
following expression for each wave number k:

Sbf (k) = −1
g
Cf 〈(Uk)2〉 (2.28)

The mean square of the bottom velocity can be associated with the wave
component with wave number k. Therefore, Equation (2.28) can be rewritten
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in terms of the wave spectrum F (k):

Sbf (k) = −2Cf
k

sinh2kh
F (k) (2.29)

Several factors and processes are included in the parameter Cf leading to
high uncertainties in its determination. First of all, the bottom roughness:
especially on sandy bottoms, wave-generated bedforms have a large influence
on the bottom boundary layer structure. Improvements in the wave modelled
spectra can be obtained by taking into account the variability of bottom fric-
tion due to wave generated ripples (Ardhuin et al., 2003a,b). However, the
high spatial variability of sediment and bedform types makes this problem
very complex (Tolman, 1995). Secondly, the interaction between waves and
currents might play an important role in increasing the bottom friction. How-
ever, the effect of currents on the wave shear stress is not completely known
(Cavaleri et al., 2007).

2.3.5 Depth induced breaking

When a wave progresses into shallow water the crest of the wave tends to
increase its speed with respect to the trough. This process evolves till the
moment in which the crest attains a sufficient speed to overtake the preceding
trough. The face of the wave becomes unstable and the crest of the wave falls
along the forward face of the wave (spilling or plunging). The maximum wave
height Hmax under such conditions is generally expressed as a function of the
local water depth h, including the wave-induced set-up, (Holthuijsen, 2007):

Hmax = γh (2.30)

where γ is a breaking index with an average value of 0.73.

Several authors have shown that it is possible to model this phenomenon by
treating each breaker as a bore with height equal to the wave height. A first
model was proposed by Battjes and Janssen (1978), who gave a representation
of the average bulk dissipation by depth induced breaking. Based on flume
investigations, Eldeberky and Battjes (1996) proposed a new model based
on the spectral distribution of this bulk dissipation, proportional to the local
spectral density. On the other hand, starting from laboratory observations and
numerical simulations Mase and Kirby (1992) suggested that the dissipation
rate is proportional to the local energy density weighted by the square of its
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frequency. These findings were supported by Chen et al. (1997) and are used
in recent surf-zone models (Herbers et al., 2003; Janssen, 2006).

2.3.6 Nonlinear wave-wave interactions

The propagation of wave energy can be strongly affected, under certain con-
ditions, by nonlinear wave-wave interaction. Weakly-non linear, resonant sets
of wave components exchange and redistribute energy over the spectrum. The
process is conservative, not resulting in any change in the overall energy con-
tent of the wave field. In deep and intermediate water, the interaction mecha-
nism is determined by the interaction between four wave components (quadru-
plet interaction), whereas triad interactions (interaction between three wave
components) approach resonance going towards shallow water.

Quadruplet wave-wave interactions transfer wave energy from the spectral
peak to lower frequencies, moving the peak frequency to lower values, and to
higher frequencies, where the energy is dissipated by whitecapping. This inter-
action mechanism can be expressed by the Boltzmann integral, describing the
redistribution of energy over the spectrum (Hasselmann 1962, 1963a, 1963b).
However, the evaluation of this integral is extremely time consuming and it is
therefore not yet applicable in operational wave models. In order to overcome
this problem, Hasselmann et al. (1985) developed the DIA method (Discrete
Interaction Approximation). The DIA preserves a few important features of
the full solution, such as the slow downshifting of the peak frequency and the
shape stabilization during the wave growth. However, Cavaleri et al. (2007)
showed several limitations related to the use of the DIA computations. Since
the development of the DIA method, new attempts have been made to de-
velop new computation techniques at four different fronts: 1)improvements of
the DIA method (Tolman, 2004; Polnikov, 2003); 2)computation of the full
Boltzman integral adopting fast integration techniques (see, e.g., Van Vled-
der 2006); 3)neural network approach (Tolman et al., 2005); 4)use of diffusion
operators (Pushkarev et al., 2004).

Triad wave-wave interactions become important for steep waves in very
shallow water. The energy transfer can take place over short distances and
be responsible of radical changes from single peaked spectra into multiple
peaked spectra. These feautures have been frequently observed in the field
and in laboratory experiments (Beji and Battjes, 1993). A first attempt to
describe triad wave-wave interactions as a spectral energy source term was
made by Abreu et al. (1992), with limitation to non-dispersive shallow water
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waves. Further developments were made by Eldeberky and Battjes (1995)
and Eldeberky (1996), who developed the widely used Lumped Triad Approx-
imation (LTA) model. The LTA is a very computationally efficient method.
However, Van der Westhuysen (2007) describes important deficiencies in the
LTA’s performance, such as the overestimation of the first superharmonic of
the spectral peak (at twice the peak frequency) and the absence of the second
superharmonic. Improved models have been proposed but only at the cost of
significantly higher computational times.

2.3.7 Spectral energy growth

To summarize, the source term Stot is given by the addition of wind input Sin,
dissipation Sds and non-linear wave-wave interactions Snl. Figure 2.1 gives an
indication of the contributions of the single source terms to the energy spectra
E(f). Some consideration can be drawn (World Metereological Organization,
1998):

• Non linear interactions are a dominant growth agent at frequencies near
the spectral peak. The transfer of energy is mostly directed to lower
frequencies.

• For frequencies in the mid-frequency range (from the peak frequency up
to about twice the peak frequency) the growth is dominated by the input
from the wind.

• The dissipation term is mostly important for mid- and high- frequency
ranges.

2.4 Interaction between currents and waves

2.4.1 Current boundary layer

Currents flowing over the seabed are affected by bottom friction inside the so
called turbulent boundary layer with a thickness of several meters. In shallow
water the thickness of the current boundary layer may occupy the entire water
column. Within the bottom few meters above the bed the current velocity
profile at a height z above the bed can be expressed as:

U(z) =
u∗c
κ

ln(
z

z0
) (2.31)
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Figure 2.1: Structure of the spectral energy growth. The upper curve shows the single
contributions from the different source terms (Snl, Sin and Sds). The lower curves
correspond to the energy spectrum E(f) and the resultant of the source terms S (after
World Metereological Organization, 1998).

where u∗c = (τc/ρ)1/2 denotes the current shear velocity, κ the Von Karman’s
constant equal to 0.40, z0 the bed roughness length and τc is the shear stress
due to currents alone.

Equation (2.31) can be used to calculate the bed shear stress whenever the
flow velocity is known in the bottom few meters. If the depth-averaged current
velocity is known, bottom friction will be given by the quadratic friction law
(Equation (2.14)).

The bed roughness length z0 experienced by a current depends on the
viscosity of the water ν, the current speed and the dimension of the physical
roughness of the bed or Nikuradse roughness ks. The roughness length for
transitional flows (5 ≤ u∗ks/ν ≤ 70) can be expressed as (Colebrook and
White, 1937):

z0 =
ks

30
+

ν

9u∗c
(2.32)

For hydrodynamically rough flow (u∗cks/ν > 70) the expression reduces to:
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z0 =
ks

30
(2.33)

For hydrodynamically smooth flow (u∗cks/ν < 5) the expression reduces to:

z0 =
ν

9u∗c
(2.34)

Generally, mud and flat fine sand are hydrodynamically smooth or transitional,
coarse sand and gravel are hydrodynamically rough.

2.4.2 Wave boundary layer

Due to the oscillatory nature of the wave orbital velocity, the boundary layer
for waves has only a limited time, approximately half of a wave period, to
grow. This results in the development of a thin layer, called the wave boundary
layer. Within this layer, the fluid velocity changes from zero at the bed to
Uw at the top. For smooth bed and low orbital velocities the boundary layer
may be laminar but more often, in cases where sediment is in motion, will be
turbulent.

The amplitude of the wave orbital velocity Uw, just above the bed, for a
monocromatic wave of height H and period T and in water of depth h is:

Uw =
πH

T sinh(kh)
(2.35)

However, waves in the sea are characterized by a spectrum with different wave
heights and periods. One of the most widely used spectral shape is the JON-
SWAP spectrum, which applies to growing waves in continental shelf waters.
The JONSWAP spectrum is particularly used in sediment transport, because
it applies to limited depths where the waves ’feel’ the bottom. The spectral
wave distribution results in a random time series of orbital velocities, which
can be described by its standard deviation Urms. Soulsby (1997) provided
a curve to calculate Urms from typical spectral wave input parameters. The
curve was derived by applying Equation (2.35) frequency by frequency to the
JONSWAP spectrum and integrating the results in order to obtain Urms.

The most relevant property of waves for sediment transport is the bottom
friction they produce. In case of waves the bed shear stress is oscillatory and
can be obtained from:

τw = τwm cos(ωt + ϕ) (2.36)
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where τwm is the maximum bottom shear stress, ω is the radian frequency of
waves and ϕ is the phase angle of the bottom shear stress. The maximum
bottom shear stress is normally obtained from the bottom orbital velocity Uw

via a wave friction factor fw (Jonsson, 1966):

τwm =
1
2
ρfwU2

w (2.37)

The wave friction factor depends on the characteristics of the flow (laminar,
smooth turbulent or rough turbulent) which in turn depends on the wave
Reynolds number Rw and the relative roughness r:

Rw =
UwA

ν
(2.38)

r =
A

ks
(2.39)

where A = UwT/2π is the semi-orbital excursion.

Approximated solutions for fw have been given by several authors and are
mostly valid for a specific sort of flow (laminar, transitional or rough flow)
Swart (1974) proposed the following equation valid for rough wave friction
factor fwr:

fwr = 0.3 for r ≤ 1.57 (2.40)

fwr = 0.00251e5.21r−0.19
for r > 1.57 (2.41)

2.4.3 Wave and Current interaction

Paragraphs (2.4.1) and (2.4.2) have focused on the basic equations which rep-
resent separately the dynamics inside the current and wave boundary layer.
However, in most parts of coastal and shelf seas, waves and currents exert a
simultaneous action. Their interaction includes (Soulsby, 1997):

• modification of the wave characteristics (length, period, height) induced
by the currents

• interaction between wave and current boundary layers with consequent
enhancement of the bed shear stress
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• wave generated currents, including longshore currents, undertow and
wave group generated currents

• wave induced set-down and set-up

The first two mechanisms will be described in this Paragraph. The wave ab-
solute frequency is modified by the presence of a current due to the Doppler
shifting term k ·U (Equation 2.20). The magnitude of the shifting depends on
the frequency, intensity of the current, and relative direction between waves
and currents (Osuna, 2002). Waves travelling in the same direction of the
currents (following currents condition) are characterized by a higher absolute
frequency; the opposite behaviour is observed when waves propagates against
the stream (opposing currents condition). The magnitude of the shifting is
more important for higher relative frequencies. No shifting is registered when
waves and currents propagates perpendicularly. The wave amplitude increases
for waves propagating against the current and decreases when waves propa-
gates in the stream direction. There is a kinematic limit for the propagation
of the waves on opposite currents, which is reached when waves propagate
against a current with a speed equal to the group velocity of the waves (Mei
et al., 2005).

Moreover, wave and current boundary layer interact with each other lead-
ing to an increase of bottom shear stress. The approach originally used by
engineers and scientists to study the superposition of currents and waves con-
sisted in a direct addition of the effects of waves and currents on the shear
stress calculation. More recently, new models have been developed to account
for the non linear interaction between waves and currents. Most of these
more recent models are based on the assumption of two different eddy viscosi-
ties distribution inside the current boundary layer and wave boundary layer
(Grant and Madsen, 1979; Christoffersen and Jonsson, 1985). By solving the
momentum equations for a combined wave current motion, formulae for the
friction factor and the bed shear stress can be calculated. Other models are the
momentum-defect model of Fredsøe (1984), the similarity model of Myrhaug
and Slattelid (1990) and the Prandt’s mixing length based model of Bakker
and Doorn (1978). Davies et al. (1988) used a one-equation turbulent model
to calculate the flow over the water column; a more complex two-equation
model was used by Huynh-Thanh and Temperville (1991).

For the general case of wave and current combined flow, with the currents
at an angle ϕcw to the wave propagation direction, the maximum combined
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bottom shear stress τm can be obtained by:

τm =
√

(τwm + τc| cos ϕcw|)2 + (τc sin ϕcw)2 (2.42)

where τwm is the maximum bottom wave shear stress and τc the current bot-
tom shear stress. The wave and current interaction is represented by a new
expression for the wave friction factor in presence of currents fcw, which re-
places the pure wave friction factor given by Equation (2.40 - 2.41).

Soulsby et al. (1993) compared eight different models for shear stress cal-
culations. Differences between 30−40 % were commonly found, up to a factor
3 for strongly wave dominated conditions.

These models were initially proposed for monocromatic waves. More re-
cently, the effect of random waves plus currents on the bed friction has been
studied (Zhao and Anastasiou, 1993; Madsen, 1994; Ockenden and Soulsby,
1994; Myrhaug, 1995; Holmedal et al., 2000; Myrhaug et al., 2001).

The current velocity profile, in case of combined wave and current flow, can
be calculated according to the following equations (Madsen and Wood, 2002):

U(z) =
u∗c
κ

u∗c
u∗m

ln
z

z0
for z < δcw (2.43)

U(z) =
u∗c
κ

ln
z

z0a
for z > δcw (2.44)

where u∗m is the maximum combined friction velocity, z0a denotes an arbitrary
constant of integration called the apparent bottom roughness and δcw is the
wave boundary layer thickness. Equation (2.43) clearly shows the effects of
waves on current velocity profiles. The velocity gradient is reduced by a factor
u∗c/u∗m compared to the one obtained in the absence of currents (2.31). This
is due to the increased turbulence within the wave boundary layer, generated
by the presence of waves.

The concept of apparent roughness was introduced by Lundgren (1972) and
Grant and Madsen (1979) to take into account the increased roughness felt by
the currents and due to the presence of waves. According to Nielsen (1992),
the apparent roughness increase z0a/z0 is dependent on the relative current
strength, the relative roughness, and on the angle between the current and
the direction of wave propagation:

z0a

z0
= F (

Aω

u∗c
,
ks

A
,ϕcw) (2.45)
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Several expressions have been given to determine the apparent roughness (Cof-
fey and Nielsen, 1986; Sleath, 1991). Moreover, a lot of field work has been
done in order to estimate the value of this variable (see, e.g., Cacchione and
Drake 1982; Grant et al. 1983; Coffey 1987; Lambrakos et al. 1988; Slattelid
et al. 1990; Fredsøe et al. 1999).

2.5 Sediment dynamics

2.5.1 Morphodynamic modelling

Sediment transport is the natural consequence of the action of currents and
waves on the sea bed. The forces that govern the process can be different.
As a consequence, the transport can be current dominated, occur under the
combined influence of currents and waves, or be wave dominated. The response
of the bed will be additionally influenced by the grain size of sediments at the
bottom and their cohesiviness.

Sediment transport is a process which has been widely studied but still
difficult to predict with any degree of certainty (Soulsby, 1997). Even in
very simple situations, the relationship existing between flow properties and
sediment dynamics is not straightforward. This is due to the fact that sed-
iments in motion subtract energy from the flow, reducing its capability of
movement. Moreover, moving sediments create different sorts of bedforms,
which contribute to further reduce the transport capacity of the flow (Dyer
and Soulsby, 1988). Additional complications arise from the fact that sed-
iment characteristics are often scarcely known. At last, a validation of the
prediction is, in most of the cases, extremely complicated due to operational
difficulties in taking these measurements and the high spatial and temporal
variability of the quantities to measure. Due to these reasons, the accuracy
of sediment transport formulae is generally very low. According to Soulsby
(1997), in rivers the most accurate formulae for sand transport predict trans-
port rates within a factor 2 in respect to the observed values, in no more than
70 % of the samples. In the sea the accuracy is even lower, with predictions no
better than a factor 5 in 70 % of the samples. In case of transport of cohesive
sediments these values are generally even lower.

Sediment transport can be separated into different modes: the bed load,
the suspended load and the wash load (Fredsøe, 1993).

The bed load can be defined as the part of the total load transport which
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is approximately in continuous contact with the bed. This mode of transport
involves rolling, sliding and hopping of grains along the bed.

The suspended load is the part of the total load which is entrained in the
flow by the upward exchanges of turbulent momentum.

The wash load consists of very fine particles transported by the flow and
which are usually not present in the bed. This term is neglected in the usual
definition of total load transport.

Several formulas exist in literature to predict the sediment transport. Soulsby
(1997) gave an extensive overview on the different formulas to calculate sand
transport. Bayram et al. (2001) compared six well-known formulas for calcu-
lating longshore sediment transport with field measurements. Camenen and
Larroude (2003) investigated the limits of applicability of five different formu-
las to estimate transport rates in coastal environment.

The output from the sediment transport formulas consists in the volumetric
transport rate qt (m2/s) or in the mass transport rate Qt = ρsqt (kg/s · m).
In morphodynamic models this variable is used to compute the bed evolution
according to the general equation:

(1− n)
∂Zf

∂t
+ div(qt) = 0 (2.46)

where n is the porosity of the bed and Zf the bottom elevation.

2.5.2 Bottom roughness

When the bottom consists of granular material, it is very rarely flat. Ripples,
dunes, bars interact with the flow in different ways. The larger sedimentary
structures modify the main flow patterns: wave refraction, diffraction, reflec-
tion and breaking might be caused by these bed features. The small scale
structures have no impact on the main flow pattern but they can modify the
boundary layer structure and, as a consequence, the sediment transport rate.
With the term bottom roughness scientists refer to the smaller scale bed forms.

The type of bedforms which prevail in a certain area, at certain flow con-
ditions, is often related to the maximum Shields parameter θmax,s (Soulsby,
1997):

θmax,s =
τm

ρ(s− 1)gd
(2.47)

It is generally assumed that, if:
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• θmax,s < θcr the bed is immobile

• θcr ≤ θmax,s ≤ 0.8 the bed is mobile and rippled

• θmax,s > 0.8 the bed is mobile and flat with sheet flow

where θcr is the critical Shield parameter, calculated based on the critical shear
stress for that specific bed material.

The determination of the bed roughness is the major source of uncertainty
for mathematical modelling. This is mainly due to the high temporal and
spatial variability of the sea bed. Several works in the Middle Atlantic Bight
(Wright, 1993; Madsen et al., 1993; Friedrichs et al., 2000), the lower Chesa-
peake Bay (Wright et al., 1997), the northern California shelf (Cacchione et al.,
1999; Wright et al., 1999) and the Tairua embayment (Trembanis et al., 2004)
attempted an estimation of values of bed roughness from measurements and
bottom observations. Bed roughness and sediment type were related to bot-
tom boundary layer thickness, bottom drag and vertical suspended-sediment
concentration profiles.

According to Grant and Madsen (1982), when sediment transport occurs,
the total bed roughness kbt can be partitioned into three components: the
grain roughness height ks = 2.5d50, the form drag roughness kr and the bed
load roughness height kbl due to bed load transport

kbt = ks + kr + kbl (2.48)

The form drag component is generally related to the height ∆r and wavelength
λr of the ripples at the bed according to:

kr = ar
∆2

r

λr
(2.49)

where different studies give ar in the range of 9 < ar < 90 with a typical value
of ar = 30 (Soulsby, 1997). Nielsen (1992) gave the following expression for
total bed roughness:

kbt = 2.5d50 + 8
∆2

r

λr
+ 170

√
θ2.5 − 0.05 d50 (2.50)

where θ2.5 is the related grain roughness Shield parameter calculated according
to equation (2.47) but assuming a bed roughness equal to the skin roughness
ks = 2.5d50.
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2.6 Summary

In this chapter, the theoretical basis for the description of tidal currents, waves,
wave and current interaction and sediment dynamics were presented.

First of all, the hydrodynamic processes were described by means of the
shallow water equations. These equations represent a simplification of the
Navier-Stokes equations for an incompressible fluid, when fluid movement is
mainly horizontal (two-dimensional). This is the typical case in tidal sim-
ulations. Particular attention was given to the different terms driving the
hydrodynamic processes.

The general equations describing wave dynamics were then introduced. The
different source terms contributing to the spectral energy growth (wind input,
dissipation and non linear wave-wave interaction) were discussed.

The interaction processes between waves and currents were depicted. First
of all, the dynamics inside the current boundary layer and wave boundary
layer were described separately. Then, the different mechanisms of interaction
were presented.

To conclude, a brief overview on sediment transport dynamics was provided.
More details on the formulations to calculate sediment transport will be given
in Chapter 3. The low level of accuracy remains a common feature between
these formulae.
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The numerical models

3.1 Introduction

The models used in this thesis are part of a wide set of numerical softwares
named the TELEMAC SYSTEM (v.5.5), developed by the Laboratoire Na-
tional d’Hydraulique et Environnement (LNHE), department of the Electricité
de France, Research and Development Division (EDF). Three models were se-
lected in order to carry out the morphodynamics simulations included in this
study: the hydrodynamic model TELEMAC-2D (Hervouet and Bates, 2000),
the wave model TOMAWAC (Benoit et al., 1996; Benoit, 2002) and the mor-
phodynamic model SISYPHE (Villaret, 2004). The morphodynamic model
SISYPHE, since release v5.4, contains one module to deal with transport of
non-cohesive sediments and one for cohesive sediments. Two additional mod-
ules were used for pre- and post-processing the data: the mesh generator
MATISSE and the graphical post-processor RUBENS.

The SISYPHE model calculates the sediment transport and the morpho-
dynamic evolution as a function of hydrodynamic conditions, through internal
coupling with the TELEMAC-2D model and the wave field, calculated by a
previous uncoupled run of the TOMAWAC model (see Figure 3.1).

The wave calculation might include the effect of the tide, if the variable
current field and water depths are given as a input to the TOMAWAC model
(one-way coupling). In this case, the complete scheme of a morphodynamic
simulation is given in Figure 3.2. A first run with the TELEMAC-2D model
is carried out. The variables water depth (h) and flow velocities (u, v) at
different time steps are given in input to TOMAWAC, which carries out the
wave computation including the effect of a tide. Wave height (Hm0), period

27
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(Tpr5) and direction (θmw) are then used as an input parameter for the cou-
pled run between TELEMAC-2D and SISYPHE. The hydrodynamic variables
(h, u, v) are transferred at the coupling time step between TELEMAC-2D and
SISYPHE and used for the sediment transport calculation. Bottom elevation
(Zf ) is calculated by SISYPHE and given in input to TELEMAC for updating
the calculation of the hydrodynamic variables. For a definition of the variables
calculated by the wave model refer to Appendix A.

TOMAWAC

TELEMAC-2D SISYPHE

Hm0, Tpr5, θmw

h, u, v
Zf

Figure 3.1: Scheme of a morphodynamic simulation under the effects of currents and
waves. The wave field is calculated by an uncoupled TOMAWAC run.

The different models use algorithms based on finite element schemes. Space
is discretised in the form of an unstructured grid of triangular elements, giving
the user the possibility of refining the spatial accuracy in the areas of interest.
This avoids the need for systematic use of nested grids, as typical in finite dif-
ference models. Moreover, the possibility of running the hydrodynamics, wave
and sediment transport computation on the same mesh, allows carrying out
the calculation without requiring any interpolation. Besides the flexibility in
spatial resolution, additional features directed towards the choice of this mod-
elling system: the internal coupling between TELEMAC-2D and SISYPHE
is simple and avoids dealing with several files for exchanging the information
between the modules. The wave effect can be easily taken into account in the
sediment transport formulations. Moreover, the system offers the advantages
typical of the engineering modelling tools: relative ease, with tools for pre-
and post-process data included in the same system.

In this chapter a brief overview of the hydrodynamic model TELEMAC-
2D (Paragraph 3.2), of the wave model TOMAWAC (Paragraph 3.3) and of
the morphodynamic model SISYPHE (Paragraph 3.4) is given. The main
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TELEMAC-2D

h, u, v

ZfTOMAWAC

TELEMAC-2D SISYPHE

Hm0, Tpr5, θmw

h, u, v
Zf

Figure 3.2: Scheme of a morphodynamic simulation under the effects of currents and
waves. The wave field is calculated by the TOMAWAC model after a one-way coupled
run with the TELEMAC-2D model.

modifications to the standard code are also described. More details can be
found in Giardino and Monbaliu (2004) and Giardino and Monbaliu (2005).

3.2 The hydrodynamic model TELEMAC-2D

3.2.1 General features

The two-dimensional finite element model TELEMAC-2D solves the depth av-
eraged Saint-Venant equations (Paragraph 2.2). Main input parameters con-
sist in a bathymetry file on which the computational mesh is built, boundary
conditions which distinguish between open and closed, wind and atmospheric
pressure data. Bottom friction is regarded as the main sink of momentum,
with increasing importance in decreasing water depth.

3.2.2 Shallow water equations in spherical coordinates

If the hydrodynamic simulation is performed over a large domain (e.g. North
Sea), TELEMAC-2D offers the possibility of solving the Saint-Venant equa-
tions in spherical coordinates, according to a Mercator projection. In this case
the equations are solved in a new coordinate system (X, Y ), function of the
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spherical coordinates (ϕ, λ) according to the equations:

X = R(ϕ− ϕ0) (3.1)

Y = R{ln[tan(
λ

2
+

π

4
)]− ln[tan(

λ0

2
+

π

4
)]} (3.2)

where ϕ0 and λ0 are the origin point of the new coordinate system and R

the radius of the Earth. Two subroutines (CORRXY.f and ERCGEO.f ) were
modified to perform internally in the model the change of coordinate from (ϕ,
λ) to (X, Y ), according to the Mercator projection (Giardino and Monbaliu,
2004).

