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ABSTRACT

Linear sandbanks appear in the lee of coastal headlands where the hydrodynamics are dominated by
strong tidal currents and the seabed is characterized by an abundance of sands. They may develop as
symmetrical sandbanks on either sides of the headland or as an unique banner bank. The present study
numerically investigates the combined effects of waves and tide on the initial development of
headland-associated sandbanks. A morphological model based on the coupling of the wave propagation
module SWAN (Simulating WAves Nearshore) with the three-dimensional circulation module
COHERENS (COupled Hydrodynamical-Ecological model for REgioNal and Shelf seas) is applied to an
idealized Gaussian shaped headland for waves conditions varying in heights and directions at the
offshore boundary. The coupling considers the effects of the interactions between the wave and current
bottom boundary layers, namely the enhanced levels of turbulence near the bottom and the increase of
the total bottom shear stress. Waves substantially modify the initial development of sandbanks formed
by suspension narrowing their width and reorienting them along the side of the headland. They weakly
impact the morphogenesis of sandbanks by bedload favoring on a short-time scale the growth of
symmetric circular-shaped features and a central depositional spit prolonging the headland tip. Waves
of transverse directions toward the tip of the headland contribute to the initiation by suspension of a
well-developed feature in the headland side of low energy limiting the seabed evolution in the

exposed area.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Coastal irregularities are known to favor the flow separation
creating transient eddies liable to trap nearshore sediment fluxes
and to form bed features (Westrich, 1976; Ferentinos and Collins,
1980). Large sandbanks between 5 and 30 km length and 1 and
2 km width are thus appearing in the vicinity of coastal headlands
where the hydrodynamics are dominated by strong tidal currents
and the seabed is characterized by an abundance of sands
(Pattiaratchi and Collins, 1987). This type of bed features classi-
fied by Dyer and Huntley (1999) as headland-associated sand-
banks usually develops on one side of the headland as a single
banner bank. Illustrations of this morphological development are
given in the bank of Gay Head off Massachusetts (United States)
(Geyer, 1993), the Shambles Bank near Portland Bill (United
Kingdom) (Pingree, 1978; Bastos et al., 2004) and the Levillain
Shoal near Cape Levillain (Western Australia) (Berthot and
Pattiaratchi, 2005, 2006a).
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Various theories have been advanced to explain the formation
and maintenance of a well-developed banner bank on one side of
the headland. A review of these concepts is available in Dyer and
Huntley (1999). One popular hypothesis proposed by Pingree
(1978) suggested that the sand would accumulate at the center of
the residual eddies generated on either sides of the headland by
reversing tidal flows. According to this theory, the balance
between the Coriolis and centrifugal forces would control
the magnitude of sediment deposition and gives preferential
development of sandbanks at the center of the cyclonic eddy.
Signell and Harris (2000) recently disproved this theory using a
numerical sediment transport model applied to an idealized
Gaussian shaped headland in tide-dominated conditions. Their
simulations resulted in the formation of symmetric sandbanks on
either sides of the headland for both northern and southern
hemispheres revealing a negligible influence of the Earth’s rota-
tion. These results exhibited the weak relevance of the tidally
averaged residual fields to characterize the formation of head-
land-associated sandbanks as the morphodynamic evolution was
predominantly influenced by the patterns of the shear stress and
the sediment fluxes over the course of the tidal cycle. Fields’
measurements undertaken by Berthot and Pattiaratchi (2006a)
around Cape Levillain showed that a very strong inequality in
the tidal signal might explain the difference between the
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well-developed Levillain Shoal and less developed symmetrical
bank on the headland’s northern side. More recently, Roos et al.
(2004) and Berthot and Pattiaratchi (2006b) proposed to include
the effect of the waves as a damping mechanism for the growth
rate and possible development of banner banks.

The purpose of the present study is to numerically investigate
the combined action of waves and tide on the initial development
of headland-associated sandbanks. The analysis is limited to the
initiations of erosional and depositional patterns by bedload and
suspended load of bottom sediments. To be concordant with
previous works undertaken by Signell and Harris (2000) and
Berthot and Pattiaratchi (2006b), the application is dedicated to
an idealized Gaussian shaped headland adapted from the case of
Gay Head (Massachusetts).