3.2.3 Boundary conditions

Boundary conditions distinguish between two sorts of boundaries: solid bound-
aries and liquid boundaries. At the solid boundary a no-flux condition is im-
posed:

U · n = 0 (3.3)

where U is the mean current velocity and n the vector normal to the solid
boundary.

At the liquid boundary a tidal elevation can either be prescribed, in case
measurements of water elevations are available, or calculated. Equation (2.5)
was programmed in order to compute the water elevation at a given location
and at a given time. The calculation procedure, implemented in the model
adopting the subroutine BORD.f and the function SL.f, follows the implemen-
tation of the 2D Hydrodynamic Model developed by the Management Unit of
the Mathematical Models of the North Sea (MUMM) (Van den Eynde et al.,
1995). Tidal amplitudes and phases for the different tidal components at the
different boundary points are read in the model from an external file.

The simulation starts with a prescribed water level equal in all the points
of the domain. A linear interpolation is then performed to pass from the
prescribed water level to the value calculated by Equation (2.5)(subroutine
BORD.f ) at the open boundary.
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3.2.4 Wind and atmospheric pressure data

The resistance of the wind is calculated in the model according to Equations
(2.6) and (2.7). A bilinear interpolation is used to interpolate the wind field
on the mesh (program PREWIND.f ). Wind field is computed at the compu-
tational time by means of a linear interpolation (subroutine METEO.f ).

For a more accurate computation of the wind resistance the coefficient of
wind drag avent can be calculated as wind-velocity dependent. The subroutine
PROSOU.f was implemented in order to define the coefficient of wind drag
according to the formulation used by the Institute of Oceanographic Sciences
(United Kingdom):

• if |Uvent| < 5m/s avent = 0.56510−3

• if 5 < |Uvent| < 19.22m/s avent = (−0.12+0.137 · |Uvent|)10−3

• if |Uvent| > 19.22m/s avent = 2.51310−3

where Uvent is the wind speed.

The atmospheric pressure is taken into account by adding to the momentum
equations an additional source terms represented by Equation (2.13). The
same subroutines used for the wind speed are used to interpolate the pressure
data on the mesh at the computational time.

3.2.5 Bottom friction

The bottom friction is accounted in the model by adding to the momentum
equations the term in Equation (2.16). Following the experience of Verboom
et al. (1987), the Chezy coefficient Ch was assumed to vary as a piecewise
linear function of the depth:

• if h ≤ 50m Ch = 65

• if 50m < h ≤ 80m Ch = 65 + (H − 50)

• if h ≤ 80m Ch = 95

This expression corresponds to the one used in the ”2D Hydrodynamic Model”,
implemented on the same domain, and used in several previous applications
Osuna (2002). Possible improvements in the shear stress definition are likely to
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be achieved by the use of a consistent bed roughness inside TELEMAC-2D and
SISYPHE. The bed roughnesses predicted by SISYPHE, taking into account
grain size and ripple dimensions, could be used to calculate the shear stress
inside TELEMAC-2D. This feature will be included in the future TELEMAC
release (v5.8). Nevertheless, difficulties will remain in the validation of the
predicted bed roughness.

The subroutine STRCHE.f was programmed in order to define a variable
Chezy coefficient.

3.3 The wave model TOMAWAC

3.3.1 General features

The TOMAWAC model is a third generation wave model which solves the
balance equation of wave action density (Equation 2.19). Source terms in-
clude input from the wind, dissipation from whitecapping and bottom friction,
quadruplets and triads non-linear interactions. In this section the formulations
used to describe the different source terms are descibed. The physical princi-
ples behind these processes were presented in Paragraph 2.3.

No major modifications were applied to the standard version of the code.
Amendments were made in order to transfer the output from the Telemac-2D
to the Tomawac code, in case of one way coupling.

3.3.2 Wind input in TOMAWAC

Two formulations are available in TOMAWAC (v5.2) in order to calculate the
input from the wind. In both formulations, the linear growth term is ignored
and only an exponential energy growth is taken into account (Equation 2.23).

The Janssen formula (Janssen 1989, 1991) reads:

Sin = ωεβ{[u∗
c

+ zα]max[cos(θ − θw); 0]}2F (ω, θ) (3.4)

where ω is the intrinsic frequency, ε the ratio between air and water density
(ρa/ρw), β the so-called Miles parameter function of the wave age and the wind
profile parameter, u∗ the wind friction velocity, c the phase speed of the waves,
zα is a constant allowing to offset the growth curve, θ the propagation direction
of waves, θw the wind direction and F (ω, θ) the energy density spectrum. The
operator max in the source term limits the wave input to the wave propagating
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within an angle of ± 90 o respect to the wind direction θw. This expression
explicitly accounts for the effects that waves and air turbulence have on the
mean wind velocity profile, through the Miles parameter.

The expression of Komen (Komen et al., 1984) considers the wind input
only as a function of u∗

c , where the friction velocity u∗ only depends on the
wind speed but not on the sea state:

Sin = ω max{0, 0.25ε[28
u∗
c

cos(θ − θw)− 1]}F (ω, θ) (3.5)

Under weak wind forcing (u∗
c < 0.1) a linear dependence on u∗

c as in Equa-
tion (3.5) seems to hold. For strongly forced waves (u∗

c > 0.1) results from
laboratory experiments and field observations suggest a quadratic dependence
of the wind input on the wind forcing parameter u∗

c as in Equation (3.4)
(Van der Westhuysen, 2007).

3.3.3 Whitecapping in TOMAWAC

The whitecapping dissipation is calculated in TOMAWAC (v5.2) according to
the model proposed by Komen et al. (1984) and Janssen (1991). For a finite
water depth, the equation implemented in TOMAWAC reads:

Swc = −1
2
Cdisω̄k̄m2

0[δ
k

k̄
+ (1− δ)(

k

k̄
)2]F (ω, θ) (3.6)

where Cdis and δ are two constants, m0 the total variance, k the wavenumber,
ω̄ and k̄ the average intrinsic frequency and wave number. As observed in
Paragraph 2.3.3, this expression introduces a dependence of the dissipation
on the square of the wave number. Moreover, the dissipation is not local in
frequency space but related to mean spectral parameters such as the average
frequency and wave number. An additional expression is given in the model
in case an infinite water depth is assumed.

3.3.4 Wave dissipation at the bottom in TOMAWAC

Wave dissipation at the bottom is calculated in TOMAWAC according to the
following equation:

Sbf = −Γ
2k

g · sinh(2kh)
F (ω, θ) (3.7)
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This expression corresponds to the JONSWAP model and it was proposed by
Hasselmann et al. (1973). The JONSWAP model is an empirical expression
globally representing the different contributions to wave dissipation at the
bottom such as percolation, friction or bottom motion. The default value
for the constant Γ is 0.038 m2 s−3, in accordance with the value obtained
during the JONSWAP experiment. As discussed in Paragraph 2.3.4 some
improvements in the wave dissipation estimation could come by considering
the effects of variable bottom roughness, which would lead to different values
of the constant Γ inside the modelled domain.

3.3.5 Depth induced breaking in TOMAWAC

Four different expressions are implemented in TOMAWAC (v5.2) in order to
calculate the dissipation due to depth-induced breaking. Three of them are
based on the analogy between depth-induced breaking and hydraulic jump:
the Battjes and Janssen (1978) model, the Thornton and Guza (1983) model,
and the Roelvink (1993) model. A fourth model (Izumiya and Horikawa, 1984)
is based on the estimation of the dissipation by breaking-induced turbulence.

Outside the surf zone waves are generally unaffected by depth induced
breaking (Equation 2.30). For this reason, depth induced breaking was not
considered in the case studies included in this thesis.

3.3.6 Nonlinear wave-wave interactions in TOMAWAC

The nonlinear resonant interaction Snl between a quadruplet of wave com-
ponents is included in TOMAWAC through an approximation of the Boltz-
man integral, which describes the redistribution of energy over the spectrum
(Hasselmann 1962, 1963a, 1963b) (Paragraph 2.3.6). The approximation is
known as DIA method (Discrete Interaction Approximation) (Hasselmann
et al., 1985). The method reduces the space of resonant quadruplets to a
two dimensional space where the interaction takes place between the following
pairs of configurations:

ω1 = ω2 = ω

ω3 = ω(1 + λ) = ω+ (3.8)

ω4 = ω(1− λ) = ω−
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where λ is a constant coefficient set equal to 0.25. The two frequencies ω1 and
ω2 are identical which involves that the two corresponding wave numbers k1

and k2 are also coincident. In order to satisfy the resonance condition, it can
be shown that the wave number vectors k3 and k4 lie at an angle θ1 = −11.5o

and θ2 = 33.6o respect to the common direction of k1 = k2 for the first
quadruplet. The second quadruplet is the mirror of the first quadruplet. In
this case the wave number vectors k3 and k4 lie at the mirror angles θ3 = 11.5o

and θ4 = −33.6o. With this approximation the source term Snl4 is given by:

Snl4 = S
′
nl4 + S

′′
nl4 (3.9)

where S
′
nl4 refers to the first quadruple (with θ1 = −11.5o and θ2 = 33.6o) and

S
′′
nl4 to the second one (with θ3 = 11.5o and θ4 = −33.6o).

For finite water depth this term is corrected using the scaling factor R(kh)
according to Herterich and Hasselmann (1980):

Snl4(finiteh) = R(kh)Snl4(infiniteh) (3.10)

The coefficient R(kh) is function of the mean wavenumber (k) and the water
depth h.

In very shallow water, triad wave-wave interactions become very impor-
tant. Two models are available in TOMAWAC (v5.2) to take non-linear triad
interaction into account. The LTA model (Lumped Triad Approximation) is
a parametric approach based on the work of Eldeberky and Battjes (1995)
and Eldeberky (1996). The model allows the calculation of the bispectrum,
defined as the Fourier transform of the third-order correlation function of the
time series of water surface displacement. The bispectrum is a complex quan-
tity which can be split into a biphase, which can be approximated by the
interaction of the spectral peak frequency with itself (self interaction) and
a biamplitude. To reduce the computational cost, the complete set of all
interacting triads is represented by only the set of self sum interactions, cor-
responding to triads in which a component of frequency ω interacts with a
component of the same frequency to exchange energy flux with a component
of frequency ω + ω = 2ω. The source term SLTA(ω, θ) is written as (Benoit,
2002):
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SLTA(ω, θ) = S+
LTA(ω, θ) + S−

LTA(ω, θ)

S+
LTA(ω, θ) = αLTAcCgg

2
R2

(ω/2,ω/2)

S2
f

sin|βω/2,ω/2| ·

·[F 2(ω/2, θ)− 2F (ω, θ)F (ω/2, θ)]

S−
LTA(ω, θ) = −2S+

LTA(2ω, θ) (3.11)

where αLTA is a constant, c and Cg are the phase and group velocity,
R2

(ω/2,ω/2)

S2
f

is the self-interaction coefficient. The biphase β is given by the following
relation function of the Ursell’s number Ur:

β(ω, ω) = −π

2
+

π

2
tanh

(
0.2
Ur

)
(3.12)

The SPB model was developed by Becq (1998), based on the Boussinesq
model of Madsen and Sörensen (1992). Main drawback of this model consists
in the long computational time, due to the computation of the energy transfers
between all possible triad configurations within the spectrum.

Triads wave-wave interactions are a negligible interaction mechanism out-
side the surf zone. For this reason, they were not taken into consideration in
this thesis.

3.3.7 Wave-current interaction in TOMAWAC

The modelling of wave-current interaction processes in TOMAWAC is not yet
as reliable as the modelling of the other processes included in the model. The
exchange of information between TOMAWAC and TELEMAC-2D can involve
a different degree of coupling:

• One-way coupling : data of variable flow velocity and surface elevation
exchanged from TELEMAC-2D to TOMAWAC (Figure 3.2).

• One-way coupling plus exchange of wave-induced radiation stress from
TOMAWAC to TELEMAC-2D. In the present state of the system, only
a steady state can be taken into account.
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The exchange of radiation stress is of primary importance for studying
near-shore processes (e.g. generation of wave-induced currents, set-up and set-
down). However, for applications outside the surf zone, as the ones described
in this thesis, this mechanism is of secondary importance and can therefore
be neglected. These observations were supported by the work of Villaret and
Davies (2004) who, studying the interaction between currents and waves near
Dunkerque, at the border between France and Belgium, showed that wave-
induced currents were negligible in comparison with tidal currents.

The subroutines NOUDON.f and LECDOI.f were modified in order to in-
terpolate the variable current and water elevation field calculated by TELEMAC-
2D at the TOMAWAC simulation time.

3.4 The morphodynamic model SISYPHE

3.4.1 General features

The SISYPHE model is a two dimensional morphodynamic model which cal-
culates either the bed load or the total load transport induced by current and
waves and computes the bottom evolution. The model is valid for cohesive
and non cohesive sediments. Mixture of sediments with variable grain size can
be taken into consideration.

The model is operatively coupled to the hydrodynamic model TELEMAC-
2D (Figure 3.1 and Figure 3.2) . The hydrodynamic variables (flow velocities
and water depth) are transferred from TELEMAC-2D to SISYPHE at a pre-
defined coupling period. Solid transport and bottom evolution are computed
by SISYPHE. In the beginning of the simulation the user specifies the critical
evolution ratio, defined as the maximum ratio between evolution and water
depth allowed inside the domain. As long as the bottom evolution does not
overcome the critical evolution ratio, the updated flow velocity is calculated by
TELEMAC-2D from a simple continuity equation, taking into consideration
the change in bottom evolution as calculated by SISYPHE (update U = liquid
discharge/updated water depth). When the critical evolution is reached, this
assumption is not considered valid any longer and the bathymetry has to be
updated.

The effects of waves can be taken into consideration giving as input vari-
ables to SISYPHE the output of a previous wave simulation, uncoupled to
the morphodynamic model, carried out by means of the TOMAWAC soft-
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ware. Wave height, peak period and mean wave direction are stored to a
file in a previous wave simulation and then read by SISYPHE during the
coupled run with TELEMAC-2D. The subroutine CONDIM SISYPHE.f was
programmed in order to transfer the information from the TOMAWAC output
file to SISYPHE.

3.4.2 Coupling between bed load and suspended load trans-
port

The calculation of solid transport and bed load evolution can be carried out
by SISYPHE according to two different algorithms.

The standard formulation consists in the calculation of the total volumetric
transport rate by means of one of the empirical formulations implemented in
the model and, consequently, in the solution of the bottom evolution equation:

(1− n)
∂Zf

∂t
+ div(qt) = 0 (3.13)

where Zf is the bottom elevation, n is the bed porosity and qt is the volumetric
transport rate.

Since release 5.4 of SISYPHE it is possible to calculate the total transport
by adding to the bed load transport the contribution due to the suspended sed-
iment, computed by an additional advection-diffusion equation. The equation
for suspended sediment is expressed in the form:

∂C

∂t
+U

∂C

∂x
+V

∂C

∂y
=

1
h

[
∂

∂x

(
hεs

∂C

∂x

)
+

∂

∂y

(
hεs

∂C

∂y

)]
+

(E −D)z=a

h
(3.14)

where C is the depth averaged sediment concentration, U and V represent
the magnitude of the current velocity in the x and y direction, h is the water
depth, εs is the sediment diffusivity coefficient, (E − D) is the net erosion
minus deposition flux of sediments, calculated at the interface between the
bed load and suspended load layer. The height from the bed z = a of the
interface is proportional to the grain roughness.

The bottom evolution Equation (3.13) needs to be modified to take the
vertical fluxes of sediments into account:

(1− n)
∂Zf

∂t
+ div(qb) + (E −D)z=a = 0 (3.15)

where qb is the bed load transport rate.
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This second approach allows to properly account for the effects of suspended
load under non-equilibrium transport conditions.

In case of cohesive sediments the erosion and deposition rate is calculated
in the model by means of the Krone and Partheniades formulation (Krone,
1962; Partheniades, 1965):

E = M

[(
u∗c
u∗e

)2

−1
]

for u∗c > u∗e; E = 0 for u∗c < u∗e (3.16)

D = WsC

[
1−

(
u∗c
u∗d

)2]
for u∗c < u∗d; D = 0 for u∗c > u∗d (3.17)

where u∗c is the friction velocity, u∗e and u∗d are the critical shear velocities
for erosion and deposition, M is the erosion constant, C is the depth averaged
concentration, and Ws is the settling velocity calculated as a function of the
grain diameter (Van Rijn, 1984). In nature, the erosion threshold at the bed
is not only dependent on the sediment composition, but is also influenced by
time-dependent consolidation effects. Consolidation mechanisms are not taken
into account in SISYPHE.

For non-cohesive sediments, the net erosion and deposition flux is given by
the Celik and Rodi (1988) formula:

(E −D)z=a = Ws(Ceq − Cz=a) (3.18)

where Ceq is the near-bed equilibrium concentration and Cz=a is the near-bed
concentration calculated at z = a. Ceq is given by the Zyserman and Fredsoe
(1994) formulation and Cz=a is calculated as a function of the depth-averaged
concentration.

In case of sloping beds, SISYPHE allows to correct the transport rate by
multiplying the value of qt or qb by a factor (1−kfβs), where βs is the slope of
the bed and kf is an empirical factor with a recommended value of 1.3 (Villaret,
2004). Sloping bed effects were neglected inside this work, on grounds of the
fact that the bed slopes, both at the Kwinte Bank and at the IJzer estuary,
are very gentle (maximum slopes ≈ 3 o).
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3.4.3 Sand transport under currents only

Three different formulations are programmed in the SISYPHE model in order
to calculate the solid transport rate given a certain current field and sedi-
ment characteristics: the formulas of Meyer-Peter and Müller (1948), Einstein
(1950), and Engelund and Hansen (1967). These equations calculate the di-
mensionless transport rate φt, in function of the Shields parameter θs, where:

φt =
qt

[g(s− 1)d3]1/2
(3.19)

θs =
τc

ρ(s− 1)gd
(3.20)

and τc is the shear stress due to currents only.

The validity range of the different formulations are summarized in Table
3.1. The three models were designed to predict sediment transport under
fluvial, unidirectional flows.

Table 3.1: Validity range of the formulations to compute sand transport under
currents only (Villaret, 2004).

Sand transport formula Meyer-Peter Einstein-Brown Engelund-Hansen
Mode of transport Bed load Bed load Total load

Model types Steady Steady Steady
Validity range (d50) 0.4 - 3 mm 0.3 - 29 mm 0.2 - 1 mm
Rippled bottoms Yes Yes Yes

Low bed load flows Yes Yes No
High bed load flows Yes Yes Yes

The Meyer-Peter and Müller (1948) determines only the bedload compo-
nent φb of the total transport rate φt. The formula expresses the concept of
a critical shear stress below which no transport occurs in function of the non
dimensional Shields parameter θs and critical Shields parameter θcr:

φb = 8(µθs − θcr)(3/2) if(µθs > θcr)

φb = 0 if(µθs ≤ θcr) (3.21)

where µ is a correction factor lower than 1, and dependent on the ratio between
total roughness and skin roughness of the bed.
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The Einstein (1950) formula is a combination of the formula developed by
Einstein (1942) and the formula published by Brown (1950). Also this formula
predicts only the bedload component φb. Einstein started from a probabilistic
approach, considering the probability that hydraulic forces exceed the forces
keeping the particle in its position. Brown reviewed this relationship and
derived a different function, which better fits high values of shear stress. The
equation implemented in SISYPHE is a combination of the two curves:

φb = F (D∗)f(θs)

F (D∗) =
(

2
3 + 36

D∗

)0.5

−
(

36
D∗

)0.5

f(θs) = 2.15 exp(−0.391/θs) ifθs ≤ 0.2

f(θs) = 40(θs)3 ifθs > 0.2

(3.22)

where D∗ is the dimensionless diameter:

D∗ =
(

g(s− 1)
ν2

) 1
3

d (3.23)

The grain diameter d can be assumed equal to the d50 and ν represents the
kinematic viscosity of the water.

The Engelund and Hansen (1967) formula predicts the total load transport
φt and it is recommended for fine sediments. Two versions of this formula are
implemented in SISYPHE. The classical formulation writes:

φt = 0.05(µθs)
5
2

µ =
(

1
Cfr

) 2
5

(3.24)

where Cfr is the friction coefficient, which must be calculated by the Engelund
(1966) alluvional friction method . A modified version of this formula (Chollet
and Cunge, 1979) is implemented in SISYPHE to account for the formation
of sand dunes. According to this modified version, the Shields parameter is
given as a function of the grain roughness Shields parameter θ2.5:

• if θ2.5 < 0.06 θs = 0 (flat bed regime - no transport)
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• if 0.06 < θ2.5 < 0.384 θs =
√

2.5(θ2.5 − 0.06) (dune regime)

• if 0.384 < θ2.5 < 1.08 θs = 1.065 · (θ2.5)0.176 (transition regime)

• if θ2.5 > 1.08 θs = θ2.5 (flat bed regime - upper transport)

where θ2.5 represents the Shield parameter as a function of the skin friction.

3.4.4 Numerical tests under currents alone

Numerical experiments were carried out on a rectangular basin, to test the
performances and limits of different sediment transport formulations and to
gain insight on the separate effects of currents and waves.

The basin is characterized by a flat bottom with a constant water depth
equal to 22 m. An idealized sand bank was reproduced in the middle of the
basin. Its geometry was chosen in order to simulate the characteristics of
one sand bank of the Flemish Banks system (Kwinte Bank). In the idealized
schematization the sand bank has a width of 2 km and a water depth at the
crest equal to 7 m.

The bank is oriented in anticlockwise direction with respect to the main
flow direction with an angle of 26o, which well represents the orientation of
the sand banks at the Belgian Shelf. This orientation is in agreement with
the theory proposed by Huthnance (1982a), who studied the growing of sand
banks in relation to the local tidal flow conditions. A grain size equal to
250 µm, considered representative of the Kwinte Bank region, was assumed
constant over the whole domain. A schematization of the geometry of the
basin is given in Figure 3.3.

Two sets of tests were performed, under currents alone (this Paragraph)
and under currents and waves superimposed (Paragraph 3.4.5). In both cases
the simulations were carried out for a period corresponding to 10 tidal cycles.

The tidal wave at the boundary was described by a co-sinusoidal function
with amplitude A equal to 2 m and a period TM2 equal to M2 tidal period:

ζ = A cos[(2π/TM2)t] (3.25)

with TM2 = 44712 s.

The tidal wave generates currents with a maximum velocity over the sand
bank of about 1.5 m/s. Currents are deflected by interaction with the bank.
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Figure 3.3: Scheme of the idealized basin used in the numerical experiments. Dimen-
sions are given in meters.

This behaviour can be explained by a reduction of the along-crest component
due to bottom friction and an increase of the cross-bank component due to
continuity (Dyer and Huntley, 1999). The current field at one time step is
shown in Figure 3.4.
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Figure 3.4: Current field in the rectangular basin at a specific time step. Continuous
lines represent bathymetric contour lines

Three different morphodynamic simulations were carried out, based on the
sediment transport formulations available in SISYPHE: Meyer-Peter, Engelund-
Hansen and Einstein-Brown. In Figure 3.5 contour plots representing the
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bottom evolution calculated by means of the different formulations are shown.
The same results are given in Figure 3.6 but for a longitudinal section. Prelim-
inary observation to the simulation results, concerns the limit of applicability
of these formulae, which were originally proposed to predict fluvial sediment
transport and based on flume experiments. It follows that these formulations,
with exclusion of the Engelund-Hansen formula, were designed for coarser
sediments than the ones used in the simulations. Moreover, the magnitude
of the flow velocities involved in the experiments, leads to a significant dom-
inance of the suspended load component. Therefore, both the Meyer-Peter
and Einstein-Brown formulae suffer of the restriction of predicting only the
bed load component.

However, the three formulation predicts a similar erosion-deposition pat-
tern, characterized by erosion occurring at the crest of the bank and deposition
at the two flanks. These calculations are in agreement with the modelling work
proposed by Tonnon et al. (2007) on a idealized sand dune. In his work, he
predicted a lowering of the sand dune for numerical simulations run in depth-
averaged mode (1DH). However, in his work a different behaviour was shown
for the same simulation run with a two-dimensional vertical approach (2DV).
In this last case, the creation of a vertical circulation cell generated by the
model caused a net flow towards the crest, resulting in the vertical growth of
the sand wave. Nevertheless, the overall direction of sediment transport in
case of asymmetric tide, was unchanged in the 1DH and 2DV approach.

If we compare the magnitude of the predicted evolution, the wide spread-
ing of the calculated values, which ranges within one order of magnitude is
evident. The highest evolution rate is obtained by using the Einstein-Brown
formulation, which calculates a solid transport function of the sixth power of
the flow velocity (∼ U6). Intermediate and lower evolution rate are obtained
by means of the Engelund-Hansen (∼ U5) and Meyer-Peter (∼ U2) formulae.

3.4.5 Sand transport under currents and waves

The majority of sand transport calculations in shelf seas and coastal areas in-
volves both currents and waves as driving forces. The existing models distin-
guish into four different groups: steady models, quasi-steady models, unsteady
models, semi-unsteady models (De Leeuw, 2005).

Steady models describe the sand transport rate at a time scale much larger
than the wave period adopting wave-averaged values of velocity and concen-
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Figure 3.5: Morphodynamic calculation under currents alone: comparison between
different formulae. Deposition (positive) and erosion (negative) are given in meters.
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Figure 3.6: Bottom evolution profiles under currents alone: comparison between dif-
ferent formulae. Deposition (positive) and erosion (negative) are given in meters. The
profiles refer to section A-A of Figure 3.3.

tration. Steady models do not account for the wave related sediment flux.

Quasi-steady models consider the periodic variations of the wave velocity
and assume that sediment concentration is a result of the hydrodynamic con-
ditions in phase with the sediment motion. These models account for wave
related sand transport, however neglecting any effect of unsteadiness such as
phase lag between concentration and velocity profiles.
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Unsteady models calculate both the unsteady velocity and concentration
profiles. In this way, current and wave related sand transport are explicitly
taken into account.

From a computational point of view, full unsteady models are highly de-
manding. In semi-unsteady models some of the physical processes leading to
unsteady effects are simplified. Nevertheless, phase lag effects between velocity
and concentration peaks are taken into account.

Four different formulations are implemented in SISYPHE to account for
the combined effects of currents and waves on sand transport: the formulae of
Bijker (1967), Soulsby-Van Rijn (Soulsby, 1997), Bailard (1981) and Dibajnia
and Watanabe (1992). The first three formulations were analyzed in this
Chapter. Validity range of the different formulations are given in Table 3.2.

Table 3.2: Validity range of sand transport formulae under currents and waves
(Soulsby, 1997; Camenen and Larroude, 2003; Villaret, 2004)

Formula Bijker Soulsby-Van Rijn Bailard
Mode of transport Bed load + Bed load + Bed load +

suspended load suspended load suspended load
Model type Steady Steady Quasy steady

Validity range d<1mm 0.1 - 2 mm -
Rippled bottoms - Yes No

The formulation of Bijker was one of the first models to represent sediment
transport for combined waves and currents. It was derived from the Frijlink
(1952) formula valid for currents only and modified introducing a wave and
current interaction model in the bed shear stress calculation. Bijker calculates
separately bed load and suspended load transport, where the bed load depends
on the total shear stress for waves and currents. The suspended load is calcu-
lated by integration of the product between concentration and velocity profile,
being the reference concentration for the suspended sediment expressed as a
function of the bed load transport.

The bed load qb and suspended load qs components are calculated separetely
according to the following equations:

qb = bd

√
τc

ρ
exp

(
−0.27

(ρs − ρ)gd

µτcw

)
qs = qbI (3.26)
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where:

I = 1.83× 0.216
BA−1

(1−B)A

∫ 1

B

(
1− y

y

)A

ln

(
33y

B

)
dy

A =
Ws

κ
·
√

ρ

τcw

B =
ks

h
(3.27)

b is the wave breaking coefficient equal to 2, µ is a ripple correction factor
dependent on total roughness and skin roughness and calculated with the same
expression used in the Meyer-Peter formula, A is the Rouse number, Ws is the
settling velocity, κ is the von Karman’s constant equal to 0.40, τc is the shear
stress due to currents alone, τcw is the mean combined shear stress calculated
as τcw = τc + 0.5 · τw, τw is the wave shear stress, B is the dimensionless bed
roughness and y is the height above the bed.

The formulation of Soulsby-Van Rijn is intended for ripple beds (bed rough-
ness length = 6 mm), water depth ranging between 1 and 20 m, flow velocity
between 0.5 and 5 m/s, and sand diameter between 0.1 and 2 mm (Villaret,
2004). The transport rate qt is given by:

qt = AsU

[(
U2 +

0.018
CD

U2
rms

)0.5

−Ucr

]2.4

(1− 1.6 tanβs)

As = Asb + Ass

Asb =
0.005h(d50/h)1.2

[(s− 1)gd50]1.2

Ass =
0.012d50D∗

−0.6

[(s− 1)gd50]1.2

(3.28)

where Asb is the bed load component, Ass is the suspended load component,
CD is the drag coefficient due to currents alone, Urms is the standard deviation
of orbital velocities for spectral waves, Ucr is the critical entrainment velocity
calculated based on the formulation proposed by Van Rijn (1984), d50 the
median grain size, D∗ is the dimensionless diameter calculated according to
Equation (3.23) and βs is the local slope of the bed.

The Bailard formula is based on the assumption that the work done in
transporting sediment is a fixed proportion of the total energy dissipated by the
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flow. The bed load and suspended load components are expressed respectively
as the third and the fourth order momentum of the near-bed time-varying
velocity field:

qb =
fcw

g(s− 1)
eb

(tanϕi)
〈|Ucomb

2|Ucomb〉

qs =
fcw

g(s− 1)
es

(Ws)
〈|Ucomb

3|Ucomb〉

(3.29)

where fcw is the wave and current friction factor, eb and es are empirical
factors respectively equal to 0.02 and 0.1, ϕi is the sediment friction angle,
Ucomb is the instantaneous velocity vector given by the sum of flow velocity
and instantaneous orbital velocity (Ucomb = U + uw(t)) and <> is a time-
average over a wave period. This formula enables transport under a non-linear
wave to be described when the terms 〈|Ucomb

2|Ucomb〉 and 〈|Ucomb
3|Ucomb〉

are calculated with the second order Stokes waves (Camenen and Larroude,
2003). In SISYPHE values of the instantaneous wave orbital velocities are
not known since only wave height, period and direction are given as a input
by TOMAWAC. Therefore these two terms are calculated based on analytical
expressions, which give an approximate value for the two averaged values over
a wave cycle (Villaret, 2004).

Soulsby (1997) investigated the validity of this formula against laboratory
and field data. For flat bed and surf zone conditions the formula predicted
transports within a factor of 5 with respect to the field data. Over rippled
beds the prediction was no better than within a factor of 100.

3.4.6 Numerical tests under waves and currents

An additional set of simulations was carried out on the same geometrical con-
figuration as in Paragraph (3.4.4) but considering the superposition of currents
and waves. The current field was assumed to be driven by a co-sinusoidal tidal
wave with amplitude equal to 2 m. The wave field was considered constant in
time and characterized by a wave height (Hs) equal to 2 m, peak period (Tp)
of 6 seconds and wave direction relative to the North (θ) equal to 90o. This
corresponds to a constant wave field entering from the west open boundary.

Three different morphodynamic simulations were carried out, based on
three sediment transport formulations available in SISYPHE: Bijker, Soulsby-
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Van Rijn and Bailard. In Figure 3.7 contour plots representing the bottom
evolution calculated by means of the different formulations are shown. The
same results are given in Figure 3.8 but for a longitudinal section.
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Figure 3.7: Morphodynamic calculation under currents and waves superimposed:
comparison between different formulae. Deposition (positive) and erosion (negative)
are given in meters.
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Figure 3.8: Bottom evolution profiles under currents and waves: comparison between
different formulae. Deposition (positive) and erosion (negative) are given in meters.
The profiles refer to section A-A of Figure 3.3.

The Figures show a general increase in the erosion-deposition patter respect
to the case when only currents are considered. This is essentially due to the
stirring effects exerted by the waves, which enhances sediment in suspension.
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Comparing Figure 3.8 to Figure 3.6, an increase up to 1 order of magnitude
is predicted, which can be associated to wave action. The lowest evolution
rate is calculated by means of the Bijker formulation which is very sensitive to
currents but less to wave activity, as shown by Camenen and Larroude (2003).
The Bailard and Soulsby-Van Rijn formulations provide more similar results
despite the difference in approach used to calculate the sediment transport.

Interesting is to observe the change in erosion-deposition pattern induced
by the superposition of waves and currents. In case of currents alone (Figure
3.5 and Figure 3.6) the sand bank evolution was characterized by erosion at
the top of the bank and deposition at the two flanks. In case of waves and
currents superimposed, the deposition occurs only at the west flank of the
bank. Figure 3.9 shows a comparison between the same bottom profile, at
the beginning and at the end of a simulation, carried out by means of the
Soulsby-Van Rijn formulation. It is clear how the erosion-deposition pattern
would lead, at long term, to an horizontal migration of the bank. Moreover,
a change in symmetry of the bank can be noticed, with an increase of the
steepness towards the migration direction.
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Figure 3.9: Longitudinal bottom profiles at the beginning of the simulation and after
10 tidal cycles. The simulation was carried out using the Soulsby-Van Rijn formulation
for sediment transport. The profiles refer to section A-A of Figure 3.3.

The change in sediment transport direction can be explained by looking
at Figure 3.10, representing the time series of flow velocity and surface eleva-
tion in the rectangular basin. The highest flow velocities in the west direction
(negative values in Figure 3.10) occur when tidal levels are next to its lowest,
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while a reverse tidal flow characterizes high water levels. Wave action at the
bottom is stronger when water depth is lower (low tide), enhancing sediment
resuspension and transport when tidal currents are directed in the west di-
rection. From linear wave theory near-bottom orbital velocities at the crest
can be estimated in case of high tide (water depth equal to 9 m) and low tide
(water depth equal to 5 m). The estimated values are 0.68 m/s in case of high
tide and 1.13 m/s in case of low tide.
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Figure 3.10: Flow velocity and surface elevation time series in the rectangular basin.
Flow from west to east is considered positive.

The concurrence of water levels, tidal currents and waves simulated in this
basin, is a good representation of the hydrodynamic and wave conditions tak-
ing place at several sand banks of the Belgian Shelf (e.g. Kwinte Bank). At
the Belgian Shelf sediment transport direction, under low wave conditions, is
determined by the flood currents, stronger in magnitude than the ebb cur-
rents, and occurring near high tide. However, this direction might reverse
when wave activity increases and becomes prevalent on the current action.
The increase in wave action will be felt especially during low water, which
occurs when currents follow the ebb direction, leading to a reverse sediment
transport direction (Chapter 6).



52 Chapter 3. The numerical models

3.5 Summary

In this Chapter the different modules used in this thesis for the hydrodynamic
(TELEMAC-2D), wave (TOMAWAC) and sediment transport (SISYPHE)
computation, were described. All the modules are part of the same numer-
ical modelling system: the TELEMAC system. Attention was given to the
modifications applied to the main code and used during the North Sea imple-
mentation (Chapter 4).

The different formulations for sediment transport under currents and cur-
rents plus wave regime were described and compared on a simplified geometry.
The tests were performed on an artificial rectangular basin with a sand bank in
its middle. This geometry is a schematization of bottom morphology, hydro-
dynamics and wave conditions at one sand bank of the Belgian shelf (Kwinte
Bank). For simulations driven by tidal action only, a decrease in height of
the sand bank was observed. On the other hand, wave activity was found to
be important for increasing the magnitude of sediment transport, up to one
order of magnitude. Moreover, wave activity together with tidal currents was
responsible for a migration of the bank and for an increase of its steepness
towards the migration direction.

A wide spreading in the prediction of the erosion-deposition rates testifies
the uncertainty, which still relates to sediment transport calculations.



Chapter 4

North Sea implementation

4.1 Introduction

The different hydrodynamical and morphodynamical processes described in
Chapter 2 were simulated in the following Chapters by means of the TELEMAC
system (Chapter 3). The set-up of a numerical model involves a series of inter-
mediate steps which need to be carried out in order to reproduce the physical
phenomena in the most accurate way as possible, keeping into account the
limitation due to computational resources. First of all, the different forces
which lead to the final process have to be distinguished. Test on simplified
geometries, with a parametrization of the phenomena involved, reveal to be
a useful approach for a comparison with analytical solutions and for testing
the model. Only at this point the simulation of the real phenomena, taking
more complex geometry into consideration, can be carried out. Moreover, all
models are characterized by a high degree of freedom which allows the repre-
sentation of the most different conditions present in nature. Therefore, field
observations and comparison with other numerical models are fundamental
tools for calibration and validation of the model performances. This approach
was followed throughout this chapter in order to reproduce with an acceptable
degree of confidence the complex dynamics characterizing the North Sea. The
representation of the two main forcing, currents and waves, was first treated
as a separate problem. In second instance the effect of the interaction between
currents and waves on the wave field was assessed.

The validation of the hydrodynamic and wave model will be carried out in
Chapter 5 and 6 respectively.

53
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4.2 Data collection

4.2.1 Bathymetry data

The Belgian shelf is characterized by a complex bathymetry with the presence
of many sand banks and gullies which require a high spatial resolution to be
represented. Typical scale of a sand bank is about 10 km in length and 2 km
in width. On the other hand, the correct representation of hydrodynamic and
wave processes requires a wide computational domain to be considered.

A high number of tidal constituents would need to be taken into account, if
hydrodynamic boundary conditions were imposed in proximity of the Belgian
coast. Shifting away the open boundary towards the margins of the continental
shelf, may reduce the forcing components to a few astronomical tides only.
Tidal constituents due to shallow water effects can be internally generated by
the model from the non-linear terms of the shallow water equations, while the
tidal wave propagates from the open boundary towards the Belgian shelf (Yu,
1993). In the same way, the correct representation of the wave field requires a
model able to both simulate locally generated waves (wind waves), and waves
which have travelled a long distance from the generating area (swell). Due
to these reasons, different bathymetric data were used, with a high spatial
resolution at the Belgian shelf, but with an extension sufficiently wide for a
correct representation of the hydrodynamic and wave processes (Table 4.1).

Table 4.1: Geographical coverage and resolution of the different bathymetries
used in this work.

Grid Area Resolution (o) Resolution (km)
(LAT × LONG) (LAT × LONG)

Coarse 47o50’N - 71o10’N 1/3o × 1/2o 37.0 × 55.6
12o15’W - 12o15’E

Local 1 48o30’N - 55o30’N 1/15o × 1/10o 7.4 × 11.1
02o45’W - 09o15’E

Local 2 49o14’N - 52o38’N 1/45o × 1/30o 2.5 × 3.7
00o03’E - 04o45’E

BCP Fine cut 51oN - 51o24’N 1/432o × 1/252o 0.257 × 0.441
02o05’E - 03o12’E

A coarse grid, ranging latitudinally between 47o50’N up to 71o10’N and
longitudinally between 12o15’W and 12o15’E, was taken from the Northeast
Atlantic model developed by Flather (1981). Two intermediate bathymetries
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were extracted from sea-charts and corrected by Yu (1993). The finest grid
covers the Belgian costal area between 51oN and 51o24’N and 2o04’48”E and
3o12’E with a latitudinal resolution of 8.33” and a longitudinal resolution
of 14.29”. The data for the high resolution bathymetry were provided by
the Ministery of the Flemish Community (Flemish authorities, Agency for
Maritime and Coastal Services, Coastal Division) and the gridding was done
by the Ghent University (Renard Centre of Marine Geology).

The choice of a model based on finite element scheme was determined by
the possibility of running at once the computation over the whole domain, with
the possibility to highly refine, at the same time, the area of interest. Based
on the above bathymetric data an unstructured mesh with triangular ele-
ments was defined using the pre-processor MATISSE (Figure 4.1). The same
mesh was used for the implementation of the TELEMAC-2D, TOMAWAC
and SISYPHE models.

4.2.2 Tidal forcing at the open boundary

Open boundary conditions for the hydrodynamic model were imposed by
means of Equation (2.5). Four semi-diurnal tidal components (M2, S2, N2, K2)
and four diurnal tidal components (O1, K1, P1, Q1) were considered sufficient
to represent the tidal dynamics inside the domain. The values of amplitudes
and phases of the different tidal components at the boundary correspond to
those used by Osuna (2002).

4.2.3 Atmospheric forcing

Atmospheric data (wind velocity at 10 m height and atmospheric pressure)
were obtained from the United Kingdom Meteorological Office (Van den Eynde
et al., 1995). The data are available at a 6 h interval, on a 1.25o lati-
tude/longitude grid. A bilinear interpolation was performed to obtain them on
the computational mesh. A linear interpolation in time was made to calculate
wind speed and pressure at each time step.

4.2.4 Field measurements

Field data were collected within the framework of the MAREBASSE project
(Van Lancker et al., 2002).

During two measurement campaigns (23-30 June 2003; 2-11 March 2004), a
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Figure 4.1: Unstructured mesh used for the implementation of the TELEMAC-2D,
TOMAWAC and SISYPHE modules. The upper figure corresponds to the full exten-
sion of the computational domain. The lower figure is a zoom on the sand bank area
at the Belgian Shelf. In the background bathymetry contour lines are shown.

bottom mounted Acoustic Doppler Current Profiler (ADCP) and a multisensor
benthic lander (tripod) were used. Both instruments were deployed from the
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oceanographic research vessel RV Belgica. The measurement locations are
indicated in Table 4.2. A Conductivity, Temperature and Depth instrument
(CTD), three Optical Backscatter Sensors (OBS) at 0.25, 0.5 and 1 m from
the bottom and a Laser In-Situ Scattering & Transmittometer (LISST-100C)
at 1 m from the bottom were attached to the tripod.

Table 4.2: ADCP and tripod location.

Lat. Long. Depth Start Duration
51o18.144’ 2o40.24’ 16.3 11/06/03 16h30 25h
51o18.151’ 2o40.245’ 16.3 02/03/04 12h45 216h

ADCP measurements were used to validate the output from the hydrody-
namic model. The OBS and LISST measurements gave volume concentration
and particle diameters of material in suspension.

A wave buoy was deployed at the North of the Kwinte Bank during the
campaign of June 2003. Additional buoy data were available for both periods
from operational buoys at the locations of Westhinder (51.38o N; 2.44o E) and
Akkaert (51.41o N; 2.77o E). A validation of the wave models was carried out
by means of these measurements.

4.3 Hydrodynamic modelling of the North Sea

The hydrodynamic model TELEMAC-2D was implemented in the North Sea
domain, on the mesh represented in Figure 4.1. The domain was discretized in
48908 elements and 24851 nodes. The mesh size ranges between 70 km in the
open sea to 150 m on the Kwinte Bank. Boundary conditions were provided
taking into account eight tidal components (Paragraph 4.2.2). Atmospheric
data (wind velocity at 10 m height and atmospheric pressure) were obtained
from the United Kingdom Meteorological Office (Van den Eynde et al., 1995)
(Paragraph 4.2.3). The numerical settings used for the TELEMAC-2D simu-
lations are given in Table 4.3. For more details concerning the model refer to
Hervouet (2007) and Chapter 3.

By applying a Fourier analysis on the time series of the surface elevation
at each node of the domain, tidal charts for a certain tidal constituent can
be derived. On these charts, coamplitude lines, joining places which have the
same tidal range, and cotidal lines, joining places where the tide has the same
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Table 4.3: Physical and numerical settings used for the TELEMAC-2D simu-
lation

Parameter Value
Number of nodes 24851

Tidal components at the boundary 8
Time step 60 s

Law of bottom friction Chezy
Chezy coefficient Variable with water depth

Wind and pressure Yes
Coriolis Yes

Turbulence model Constant viscosity
Discretization in space Quasi-bubble triangle for velocity,

Linear triangle for depth

phase, are represented. A point characterized by zero tidal amplitude is called
amphidrome.

The computed tidal chart for the M2 constituent is given in Figure 4.2. The
figure is in good agreement with the tidal chart presented by Pugh (1987) in his
Figure 5:10b and with the work of Osuna (2002). Two complete amphidromic
systems characterize the North Sea. A third one, probably degenerate, has its
centre in southern Norway.

The Atlantic semidiurnal tidal wave travels from south to north. Part of
the tidal energy enters the Celtic Sea and is transmitted into the southern
North Sea and into the Irish Sea. These two tidal waves travels around Great
Britain respectively in anticlockwise and clockwise direction, and their com-
bination give rise to the high tidal amplitude observed in the Dover Strait
(greater than 2 m). High amplitudes (about 3.69 m for the M2 component)
are also observed on the French coast and they are due to local standing wave
resonance. Quarter-wave resonance is responsible for the large tidal ampli-
tudes in the upper reaches of the Bristol Channel (about 4.25 m for the M2

component) (Pugh, 1987).

Some tidal parameters, of crucial importance for hydrodynamics and sus-
pended sediment dynamics, can be calculated knowing average tidal charac-
teristics. For the Belgian coast, assuming a current amplitude UM2 ≈ 1 m/s
and the period TM2 of the M2 tidal constituent equal to 12.42 h, the tidal
displacement (Ltide) is given by Equation 4.1:
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Figure 4.2: Tidal chart for the M2 tidal constituent (from Telemac-2D simulation).
Solid lines represent coamplitude lines (amplitudes given in meters). Dashed lines
represent cotidal lines.

Ltide =
1
2

∫ TM2/2

0
UM2sin(ωM2t)dt =

UM2TM2

2π
≈ 7.1km (4.1)

The residual tidal excursion, Ltide0 which represents the residual drift of a
particle of fluid during a tidal period, can be estimated by means of Equation
4.2. Assuming a residual current equal to UE ≈ 0.03 m/s, as can can be easily
calculated by means of the hydrodynamic model:

Ltide0 = UE × TM2 ≈ 1.3km (4.2)
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However, this value is largely influenced by the local bathymetry, wind and
salinity field (Yang, 1998).

4.4 Wave modelling in the North Sea

Wind-waves are generated by the direct effect of the wind stress on the surface.
Figures 4.3(a) and 4.3(b) show climatological winds and waves derived from
25 years data sets (1977 - 2002) collected at the station of Westhinder and
Zeebrugge (Belgian shelf). The strongest winds at the Belgian coast come
from the southwest. The highest waves, which are of interest for the Belgian
coast, come from the north due to the longer fetch. The most important
storms are registered during the winter months.

The wave model TOMAWAC was implemented on the same mesh used
for the hydrodynamic calculation (Figure 4.1). A spectral discretisation in
12 directions and 25 frequencies was adopted. Source terms included input
from the wind, dissipation from whitecapping and from bottom friction and
quadruplet non-linear interactions. Atmospheric data (wind velocity at 10
m) was obtained from the United Kingdom Meteorological Office (Van den
Eynde et al., 1995)(Paragraph 4.2.3). The numerical settings used for the
TOMAWAC simulations are given in Table 4.4.

Table 4.4: Physical and numerical settings used for the TOMAWAC simulation

Parameter Value
Time step 100 s

Number of directions 12
Number of frequencies 25

Minimal frequency 0.04
Bottom friction dissipation Jonswap model
Depth induced breaking No

Wind input Janssen model
Wind input time step 6 h

Whitecapping dissipation Komen - Janssen model
Quadruplets wave-wave interaction DIA method

Triads wave-wave interaction NO

In order to test the performances of the model, an exceptional storm was
simulated by means of the Tomawac model. The effects of the same storm on
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(a)

(b)

Figure 4.3: Wind climate (a) and wave climate (b) at the Belgian shelf. The data
derive from an analysis of 25 years data sets collected at the stations of Westhinder
(wind) and Zeebrugge (waves). Wind and wave directions are given according to the
direction from which they are coming (Ministry of the Flemish Community, Coastal
Division).
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the bottom morphodynamics of a sand bank, will be analyzed in Chapter 6.
The simulation output for the period 10-11 January 1995 is shown in Figure 4.4
and 4.5. A low pressure system centered in the Scandinavian peninsula caused
strong northerly wind over the whole North Sea. Maximum wind speeds were
about 22 m/s. The TOMAWAC model predicted waves with significant wave
height up to 8 meters in the North Sea. The storm reached the Belgian coast
the 11th of January producing waves with significant wave height up to 5
meters at Westhinder on the 12th of January. Time series of predicted and
measured wave height and period at the station of Westhinder are given in
Figures 4.6 and 4.9.

The necessity of extending the computational domain for the wave calcu-
lation up to about 70o N becomes clear from this simulation. First of all, an
important fraction of the energy contribution comes from the Norvegian Sea
and reaches the Belgian coast about two days later, after having crossed the
whole North Sea. This contribution can only be simulated by an extended
model domain.

Secondly, and for a more general case, the contribution of waves which have
traveled for a long distance but are no longer supported by wind, commonly
known as swell, has important consequences on the wave spectrum and there-
fore on sediment transport induced by waves. Swell is generally characterized
by a peak in the low frequency range, and combines with locally generated
waves (wind sea), characterized by an energy peak at higher frequency. This
leads to double peaked wave spectra. It has been proven that the combination
of double peaked wave spectra enhances the energy dissipation at the bed to
values higher than their sum, because of the interaction between them (Boon
et al., 1996; Delgado Blanco, 2006). This has a direct impact on the sediment
transport. Taking the real spectral description into account would result into
a more accurate evaluation of the orbital velocities at the bottom, which are
usually calculated assuming a JONSWAP distribution of the wave field (vari-
able Urms, Paragraph 3.4.5). In the present work, the spectral description
of the wave spectrum was not retained in the sediment transport calculation.
This can be justified, on grounds of the fact that the uncertainties in the
sediment transport estimates are considerably larger than a possible improve-
ment which would come by accounting for a frequency dependent wave energy
distribution.
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Figure 4.4: Simulation of a storm with the TOMAWAC model. Wind and pressure
conditions are shown in the left panels. Pressure is given in Pa. In the right panels,
contour lines represent the modelled significant wave height (in meters). Correspond-
ing dates are indicated on top of each figure.

4.5 Waves and tide interaction

In Paragraph 2.4.3 the problem of wave and current interaction was addressed.
In this Paragraph, the effect of the tide on the wave characteristics was
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Figure 4.5: Idem as in Figure 4.4 but for the dates indicated on the top of each figure.

simulated by means of a one-way coupled run between TELEMAC-2D and
TOMAWAC, for the period 1-15 January 1995. Tidal flows and surface ele-
vations were calculated by a previous uncoupled run of TELEMAC-2D. The
output from this first simulation was given as a input to TOMAWAC. The
same simulated period will be analyzed in terms of morphodynamic evolution
in Chapter 6. Particular attention is given to the modification of wave char-
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acteristics (spectral significant wave height and peak period) induced by the
tide. Modelled wave characteristics were compared to buoy data collected at
Westhinder. For a definition of the wave parameters refer to Appendix A.