A three-dimensional (3D) numerical approach is suggested as
complex 3D current patterns are generated in the vicinity of the
headland (e.g., Berthot and Pattiaratchi, 2006a). The hydrody-
namic modeling is based on the coupling of a wave propagation
module (Section 2.2) with a 3D circulation module (Section 2.3).
The coupling is restricted to the effects of the interaction between
the wave and current bottom boundary layers leading to
enhancements of the magnitudes of the bed shear stress and
the near-bottom viscosity (Grant and Madsen, 1979). The hydro-
dynamic forcings are then integrated in the sediment transport
module for the computations of bedload, suspended load and the
morphological evolutions (Section 2.4). Computations are per-
formed for two beds of uniform single grain-size considering
successively the bedload of medium sands (d, =250 pm) and the
suspended load of silts (ds =30 pum) (Section 3.1). The analysis
compares the predicted fields of the depth-averaged current, the
total bottom shear stress and the short-term morphological
evolution for conditions of tide alone (Section 3.2) and combined
tide and waves (Section 3.3).

2. Model description

The modeling procedure is conducted in three steps succes-
sively dedicated to the hydrodynamics, the sediment transport
and the morphological evolution. The hydrodynamic computation
is based on the coupling of the wave propagation module SWAN
(Simulating WAves Nearshore) (Booij et al., 1999) with the
hydrodynamic kernel of the 3D circulation module COHERENS
(COupled Hydrodynamical-Ecological model for REgioNal and
Shelf seas) (Luyten et al., 1999). The sediment transport modeling
is based on (i) a simple semi-empirical formulae to compute
bedload and (ii) a 3D single class advection-diffusion equation to
compute suspended load. The model progresses through this
numerical sequence to predict a new bed topography on the
basis of a two-dimensional sediment budget equation.

2.1. Assumptions

The flow is assumed to be turbulent over a featureless rough
bottom characterized by the roughness parameter z, defined as
the height above the bottom at which the fluid velocity is zero.
Sedimentary particles are taken spherical with an uniform grain-
size diameter, non-cohesive and made of quartz with density
P, =2650 kg m~3. The porosity of the bed is set to p=0.35. Two
modes of sediment transportation are considered: bedload and
suspended load. They are computed separately initializing the
bed with a single size class of diameters equal to d;, for bedload
and ds for suspended load. Neglecting the effects of the interac-
tions between solid particles, the water-sediment mixture is
assumed homogeneous with a density p =1025 kg m—3 of clear
water, a temperature T=10 °C and a salinity S=35 psu, practical

salinity units. Further details about these assumptions are available
in Guillou et al. (2009) and Guillou and Chapalain (2010). Finally,
the coupling between waves and currents is restricted to the
interactions of the wave and current bottom boundary layers and
their effects on the bottom shear stress and the level of turbulence
near the bottom. The modeling procedure ignored the modifications
of the waves components by the current and the free-surface
elevation and the generation of currents by waves.

2.2. Waves (SWAN)

SWAN solves the time-independent spectral action balance
equation (Booij et al., 1999). The present modeling accounts for
(i) depth shoaling and refraction, (ii) nonlinear transfer of energy
through wave-wave interactions and (iii) wave decay due to
bottom friction and depth-induced breaking. The bore-based
model of Battjes and Janssen (1978) is used to model the energy
dissipation in random waves due to depth-induced breaking. The
eddy viscosity model of Madsen et al. (1988) is retained to
parametrize the sink term of dissipation by bottom friction. The
model runs in stationary mode as the effects of time-varying
water depths and ambient currents are ignored. The wave action
balance equation is expressed in a Cartesian coordinate system
(x,y). Further details about the mathematical expressions of
sources and sink terms are available in SWAN (2009).