The effect of the tide on the spectral significant wave height is visible in
Figure 4.6 and 4.7. Figure 4.6 shows the time series of measured wave height
together with the wave height simulated from an uncoupled and one way cou-
pled TOMAWAC run. The relative influence of the coupling on the the wave
height was estimated to be in the order of 4.5 % with respect to the reference
(uncoupled) Tomawac run. This effect is mostly related with the variation of
water depth and the consequent modulation of the energy dissipation by bot-
tom friction. In Figure 4.7 the difference in wave height between the coupled
and uncoupled run is plotted together with the variation in surface elevation
due to the tide. Higher water depths generally correspond to an increase in
wave height due to lower bottom friction. Nevertheless, currents (magnitude
and direction relative to the waves) modify the energy balance. This leads to
an increase in wave height for opposing currents conditions and a decrease for
following currents. As observed by Osuna (2002), a time lag between the max-
imum (minimum) wave height and the opposite (following) current pattern is
visible.

The two scatter plots in Figure 4.8 give an indication on the accuracy
of the wave prediction in case of uncoupled and one-way coupled Tomawac
run. In both cases, for low wave conditions, the model seems to slightly
underestimate the wave height. This is likely to be due to an underestimation
of the model wind respect to the real wind measurements. On the other
hand, during stormy events, a clear overestimation can be observed. The
effect of the coupling is hardly visible and the correlation coefficient remains
high for both cases. Additional statistical parameters were calculated and
included in Table 4.5. For a definition of the different parameters refer to
Appendix B. The negative value of the bias, calculated as a difference between
mean predicted wave height and mean measured wave height, is due to model
underestimation of wave height in case of small waves. All the parameters show
a low influence of the coupling effects on wave height prediction accuracy. The
different statistical parameters compare well to the values computed by Osuna
(2002) and added to Table 4.5. In his PhD dissertation, the author carried out
a statistical analysis based on Hs (significant wave height) and Tm02 (second
moment wave period) for a stormy period (5-20 October 1997).

The effect of the tide on the peak wave period is shown in Figure 4.9. Peak
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wave period was calculated in the model according to the Read method of
order 5. This was compared to the peak period from buoy measurements,
corresponding to the absolute maximum in the wave energy spectrum. The
modulation is, in this case, independent of the depth but sensitive to the
relative direction between currents and waves, the magnitude of the current
and the sea state and can be explained by the Doppler effect induced by
the currents (Equation 2.20). The relative difference in period between non
coupled and one-way coupled run was estimated equal to 2.9%. Statistical
parameters calculated for the peak period in case of uncoupled and coupled run
are given in Table 4.6. There is a clear improvement in wave period prediction
by means of a coupled run with respect to the uncoupled run. The difference
is much more evident than it was for the wave height prediction, as also shown
by the increase in the correlation coefficient (Figure 4.10). This justifies the
use of a coupled run for predictions where high accuracy is required. For
comparison, the values calculated by Osuna (2002) were added to Table 4.6.
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Figure 4.6: Time series of spectral significant wave height (Hm0) from buoy and com-
puted by the uncoupled and the one-way coupled implementation of the TOMAWAC
model. Measured and modelled wave height refer to the station of Westhinder (WHI)
and to the period 1 January 1995 to 15 January 1995.

4.6 Summary

In this Chapter, the hydrodynamic model TELEMAC-2D and the wave model
TOMAWAC were implemented in the North Sea domain. The same mesh was
adopted for the two numerical models. Tidal characteristics were simulated
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Figure 4.8: Scatter plot of spectral significant wave height from buoy and computed
by the uncoupled (left) and the one-way coupled implementation of the TOMAWAC
model. The plot refers to the station of Westhinder (WHI) for the period 1 January
1995 to 15 January 1995.

and compared with tidal charts showing the validity of the implementation.

The wave model TOMAWAC was implemented and tested for a period char-
acterized by extreme wave activity. A fairly good agreement between model
results and buoy measurements was found. The accuracy in wave prediction
could be improved by the use of a one-way coupled run between TELEMAC-
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Table 4.5: Statistical parameters calculated with the TOMAWAC model, for
the parameter Hm0, during the period 1 January 1995 to 15 January 1995. On
the same table the values calculated by Osuna (2002), for the parameter Hs

(significant wave height) during the period 5 October 1997 to 20 October 1997,
are shown. Computed values for the uncoupled and coupled run are shown.
All values refer to the station of Westhinder (WHI). Bias; rmse = root mean
square error; spread; ε = scatter index; skill = skill index; C.c. = correlation
coefficient.

bias(m) rmse (m) spread (m) ε (%) skill C.c.

No coup Tomawac -0.11 0.42 0.40 22 0.82 0.94
Coup Tomawac -0.02 0.44 0.44 24 0.79 0.93

No coup Osuna (2002) -0.23 0.37 0.29 21 0.84 0.95
Coup Osuna (2002) -0.23 0.37 0.29 21 0.83 0.94
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Figure 4.9: Time series of peak wave period (Tp and Tpr5) from buoy and computed
by the uncoupled and the one-way coupled implementation of the TOMAWAC model.
Measured and modelled peak period refer to the station of Westhinder (WHI) and to
the period 1 January 1995 to 15 January 1995.

2D and TOMAWAC. The improvement mostly affected the prediction of the
wave period. Wave height was statistically almost unaffected by the coupling
to the hydrodynamic model. Modulation of wave height in case of coupled
run was related to the variation of water depth and the relative orientation
between waves and currents. Wave period modulation was affected by the rel-
ative orientation between waves and currents (Doppler effect), the magnitude
of the currents and the sea state.
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pled (left) and the one-way coupled implementation of the TOMAWAC model. The
plot refers to the station of Westhinder (WHI) and to the period 1 January 1995 to
15 January 1995.

Table 4.6: Statistical parameters computed with TOMAWAC, for peak wave
period, during the period 1 January 1995 to 15 January 1995. On the same
table the values calculated by Osuna (2002), for the parameter Tm02 (second
moment wave period), during the period 5 October 1997 to 20 October 1997,
are shown. Computed values for the uncoupled and coupled run are shown.
All values refer to the station of Westhinder (WHI).

bias(s) rmse (s) spread (s) ε (%) skill C.c.

No coup 0.25 1.24 1.22 20 0.50 0.75
Coup 0.17 1.13 1.12 19 0.59 0.80

No coup Osuna (2002) -0.19 0.74 0.72 16 0.38 0.66
Coup Osuna (2002) -0.37 0.71 0.61 14 0.43 0.77
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Chapter 5

Modelling the Effects of Sand
Extraction on the Sediment
Transport due to Tides on the
Kwinte Bank

1Abstract

Exploitation of marine aggregates has been steadily increasing in the last
decades. This tendency is expected to grow further in the near future due
to the necessity of protecting beaches from the expected sea level rise. The
extraction activity in Belgium was mainly concentrated on the Kwinte Bank
(Belgian Shelf) leading to the creation of a 5 meters deep depression in its cen-
tral part. In order to assess the impact of different bathymetric changes due to
sand extraction on the Kwinte Bank morphodynamics, two numerical models
were implemented and different scenarios were simulated. Model verification
involved comparison with hydrodynamic and bottom data. The intercompar-
ison between different models revealed interesting features and limitations in
the use of different sediment transport formulae.

Results show that Kwinte Bank stability is not endangered by the intense
sand extraction. Moreover, slight regeneration processes could take place
whenever enough sand was available.

1This chapter was adapted from the article published as ”Modelling the Effects of Sand
Extraction, on the Sediment Transport due to Tides, on the Kwinte Bank” in the Journal
of Coastal Research (Van den Eynde et al., In Press)

71
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5.1 Introduction

The demand of marine sand in Europe is constantly increasing. Nourishment
of beaches and coastal dunes, land reclamation, construction of large-scale
artificial islands are within the main causes for marine aggregate extraction.
The exploitation of marine sand in Belgium started in 1976 and is being mon-
itored from 1979. The annual extraction increased from 370,000 m3 in 1979,
to 1,700,000 m3, in the middle of the 1990’s. In the last 2 years it has stabi-
lized around 1,600,000 m3 (Bellec et al., In Press; Degrendele et al., In Press).
About 25% of the total extraction on the Belgian continental Shelf took place
on the Kwinte Bank. This resulted in the formation of a depression, called the
Central Depression, about 5 m deep, 700 m wide, 1 km long and located at
a water depth of about 10-15 m MLLWS (Mean Lowest Low Water at Spring
tide). Since February 2003, the exploitation activity has been stopped at this
location. This allowed to study the consequences of intense extraction on a
sand bank, permitting a potential recovery of the area.

The consequences of intense marine aggregate extraction are generally poorly
known and are largely dependent on the local hydrodynamic and wave charac-
teristics. Van Rijn and Walstra (2002) prepared for the DG RijksWaterstaat
an extensive literature review focusing on the regulation for sea sand mining.
They compared different studying approaches for morphodynamics and sed-
iment transport calculations at several extraction areas. According to their
study, the morphological behaviour of a deepened mining area (pit, channel,
trench), results into some common features concerning sediment dynamics. A
current passing over a pit or a channel decreases its velocity due to the higher
water depth. This results into a decrease of the sediment transport capacity,
and a deposition into the deepened area. The time scale of the refilling is very
diverse for different pits, and might last from a few years up to centuries. The
effects of sand extraction with respect to waves and currents dynamics are
generally local and, in case of offshore pits, do not influence the dynamics at
the shore.

Boyd et al. (2004) focused on the consequences of aggregate extraction
on seabed sediments and benthic communities. Their study showed that the
physical effects of extraction could still be noticed in the investigated areas
after 3 years and, in others, more than 10 years after the cessation of the
extraction.

During the SANDPIT project several studies were carried out to simulate
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and predict the consequences of large scale mining at the middle and lower
shoreface and the surrounding coastal zones. Results from different morpho-
logical models were intercompared. Other relevant questions were addressed
such as the the definition of the most attractive locations for sand mining,
their optimum dimensions and the study of long-term morphodynamics and
ecological processes in areas subject to sand mining. A large amount of field
data was collected for assessing bed form size, values of bedload and suspended
sediment transport.

Jankowski et al. (1996) investigated the modeling of suspended sediment
due to deep-sea mining. Various aspects, such as flocculation and stratifica-
tion, were taken into account in their model. This approach was useful in order
to simulate the artificial resuspension of sediments due to mining activity and
the creation of plumes at different water depth.

In this chapter, two sets of numerical models were used to assess the in-
fluence of sand extraction on the sand transport and stability of the Kwinte
Bank. Interesting features and limitations of different sand tranport formulae
were obtained by comparing results from the two models. First, a validation
against hydrodynamic measurements is given. Three different sand extrac-
tion scenarios were then simulated, in order to study the influence of different
bottom changes, on sediment transport and current patters. In a ‘worst case
scenario’ the bank is cut at 15 m below mean sea level (MSL), thus lower-
ing the entire bank of more than 3 m in average. Two more realistic scenarios
were then simulated, the first one assuming the extraction concentrated at one
place, the second one, assuming the sand being extracted over a larger area.
The results from these simulation could provide recommendations concerning
the most suitable manner of extracting sand at the Kwinte Bank.

Only tidal effects on sediment transport are addressed in this chapter. The
effect of metereological and wave conditions on the Kwinte Bank morphody-
namics are studied in Chapter 6.

5.2 Area under investigation

Sand banks are a typical feature on many continental shelves. Their size is
in the order of 10 km in length, 2 km in width and they frequently extend
to within a few meters of the sea surface. These bed forms are often located
in groups of banks and they are found when a considerable amount of sand
is available and tidal currents are sufficiently strong (0.5 - 2.5 m/s) (Carbajal
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Figure 5.1: Bathymetry of the Belgian Continental Shelf (Flemish Authorities, Agency
for Maritime and Coastal Services, Coastal Division. Gridding Ghent University,
Renard Centre of Marine Geology).

and Montano, 2001).

The Belgian continental shelf, in the Southern part of the North Sea, is
characterized by a large number of these banks and has been extensively stud-
ied (Lanckneus et al., 2001), (Figure 5.1). These banks can be grouped in
Coastal Banks, Flemish Banks, Hinder Banks and Zeeland Ridges.

The Kwinte Bank is a southwest-northeast tidal current ridge forming part
of the Flemish Bank system. The sand bank has a length of approximately
15 km and a width varying from 2 km in the south to 1 km in the northern
part. The minimum water depth ranges between 7 m below Mean Sea Level
(MSL) in the southern part to 10 m below MSL in the northern part. The
minimum water depth in the swales around the bank is about 22 m. The cross
section of the sand bank is clearly asymmetrical with the steeper slope on the
northwest side being up to 3o. This profile is consistent with the other sand
banks of the Flemish system that show their steeper side opposite to the flood
direction. The crest of the sand bank consists on a very large and flat dune,
giving an indication of the importance of wave activity in shaping the sand
bank morphology. Large to very large dunes are found up the stoss slope (mild
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slope) of the Kwinte Bank but they are atypical in the adjacent swales. Small
to medium dunes are common in the swales and up the lee slope (steep slope).
The southern part of the bank is characterized by fine and medium sand with
D50 (the sediment diameter for which 50 % is finer) ranging between 180 and
240 µm. Coarser material is found in the northern part with D50 up to 400
µm (Figure 5.2).

µm

Kw
int
e B
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k

Central Depression

Figure 5.2: Median grain size at the Kwinte Bank. Bathymetry lines correspond to
water depth of 15 m and 20 m below MSL (Van den Eynde et al., In Press).

The hydrodynamic conditions at the Kwinte Bank have been widely in-
vestigated by Van den Eynde et al. (In Press) and Brière et al. (In Press).
Current ellipses are slightly asymmetrical on the Kwinte Bank, with the main
axis orientated at a small angle in clockwise direction with respect to the bank
axis, as observed for the first time by Huthnance (1973). In the swales the
ellipses are more elongated and orientated nearly parallel to the bank axis
(Figure 5.3). Maximum current velocities range between 0.4 - 0.5 m/s during
neap tide up to 0.8 - 0.9 m/s during spring tide.

Van Cauwenberghe (1971) compared sea charts of the Belgian shelf mapped
during the years 1800-1968. Despite difficulties associated with the analysis
of bathymetric surveys carried out by very diverse measuring techniques, he
concluded that the Flemish Banks are characterized by a sort of dynamic
equilibrium. Specifically, the Kwinte Bank could be considered as stable for
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Figure 5.3: Bathymetry and current ellipses at the Kwinte Bank calculated by the
MU-OPTOS model (Van den Eynde et al., In Press).

the total length of the period considered.

5.3 Models, data and methods

5.3.1 The models

Two different sets of models were implemented separately by the Hydraulics
Laboratory of the K.U.Leuven and by the Management Unit of the North Sea
Mathematical Models (MUMM) (Table 5.1). The hydrodynamic and sediment
transport models were used in this chapter. The influence of wave activity on
sediment transport was assessed in Chapter 6.

The implementation of the models at the KULeuven was carried out ac-
cording to the information given in Chapter 4. A mesh was built with spatial
resolution ranging between 70 km at the open boundary and 150 m on the
Kwinte Bank. The CPU time for 18 days of run of TELEMAC-2D coupled to
SISYPHE on a INTEL XEON processor (3 GHz) was 13 hours.

The models implemented by MUMM are based on a series of nested grids
and adopt a finite different scheme. The highest resolution grid covers part
of the Belgian shelf with a resolution of 272 m in longitude and 257 m in
latitude. This last data set was provided by the Ministry of the Flemish
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Table 5.1: Numerical models and settings used in this work.

HYDRODYNAMICS MODELS
Parameter TELEMAC-2D MU-OPTOS
Model type Two dimensional Three dimensional

- finite element - finite difference
Discretization 24851 nodes. Resolution Two regional models plus two

between 70 km - 150 m coupled grids at the Belgian Shelf.
Highest resolution: 272 m - 257 m

and 10 σ-layers on the vertical
Tidal components 8 8 (for regional model)
at the boundary

Time step 60 s 4 s (for the highest resolution)
Law of bottom friction Chezy with Chezy’s coefficient Quadratic friction law

variable with water depth
Turbulence model Constant viscosity k-ε model

WAVE MODELS
Parameter TOMAWAC MU-WAVE
Model type Third generation Second generation

- finite element - finite difference
Discretization 24851 nodes. Resolution Two coupled grids. Highest

between 70 km - 150 m resolution: 5 km - 5 km
Time step 100 s Highest resolution model: 180 s

Number of directions 12 24
Number of frequencies 25 20

Minimal frequency 0.04 Hz 0.045 Hz
Wind input Janssen (1989, 1991) Günther et al. (1979)

Hasselmann et al. (1973, 1976)
Bottom friction Jonswap model Günther et al. (1979)

dissipation Hasselmann et al. (1973) Hasselmann et al. (1973, 1976)
Whitecapping dissipation Komen et al. (1984), Günther et al. (1979),

Janssen (1991) Hasselmann et al. (1973, 1976)
Quadruplets wave-wave DIA method Günther et al. (1979)

interaction Hasselmann et al. (1985) Hasselmann et al. (1973, 1976)
Triads wave-wave No No

interaction

MORPHODYNAMICS MODELS
Parameter SISYPHE MU-SEDIM
Model type Two dimensional Two dimensional

- finite element - finite difference
Discretization 24851 nodes. Resolution Finest grid of the MU-OPTOS

between 70 km - 150 m model (resolution: 272 m - 257 m)
Time step 600 s 180 s

Sediment transport Soulsby - Van Rijn Ackers and White (1973)
formula Soulsby (1997) adapted by Swart (1976, 1977)

Sediment diameter 250 µm Variable in space
Bottom roughness Ripple bed conditions Skin roughness z0s function of D65

z0 = 0.006m according to: z0s = (2 · D65)/30

Community (Flemish authorities, Agency for Maritime and Coastal Services,
Coastal Division). Gridding was done by the Ghent University, Renard Centre
of Marine Geology).

The main advantage of the use of an unstructured mesh consists in the
possibility of running at once the computation over the whole domain, with
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the possibility to highly refine, at the same time, the area of interest.

Atmospheric data (wind velocity at 10 m height and atmospheric pressure)
were obtained from the United Kingdom Meteorological Office (Van den Eynde
et al., 1995).

5.3.2 Hydrodynamic models

Open sea boundary conditions were provided, taking into account four semi-
diurnal tidal components (M2, S2, N2, K2) and four diurnal tidal components
(O1, K1, P1, Q1).

The two-dimensional finite element model TELEMAC-2D (v.5.5) (Hervouet
and Bates, 2000) solves the depth averaged Saint-Venant equations (Paragraph
3.2).

The three-dimensional MU-OPTOS model is based on the COHERENS
model (Luyten et al., 1999). The model solves the equations of momentum,
continuity, temperature and salinity on a series of nested grids. The high
resolution model employs 10 layers over the vertical. The k - ε turbulence
model was adopted.

The use of two different hydrodynamic models (depth averaged and three
dimensional) to drive the morphodynamic models, was considered not to bias
the overall results of the study. Tonnon et al. (2007) compared results from
morphodynamics simulations on an artificial sand wave using one-dimensional
horizontal (1DH) and two-dimensional vertical (2DV) hydrodynamic models.
The authors showed that the overall sand transport direction did not depend
on the use of a 1DH or 2DV model. However, the sand wave growth could only
be modelled by the 2DV model, due to the creation of a vertical circulation
cell leading to a net sand transport towards the sand bank crest.

A plot of ADCP velocity vectors at three different heights is shown in
Figure (5.4). The Figure shows that flow direction is unidirectional with minor
differences in current direction at different water depths. This supports the
idea of using a depth-averaged hydrodynamic model.

5.3.3 Morphodynamic models

The SISYPHE model (v.5.5) (Villaret, 2004) calculates the total load trans-
port and the morphodynamic evolution as a function of the hydrodynamic
conditions, through internal coupling with the TELEMAC-2D model, and the
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Figure 5.4: ADCP measurements at three different heights for a tidal cycle (MARE-
BASSE project).

wave field, calculated by a previous uncoupled run of the TOMAWAC model
(Paragraph 3.4). Since wave effect was not considered in this Chapter, only the
current field was introduced as input variable in SISYPHE. Total load trans-
port was estimated by means of the Soulsby-Van Rijn formulation (Soulsby,
1997) assuming a constant sediment diameter equal to 250 µm. The total
transport rate qt due to the combined action of currents and waves is given
by:

qt = AsU

[(
U2 +

0.018
CD

U2
rms

)0.5

−Ucr

]2.4

(1− 1.6 tanβs)

As = Asb + Ass

Asb =
0.005h(d50/h)1.2

[(s− 1)gd50]1.2

Ass =
0.012d50D∗

−0.6

[(s− 1)gd50]1.2

(5.1)
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with

CD =
[

0.4
ln(h/z0)− 1

]2

(5.2)

D∗ =
(

g(s− 1)
ν2

)1/3

d (5.3)

where Asb is the bedload component, Ass is the suspended load component,
U the depth-averaged flow velocity, CD the drag coefficient due to current
alone, Urms the RMS wave orbital velocity at the bottom which is equal to
zero since wave activity is neglected, Ucr the critical entrainment velocity,
βs the bed slope in streamwise direction here assumed equal to 0 given the
gentle slopes of the Kwinte Bank, h the water depth, D∗ the non-dimensional
diameter, d the sediment diameter assumed equal to the d50, s the relative
density of sediment, g the acceleration due to gravity, z0 the bed roughness
length assumed equal to 0.006 m as suggested by Soulsby (1997) in case of
rippled beds, and ν the kinematic viscosity of the water.

The MU-SEDIM model computes total load transport and morphodynamic
evolution in function of the depth averaged current velocity calculated by the
MU-OPTOS model and the wave field computed by MU-WAVE, in case wave
activity is taken into account. The sediment transport was estimated by means
of the Ackers and White (1973) formulation adapted by Swart (1976) and
Swart (1977) as reported in Sleath (1984), to include the effects of waves on
sediment transport. The total sediment transport Qs is given by:

Qs

U
= d35

(
U

u∗cw

)n

C1

(
F −A

A

)m

(5.4)

where Qs is the total transport, d35 the sediment diameter for which 35 % is
finer, u∗cw the wave-current friction velocity. n, m, A, C1 are dimensionless pa-
rameters and F the sediment mobility number. The latter can be determined
as:

F =
(

U

5.66 log 10h
d35

)1−n un
∗cw

((s− 1)gd35)1/2
(5.5)

The wave-current friction velocity u∗cw = (τcw/ρw)1/2 is calculated based on
the formulation proposed by Bijker (1966) for the wave-current shear stress
τcw:
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τcw = τc

[
1 +

1
2

(
p√
2g

√
fw

Uw

U

)2]
(5.6)

being τc the current shear stress, p an empirical constant, fw the wave fric-
tion factor, Uw the bottom orbital velocity and U the current velocity. More
details on the equations implemented in the MU-SEDIM model can be found
in Van den Eynde and Ozer (1993).

The d50, variable over the area, was calculated based on 2200 samples. A
weighted distance based method was used to interpolate the measured values
on the model grid (Fettweis and Van den Eynde, 2000).The d35 was derived
assuming a constant ratio equal to 0.82 between the d35 and the d50 (Cooreman
et al., 2000).

5.3.4 Fieldwork

The data used in this Chapter were collected within the framework of the
MAREBASSE project (Van Lancker et al., 2002) and are described in Para-
graph 4.2.4.

ADCP measurements were used to validate the output from the hydro-
dynamic model, showing a general good agreement between modelled and
observed data (Figure 5.5). The following statistical parameters, defined in
Appendix B, were calculated to assess the performances of the model: mean
absolute error (MAE), relative mean absolute error (RMAE) and adjusted
relative mean absolute error (ARMAE), (Van Rijn et al., 2003; Brière et al.,
2007). Following Lien et al. (1994) and Van Rijn et al. (2003) the measure-
ment error (OE) from the ADCP was estimated equal to 5 cm/s. In Table
5.2 the values of the different statistical parameters are indicated. In the
last column, model performances are classified adopting the categories pro-
posed by Van Rijn et al. (2003) (Table 5.3). The lower performances of the
TELEMAC-2D model are a result of a small time shift, especially evident in
the U velocity component. Much better agreement is obtained when these
parameters are calculated for the minima and maxima of the depth-averaged
currents. However, this small time shift in the current velocity does not affect
the morphodynamic calculation.
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Figure 5.5: Modelled and measured depth averaged flow velocities for the period 2-12
March 2004.

Table 5.2: Error statistics for the TELEMAC-2D and MU-OPTOS model for
the period 2-12 March 2004

Model < |X| > (cm/s) MAE (cm/s) RMAE ARMAE Classification

TELEMAC-2D 51.7 17.9 0.35 0.25 Good
MU-OPTOS 51.7 9.3 0.18 0.08 Excellent

Table 5.3: Classification of model performances according to Van Rijn et al.
(2003)

Classification ARMAE

Excellent < 0.1
Good 0.1-0.3

Reasonable/Fair 0.3-0.5
Poor 0.5-0.7
Bad > 0.7

5.4 Results

At first, a reference run was carried out using as input the real bathymetry.
Three different scenarios were then simulated based on three different bathyme-
try data sets, corresponding to three different dredging criteria. In a first
worst-case scenario almost the entire sand bank was supposed to be dredged.
In the other two scenarios, a realistic amount of sand was removed, from a
specific location and from the whole area. All simulations were run for a
spring-neap tidal cycle. No influence of waves and meteorological conditions
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was taken into account in these runs.

5.4.1 Reference run

As a reference run, a simulation was carried out with both sets of models for
the period 2nd March 2004 6h30 - 17th March 2004 00h00. Depth-averaged
residual currents were calculated with the output from the MU-OPTOS and
TELEMAC-2D models (Figure 5.6). The depth-averaged residual currents are
defined as the vectorial mean of the depth averaged currents over a period:

ures =
∑

n u
n

(5.7)

where ures is the depth-averaged residual current, u the depth-averaged cur-
rents and n the number of samples in the model output.

(a) (b)

Figure 5.6: Residual currents for a spring-neap tidal cycle. (a) Left: Results from
the MU-OPTOS model. (b) Right: Results from the TELEMAC-2D model. In the
background bathymetry lines at 15 m and 20 m are shown (Van den Eynde et al., In
Press).

Residual currents calculated with the MU-OPTOS model show two anti-
clockwise gyres centered in the swales at the two sides of the Kwinte Bank. On
the western flank of the Kwinte Bank, residual currents are directed towards
the northeast (flood direction), whilst on the eastern flank of the bank residual
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currents are directed towards the southwest (ebb direction). At the top of the
bank and in the Central Depression, residual currents are perpendicular to the
bank crest and directed towards the west. Residual currents calculated with
the TELEMAC-2D model are more uniform and directed, on the sand bank,
towards the west.

The residual sediment transport calculated by both models is shown in
Figure 5.7. The residual transport computed with the MU-SEDIM model
(Figure 5.7 a) is directed towards the northeast (flood direction) on the steep
western flank, whilst sand transport is towards the southwest (ebb direction)
on the gentle eastern side. On the top of the bank residual transport veers
to a direction almost perpendicular with respect to the bank crest. Sediment
transport is higher at the sand bank crest than in the swales.

The residual sediment transport calculated with the SISYPHE model is
shown in Figure 5.7 b. The residual transport on the Kwinte Bank is mainly
directed towards the northeast (flood tide). The effect of the ebb currents
in the swales are also less pronounced than for the MU-SEDIM model. The
differences between the two models are, in first place, due to the use of a
different sand transport formulation (Figure 6.10). Minor differences relate to
the use of different hydrodynamic models.

These results are generally in good agreement with the modelling work of
Brière et al. (In Press). Garel (In Press) calculated the sand transport over the
Kwinte Bank by means of a one dimensional sediment transport model, using
ADCP flow velocity measurements as input data for the model. According to
these calculations, partially in contrast with previous numerical work, sand
transport was predominantly directed towards the southwest over the bank.
This would indicate a dominance of the ebb currents in the sediment transport.

The erosion and deposition patterns, calculated by both models, are shown
in Figure 5.8. Both models predict erosion occurring on the west flank and
deposition on the crest and east flank of the Kwinte Bank. At long term,
this would make the bank more shallow and slowly moving towards the east
flank. However, in Chapter 6 it is shown how wave activity might contribute
to increase the transport towards the west flank, leading to a situation of
dynamic equilibrium. The piling up of sand at the crest due to tidal currents
is also counterbalanced by stormy conditions, which disperse sediments from
the crest towards the flanks.

An indirect confirmation of the modelling results comes from a comparison
with the asymmetry of the sand dunes covering the bank. The assumption
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(a) (b)

Figure 5.7: Residual transport for a spring-neap tidal cycle. (a) Left: Results from the
MU-SEDIM model. (b) Right: Results from the SISYPHE model. In the background
bathymetry lines at 15 m and 20 m are shown (Van den Eynde et al., In Press).

(a) (b)

Figure 5.8: Erosion (light) and sedimentation (dark) patterns on the Kwinte Bank
after a spring-neap tidal cycle. (a) Left: results of the MU-SEDIM model. (b) Right:
results of the SISYPHE model (Van den Eynde et al., In Press).



86 Chapter 5. Sand extraction effects on the dynamics of a sand bank

is based on the concept that bedforms have their steep side in the direction
towards which they move and their crest is generally perpendicular to the
flow (Lanckneus et al., 2001). Bellec et al. (In Press) using multibeam and
side scan sonar images of the dune on the Kwinte Bank distinguished two
main areas: the western flank and the crest subdued to flood currents and
the eastern flank mainly subdued to ebb currents. It is important to point
out that bottom images are always collected in relative calm sea conditions,
due to operational difficulties in taking these measurements during stormy
periods. Therefore, bedform asymmetry is generally representative of the local
hydrodynamic regime, while intense wave activity might affect the shape of
some of these bedforms.

5.4.2 Scenario 1: ‘Worst-case’ scenario

In this first ‘worst case’ scenario the entire sand bank was supposed to be
removed by intense dredging activity. This scenario wants to represent what
could have happened if the dredging on the Kwinte Bank had not stopped.
All the bathymetry points on the bank with water depth lower than 15 m
were deepened to a water depth equal to 15 m (Figure 5.9). This corresponds
to a dredged area of 19.4 km2 and an extracted volume of 59.7 106 m3. The
average deepening in the area was 3.07 m.

Lowered to -15 m below MSL

Figure 5.9: Bathymetry of the Kwinte Bank for the ‘worst-case scenario’. In the
background bathymetry lines at 15 m and 20 m are shown (Van den Eynde et al., In
Press).
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The result of the dredging activity is a general reduction of the residual
transport on the area where the bathymetry was lowered (Figure 5.10). The
MU-SEDIM model predicts a decrease in sediment transport to 28 % of the
original transport, while the SISYPHE model to 45 %. This is essentially due
to a reduction of the flow velocity over the bank due to the increase in water
depth. Moreover, the critical velocity for sediment motion is proportional to
the water depth (Van Rijn, 1984). Therefore, a deepening of the bathymetry
results in an increased difficulty for sediments to be moved and in a reduction
of the sediment transport.

The resulting morphodynamic changes are shown in Figure 5.11. Erosion
and deposition decrease at the two flanks of the bank, while some deposition
occurs at the crest of the bank. This could indicate, at long term, a potential
regeneration of the bank, in case sufficient sand was available.

5.4.3 Scenario 2: Trench on the bank

In this second, more realistic, scenario sand extraction was concentrated on a
trench about 1 km long and 2 km wide, with constant water depth equal to
13 m below MSL. The location of the trench is visible in Figure 5.12. This
corresponds to extracting 6.4 106 m3 of sand, which is approximately the
amount of sand that is extracted in 4 years of activity at the Belgian Shelf.
The mean deepening of the bathymetry was equal to 3.11 m and the maximum
deepening to 5.40 m.

Figure 5.13 shows the simulated residual transport. While the general
residual pattern is not changed, the presence of the trench can be seen locally.
A decrease of residual transport is visible over the trench, due to a reduction of
the flow velocity and an increase of the critical velocities for sediment motion.
The transport over the trench is found to be 37 % of the original transport for
the MU-SEDIM model and 78 % of the original transport for the SISYPHE
model. Moreover, a slight change in transport direction is predicted by the
MU-SEDIM model, towards the direction of the trench.

The effects of the trench on the morphodynamic changes are shown in
Figure 5.14. In most of the trench, a moderate deposition seems to occur. This
indicates that the creation of a trench would not correspond to a breakthrough
of the bank and a regeneration of the bank itself could take place.
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(a) (b)

Figure 5.10: Residual transport for a spring-neap tidal cycle for the ‘worst-case sce-
nario’. (a) Left: Results from the MU-SEDIM model. (b) Right: Results from the
SISYPHE model. In the background bathymetry lines at 15 m and 20 m are shown
(Van den Eynde et al., In Press).

(a) (b)

Figure 5.11: Erosion (light) and sedimentation (dark) patterns on the Kwinte Bank
for the ‘worst-case’ scenario.(a) Left: Results from the MU-SEDIM model. (b) Right:
Results from the SISYPHE model. In the background bathymetry lines at 15 m and
20 m are shown (Van den Eynde et al., In Press).
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Trench

Figure 5.12: Bathymetry of the Kwinte Bank for the scenario in which a trench is
cut at 13 m below MSL. In the background bathymetry lines at 15 m and 20 m are
shown (Van den Eynde et al., In Press).

5.4.4 Scenario 3: Decrease of the bank of 10.8 % of its height

In this last scenario the same amount of sand than in Scenario 2 was removed
from the bank, but now over the entire area shallower than 15 m below MSL.
The general shape of the bank was maintained but points above -15 m were
deepened to a water depth equal to the original depth minus 10.8 % their
height above the -15 m isobathymetric line. The mean deepening of the area
corresponds to 0.33 m and the maximum deepening, at the top of the sand
bank, to 0.81 m (Figure 5.15).

Residual transport and bottom evolution are very similar to the output
obtained using the original bathymetry (Figure 5.16 and 5.17). Erosion still
occurs at the west flank of the bank while deposition takes place at the east side
and at the crest. Residual transport decreases respectively to 83 % and 95 %
for the MU-SEDIM and SISYPHE model, compared to the original transport.

5.5 Conclusions

In this Chapter the influence of dredging on the morphodynamics of the
Kwinte Bank was assesed. This sand bank was subjected to intense exploita-
tion activity. The extraction was stopped due to the creation of a big depres-
sion on the bank, which is now being monitored.
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(a) (b)

Figure 5.13: Residual transport for a spring-neap tidal cycle for the for the scenario
in which a trench is cut at 13 m below MSL. (a) Left: Results from the MU-SEDIM
model. (b) Right: Results from the SISYPHE model. In the background bathymetry
lines at 15 m and 20 m are shown (Van den Eynde et al., In Press).

(a) (b)

Figure 5.14: Erosion (light) and sedimentation (dark) patterns on the Kwinte Bank
for the scenario in which a trench is cut at 13 m below MSL.(a) Left: Results from the
MU-SEDIM model. (b) Right: Results from the SISYPHE model. In the background
bathymetry lines at 15 m and 20 m are shown (Van den Eynde et al., In Press).
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Lowered with 10.8 %

Figure 5.15: Bathymetry of the Kwinte Bank for the scenario in which the sand bank
is decreased of 10.8 % of its height. In the background bathymetry lines at 15 m and
20 m are shown (Van den Eynde et al., In Press).

Two sets of numerical models were set up and the results from different
calculations intercompared. No effect of waves and metereological conditions
was taken into account in these calculations. First of all, the actual situ-
ation was simulated. The results from the two hydrodynamic models were
validated against flow velocity measurements collected by means of an ADCP
device. Good agreement with the measurements was obtained. The output
from the two morphodynamic models shed light on the direction of sediment
transport and on the erosion-deposition patterns occurring on the sand bank
under current effects only. Erosion seems to take place at the western flank
and deposition at the crest and eastern flank. This situation is a result of a
dynamic equilibrium between flood and ebb currents. This equilibrium might
change whenever wave effect is taken into account (Chapter 6). An indirect
validation of the morphodynamic model output was obtained by looking to
the bed form asymmetry. From these observations two main areas are identi-
fied: the western flank and the crest subdued to flood currents and transport
towards the east side, the eastern flank subdued to ebb currents and transport
towards the western side.

Three different scenarios were then simulated to assess the impact of dif-
ferent bathymetric changes on the sediment transport patterns. The different
bathymetries would represent the result of different ways of dredging on the
sand bank. In a ‘worst-case’ scenario the Kwinte Bank was assumed to be
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(a) (b)

Figure 5.16: Residual transport for a spring-neap tidal cycle for the for the scenario
in which the sand bank is decreased of 10.8 % of its height. (a) Left: Results from the
MU-SEDIM model. (b) Right: Results from the SISYPHE model. In the background
bathymetry lines at 15 m and 20 m are shown (Van den Eynde et al., In Press).

(a) (b)

Figure 5.17: Erosion (light) and sedimentation (dark) patterns on the Kwinte Bank
for the scenario in which the sand bank is decreased of 10.8 % of its height.(a) Left:
Results from the MU-SEDIM model. (b) Right: Results from the SISYPHE model.
In the background bathymetry lines at 15 m and 20 m are shown (Van den Eynde
et al., In Press).
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almost completely removed. In two, more realistic, scenarios the dredging
activity was supposed to be more limited in volume and concentrated at one
particular location or distributed over the whole area. The output from the
different simulations showed that the intense sand extraction seems not to
endanger the stability of the sand bank. Moreover, regeneration mechanisms
seem to be present on the area, which could lead, at long term, to the rebuild-
ing of the bank. The regeneration of the bank will depend on the possible
availability of sand.
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Chapter 6

Wave effects on the
morphodynamic evolution of
the Kwinte Bank

1Abstract

The origin and morphodynamic evolution of linear sand banks have been
widely studied in recent years. Several investigations have been carried out in
order to understand the influence of tide-related parameters, bathymetry and
Coriolis force on sand bank formation and maintenance. However, the effect
of waves on the net flux of sediments over the sand banks has often been ne-
glected on grounds of the short duration of significant wave activity compared
to that of tidal cycles. Nevertheless, the interaction between wave activity
and tidal currents leads to a high increase of bottom shear stress, especially
at the sand bank crests and, as a consequence, to an increase of sand tran-
port. This paper investigates the effects of wave activity on the morphology
and morphodynamics of the Kwinte Bank (Belgian shelf). Numerical simula-
tions were carried out under different wave conditions to assess wave influence
on sand bank evolution. Model verification involved analysis and comparison
with field data collected during two different periods. The study shows that
wave activity is not only responsible for a large increase in sediment trans-
port but also for a change in direction of the net flux of sediments. Moreover,
the morphological analysis of several sand banks supports the idea that wave

1This chapter was adapted from the article published as ”Wave effects on the morpho-
dynamic evolution of an offshore sand bank” in the Journal of Coastal Research (Giardino
et al., In Press).

95
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activity might also have an impact on the shape of these sand banks. Wave
climate data can be used to study long-term sand bank dynamics.

6.1 Introduction

Considerable research has been done into understanding the influence of lo-
cal tidal conditions on sand bank morphology. Using analytical (Huthnance,
1982a) and numerical (Huthnance, 1982b) models, Huthnance showed that
strong currents and the presence of initial irregularities on the seabed are suf-
ficient to create and maintain linear sand banks. By coupling a set of depth-
averaged equations combined with a bedload transport equation, he predicted
spacing between sand banks of about 250 times the mean water depth. The
work was subsequently extended by Hulscher et al. (1993) to include ellipti-
cal tidal currents and secondary currents. Carbajal and Montano (2001), by
means of an analytical model, described the relationship among tidal currents,
latitude, horizontal length scales and orientation of sand banks. For a fixed
water depth they found an almost linear dependence between sand bank wave-
length and tidal current amplitude. Furthermore, the scale of sand banks was
found to increase with increasing water depth. The angle between sand bank
crest and the principle component of the tidal flow was inversely proportional
to the amplitude of the tidal current. Moreover this angle was influenced by
the latitude, due to a change in the Coriolis acceleration.

On the other hand, little is known concerning the role played by wave action
on sand bank morphology and dynamics. Waves are known to be an agent for
sand resuspension and, aided by the currents, to transport finer sediments from
the crest to the flanks of the sand banks. Collins et al. (1995), by means of nu-
merical simulations, showed that wave action tends to intensify the cross-bank
component of sand tranport. Vincent et al. (1998) estimated net suspended
transport from the product of profile-integrated suspended sand and current
meter measurements at two locations on the Middelkerke Bank (Figure 5.1).
According to these measurements, the combination of high waves and strong
currents during four different bursts, explains more than 50 % of the net
flux of the whole measurement period. Moreover, these measurements show
how waves can influence the average size of material in suspension without
considerably affecting the suspended transport direction. Van de Meene and
Van Rijn (2000) concentrated their attention on the long term morphological
sand bank behaviour due to the combined effects of currents and waves. With
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a simplified numerical model they represented the yearly sediment transport
across a linear sand bank. The overall result showed that the net sediment
transport is mainly determined by currents in combination with the more fre-
quent non-extreme waves ranging between 0 and 2 m. Villaret and Davies
(2004) carried out a numerical study in the coastal area near Dunkerque,
at the boarder between France and Belgium. The authors applied a wave
model, a two-dimensional hydrodynamic model and a morphodynamic model
to study sediment transport dynamics on the sand banks characterizing the
area. Through successive runs of the hydrodynamic and wave models, they
reproduced the effects of tides on the wave propagation, for a winter storm.
The output was used to drive a morphodynamic model coupled to the hy-
drodynamic model. The authors showed that the wave modulation due to
tidal effects was the dominant process, leading to a large increase of sediment
transport towards the North-East (Belgium).

The present investigation studies the effects of wave activity on the Kwinte
Bank (Figure 5.1). Two numerical models were implemented and different
scenarios simulated to assess the impact of wave conditions of different enti-
ties on the bank. The use of two different models revealed some interesting
differences in the model intercomparison and, in addition, highlighted limita-
tions of diverse sediment transport formulations. Model verification involved
comparison with wave, suspended transport and bottom data. A careful anal-
ysis of the morphology of other sand banks at the Belgian shelf was carried
out in order to derive a relation between local hydrodynamic conditions and
the shape of the sand banks. Some ideas on the long term morphodynamic
behaviour of the Kwinte Bank are put forward based on past observations and
wave climate data.

This Chapter is an extension of Chapter 5 which focused on the effects of
currents on sediment transport and assessed the impact of sand extraction tak-
ing place at the Kwinte Bank. For a description of the area refer to Paragraph
5.2, while field measurements are presented in Paragraph 4.2.4.

6.2 Models

Hydrodynamic and sediment transport models correspond to those used in
Chapter 5. Additionally, the wave models TOMAWAC and MU-WAVE were
applied in this Chapter in order to simulate the wave field to introduce in the
sediment transport formulae.
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The TOMAWAC model (v.5.5) (Benoit et al., 1996) was implemented with
a spectral discretisation in 12 directions and 25 frequencies. Source terms
included input from the wind, dissipation from whitecapping and from bot-
tom friction and quadruplet non-linear interactions (Paragraph 4.4 and Para-
graph 3.3). The same mesh was used in TOMAWAC, TELEMAC-2D and
SISYPHE, with 48908 elements and 24851 nodes. The CPU time for 18 days
of TOMAWAC run on a INTEL XEON processor (3 GHz) was 64 hours.

The core of the MU-WAVE model (Van den Eynde, 1992) is formed by
the second generation HYPAS spectral wave model (Günther and Rosenthal,
1985). The model has been tested extensively and is used as an operational
model for the prediction of waves on the Belgian continental shelf. The North
Sea grid has a resolution of 50 km × 50 km, whereas for the Southern Bight
a resolution of 5 km × 5 km is implemented.

Both wave models were first run in no coupled mode, without considering
the wave modulation due to the presence of a tide (Figure 3.1). In the last set
of simulations, the effect of the one-way coupling on the sediment transport
was assessed (Figure 3.2).

6.3 Results

In order to assess the separate impact of tidal and wave action, three different
scenarios were simulated by the two sets of models. First, a morphodynamic
simulation was carried out considering tidal currents only as forcing. Two
additional simulations include the effect of currents and waves of different in-
tensity, i.e. one period with moderate wave and one with storm wave activity.
All runs were carried out for a period corresponding to a spring-neap tidal
cycle. Finally, a fourth set of morphodynamic simulations was carried out in
order to investigate the effect of the one-way coupling between the hydrody-
namic and wave model on the sediment transport direction.

6.3.1 Tidal currents alone

This first run was carried out for the period 2-16 March 2004, neglecting the
influence of waves and meteorological forces. The results from this scenario
were discussed in Paragraph 5.4.1.

The outputs from the two models show a general trend of residual transport
going towards the northeast (Figure 6.1). This direction is due to effects of
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tidal asymmetry, which are especially evident at the sand bank crest and are
characterized by the highest current velocities occurring during flood, directed
towards the northeast and lower velocities during ebb, going to southwest.
Peak currents during flood are about 10 % larger than currents during ebb
(Figure 6.2). It follows that, and this is typical for a tidally dominated regime,
strong flood currents more easily exceed the critical entrainment velocity Ucr.
Estimated values for Ucr, for a sand diameter equal to 250 µm and water depth
ranging between 5 and 20 m (typical values for the Kwinte Bank area), range
between 0.3 m/s at the crest and 0.4 m/s in the swales (Van Rijn, 1984). The
difference in critical velocity between crest and swales is due to a different value
of the water depth, which influences the calculation of Ucr. Sand transport
at the Kwinte Bank crest is more important than in the swales due to higher
flow velocities and lower critical velocity for sediment.

(a) (b)

Figure 6.1: Sediment transport with only tides taken into account for the period 2-
16 March 2004. The bathymetry is shown in the background. (a) Left: results of
MU-SEDIM. One vector for each four grid points is shown. (b) Right: results of the
SISYPHE model. Results on the same grid as the MU-SEDIM model.

As a result of the sediment transport pattern, erosion occurs at the western
flank of the sand bank while deposition takes place at the eastern flank (Figure
6.3).

Residual transport predicted by the SISYPHE model is about two times
larger than the transport predicted by the MU-SEDIM model. Values of mass
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Figure 6.2: Asymmetry of tidal currents.

transport for a point located close to the crest are indicated in Table 6.1.

Table 6.1: Values of mass transport predicted by the two models for the dif-
ferent scenarios at point (51.27oN, 2.63oE). H 2004 = Only currents for the
March 2004 period; H+W 2004 = Currents and Waves for the March 2004
period; H+W 1995 = Currents and Waves for the January 1995 period.

 

 

SISYPHE 
(kg/m/s) 

 

Variation respect to 
standard run 
(SISYPHE) 

MU-SEDIM 
(kg/m/s) 

Variation respect to 
standard run  
(MU-SEDIM) 

H_2004 0.01534 - 0.00861 - 
H+W_2004 0.01890 1.23 0.08260 9.59 
H+W_1995 1.90548 124.22 0.70182 81.51 

6.3.2 Tidal currents and waves

This simulation was carried out for the same period (2 -16 March 2004) but
including the effects of waves and meteorological forces. No coupling between
hydrodynamic and wave model was taken into consideration. Wave activity
during the period considered was fairly low with maximum wave height reach-
ing about 2 m (Figure 6.4). Model winds obtained from the United Kingdom
Metereological Office were low compared to local wind measurements during
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(a) (b)

Figure 6.3: Erosion (light) and sedimentation (dark) patterns on the Kwinte Bank as
simulated with only tides taken into account and for the period 2-16 March 2004. (a)
Left: results of the MU-SEDIM model. (b) Right: results of the SISYPHE model.

that period (not shown). Although the height of the waves in not only a lo-
cal process, the underestimation of the wave height calculated by the model
can most likely be attributed to the limited spatial and time resolution of the
model wind.
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Figure 6.4: Modelled and measured significant wave height at Westhinder for the
period 2-12 March 2004.

The residual transport computed by the two models is shown in Figure
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6.5. In both models, the influence of wave activity leads to an increase in
residual transport, especially evident at the sand bank crest where wave orbital
velocities are higher. The increase in residual transport at the Kwinte Bank
crest is about a factor 1.23 for the SISYPHE model, and about a factor 9.59
for the MU-SEDIM model (Table 6.1) with respect to the simulation forced
by tide only.

(a) (b)

Figure 6.5: Sediment transport under the influence of tides, meteorological condi-
tions and waves, for the period 2-16 March 2004. The bathymetry is shown in the
background. (a) Left: results of MU-SEDIM. One vector for each four grid points is
shown. (b) Right: results of the SISYPHE model. Results on the same grid as the
MU-SEDIM model.

Moreover the SISYPHE model predicts a change in residual transport di-
rection, locally visible at the Kwinte Bank crest. This leads to a different
erosion-deposition pattern than the one observed considering tidal currents
alone. This new pattern is characterized by erosion occurring at the east flank
and deposition at the west flank of the sand bank (Figure 6.6). The change in
direction is not found in the MU-SEDIM results at the Kwinte Bank crest but
it is visible, in both models, at the sand bank west of the Kwinte Bank (Buiten
Ratel). Compared to the Kwinte Bank, the Buiten Ratel is characterized by a
lower water depth at the crest, equal to about 5 m below MSL. Wave activity
is therefore more important on this sand bank, leading to a change in sediment
transport direction represented by both the formulations adopted in the two
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models.

(a) (b)

Figure 6.6: Erosion (light) and sedimentation (dark) patterns on the Kwinte Bank as
simulated with tides, waves and meteorological conditions taken into account and for
the period 2-16 March 2004. (a) Left: results of the MU-SEDIM model. (b) Right:
results of the SISYPHE model.

Considering the fact that these two simulations were carried out applying
equations which consider sediment transport direction determined by the di-
rection of the currents, the observation that the addition of waves might change
this direction is somehow unexpected. Two phenomena have to be considered
to understand this change. Firstly, the asymmetry of the tide leads to ebb
currents lasting about 10 % longer in time than flood currents. When wave
activity is superimposed on current action, the critical entrainment velocity is
exceeded for a longer period during ebb tide, weaker in intensity but longer
in time. This can cause sediment transport to veer from flood to ebb current
direction. Secondly, ebb currents reach their maximum intensity just before
the water elevation is at its lowest. Considering the fact that the Kwinte Bank
crest has a minimum water depth of about 7 m and that the tidal range, at
spring tide, is about 5 m, it follows that orbital velocities at the bottom are,
in average, considerably higher at ebb tide than at flood tide. This leads to
a considerable increase in sediment transport at ebb tide. The second of the
two mechanisms is certainly the most important at the sand bank crest. Ac-
cording to the Soulsby-Van Rijn formulation, the solid transport at low tide
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(water depth = 5 m), and under average wave conditions (wave height = 1
m), is about 1.7 times the transport predicted at high tide (water depth = 9
m). The two mechanisms (tidal asymmetry and difference in orbital velocity
between high tide and low tide) are of the same order of magnitude in the
swales.