2.3. Circulation (COHERENS)

COHERENS solves the continuity equation and the Reynolds-
averaged momentum equations derived using the Boussinesq’s
(1823, 1903) approximations and the vertical hydrostatic equili-
brium. The horizontal eddy viscosity vy is parametrized following
Smagorinsky (1963). The vertical eddy viscosity is expressed as
vr = 0.108k¥¢ where k is the turbulent kinetic energy and ¢ is its
dissipation rate. These turbulent moments are obtained by sol-
ving a pair of transport equations which are well-known as the
k—e turbulence closure scheme (e.g., Launder and Spalding, 1974).
The momentum and turbulent equations are subjected to bottom
boundary conditions derived from the law of the wall. The
essential features of the interactions between the wave and
current bottom boundary layers are computed according to
Grant and Madsen (1979), namely (i) the increase of the apparent
roughness parameter zo. felt by the current above the wave
boundary layer, (ii) the total maximum wave and current bottom
shear stress 77'% and (iii) the enhanced levels of turbulence and
the vertical eddy viscosity vr near the bottom. The set of
equations is expressed in a horizontal Cartesian coordinate
system with a vertical ¢ coordinate transformation. Further
details about the circulation module are given by Luyten et al.
(1999) and Guillou (2007).

2.4. Sediment (COHERENS)

Suspended load is computed using a concentration-based
approach where the instantaneous suspended sediment concen-
tration (SSC) C; of particles of grain-size diameter ds satisfies the
3D advection-diffusion transport equation:

OHC 0 . 0Cs 0 . 0Cs
T ax {” (“cﬂ” aﬂ T [“(”CS*A” E)}
o . _ 0 ;LTGCS
+ %[(W*Ws)cs] =3 (ﬁ%) s

M

where t denotes time, (u,v) are the horizontal velocity compo-
nents along x and y respectively, H is the instantaneous total
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water depth, W is the vertical velocity normal to o-planes, Ay is
the horizontal eddy diffusivity parametrized following Smagorinsky
(1963) and Ar is the vertical eddy diffusivity expressed as
Ar=0.177k?/e. Finally, w;s is the settling velocity given by the
Soulsby’s (1997) formulation.

A zero mass flux condition is imposed at the free-surface. The
bottom boundary condition which specifies the net mass flux
through the bottom level of suspension is the difference between
the deposition rate D; due to settling and the upward turbulent
entrainment rate Es:

)”T 6Cs

w;Cs+ Heo = Ds—E;. (2)

The deposition rate is simply expressed as
Ds = WSCsttv (3)

where CP is the near-bed SSC (e.g., Lick, 1982; Lavelle et al.,
1984; Chapalain and Thais, 2000).

The entrainment rate is specified by following Van Rijn (1986),
Celik and Rodi (1988, 1991) and Chapalain and Thais (2000). It is
based on the physical hypothesis that the flow always entrains as
much sediment from the seabed as it can with the energy available.
This implies that, for a situation with a loose bed of unlimited
sediment material supply, the entrainment always occurs as its
maximum rate. This entrainment rate under full capacity equilibrium
situation (i.e., zero net flux across the bottom corresponding to a
balance between deposition and entrainment) is

Es =w;C¥, “)

where the maximum equilibrium near-bed reference SSC C¥ is given
by the semi-empirical expression of Smith and Lean (1977)

YoT:
)

C,=0.65 is the total volume concentration of sediment in the settled
bed (1-porosity). Computations are performed with a resuspension
parameter 7, = 5.5 x 10~ found to give a good agreement between
predicted and measured total SSC in operational applications off
Hardelot Beach in the south of Boulogne-sur-Mer in the eastern
English Channel (Guillou et al., 2009). T is the local normalized excess
shear stress between (i) tj'%, the module of the total maximum wave
and current skin bottom shear stress and (ii) 74 the critical value
above which sediment particles of diameter d; are moved given by
Soulsby and Whitehouse’s (1997) formulation. Further details about
the suspended sediment transport module are available in Guillou
et al. (2009) and Guillou and Chapalain (2010).