The same simulation was repeated adopting other formulations for sed-
iment transport. The Bailard (1981) and Bijker (1968) formulations were
tested in the SISYPHE model, while the Van Rijn (1989), Bagnold (1966) and
Yalin (1963) formulations were adopted in the MU-SEDIM model. Despite the
fact that the results are quite different in magnitude, the change in sediment
transport direction was predicted by all formulations.

6.3.3 Tidal currents and waves during a storm

This simulation was carried out during a stormy period (1 - 15 January 1995)
to assess the impact of an extreme event on the Kwinte Bank morphody-
namics. No coupling between hydrodynamic and wave model was taken into
consideration. Wave height at Westhinder reached in that period a maximum
of about 5 m (Figure 6.7).
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Figure 6.7: Modelled and measured significant wave height at Westhinder for the
period 28 December 1994 to 15 January 1995.

Figure 6.8 shows the simulated residual transport during the stormy period.
Sediment transport was increased by the presence of these exceptional waves
by a factor 124.22 in the SISYPHE model and by a factor 81.51 in the MU-
SEDIM model (Table 6.1). As a result, a bottom evolution in the order of one
meter was predicted after this period (Figure 6.9).
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(a) (b)

Figure 6.8: Sediment transport under the influence of tides, meteorological condi-
tions and waves, for the period 1-15 January 1995. The bathymetry is shown in the
background. (a) Left: Results of MU-SEDIM. One vector for each four grid points is
shown. (b) Right: results of the SISYPHE model. Results on the same grid as the
MU-SEDIM model.

Concerning the direction in which sediments move, the SISYPHE model
predicts a significant veering in residual transport, in the direction of the ebb
currents. In this case the change in direction takes place not only at the
Kwinte Bank crest but over the whole area due to the high wave intensity.
The extreme waves that occurred during that period caused water particle
velocity at the bottom to exceed the critical entrainment velocity during most
of the period considered. Therefore, residual transport follows the direction of
the ebb currents occurring for a longer period of time and when water depths
are lower. In this respect, the output from the MU-SEDIM model is quite
different, predicting a change in residual transport direction occurring only
at the Buiten Ratel crest. An explanation for this difference may be found
by looking at Figure 6.10. This figure shows a sensitivity analysis of total
load transport computed by the Ackers-White and by the Soulsby-Van Rijn
formulas to a change in flow velocity and wave height. It is clear that the
Ackers-White formula, as implemented in the MU-SEDIM model, is consid-
erably more sensitive to strong currents than the Soulsby-Van Rijn formula.
This causes transport to be dominated by tidal currents in the MU-SEDIM
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(a) (b)

Figure 6.9: Erosion (light) and sedimentation (dark) patterns on the Kwinte Bank as
simulated with tides, waves and meteorological conditions taken into account and for
the period 1-15 January 1995. (a) Left: results of the MU-SEDIM model. (b) Right:
results of the SISYPHE model.

model, while the SISYPHE model is more sensitive to wave activity.

Once again, the calculation was repeated for different sediment transport
formulations, showing the importance of wave activity in modifying the direc-
tion of residual transport and the proportionality of this change in direction
to the increase in wave height.

6.3.4 Waves and tide interaction effects on sediment transport

In Paragraph 4.5 the tidal effects on the wave field were simulated by means
of a one-way coupled run using Telemac-2D and Tomawac. In this Paragraph
the effect of the interaction between tide and waves on sediment transport is
addressed. For this final simulations only the morphodynamic model Sisyphe
was used, since the coupling procedure shown in Figure 3.2 is not yet available
for the models implemented by MUMM. The wave field calculated from a one-
way coupled run using Telemac-2D and Tomawac was given as input to the
morphodynamic simulation carried out by a coupled run using Telemac-2D
and Sisyphe. The same periods (2-16 March 2004) and (1-15 January 1995)
were simulated.
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Figure 6.10: Sensitivity analysis of total load transport to flow velocity (left) and
wave height (right). (a) Left: the flow velocity is combined with a constant wave field
with significant wave height equal to 1 m and peak period equal to 6 s. Right: the
wave height is combined with a constant flow velocity equal to 0.6 m/s.

Figure 6.11 shows the residual transport calculated for the period 2-16
March 2004, in case of no coupling and coupling. As it could be expected,
the magnitude of the transport in the two cases is very similar. However, tak-
ing into consideration the coupling between the hydrodynamic and the wave
model has a considerable effect on the sediment transport direction. Differ-
ent phenomena should be considered for explaining this change in direction.
Firstly, the change in water depth due to tidal effects reflects into a modu-
lation of the wave height. In particular, higher wave heights are observed at
high tide due to lower bottom friction. Considering the fact that high tide
occurs during flood conditions, this leads to an increase in sediment transport
towards the north-east (flood direction). Besides bottom friction variation,
current magnitude and relative direction between waves and currents play a
role in modulating the wave height and period (Paragraph 4.5). In the swales
between the banks, tidal ellipses (Figure 5.3) are more stretched than on the
banks, which means that tidal currents are also stronger. Moreover, their ori-
entation in the swales is generally closer to the orientation of the most common
wave direction, from the North to the South (Figure 4.5). It follows that in
the swales, conditions of opposing or following currents of strong intensity is
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quite common. Therefore, the wave modulation due to tidal effects, as well as
the veering in sediment transport direction, is stronger here than at the sand
bank crests.
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Figure 6.11: Sediment transport under the influence of tides, meteorological con-
ditions and waves, for the period 2-16 March 2004. The bathymetry is shown in
the background. Left: Results of the SISYPHE model for an uncoupled run of
TELEMAC-2D and TOMAWAC. Right: Results of the SISYPHE model consider-
ing the one-way coupling between TELEMAC-2D and TOMAWAC.

The same simulation was repeated for the period 1-15 January 1995 (Fig-
ure 6.12). In this case, the consequences of the coupling are minor both on
the sediment transport magnitude and direction. This is due to the fact that,
for stormy periods, the wave modulation due to the tide is a secondary ef-
fect respect to the wave magnitude itself. Nevertheless, a slight deviation
from the ebb direction is observed due to the concurrency of the two previous
phenomena (modulation of wave height and period).

However, introducing the coupling effects does not alter the overall erosion-
deposition pattern, which remains the same as when the superimposed but
separate action of currents and waves is taken into account.
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Figure 6.12: Sediment transport under the influence of tides, meteorological con-
ditions and waves, for the period 1-15 January 1995. The bathymetry is shown
in the background. Left: Results of the SISYPHE model for an uncoupled run of
TELEMAC-2D and TOMAWAC. Right: Results of the SISYPHE model considering
the one-way coupling between TELEMAC-2D and TOMAWAC.

6.3.5 Measurements of suspended sediment and bed form anal-
ysis

Suspended sediment measurements were collected by means of OBS and LISST
devices during the March 2004 campaign. These data were analyzed in Gia-
rdino and Monbaliu (2006a) and Giardino and Monbaliu (2006b). A plot of the
concentration measurements is shown in Figure 6.13 together with flow veloc-
ity and wave height time series for the same period. Fourier analysis suggests
good cross-correlation between concentration measurements and tidal currents
(not shown); nevertheless, peaks in concentration correspond to peaks in wave
height with a few hours time lag. This proves the importance of wave activ-
ity in stirring up sediments over the area. More difficult is to recognize the
cause of the delay existing between the two peaks. LISST measurements are
in that sense significant, showing the presence of fine particles at the measure-
ment point, which are not visible in the bottom samples at the same location.
Therefore fine sediment are likely to be advected during high wave period from
neighboring areas; the time to travel to the measuring point would explain the
time lag between the two peaks. A similar phenomenon was observed at the
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Middelkerke Bank, east of the Kwinte Bank, where fine sediment seems to be
advected from deeper water to the sand bank (Vincent et al., 1998).

Directions of residual transport were calculated by integrating over the
vertical the product of flow velocities and sediment concentrations measured
at different heights above the bottom (Koch and Heijlen, 2006). The set of
measurements available did not give any confirmation concerning a change in
residual transport direction for different wave heights. However, only concen-
tration measurements at 0.25, 0.5 and 1 m from the bottom were collected.
Calculation of suspended transport by integration of theoretical concentration
profiles and flow velocity showed that, for standard flow conditions, more than
90 % of the transport occurs between 0 and 25 cm from the bottom, where no
measurement was available. Moreover the instruments were located at a water
depth ranging between 12 - 16 m, where wave effects are not as important as
at the sand bank crest.

An indirect confirmation of the simulation results was found by looking at
the asymmetry of the bed forms. The sand bank west of the Kwinte Bank
(Buiten Ratel) was taken into consideration for two different reasons: this
sand bank, due to a lower water depth, is more influenced by wave action.
Secondly, more information was available on this area at the moment this re-
search was carried out. However, hydrodynamic and wave conditions can be
considered comparable at the two sand bank and observations on the Buiten
Ratel translatable to the Kwinte Bank. Baeye (2006) derived a map of sed-
iment transport direction by looking at the shape of bedforms covering the
Buiten Ratel (Figure 6.14). Bottom images collected by means of a multi-
beam instrument during 5 different campaigns between 2002 and 2003 were
used to reconstruct the shape of these bed forms.

Figure 6.14 shows a comparison of sediment transport direction derived
from numerical simulations, with the direction of transport derived from dune
asymmetry. The numerical simulation was carried out by means of the MU-
SEDIM model without taking waves into considerations. The modelled trans-
port follows a general pattern similar to the pattern shown in Figure 6.1, driven
by the stronger flood currents over the sand bank. However, dune asymmetry
supplies a different picture of the overall transport, with sediment following
the flood current direction in the northern part of the sand bank and trans-
port towards the west flank in the southern part. In fact, the southern part
is characterized by smaller water depth than the northern part. This would
allow waves to penetrate more easily to the bottom, leading to a modification



6.3. Results 111

Figure 6.13: Flow velocity, wave height and concentration measurements for the
March 2004 period.
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(a) (b)

Figure 6.14: (a) Left: modelled residual sand transport under tidal action only (results
of the MU-SEDIM model without taking waves into consideration). (b) Right: sand
transport direction from dune asymmetry. The study was carried out at the Buiten
Ratel sand bank (west of the Kwinte Bank) (Baeye, 2006)

of the transport direction compared to the one determined by tidal currents
only, as shown by the previous numerical simulations. On the other hand, the
larger water depths in the northern part would prevent waves from consider-
ably influencing bottom dynamics, and in this case transport would be current
dominated.

6.4 Discussion

6.4.1 Long-term morphodynamics prediction of the Kwinte
Bank

Analysis of the previous numerical simulations suggests the idea that wave ac-
tivity, superimposed on the action of tidal currents, can lead to a variation in
residual transport direction and to an inversion of the erosion-deposition pat-
tern on the sand banks. However, different sediment transport formulations
imply distinct wave thresholds responsible for this change in transport direc-
tion. These differences are essentially due to different weights entered in the
formulations to the actions of waves and currents. As a consequence, equa-
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tions in which wave action is considered more important, predict a change
in transport direction up to deeper water depths while, according to other
formulas, this change occurs only at the crest of the shallowest sand banks.

General conclusions on long-term morphodyamics of the Kwinte Bank may
be drawn by looking at the output of the previous numerical simulations and
relating them to wave climate statistics in the area. Table 6.2 shows statisti-
cal values for significant wave height registered at the Westhinder buoy during
the period January 1977 - December 2002. Numerical simulations carried out
adopting the Soulsby-Van Rijn formulation for sand transport, for example,
show that an inversion of the erosion-deposition pattern due to wave action is
visible at the Kwinte Bank crest whenever the wave height, averaged during
the period considered, exceeds a critical value of 0.4 - 0.6 m. In other words,
whenever the average wave height is below this value, the western flank of
the Kwinte Bank behaves as erosive and the eastern one as depositional. In-
verse erosion-deposition pattern characterizes higher values of wave height. In
terms of the wave climate, this threshold is exceeded about 80-90 % of the
time. Hence, for most of the time, sediment transport as predicted by the
Soulsby-Van Rijn formulation, will be directed from the eastern towards the
western flank of the Kwinte Bank. In the long term, this would produce a
migration of the sand bank towards the northwest. On the other hand, ac-
cording to different historical observations, the Kwinte Bank seems behaving
as a stable sand bank (Van Cauwenberghe, 1971). The difference found with
the simulations might be due to an excessive weight given to wave activity
in the Soulsby-Van Rijn formulation leading to a threshold which is higher in
reality.

Numerical simulations were carried out by means of several sediment trans-
port formulations. Each one of them provided different values for the thresh-
old, which determines a change in the transport direction. This also affects
the long term morphodynamic behaviour predicted by the different formulas.
Unfortunately, it remains unclear which formulation provides the better agree-
ment with the real morphodynamic situation. For example, the Soulsby Van
Rijn formulation seems to overestimate the wave effect while the Ackers and
White formulation seems to underestimate it. Additional sediment transport
measurements would be necessary to give a more accurate evaluation of the
quality of the different formulas.

It is important to point out that for a long term morphodynamic analy-
sis and prediction, additional phenomena related to climate change should be
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Table 6.2: Significant wave height (cm) at Westhinder
for the period January 1977 - December 2002 (http :
//www.lin.vlaanderen.be/awz/hydro/www/klimaat/golf klimaat
/mp7sb1h33/evst.htm)

 
 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
90% percentile 248 238 224 196 176 161 162 160 197 238 233 247 
75% percentile 179 175 157 146 129 123 121 117 146 169 173 190 

median 115 119 104 93 89 88 86 80 99 115 113 128 
25% percentile 74 81 69 61 61 61 59 52 70 74 79 86 
10% percentile 51 57 49 42 45 44 40 36 51 50 57 57 

 
 

taken into account, such as a possible increase in storminess and sea level rise.
The increase in storminess would contribute to increase the transport towards
the western flank of the Kwinte Bank. However, a possible increase in stormi-
ness is still argument of debate between scientists. Results of several studies
during the last decades show that the storm climate has been subjected to
significant variations on time scales of decades (Wasa Group, 1998). Weisse
et al. (2005) computed for the Southern North Sea very little increase in storm
frequency for the period 1958-2001 (about 1% - 2%). On the other hand, the
rise in sea level would cause waves to be less effective at the bottom due to a
reduction of the bottom orbital velocities, with a consequent decrease in sand
transport. The rise in sea level for the southern North Sea has been estimated
at about 1.2 mm/yr from observations over a 100 year period (Jensen et al.,
1990). This would reduce the wave penetration at the bottom counterbal-
ancing the increase in storminess. An increase in wave height is also to be
expected due to a reduction of bottom dissipation when sea level rises, in this
case accompanied with an increase in sand transport. However, as pointed out
by MacDonald and O’Connor (1996), the change in wave height for possible
scenarios of sea level rise would be minor if not irrelevant at the Kwinte Bank.

6.4.2 Sand bank morphology

The Kwinte Bank is part of a more complex sand bank system named the
Flemish Banks. Various sand banks of this system present a tidal current and
wave regime similar to the Kwinte Bank: the Oostdyck, the Buiten Ratel and
the Middelkerke Bank (Figure 5.1). Moreover, water depth and shape of these
sand banks are similar, with a minimum water depth at the crest of about 5
- 7 m and the steeper side facing northwest (Van Lancker et al., 2004) (Table
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6.3).

Table 6.3: Sand banks at the Belgian Shelf and their morphology
 

 Water depth at the crest 
(m below  

Mean Sea Level) 

Steeper flank 

Oostdyck 5.05 West 
Buiten Ratel 5.03 West 
Kwinte Bank 7.46 West 
Middelkerke Bank 6.78 West 
   
Fairy Bank 10.75 East-West 
Noordhinder 15.57 East 
Westhinder 8.90 East - West 
Oosthinder 11.93 East 

 
 
Flemish banks: 
 
 
 
Hinder banks: 

Bligh Bank 12.43 East 
 

Another sand bank system, the Hinder Banks, is located north of the Flem-
ish Banks. This system includes the Fairy Bank, the Noordhinder, the West-
hinder, the Oosthinder and the Bligh Bank. The crests of these banks are
slightly deeper than those of the Flemish Banks and are characterized by a
steeper flank commonly facing the southeast side (Deleu et al., 2004).

General belief has always attributed the difference in shape between the
Flemish Banks and the Hinder Banks to a different equilibrium existing be-
tween flood and ebb currents. In this regard, wave action has always been
neglected. The results from this study have brought new insight into the
importance of waves in changing sediment transport patterns. A new hypoth-
esis, which relates flow velocity at the bottom due to the combined effects of
currents and waves to sand banks morphology, can therefore be formulated.
This hypothesis is based on the fact that sand banks generally migrate in the
direction of their steep side (Dyer and Huntley (1999) and Figure 3.9 of this
thesis). For the Flemish Banks, which have their steeper flank facing north-
west, this could be explained by the direction in which sediments are moving
only when both waves and currents are considered. When only currents, or
currents together with weak waves are taken into account, sediment transport
would occur towards the stoss slope (gentle slope). This would create a sort
of dynamic equilibrium due to the alternation between periods with low wave
and periods with large wave activity. On the other hand, the steepest side of
the Hinder Banks faces the southeast. This is the direction in which sediments
move on those sand banks both when only currents are considered, and when
waves and currents are superimposed. This phenomenon can be explained by
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the higher depth of these sand banks, which causes waves to be less effective
at the bottom and sediment motion to be determined by the strongest flood
currents. In other words, for both sand bank systems, a relationship seems to
exist between water depth, wave activity at the bottom and sand bank shape.

In order to confirm this hypothesis, parallel hydrodynamic and sediment
transport measurements should be carried out at the two sand bank systems.
From the comparison between these data sets, it will be possible to have a
better estimate of the effects of hydrodynamic and wave conditions at the two
systems, and relate this to their morphology. Moreover, these observations
only relate to the growing and maintenance of the sand banks. The processes
and conditions under which these sand banks were originated, might also have
an impact on the actual shape (Houthuys, 1990; Dyer and Huntley, 1999).
Hydrodynamic conditions have modified and are very different from the epoch
when these banks have originated. However, a detailed discussion on sand
banks origins goes beyond the scope of this thesis and is not investigated
further.

6.5 Conclusions

The present Chapter focused on the impact of wave activity on the bottom
evolution of a sand bank (Kwinte Bank). Two different models were set up in
order to compute the morphodynamic evolution of the Kwinte Bank under the
combined effects of currents and waves. Despite differences between the two
models, wave effects were found to be important for increasing the magnitude
of sand transport. Moreover, wave activity together with tidal asymmetry
seems to play an important role in changing the direction of residual sand
transport. Several formulations for sand transport were compared, suggesting
the idea that wave activity and tidal asymmetry give rise to a change in resid-
ual sand transport direction from a typical flood tide dominated environment
towards an ebb tide dominated situation. This behavior was visible especially
at the crest of the most shallow sand banks and increased in importance with
increasing wave height. Bed form analysis from bottom images seems to con-
firm the idea that residual transport is occurring in some areas in the ebb tide
direction. The change in residual transport direction would result in a change
in the erosion deposition pattern at the Kwinte Bank producing an evolution
of the sand bank towards its steeper west flank, in contrast to what could be
expected considering the transport due to currents alone. In the long term,
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the two mechanisms (sand transport due to currents and low waves towards
the eastern flank, and sand transport due to currents and significant waves
towards the western flank) would balance each other out, leading to a sort of
dynamic equilibrium.

Additional morphodynamic simulations were carried out in order to inves-
tigate the effects of the one-way coupling between the hydrodynamic and the
wave model onto the sediment transport direction. The wave modulation due
to the tide was found to increase the transport towards the flood direction,
especially in the swales between the sand banks. This was related to the con-
currency of different effects: the change in wave height due to a variation of
bottom friction and relative direction between waves and currents, and the
change in wave period due to Doppler effects. Negligible effects were found on
the sediment transport magnitude. Moreover, the general erosion-deposition
pattern was not modified by considering the effect of the one-way coupling.

Sediment concentration measurements did not give any confirmation re-
garding a change in residual transport direction at different wave heights.
However, several limitations for this kind of study were found in the set of
measurements currently available. For future research, sediment concentra-
tion and flow velocity profile measurements should be carried out at the sand
bank crest and possibly cover a period with different wave conditions.

In conclusion, a new hypothesis was formulated, which relates the shape of
the sand banks on the Belgian shelf to their water depth and, as consequence,
to the local bottom dynamics. This hypothesis would explain why the Flemish
Banks are characterized by a steeper flank facing the northwest, while the
Hinder Banks system is characterized by a reversed morphology. According
to this hypothesis the different shape would be related to the different water
depth of the two sand bank systems, which would reflect on a different wave
impact at the bottom and on a different residual transport direction.
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Chapter 7

Hydrodynamics and cohesive
sediment transport in the
IJzermonding, Belgium

1Abstract

The quantification and monitoring of sediment dynamics in estuaries has re-
ceived plenty of attention in recent years due to both economical and environ-
mental interests. Numerical models have been widely applied for predicting
the morphodynamic evolution of these areas. However, the degree of uncer-
tainty of these models is still very high due to the difficulties in describing the
physical properties of the sediments, the lack of measurements necessary for a
complete model calibration and validation, and the strong influence of external
forces, such as the anthropogenic impact. Moreover, for estuaries character-
ized by a high presence of cohesive material, long term dynamics are difficult
to predict, since most of the techniques developed for long term prediction,
only apply to non cohesive sediments. In this Chapter, the hydrodynamics
and suspended sediment transport in the IJzermonding (IJzer estuary) have
been studied. The dynamics of this estuary are characterized by a high de-
gree of complexity due to the extensive human impact and the high sediment
variability. However, the limited extension of the study area allowed the col-
lection of a large amount of field data which were used for the calibration and
validation of a two-dimensional hydrodynamic model coupled to a morphody-

1This chapter was adapted from the article submitted as ”Hydrodynamics and cohesive
sediment transport in a highly human impacted estuary” in the Journal of Estuarine, Coastal
and Shelf Science (Submitted).
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namic model. Tidal pumping was recognized as the main driving mechanism
of sediments in the estuary. Nevertheless, wave action was found to be signifi-
cant for stirring sediments in the sea and increasing the amount of material in
suspension entering in the estuary. Erosion-deposition areas calculated with
the numerical model were compared with the location and volumes of dredged
material. Airborne hyperspectral images acquired in 2001 and 2005 support
the morphodynamic model results in the intertidal zone.

7.1 Introduction

There is an increasing interest on the study of sediment dynamics in estuar-
ies due to both the high dredging costs associated with siltation problems in
harbours and navigation channels and to environmental problems. Environ-
mental problems include transport of pollutants absorbed by fine sediments
(Xia et al., 2004), impact on marine biology (Kuwae et al., 2003), change in
erosion-deposition processes due to eustatic sea level rise, increase in stormi-
ness and anthropogenic intervention (Kragtwijk et al., 2004; Van de Kreeke
and Hibma, 2005). Due to the high economic values of these areas, human
impact is often the most important cause of radical morphodynamic changes
(Perillo et al., 2005).

In the last two decades numerical modelling has been largely used for rep-
resenting the natural response of tidal basins to human intervention. Despite
its flexibility, numerical modelling in estuaries is still limited by large uncer-
tainties. First of all, sediment characteristics are often very complex due to
the joint presence of cohesive and non cohesive materials, originating from
river, sea and/or wind transport. The study of sand-mud mixtures is still
one of the pioneering areas in sediment transport modelling (Toorman, 2001).
Secondly, the behaviour of cohesive sediments is influenced by a large amount
of parameters and processes, which are often difficult to describe and that
introduce large uncertainties in the model prediction. Among them, the de-
termination of the ”cohesiviness” of the sediments (Maxwell et al., 2004), the
description of settling and flocculation properties (Dyer and Manning, 1999;
Xia et al., 2004), the interaction between suspended particles and flow tur-
bulence are very difficult to represent (Toorman et al., 2002; Manning and
Bass, 2006). Complementary measurements are needed for model calibration,
validation and verification. Unfortunately, the available field or laboratory
measurements are frequently incomplete.
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In the present study, a process-based model approach was applied to a
highly human impacted river mouth: the IJzermonding. The limited extent of
the study area allowed for a collection of a wide range of data, supplying some
support for the calibration and interpretation of the model results. The depth-
averaged hydrodynamic model TELEMAC-2D was implemented and validated
against flow velocity measurements. This model was run in coupled mode with
the morphodynamic model SISYPHE, from which erosion-deposition patterns
inside the estuary could be determined. Suspended sediment concentration
measurements were related to flow velocity and wave data and used as input
data for the morphodynamic model. The calibration and validation of the
morphodynamic model were assessed by comparison with the dredged volumes
inside the estuary.

Finally, some ideas on the long term morphodynamics of the estuary could
be put forward, extrapolating the results from a two week simulation and
comparing them with airborne images collected in 2001 and 2005. This in-
tercomparison revealed some interesting features on the long term evolution
patterns. These changes would be hardly predictable by the numerical models
currently available, since strategies for long-term prediction have been mainly
developed for non-cohesive sediments (Toorman, 2001).

7.2 Study area

The IJzer is a relative short river, about 76 km long, rising in the North of
France and flowing into the North Sea. Its catchment area is 1101 km2. The
river mouth is located in proximity of the town of Nieuwpoort at the Western
Belgian Coast (Figure 7.1). Due to the extensive anthropogenic impact, the
estuary has lost most of its natural state. In the Fifties, a military base
was established in the estuary implying the construction of quay walls and
docks. In the years 1950-1970, about 300,000 m3 of sludge were excavated
and dumped on the tidal flats situated at the right bank, drastically reducing
the intertidal areas. In 1993 the naval base was relocated and the area declared
as protected dunesite by the Flemish Government. In the following years, all
the infrastructures connected with the military harbor were cleared. Also
the sludge, which was previously dumped on the tidal flats, was removed in
order to restore the intertidal area. After the restoration plan was executed,
a scientific monitoring programme was launched to observe the recovery of
sedimentation, vegetation and fauna (Deboeuf and Herrier, 2002).
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Figure 7.1: Figure 1: Aerial photo of the IJzer estuary. In the picture, the letter A
indicates the position where the horizontally mounted ADCP, the LISST-100C, the
CTD and the OBS instruments were deployed. The letter B refers to the position of
the tidal gauge. 1, 2, 3 and 4 indicate the approximate locations of the four sections
where flow velocities were measured with the vessel mounted ADCP. (Image acquired
by the Airborne Hyperspectral Sensor (AHS) in June 2005, financed by the Federal
Science Policy Office in the framework of the STEREO II program).

Today, the estuary consists of a navigation channel, two harbors (Kromme
Hoek and Novus Portus) and, on the left bank, a retaining wall protecting
the town of Nieuwpoort. On the right bank, 130 ha of mudflats, salt marshes,
sandy beaches and coastal dunes constitute the natural reserve. The fine
sediment particles covering this area are rich with algae and microscopic in-
vertebrates, representing an important source of food for numerous fishes and
birds (Hoffmann, 2004). The last part of the estuary is protected on both
sides with walls which extend into the sea in the form of jetties. Lock gates
are located 3.3 km upstream from the river mouth. The gates are open at low
tide to drain the fresh water of the river and flush the deposits on the bed.
For the rest of the tidal cycle, the gates are closed and water is stored in an
upstream reservoir.
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7.2.1 Hydrology

Tides are semidiurnal with a mean tidal range of 3.2 m at neap tide and 4.9
m at spring tide. These conditions produce a mean tidal prism of 1.9 × 106

m3. The average tide is asymmetric with a mean flood duration equal to 5h
34’ and mean ebb duration of 6h 51’. With a mean tidal range of about 4 m,
the IJzer falls into the tide dominated (high energy) category (Hayes, 1979).

Maximum tidal discharges are in the range of 300 m3/s. River discharges
estimated at the lock gates for the period July 2005 - January 2006 are shown
in Figure 7.2. The highest discharges correspond to the winter periods when
rainfall is more abundant.
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Figure 7.2: River discharges estimated at Ganzepoort for the period July 2005 -
January 2006 (Flanders Hydraulics (Waterbouwkundig Laboratorium), 2006b).

Vertical distribution of salinity is strongly affected by the maneuvers on
the lock gates which manage the freshwater inflow. When lock gates are
closed, the water in the estuary is salty and well mixed. When fresh water
flows into the estuary, stratification is observed. Figure 7.3 shows the vertical
salinity profile in the main channel, in the presence and absence of fresh water
discharge. When the lock gates are closed, the value of salinity in the water
column tends to the value of sea-water salinity, which is about 33 close to
Nieuwpoort (Yang, 1998 referring to Mommaerts, 1991). A thin layer with
very low salinity remains in the upper part of the water column. During
periods of fresh water inflow, in this case equal to about 10 m3/s, a strong
halocline forms between the low salinity in the upper layer and the salt water
in the lower layer.

A qualitative approach to define the stratification in the water column is
proposed by Ippen (1966) through the calculation of the estuary number Ne.
This value is a measure of the amount of energy lost by the tidal wave, relative
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Figure 7.3: (Top) Salinity profiles measured in the main channel, in proximity of the
lock gates system, by means of a CTD cast. The measurements were carried out
on the 6th of October 2005 in the presence and absence of fresh water discharge.
Salinity values are given according to the Practical Salinity Scale. (Bottom) River
discharges and water levels the day of the CTD measurements. The arrows indicate
the two moments in which the CTD measurements were collected (Data provided by
Flanders Hydraulics (Waterbouwkundig Laboratorium) (2006a)).

to that used in mixing the water column and is defined as:

Ne =
V EO0 · V 2

0

g · d0 ·Qf · TM2

(7.1)

where V EO0 is the tidal prism (1.9 × 106 m3), V0 the maximum flood velocity
at the mouth (0.9 m s−1), g the acceleration due to the gravity (9.81 m s−2),
d0 the mean depth at the mouth (5 m), Qf the river discharge (m3 s−1),
and TM2 the tidal period (44700 s). According to Ippen (1966), three types of
estuaries can be distinguished in function of Ne: Ne < 0.08 salt wedge estuary;
0.08 < Ne < 0.5 stratified estuary; Ne > 0.5 well mixed estuary. When the
lock gates are closed, the IJzer estuary behaves as well mixed since Qf −→ 0.
When the lock gates are opened, even relative small values of Qf (equal to
about 10 m3/s) cause the estuary to be classified within the first type.
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7.2.2 Sediment characteristics

Sediments in the IJzer estuary are characterized by a wide spread in particle
size. The main source of sediments is the North Sea. Sandy and clayey
particles enter the estuary through the fairway. The high flow velocities in
the fairway, up to 0.9 m/s during flood tide, exceed the threshold of motion
of sand, which can be estimated around 0.4 m/s for sand with a diameter
equal to 200 µm (Soulsby, 1997). However, sandy sediments rapidly settle in
the first part of the navigation channel, without reaching the upper part and
the harbors where deposited sediments are predominately constituted by mud.
This is confirmed by visual observations during the dredging of the estuary.
On the other hand, cohesive sediments are brought in suspension. Partly they
settle in the navigation channel and partly they reach the two harbors and
tidal flats. The material which settles in the navigation channel and the two
harbors is removed on a regular basis by dredging in order to allow the access
of boats to the harbors.

On the tidal flats, mud deposits already existing in the system or advected
from the sea are found alongside areas with a high content of sand. The
relative percentage of mud and sand is highly dependent on the site, with
locations nearly fully muddy, and others where the sand percentage exceeds
90 %. Sandy sediments on the tidal flats are either brought by eolic transport
and/or originate by erosion of the sludge which was deposited on this area
between the years 1950-1970 (Kerouedan (2006); Provoost, personal commu-
nication, September 20, 2007). The low flow velocities characterizing the tidal
flats can not be considered responsible for the transport of sand from the sea.
Unfortunately, no measurements are available to quantify the input of sand
transported by the wind. While mud on the tidal flats is characterized by a
peak in the sediment distribution around 10 µm, the peak for sandy sediments
is around 200 µm (Toorman et al., 2006). The last source of sediments comes
from the erosion of the tidal flats towards the navigation channel. This mech-
anism is mostly concentrated at the low water line of the tidal flats and takes
the form of cliff erosion. Blocks of overconsolidated clay break, giving origin
to a cliff up to 30 cm high. Although not investigated in detail, the most likely
origin for these cliffs is boat-induced waves impacting the tidal flats.
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7.3 Material and methods

7.3.1 Data collection

A large amount of data was collected within the framework of the MONAIJ
project (Hoffmann (Ed.), 2006) between the years 2001 and 2005, and by
Flanders Hydraulics (Waterbouwkundig Laboratorium) (2006a) (Table 7.1).

The bathymetric data for the numerical models were obtained by merging
a Digital Elevation Model of the tidal flats, acquired by an airplane-mounted
laser scanning (LIDAR) in December 2002, with a bathymetry of the nav-
igation channel, acquired from a boat-mounted ecosounder. The resolution
of the two data sets was respectively 1 point/4 m2 and 1 point /25 m2. The
ED50/UTM reference system was adopted. Measurements of water levels were
taken by MDK Coastal Division (Maritieme Dienstverlening Kust) by means
of a tidal gauge placed at the river mouth. River discharges at Ganzepoort
were derived by numerical simulations of the upstream river by using MIKE
11 (Flanders Hydraulics (Waterbouwkundig Laboratorium), 2006b). Flow ve-
locities were collected at four different sections inside the estuary by means
of a boat-mounted Acoustic Doppler Current Profiler (ADCP) during a cam-
paign on the 19th of March 2003 (see Figure 1 for approximate location of
the sections). Three additional campaigns were carried out during the year
2005 (22nd August - 7th September, 20th September - 6th October 2005, 19th
October - 3rd November). Measurements from a horizontally mounted ADCP,
a Laser In-Situ Scattering & Transmittometer (LISST-100C), and a Conduc-
tivity, Temperature, and Depth instrument (CTD) with attached an Optical
Backscatter Sensor (OBS) were also collected. The ADCP was used to deter-
mine the flow velocity at different positions across a section of the entrance
channel with a spatial resolution of 8 m. The LISST-100C instrument mea-
sured magnitude and size of the suspended matter in 32 log-spaced classes.
The OBS instrument gave estimates of the mass concentrations while the CTD
supplied useful information concerning salinity, temperature and water depth.
The three instruments were deployed on the same frame close to the right
bank of the entrance channel. Each of the measurement campaigns covered
a period of a spring-neap tidal cycle. Additional CTD measurements were
collected by Flanders Hydraulics (Waterbouwkundig Laboratorium) (2006a).

Two hyperspectral images were acquired in the summers of 2001 and 2005
by means of a Compact Airborne Spectrographic Imager (CASI) and an Air-
borne Hyperspectral Sensor (AHS), respectively. In the framework of these
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campaigns sediment samples were collected on the tidal flats in the years 2001,
2004 and 2005 supplying spatial information concerning the grain size distri-
bution and its eventual variation in time. The result of the 2001 sampling
was used as an input for the hydrodynamic model. Dredged volumes from the
navigation channel and the two harbours were provided by the Ministry of
the Flemish Community (Ministerie van de Vlaamse Gemeenschap, Afdeling
Maritieme Toegang) and used for a model validation. Additional support to
the model results came from erosion and deposition measurements collected
at 31 locations on the tidal flats between the years 2006 and 2007 (Research
Institute for Nature and Forest).

Table 7.1: Measurement type and collection date.

MEASUREMENT TYPE DATE

Bathymetry navigation channel + DEM tidal flats December 2002
(Ministerie van de Vlaamse Gemeenschap)

Tidal measurements Continuous measurements
(MDK Coastal Division)

River discharges Continuous measurements
(Waterboukundig Laboratorium)

Boat-mounted ADCP measurements 19th March 2003
(KULeuven)

ADCP + LISST-100C + CTD + OBS 22nd August - 7th September 2005
(KULeuven) 20th September - 6th October 2005

19th October - 3rd November 2005
CTD measurements 24th June 2005 - 9th January 2006

(Waterbouwkundig Laboratorium)
Hyperspectral images August 2001, June 2005

(STEREO)
Sediment sampling 2001, 2004 and 2005

STEREO
Dredging volumes On a regular base

(Ministerie van de Vlaamse Gemeenschap)
Erosion-deposition measurements tidal flats 2006 - 2007
(Research Institute for Nature and Forest)

7.3.2 The numerical models

The depth-averaged hydrodynamic model TELEMAC-2D (v.5.5) (Paragraph
3.2) and the morphodynamic model SISYPHE (v.5.5) (Paragraph 3.4) were
run in coupled mode on the same computational mesh. The domain was
discretized in 13537 elements and 7161 nodes. The distance between compu-
tational nodes varies between 10 m at the entrance channel and in the tidal
flat area and 20 m in the harbours and upstream channel (Figure 7.4). Two
open boundaries were defined: an upstream boundary, where river discharges
were imposed, and a downstream boundary, where water levels and suspended
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sediment concentration were prescribed. No wave modelling was carried out
inside the estuary, since waves from the sea can not penetrate into the narrow
fairway. Nevertheless, wave activity was found to be important for increasing
the amount of sediments in suspension in the open sea (Paragraph 7.4.2).

Upstream boundary 
(Lock gates)

Downstream boundary 
(Sea)

(m)

(m)

Figure 7.4: Computational mesh for the TELEMAC-2D and SISYPHE models.

Hydrodynamic model

The two-dimensional finite element model TELEMAC-2D (v.5.5) (Hervouet
and Bates, 2000) solves the depth averaged Saint-Venant equations. Bottom
friction was calculated according to the Chézy formula. Different values for
the friction coefficient were tested during the work of Nolivos and Choudhury
(2004), showing a negligible influence of the bottom friction factor on the
hydrodynamics. A final value for the friction coefficient Ch equal to 65 m1/2s−1

was assumed.

Turbulent viscosity was considered constant inside the domain. More com-
plex turbulence models were tested (e.g. k− ε model), without leading to any
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relevant improvement of the results.

Morphodynamic model

The morphodynamic model SISYPHE (Villaret, 2004) was implemented in
the estuary. The model calculates the sediment transport and the bottom
evolution as a function of the hydrodynamic field through internal coupling
with the TELEMAC-2D model.

Numerical simulations were carried out with different formulations for bed
load and suspended sediment. Suspended sediment transport was found to
be the main driving mechanism of sediments inside the estuary. Therefore,
sediment transport was calculated by means of an advection-diffusion equation
(Equation 3.14). The consequent bottom evolution was obtained by applying
Equation (3.15), but considering the value of bed load transport (qb) equal to
zero. Bed porosity was estimated equal to 0.8, based on considerations of the
density of the dredged material. The erosion (E) and deposition (D) rates
were derived applying the Krone - Partheniades formulation (Krone, 1962;
Partheniades, 1965):

E = M

[(
u∗c
u∗e

)2

−1
]

for u∗c > u∗e; E = 0 for u∗c < u∗e (7.2)

D = WsC

[
1−

(
u∗c
u∗d

)2]
for u∗c < u∗d; D = 0 for u∗c > u∗d (7.3)

where u∗c is the friction velocity, u∗e and u∗d are the critical shear velocities
for erosion and deposition, M is the erosion constant, C is the depth aver-
aged concentration, and Ws is the settling velocity calculated as a function of
the grain diameter (Van Rijn, 1984). The values for the different constants
were selected based on literature review of in-situ and laboratory experiments
(Krestenitis et al., 2006). The parameter M depends on the physico-chemical
characteristics of bottom sediment and it was assumed equal to 2 × 10−5 kg
m−2 s−1. The critical shear stress for erosion is a function of the degree of
compaction of the sediments at the bottom, clay type, clay/sand proportions,
organic content, pH, salinity and various other chemical and compositional
parameters. The critical shear stress for deposition depends mainly on the
size of the flocs. Values of 0.015 m/s and 0.010 m/s were respectively used in
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the model for u∗e and u∗d. Vanhonacker (2004) derived values of the critical
shear stress for erosion in the same order of magnitude by means of in-situ
measurements carried out with the In-Situ Erosion Flume (ISEF, Institute of
Marine and Atmospheric Research, Section of Physical Geography, Ultrecht
(the Netherlands)). Consolidation effects were not taken into account in the
numerical simulations, on grounds of the fact that measurements for a calibra-
tion and validation with respect to consolidation properties were insufficient.
Suspended sediment concentrations measured with the LISST-100C were im-
posed during flood tide at the sea boundary, while no concentration was pre-
scribed during ebb tide. At the upstream boundary, water was assumed to be
clear, neglecting any input of sediment from the IJzer. A mean diameter of 10
µm was assumed to be representative of the sediments in suspension, and was
used for the calculation of the settling velocities. This diameter roughly corre-
sponds to the peak in grain size distribution for cohesive sediment aggregates,
found on the tidal flats. Assuming a sediment density of 2650 kg/m3, a mean
settling velocity equal to 10−4 m/s was calculated according to the formula-
tion proposed by Van Rijn (1984). This sediment density, representative of
the solid fraction, is likely to overestimate the density of aggregates present in
the water column. However, in absence of more accurate measurements, this
can be considered an acceptable approximation also for the density of particles
in suspension.

Input of sand through the sea boundary was neglected, also given the fact
that the sand entering from the sea settles within the first part of the naviga-
tion channel. The use of one set of measurements collected with the LISST-
100C to represent the depth average concentration of the incoming water is
clearly an approximation. However, model validation with an independent set
of measurements proves that, in the absence of more accurate measurements,
these values can be considered representative of the averaged conditions (Para-
graph 7.4).

7.4 Results

The hydrodynamic model TELEMAC-2D was first validated against flow ve-
locity measurements collected on the 19th of March 2003 at different locations
inside the estuary. A further set of simulations was carried out for the period
22nd August - 5th September 2005, corresponding to a spring-neap tidal cy-
cle, by means of the TELEMAC-2D and SISYPHE models working in coupled
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mode. For the same spring-neap tidal cycle, flow velocity and suspended sedi-
ment measurements were collected and analyzed. The results of these analyses
are presented in this chapter.

7.4.1 Hydrodynamics

Tidal characteristics

When tidal waves propagate in shallow water considerable asymmetry can
occur in the free surface and velocity curves. This mechanism can be explained
by the fact that tidal wave celerity is a function of the water depth. It follows
that higher flow velocities are observed at high water (crest of the tidal wave)
than at low water (trough of the tidal wave). This causes the ebb period
to become longer than the flood duration, producing an asymmetrical tidal
curve (Brenon and Le Hir, 1999). In tidal analysis this corresponds to the
creation of additional harmonics (e.g. M4 component) modulating the main
tidal signal. In Figure 7.5, tidal flow velocities measured with the ADCP in
the navigation channel are shown. Peaks in flood velocity (positive values) are
about 0.9 m/s while peaks in ebb tides (negative values) are about 0.6 m/s.
Tidal asymmetry leads to enhancement in resuspension and transport during
the flooding tide (the so-called tidal pumping, e.g. Uncles et al., 2002). Similar
tidal characteristics were shown at the Kwinte Bank in Chapter 5 and 6.
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Figure 7.5: Tidal flow velocity collected with the ADCP in the navigation channel.
Positive velocities indicate inflow from the sea into the estuary. The measurements
refer to the first bin (right side of the navigation channel). The period represented
starts from 1 p.m. of the 22nd of August 2005 till 1 p.m. of the 23rd of August 2005.
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Hydrodynamic model validation

The hydrodynamic model was first validated against depth averaged ADCP
measurements, carried out at different transects and longitudinal sections on
the 19th of March 2003 (Figure 7.1) (Nolivos and Choudhury, 2004). The
ADCP was mounted on a Rigid Inflatable Boat (RIB) and collected measure-
ments over a tidal cycle. These measurements allowed for a validation of the
model performance in the whole area. The TELEMAC-2D was forced at the
sea boundary by tidal levels only.

The following statistical parameters, defined in Appendix B, were calcu-
lated to assess the performances of the model: mean absolute error (MAE),
relative mean absolute error (RMAE) and adjusted relative mean absolute er-
ror (ARMAE), (Van Rijn et al., 2003; Brière et al., 2007). The measurement
error (OE) from the ADCP was estimated equal to 5 cm/s. Measurements
were repeated several times at each section. In Table 7.2 the average of the
statistical parameters calculated for the different locations are indicated. In
the last column, model performances are classified adopting the categories
proposed by Van Rijn et al. (2003) and indicated in Table 5.3. Section 1, 2
and 3 show excellent agrement between model and measurements while, at
Section 4, the agreement is only reasonable. This is due to the fact that only
few measurements were collected at this section. Therefore, the statistical
significance of this section is less relevant with respect to the others, and the
results are largely influenced by a few points with small agreement between
model and observations.

Figure 7.6 shows a comparison between model output and observed flow
velocities at section number 2 for a specific time. The good agreement between
measurements and modelled results show that the two-dimensional flow char-
acteristics might be preliminarily estimated by the use of a depth averaged
model. However, the use of a three-dimensional model could give a better
description of turbulence related phenomena such as flocculation and settling
velocities of suspended sediment (Cancino and Neves, 1999).

Hydrodynamic model results

Simulations for a spring-neap tidal cycle were carried out for the period 22nd
August - 5th September 2005. The hydrodynamic model was forced by tidal
levels at the sea boundary and river discharges at the upstream boundary.
Figure 7.7 shows the time series of measured river discharges and tidal levels
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Table 7.2: Error statistics for the TELEMAC-2D model.

< |X| > (cm/s) MAE (cm/s) RMAE ARMAE Classification

Section 1 41.3 11.2 0.29 0.13 Excellent
Section 2 30.0 10.6 0.42 0.20 Excellent
Section 3 30.0 8.4 0.35 0.13 Excellent
Section 4 11.2 10.3 0.89 0.41 Reasonable

Longitudinal section 25.7 11.2 0.62 0.35 Good
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Figure 7.6: Comparison between model output and observed velocities at section
number 2. Measurements were collected at 19h30 on the 19th of March 2003.

used as input of the TELEMAC-2D model. When tidal levels are lower than
a certain threshold, the upstream gates are open and the river discharges into
the estuary.

Residual currents were calculated averaging flow velocities computed during
a spring-neap tidal cycle, for a simulation forced by tidal action only. However,
the input of typical river discharges, up to 10 m3/s, does not change the general
residual current pattern (not shown). A plot of the residual currents is given in
Figure 7.8. Computed residual currents are characterized by a net inflow at the
left side of the channel and a net outflow at the right side. Residual currents
calculated from ADCP measurements collected during the same spring-neap
tidal cycle, and horizontally mounted at the entrance channel are shown in
Figure 7.9. Figure 7.9 (a) illustrates the position of the instrument in the
cross section with the location of the different bins. Each bin has a width
equal to 8 meters. In Figure 7.9 (b) the residual currents for the different
bins are indicated. Also in this case, a net inflow (positive residual current)
is visible for bins located at the left hand side of the channel (bin 7 and 8)
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Figure 7.7: River discharge and tidal levels for a spring-neap tidal cycle (22nd August
- 5th September 2005). Tidal levels are given according to the Belgian national water
level system TAW (Tweede Algemene Waterpassing).

and at the first bin. However, the spatial resolution of the model does not
allow reproducing the same residual flow pattern at that location, due to a
restriction in the number of nodes in the cross section of the entrance channel
where the ADCP was mounted.

Two eddies are also visible from the computed residual currents: one large
eddy is clearly noticeable in the harbour of Novus Portus. A smaller one,
generated by the presence of a wall, is located in the northern side of the tidal
flats.

7.4.2 Sediment transport

Measurements

A LISST-100C instrument was deployed for the period 22nd August - 6th
September 2005 at the location given in Figure 7.1 at a distance of about
3.5 m from the bottom, supplying information on the magnitude and size of
suspended matter. The water depth at this location ranges approximately be-
tween 3.5 m and 8.3 m due to tidal effects. The instrument uses the technique
of laser diffraction to determine particle size distribution of the sediment in
suspension. Measurements were collected in 32 log-spaced classes from 2.5 to
500 µm (Figure 7.10).

A spectral analysis was performed on the integrated volume concentration
over the different size-classes (Figure 7.11). The spectrum, calculated using a
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Figure 7.8: Residual currents in the IJzer estuary averaged over a spring-neap tidal
cycle.

Fast Fourier Transform (FFT), shows peaks in suspended transport occurring
at the frequencies of the M2, M4, and M6 components. Astronomical tides
and higher harmonics, due to non linear interaction of the tidal wave with
the bottom, are the main driving mechanisms of sediment transport inside the
estuary.

In order to show the influence of wave activity on the dynamics of sediments
in the estuary, concentration measurements were plotted together with the
wave height recorded at the Westhinder buoy (Figure 7.12). The buoy is
located appproximately 30 km offshore from the IJzer mouth. However, wave
events are well correlated with wave activity at the Belgian coast (not shown).
The Figure shows that a correspondence exists between high wave events and
peaks in sediment concentration. Wave activity acts as a stirring mechanism,
mobilizing the finest component of the sediments, which represent a consistent
contribution along the Belgian shelf (Fettweis and Van den Eynde, 2003).
These sediments are then pumped by the tidal currents into the estuary.

Particle size in suspension is generally related to flow conditions and co-
hesiviness of the sediment. Low concentrations and low shear promote the
aggregation of cohesive particles into flocs, whereas high concentrations and
shear promote their breakdown (Malcherek et al., 1996; Dyer and Manning,
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Figure 7.9: (a) Positioning of the ADCP instrument in the cross section. Different
numbers indicate the location of the different measuring bins. (b) Residual currents
measured with the ADCP at different bins. Each bin has a width equal to 8 meters.
Positive residual currents indicate inflow from the sea into the estuary.
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Figure 7.10: Volume concentration measured by the LISST-100C instrument for a
spring-neap tidal cycle.