Bedload is computed with the formulation proposed by
Soulsby and Van Rijn (e.g., Soulsby, 1997) in combined waves
and currents conditions. The instantaneous bedload transport rate
is given by

24

001812, .\
qp =Aspll {(ﬂz + '(:71) b,2m15> _Hcr} , (6)
1.2
where Ay, = M 7
[(s—1gd,1™
040 12
%= o) ®
and g =0.19(dy)*'log;, (‘:TH> ) )
b

Cp is the drag coefficient due to current alone, s=p,/p is the
relative sediment density, . is the threshold current velocity for
sediment grain-size d, between 100 and 500 pm, uj .y, is the

root-mean-square wave orbital velocity provided by SWAN and H
and u are the total water depth and the horizontal depth-
averaged current velocity provided by COHERENS, respectively.

The resulting evolution of the seabed is computed by solving
the two-dimensional sediment budget equations for bedload

p 1 (0Gp , Oqvy

ot 1—p< x t oy (10)
and suspended load

o& 1

=1 B0 an

where (qpx.qpy) are the horizontal components of the bedload
transport rate q, (Eq. (6)) and &, and & are the bed levels
resulting from bedload and suspended load, respectively.

2.5. Numerical methods

SWAN time-independent 2D spectral action balance equation
is solved on a regular staggered grid, a constant directional
resolution and an exponential frequency distribution with an
implicit time discretization Euler technique. Further details about
the boundary conditions and the numerical schemes are available
in SWAN (20009).

COHERENS circulation and sediment transport equations are
solved on a regular staggered grid with numerical schemes for
time and space discretizations issued from the standard version of
the code (Luyten et al., 1999). Two main modifications have been
implemented in relation with the open boundary conditions and
the near-bottom vertical resolution. The first modification con-
sists in imposing (i) the depth-averaged horizontal velocity
components normal to the open boundaries with the help of an
implicit Blumberg and Kantha’s (1985) condition, (ii) the three-
dimensional velocities normal to these boundaries with the
straightforward Blumberg and Mellor’s (1987) radiation condition
and (iii) zero tangential velocity components. The second
modification is the implementation of a near-bed method to
improve the computation of SSC and deposition rates at the
water-sediment interface. It consists in (i) imposing analytical
solutions based on the discontinuous eddy viscosity profile of
Grant and Madsen (1979) and the law of-the wall in a nested
20-level sub-grid between the bottom and the first vertical
COHERENS o grid point and (ii) solving SSC equations through
the entire water column from the lower nested grid point to the
upper grid point near the free surface. This approach avoids
matching problems of the SSC vertical profile particularly tedious
during deposition phases around slack waters. Further details on
this numerical method are given in Guillou (2007).

Finally, the two-dimensional sediment budget equations are
solved with a Lax-Wendroff scheme. This scheme is explicit,
ensures the numerical stability of bed evolution and conserves
mass (e.g., De Vriend et al., 1993; Berthot and Pattiaratchi, 2006b).

3. Application and discussion
3.1. Model setup

The schematic test case of an idealized Gaussian shaped
headland has been employed in numerous numerical modeling.
Signell and Geyer (1990) studied the effects of this schematic
headland on the flow dispersion relying on a depth-averaged
hydrodynamic model combined with a particle tracking sub-
model. Following this numerical approach, Signell and Geyer
(1991) exhibited criteria for the occurrence of the flow separation
near the tip of the headland and the formation of transient eddies
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on either sides of the feature. More recently, Signell and Harris
(2000) and Berthot and Pattiaratchi (2006b) identified the
mechanisms for the formation of headland-associated sandbanks
in an oscillatory tidal flow applying a morphological model based
on a 3D circulation module. The present application includes
substantial part of these model setups.

3.1.1. Circulation module

COHERENS circulation module is implemented on a 50 km x
20 km rectangle (Fig. 1). There are open boundaries at the
western and eastern sides, a free slip wall in the north and a no
slip wall in the south. The geometry and tidal conditions are
selected from the test case of Signell and Geyer (1991) and Signell
and Harris (2000). The idealized Gaussian shaped headland is
located in the middle of the southern boundary here referred at
x=0. Its geometry is defined according to the equation:

£(x) = aexp {—% (g)} (12)

where ¢ defines the coast of the headland along the y-direction,
a=8 km is the offshore extent from the straight baseline and
b=2 km specifies the alongshore length. The headland is considered
to be at a latitude of 51°N which corresponds to a Coriolis frequency
of f=1.1x10"*rd s~! following Signell and Harris (2000). The
water depth is set to 20 m except near the southern boundary
where it decreases linearly to a minimum of 2 m from a distance of
3 km toward the coastline. The domain is discretized on a 251
x 101 horizontal regular grid with a resolution of 200 m. The
circulation model has 10 uniform vertical o-grid cells. The time
steps for the external and internal modes are 5 and 60 s, respec-
tively. The bottom roughness is set to zop =0.003 m (Signell and
Harris, 2000). This value is consistent with estimates of the bottom
roughness length by Berthot and Pattiaratchi (2006a) near Cape
Levillain (Western Australia). The circulation module is driven by a

semi-diurnal normal depth-averaged velocity at the western open
boundary with an amplitude of 0.5 m s~! (Signell and Geyer, 1991;
Signell and Harris, 2000). The Blumberg and Kantha’s (1985) implicit
condition (Section 2.5) is applied at the eastern boundary to allow
the tidal wave to leave the domain.

3.1.2. Waves propagation module

SWAN is set on larger computational domains than the
COHERENS area (Fig. 1) as the attenuation of the wave energy
toward the coast tends to be overestimated near the lateral open
boundaries. Extending the computational domain limits this
attenuation in the area of interest. Two domains are thus
considered depending on the direction of the waves: (i) a domain
extended 110 km in longitude for north incoming waves and (ii) a
45° counterclockwise rotated square of 92 km side for north-west
incoming waves. Theses domains are discretized with a horizontal
resolution of 200 m on 551 x 101 and 461 x 461 horizontal
regular grids, respectively. The wave energy density is discretized
in 30 exponentially spaced frequencies ranging from 0.0566 to
1 Hz and 60 evenly spaced directions (6° resolution) (e.g., Lin
et al,, 2002; Hu et al., 2003). To be concordant with modeling
conditions for the circulation module, the bottom roughness is set
to zo =0.003 m in the bed friction dissipation model of Madsen
et al. (1988) (Section 2.2). SWAN is driven by bi-dimensional (2D)
frequency and directional JONSWAP spectrum computed from
parameters of significant wave height hs, wave direction, period
and directional spreading. Waves conditions at the offshore open
boundary considers four waves heights (hs =0.3,1,2 and 3 m) and
two directions (north and north-west). The peak wave period and
the wave spreading are set to 10 s and 20°, respectively.

3.1.3. Sediment module
COHERENS sediment transport and seabed evolution modules

(Section 2.4) are set on the inner computational domain (Fig. 1)

m

SWAN computational domain

120 — . .

for north—west incoming waves
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for north incoming waves

l .
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60 /\ L
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] | 8
40 | - 6
4
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2
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Fig. 1. Bathymetry and computational domains of the circulation, the wave propagation and the sediment modules.
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with the same horizontal spatial resolution of 200 m as for the
circulation module. The vertical mesh of 10 uniform vertical
o-grid cells is completed with 20 above-mentioned (Section 2.5)
near-bed sublayer o-cells. The bottom roughness parameter
remains equal to zop = 0.003 m. The bed is initialized with a 1-m
thick layer of sediment of uniform single grain size. Following
Signell and Harris (2000), simulations considered successively
(i) bed of silts with a diameter ds = 30 pm to compute suspended
load and (ii) bed of medium sands with a diameter d;, = 250 pm to
compute bedload. The model is run over a period of 12 days. The
circulation model is spun up from a state of rest of three tidal
cycles before the sediment transport is initiated. The seabed
evolution is computed from four tidal cycles during 10 days.

3.2. Results for tide alone

3.2.1. Tidal flow and bottom shear stress

The tidal flow patterns around a Gaussian shaped headland has
been the subject of numerous measurements and numerical studies
(e.g., Pingree, 1980; Pattiaratchi and Collins, 1987; Geyer and Signell,
1990; Davies et al., 1995; Alaee et al., 2004). A detailed review is
available in