1999; Xia et al., 2004). The importance of flow turbulence on floc size was
assessed in this chapter through the calculation of an average particle size,
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Figure 7.11: Power spectrum of the suspended matter measured with the LISST-100C
instrument.
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Figure 7.12: (Top) Time series of concentration measurements collected with a LISST-
100C and wave height measured at Westhinder. (Bottom) Scatter plot of concentra-
tion measurements versus wave height.

and relating it to the tidal flow conditions. The particle size was calculated by
weighting the diameter of each class measured with the LISST-100C instru-
ment with its volume concentration:

d =
∑32

i=1 diCi∑32
i=1 Ci

(7.4)

where d is the particle size, di is the diameter of each class, Ci is the concen-



138 Chapter 7. Hydrodynamics and sediment transport in the IJzermonding

tration measured for each class and 32 is the number of classes recorded by
the LISST-100C. The particle size d was then time averaged for a day period
and plotted in function of the average flow velocity during that day (Figure
7.13). Three different tidal conditions were distinguished: spring tide (tidal
amplitude higher than 4.8 m), mean tide (tidal amplitude ranging between
3.5 m and 4.8 m) and neap tide (tidal amplitude smaller than 3.5 m). Spring
tides are characterized by the highest flow velocities, up to 0.9 m/s. During
neap tide the flow velocity does not exceed values of 0.3 m/s. The particle size
was found to be inversely correlated to the average flow velocity, following an
almost linear relationship. This indicates the presence of flocs of cohesive sed-
iments at the instrument location, which tend to break whenever flow velocity
and therefore turbulence in the water column exceed a certain threshold. The
average floc size was about 20 times larger than the size of the single parti-
cles selected as representative of the material in suspension in the numerical
calculations and equal to 10 µm. There is evidence in literature that settling
velocities generally increase with floc size (Xia et al., 2004). The increase can
be described by Ws = kd

n, where k and n are empirically determined constant.
In particular, the constant n depends on the fractal dimension (Kranenburg,
1994; Winterwerp, 2002). In the absence of measurements to identify these
constant, the increase in settling velocities due to flocs was not taken into ac-
count by the numerical model. However, this approximation will not increase
significantly the error produced by the already uncertain choice of parameters
to identify critical shear stress for erosion and deposition.
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Figure 7.13: Average floc size in function of the flow velocity.
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Modelled concentrations and morphodynamics

Suspended sediment concentrations and erosion-deposition areas were simu-
lated by means of the SISYPHE model. A comparison between modelled and
measured concentration collected with the LISST-100C is shown in Figure
7.14.
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Figure 7.14: Time series of measured and modelled concentration at the sea boundary.

During flood tide, measured concentrations are imposed at the open bound-
ary of SISYPHE. Therefore, good agreement between the two time series is
to be expected for every first half of the tidal cycle. During ebb tide, no con-
centration is imposed at the sea boundary, but it is internally calculated by
the model from the solution of Equation 3.14. This concentration corresponds
to the amount of sediments which is brought back into the sea by the ebb
currents. The Figure shows that modelled concentrations during ebb are gen-
erally underestimated with respect to the measured concentrations. Several
reasons might explain this difference. First of all, the LISST-100C was located
inside the navigation channel. However, the values measured by the instru-
ment were assumed to correspond to the values at the sea boundary, where no
measurement was available. Observations and model calculations show that
between these two points deposition occurs. Therefore, imposed values in the
model constantly underestimate the real concentrations in the water column
at the sea boundary. Moreover, the LISST was located at a fix height from
the bottom and the measured values were assumed to be representative of
the average concentrations during the whole tidal cycle. This is clearly an
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approximation, which was necessary in absence of measurements of concen-
tration profiles along the vertical. Secondly, the effect of boat-induced waves,
which contributes to stir up sediments from the bottom was not included in
the model simulations. Wave effect is especially important during summer
months, when the number of pleasure boats entering the harbour is higher,
and at low tide. Modelled concentrations are also influenced by the choice of
the different constants, which are used to calculate the erosion and deposition
rates (Equations 7.2 and 7.3). A better estimate of these values could improve
the correspondence between measured and modelled concentrations.

Simulated concentrations inside the estuary, at different moments of the
tidal cycle, are shown in Figure 7.15. High concentrations of suspended sedi-
ment are brought into the estuary during flood periods, at spring tide (Figure
7.15 (b)). A part of the sediments is brought back into the sea during ebb,
and a part settles inside the estuary (Figure 7.15 (c)). During neap tide the
estuary is characterized by very low concentrations, both during flood (Figure
7.15 (d)) and ebb (Figure 7.15 (e)). The highest concentrations at spring tides
are visible in the navigation channel, where the flow is stronger. At neap tide,
the highest concentrations are visible on the tidal flats, due to the lower water
depth available for mixing.

The morphodynamic evolution after a spring-neap tidal cycle is shown in
Figure 7.16. The estuary is characterized almost overall by a net deposition
(positive values) of suspended sediment. The net deposition takes place mostly
in the navigation channel, harbours, and at the low water line on the tidal flats.
Deposition in the navigation channel after a spring neap tidal cycle is in the
range of 5-6 cm. This approximately corresponds to the value of deposition
yearly observed in the navigation channel and equal to 2 m. Less intense is
the deposition on the tidal flats, which varies between 1 mm and 5 mm after a
spring-neap tidal cycle (about 2.4 cm and 12 cm for a year period). A general
deposition pattern was also observed by the measurements which were carried
out at 31 locations on the tidal flats between 2006 and 2007 (Research Institute
for Nature and Forest - unpublished data). Tidal flat erosion in the form of
cliff erosion at the low water line is not represented by the model. This can be
attributed to the fact that boat induced waves, considered responsible of the
erosion process, were not included in the numerical simulations. Slight erosion
is visible at the entrance channel where flow velocities are the highest.

The values of deposition obtained from the model and extrapolated to a
one year period were compared to the volumes dredged annually at different
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Figure 7.15: Tidal levels (a) and simulated volume concentrations inside the estuary,
at different moments of the tidal cycle. (b) Volume concentrations at spring tide,
at the end of the flood. (c) Volume concentrations at spring tide, at the end of the
ebb. (d) Volume concentrations at neap tide, at the end of the flood. (e) Volume
concentrations at neap tide, at the end of the ebb.
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Figure 7.16: Morphodynamic evolution of the IJzer estuary after a spring neap tidal
cycle. Positive values indicate net deposition, negative values net erosion.

locations in the estuary (Table 7.3). The results show a general good agree-
ment between model results and dredged volumes. The agreement is generally
better for the navigation channel, while a slight overestimation is visible for
the harbours and upstream channel. Different causes might lead to this over-
estimation. First of all, the use of LISST measurements to represent the depth
averaged concentration at the entrance channel remains an approximation for
the real inflow of sediments. Secondly, the LISST measurements were not ex-
actly at the location of the open boundary in the model. Another factor of
uncertainty is related to the choice of several parameters in the sediment trans-
port model (critical shear stress for erosion, deposition, settling velocity, bed
porosity). However, the choice of different values for these parameters might
have a strong impact on the final result (Brenon and Le Hir, 1999). Large
uncertainties are also connected with the estimation of the dredged volumes,
indicated by a large variability of these values for different years.

7.4.3 Support from airborne images to long term deposition
processes

During the campaigns of 2001 and 2005, two airborne images were acquired by
means of a Compact Airborne Spectrographic Imager (CASI) and an Airborne
Hyperspectral Sensor (AHS), respectively. The two images were taken at low
tide in order to allow the classification of the intertidal area. Their spatial
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Table 7.3: Comparison between volumes of deposited material calculated with
the numerical model and average dredged volumes. The volumes refer to a
one year period. Dredged volumes were provided by the Ministry of the Flem-
ish Community (Ministerie van de Vlaamse Gemeenschap, Afdeling Maritieme
Toegang).

Location Volume of deposited material Average dredged
from simulation (m3) volume (m3)

Navigation channel 97208 100000-150000
Kromme Hoek 67308 50000
Novus Portus 160105 80000-120000

Upstream Channel 87649 50000
Total 412000 305000-400000

resolutions were 2 m and 3.5 m, respectively. An unsupervised classification,
based on cluster analysis of mixture models, was performed on the two im-
ages. According to this methodology, the data are associated to a number of
classes where each of those classes can be described by a Gaussian distribution
(Beaven et al., 2000). The clustering procedure was carried out by means of
the Mixture Modelling (MIXMOD) program (Biernacki et al., 2006).

Prior to classification, water was masked out of the images. Furthermore,
noisy bands were not used in the classification process. Finally, the images
were adjusted to be equivalent to each other spectrally and spatially. So, for
the CASI image of 2001, 55 bands were utilized ranging from 0.536 µm in the
green part of the spectrum to 0.850 µm in the near infra-red (NIR). As for
the AHS image of 2005, 12 bands were used, with the same spectral range.
Four different classes were distinguished, corresponding to sand, mud, mixed
sediments, and vegetation (Figure 7.17). The merging and labeling of the
classes were based on the average class spectra and field knowledge.

Some general observations can be made by comparing the two images with
the output from the numerical model. A high dynamism is visible on the tidal
flats area, which reflects into a change in sediment characteristics. An increase
in presence of mud can be noticed in the southern part, at the low water line
and alongside the Kreek van Lombardsijde. On the other hand, the muddy
area in the northern part, in correspondence of the wall where the tidal gauge is
located, seems being reduced in size. These observations are in good agreement
with the numerical model output shown in Figure 7.16. The numerical model
predicts a deposition of suspended sediment in the navigation channel and the
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two harbors; on these areas sediments are removed by dredging. In addition,
the model suggests a tendency for suspended sediments to deposit at the low
water line, in the southern part of the tidal flats (Kreek van Lombardsijde)
and in the northern part in correspondence of the wall where the tidal gauge
was located (Figure 7.1).

  
(a) (b)

Figure 7.17: Airborne images acquired in 2001 by means of a Compact Airborne
Spectrographic Imager (a) and 2005 by means of a Airborne Hyperspectral Sensor
(b). The area classified covers the tidal flats of the estuary. In the background, black
dots correspond to the node of the numerical models.

7.5 Discussions and conclusions

In this paper the hydrodynamics and morphodynamics of a highly human
impacted estuary were discussed. Visual observations of the sediments in the
estuary and measurements showed that transport of suspended sediment is
the most important source of sediment transport in the IJzermonding. For
this reason, only the dynamics of suspended transport were addresses in the
study.

The 2-D hydrodynamic model TELEMAC-2D coupled to the morphody-
namic model SISYPHE was set up in order to compute the morphodynamic
evolution in the estuary. Flow measurements allowed for a calibration and
validation of the hydrodynamic model. A classification of the model perfor-
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mances showed a good agreement between hydrodynamic model results and
ADCP measurements.

Concentration measurements were analyzed and correlated with tidal and
wave measurements. Tidal pumping was recognized as the main mechanism
bringing sediments inside the estuary. Peaks in sediment concentration were
recognized at the frequencies of the M2, M4, and M6 tidal components. Wave
action was also found to be responsible for an increase in the amount of sus-
pended sediment. Wave activity acts as a stirring mechanism on the sea
bottom, enhancing the quantity of sediments in suspension which are then
advected by tidal currents inside the estuary.

A massive presence of flocs of cohesive material was observed from the
LISST measurements. Flocs tend to form at slack water periods and break
whenever flow velocity, and therefore shear rate in the water column, exceeds
a certain threshold. Moreover, the average particle size of the material in
suspension was modulated by the spring-neap tidal cycles. Bigger flocs appear
during neap tide conditions when tidal range and flow velocity are less intense.
An almost linear relationship between average particle size and average flow
velocity was found.

The hydrodynamic model showed that a residual circulation takes place in
the estuary, characterized by a net outflow at the right side of the estuary
and a net inflow at the left side. Morphodynamic model results illustrated
that the input of sediments in the estuary occurs mostly during spring tides.
Very low concentrations characterize the estuary during neap tide. Modelled
concentrations were compared to suspended sediment measurements, showing
a constant underestimation of the calculation results, with respect to the mea-
sured valued. Several explanations were provided to explain this mismatch.
However, only additional measurements of sediment concentration and flow
velocity, at different heights from the bottom, will help in understanding this
difference.

A net overall deposition of sediments was simulated after a spring-neap
tidal cycle. Higher deposition characterizes the navigation channel, the two
harbours and the lower part of the tidal flats. The extrapolation of the nu-
merical results to a one year period showed a good agreement with the vol-
umes dredged annually in different areas of the estuary. Better agreement was
found for the navigation channel, while the model seems to slightly overesti-
mate deposited volumes in the harbours and upstream channel. This could be
improved by a different choice of model parameters such as critical shear stress
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for erosion and deposition, settling velocity and bed porosity. The increase in
settling velocities or in the critical shear stress for deposition would increase,
for example, the tendency of the material in suspension to deposit faster. This
would reflect into an increase of deposition in the navigation channel and a
decrease of deposition in the two harbours and upstream channel. Moreover,
the extrapolation of results for a spring-neap tidal cycle to a one year period
includes the assumption that external conditions influencing the sediment con-
centration such as wave height, keep constant during the year. A more precise
calculation should be based on a statistical approach, taking into account the
sediment concentration due to different combinations of wave height and flow
velocities occurring during the year.

Airborne images supplied additional insight in defining long term morpho-
dynamic trends. The intercomparison between images collected at a time
interval of 4 years with modelling results confirms that the tidal flats of the
IJzer estuary are subject to a high dynamism and tend towards a new equi-
librium after the intense anthropogenic modifications. However, qualitative
and especially quantitative interpretation of such images is difficult if not im-
possible. In the southern areas of the tidal flats, a relative increase in mud
content was shown by the images. These areas correspond to regions where
the deposition of suspended sediment derived from numerical simulation is
more pronounced. A better knowledge of the relative contribution and char-
acteristics of sediments coming from the sea, the river IJzer, transported by
the wind and dredged from the navigation channel remains necessary to better
understand these long term sediment trends.



Chapter 8

Summary and concluding
remarks

8.1 Recapitulation

In this dissertation, the morphodynamic modelling of non cohesive and cohe-
sive sediments was addressed. Two study areas were selected as representative
of the two environments: a sand bank at the Belgian Shelf (Kwinte Bank) and
an estuary, whose mouth is located at the Western Belgian Coast (the IJzer
estuary). Despite the different study approaches used to deal with the two
environments, one common feature characterizes the two areas: the strong
human impact. In the Kwinte Bank area, sand extraction took place for sev-
eral years and it was stopped in 2003 due to the lack of regeneration of the
large depression created by the dredging activities. The start of the anthro-
pogenic impact on the IJzer estuary dates back to the Middle Ages when land
reclamation led to a large reduction of the salt marsh. In the last two cen-
turies the humanization of the area was accelerated by the construction of a
dike along the river bank, two harbours, and a military base, which was later
relocated. Dredging works and regulation of the river inflow by means of tidal
locks additionally influence the estuary dynamics.

The numerical model system TELEMAC (LNH/EDF) was chosen as mod-
elling tool for representing hydrodynamics, waves and sediment transport.
Three modules from the same modelling package were selected: the 2D hydro-
dynamic model TELEMAC-2D, the wave model TOMAWAC and the morpho-
dynamic model SISYPHE. Different degree of coupling between the modules
allowed the representation and identification of the separate effects of tides

147
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and waves on sediment transport.

The modelling work at the Kwinte Bank involved the use of all these three
modules since both waves and currents are non-negligible aspects in sediment
transport dynamics in shelf seas. The models were implemented on a wide
domain covering the whole North Sea and part of the Atlantic Ocean in order
to reduce the number of tidal components at the open boundary of the hydro-
dynamic model, and to represent correctly the swell effects in the wave model.
Higher spatial resolution was adopted in the areas of interest (Belgian Shelf).
The TELEMAC-2D model was run in coupled mode with the SISYPHE model,
receiving in input the results from a previous uncoupled TOMAWAC run.
A validation of the modelling work was carried out through a comparison
of the numerical output against flow, wave and sediment transport measure-
ments collected within the framework of the MAREBASSE project. Moreover,
the use of an additional set of numerical models, separately implemented by
MUMM, allowed shedding light on interesting features and limitations of dif-
ferent sand transport formulae. The effect of the tidal flow on the wave field
was investigated through a one-way coupled run between TELEMAC-2D and
TOMAWAC. A modulation of the wave height was observed, related to a vari-
ation of water depth, and consequent bottom friction dissipation, and to the
presence of a current. Wave period was affected by the relative direction be-
tween currents and waves, the magnitude of the currents and the sea state.
In general, considering the coupling between TELEMAC-2D and TOMAWAC
led to an improvement in wave period prediction, whereas no remarkable dif-
ferences were visible in the wave height prediction.

Different sediment transport calculations were carried out, driven by tidal
currents alone and by tidal currents and waves of different magnitude. Sed-
iment transport under currents alone on the Kwinte Bank was shown to be
directed toward the northeast due to tidal asymmetry and to the stronger flood
currents. The effect of different dredging scenarios was also investigated giving
some evidence to the fact that the past dredging works should not endanger
the stability of the sand bank. Moreover, some regeneration mechanisms are
likely to take place in the area, depending on the possible availability of sand.

Wave activity was found to be an important agent for the increase in sand
transport magnitude. Moreover, wave action together with tidal asymmetry
seems to play an important role in changing the direction of the residual
sand transport from a typical flood tide dominated environment towards an
ebb tide dominated situation. This behaviour was visible especially at the
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crest of the most shallow sand banks, with increasing importance for periods
characterized by higher wave activity. Bed form analysis from bottom images
seems to confirm this hypothesis. On the other hand, the one-way coupling
between TELEMAC-2D and TOMAWAC results in a slight veering of the
sediment transport towards flood direction, with respect to a simulation run
under the same wave conditions but no coupling. This last phenomenon was
more pronounced in the swales between different sand banks and under low
wave conditions.

In the modelling work carried out at the IJzer estaury, wave action was ne-
glected, in grounds of the fact that tidal currents are the main driving mecha-
nism of sediments inside the estuary. Sediment transport measurements, bot-
tom sampling and visual observations collected during the MONAIJ project
showed that sediment transport balance and morphodynamic evolution of the
estuary could be represented, in a first approach, by the transport of cohesive
sediments only. Wave activity, neglected inside the estuary, was found to be an
important stirring mechanism of sediments from the sea bottom, then advected
by tidal currents into the estuary. Particle size in suspension was related to
tidal flow conditions, testifying the presence of flocs of cohesive sediment in
suspension. These flocs form at low flow velocity and they break whenever flow
velocity reaches a certain threshold. Erosion and deposition areas were calcu-
lated by means of the SISYPHE model coupled to TELEMAC-2D, forced by
river discharges upstream and tidal levels downstream. Deposition areas were
mainly found in the navigation channel, near the low water line of the tidal
flats and in proximity of the Kreek van Lombardsijde (southern part). De-
posited volumes in the navigation channel compare well to the yearly dredged
volumes. Airborne images collected in 2001 and 2005 were used for a valida-
tion of the modelling work on the tidal flats. A qualitative good agreement
was found between the output from the numerical models and the images. In
particular, a high dynamism was visible on the tidal flats confirming a ten-
dency towards a new equilibrium after the intense anthropogenic impact on
the estuary.

8.2 Original contributions

Main original contributions included in the present dissertation concern with:

• The assessment of the separate impact of tides and waves on the sediment
transport dynamics of the Belgian sand banks.
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• The evaluation of current and wave superposition effects on the sand
bank morphodynamics.

• The assessment of the consequences of dredging activities on the hydro-
dynamics and sediment transport at the Kwinte Bank.

• The estimate of the morphodynamics and sediment balance of the IJzer
estuary by means of an integrated study approach including use of nu-
merical models, field measurements and airborne images.

8.3 Recommendations and further studies

Some recommendations are given below in order to get a better representation
of the simulated phenomena, adding more physical background to the different
processes.

• The mixture of sand-mud should be considered in the morphodynamic
modelling at the IJzer estaury. Sand-mud mixtures have a strong effect
on sedimentation/consolidation properties and erosion behaviour of sedi-
ments. However, the complexity of this problem is very high. LNH/EDF
is now working on including this feature in the morphodynamic model
SISYPHE.

• Additional physical processes need to be incorporated in the morphody-
namic model in order to simulate consolidation dynamics, liquefaction,
and fluidization of cohesive sediments.

• The information concerning bed roughness and ripple size, predicted by
SISYPHE, could be used inside TELEMAC-2D for deriving a consis-
tent bed roughness in the two models. This feature will be included in
the release (v5.8) of TELEMAC and would replace the use of a depth-
dependent shear stress coefficient.

• In the modelling study at the IJzer estuary, values of the critical shear
velocities for erosion, deposition and of the erosion constant were taken
from literature. Better estimation of some of these parameters is prob-
ably only possible through the use of remotely sensed images. The high
spatial variability, the difficulties in obtaining reliable erosion measure-
ments both in terms of instrumentation and accessibility of the area,
makes it impossible to obtain the information for model input from field
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sampling only. Work is ongoing to link erosion parameters to spec-
tral features of hyperspectral imagery. Together with LIDAR scans
and bathymetric surveys, they might provide additional qualitative and
quantitative information needed for calibration and validation of large
scale morphodynamic modelling.

• Both modelling studies included in this thesis, at the Kwinte Bank and
at the IJzer estuary, were carried out adopting the two-dimensional
hydrodynamic model TELEMAC-2D for flow field calculation. Even
though this assumption was considered not to bias the overall results
of the study, some improvements could come by considering the three-
dimensionality of the flow. Vertical current profiles are affected, to a
certain extent, by the presence of sand banks. Moreover, for simulation
carried out in estuaries, the mixing between salty sea water and fresh
water inflow introduces salinity gradients in the water body, both verti-
cal and horizontal, which can only be modelled by a three dimensional
hydrodynamic model. This has direct consequences on other phenomena
such as flocculation and settling of particles.

• The two-way coupling between hydrodynamic and wave models could
lead to further improvements to the simulated current field at the Kwinte
Bank.

• Additional measurements of sediment transport should be collected at
the Kwinte Bank. The data sets now available do not include any mea-
surement of near bed transport. Moreover, the measurements were col-
lected at a water depth too large to identify any wave effect on sand in
suspension. Therefore, it is suggested that future measurements will be
taken near the seabed and at the crest of the sand bank. In particu-
lar, sediment concentration and flow velocity profiles should be collected
at the sand bank crest. Bed load samplers (e.g. basket type) will also
provide with useful information about the bed load component of the
transport. Some of these measurements will be taken in the ongoing
Quest4D project and will have to be compared to additional numerical
simulations.

• Suspended sediment measurements at the IJzer estuary were only col-
lected at one location and water depth. For further improvements of the
modelling work additional measurements, at different locations and wa-
ter depths, should be taken. The measurements should be related to high
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resolution flow velocity measurements (e.g. using ADV device), in order
to assess the effect of boat-induced waves on sediment resuspension.

• The morphodynamic changes visible at the Kwinte Bank and at the
IJzer estaury are the result of the combined action of anthropogenic
forces (dredging and dumping of sediments), natural forces (currents
and waves effects at the Kwinte Bank, currents and eolic transport in
the IJzer estuary) and of long term changes (sea-level rise). For a predic-
tion of long term morphodynamics it is necessary to make a distinction
between these different processes and to include them in the numerical
models. The separate effects of these different forcing on the Belgian
Shelf dynamics will be partially investigated within the framework of
the Quest4D project.
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Appendix A

Wave parameters
The following parameters were used in this thesis to describe the wave spectra
and used as a input to the morphodynamic model:

• Spectral significant wave height (Hm0)

Hm0 = 4

√∫ ∞

0

∫ 2π

0
F (ω, θ)dωdθ (A.1)

• Wave period computed by the Read method of order 5 (Tpr5)

Tpr5 =

∫ ∞
0

∫ 2π
0 F 5(ω, θ)dωdθ∫ ∞

0

∫ 2π
0 f · F 5(ω, θ)dωdθ

(A.2)

• Mean wave direction θmw with respect to the North

θmw = arctan

[∫ ∞
0

∫ 2π
0 sin(θ)F (ω, θ)dωdθ∫ ∞

0

∫ 2π
0 cos(θ)F (ω, θ)dωdθ

]
(A.3)
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Appendix B

Statistical parameters
Different statistical parameters were calculated in order to give an objective
comparison of model results, measurements and for intercomparing numerical
results from different simulations.

Scalar-based parameters

The scalar-based parameters used in this thesis are based on the works of
Schneggenburger et al. (2000) and Osuna (2002). Given a set of N simulated
(m) and observed (o) scalar values, the following statistical parameters were
defined:

• bias

bias =
[ N∑

n=1

(mn − on)
]
/N = m− o (B.1)

being m and o respectively the mean values of the observations and the
predictions.

• root mean square error

rmse =
{[ N∑

n=1

(mn − on)2
]
/(N)

}1/2

(B.2)

• spread

spread =
{[ N∑

n=1

(mn − on − bias)2
]
/(N − 1)

}1/2

(B.3)
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• scatter index
ε = spread/o (B.4)

• skill index

skill = 1−
∑N

n=1(mn − on)2∑N
n=1(on − o)2

(B.5)

• correlation coefficient

C.c. =
∑N

n=1(mi −m)(oi − o)

{
∑N

n=1(mi −m)2}1/2{
∑N

n=1(oi − o)2}1/2
(B.6)

Vector-based parameters

The Mean Absolute Error (MAE) is an appropriate statistical parameter for
vector quantities (e.g. currents). It includes errors of magnitude and direction
in a single statistic. For a two-dimensional vector

−→
X = (X1, X2), the MAE

is expressed by:

MAE =<|
−→
Y −

−→
X |>=

1
N

N∑
n=1

√
(Y1n −X1n)2 + (Y2n −X2n)2 (B.6)

where Xn are the observed values, Yn the computed values and N the number
of observations.

The non-dimensional error estimation is given by the Relative Mean Absolute
Error (RMAE):

RMAE =
MAE

<| X |>
(B.7)

A RMAE equal to zero would indicate a perfect match between measure-
ments and model prediction. However, this can never be achieved practically
since the RMAE includes the contribution of the measurements errors. The
Adjusted Relative Mean Absolute Error (ARMAE) subtracts the effect of the
measurement error (OE) from the modulus |

−→
Y −

−→
X |:

ARMAE =
<|

−→
Y −

−→
X | −OE >

<| X |>
(B.8)




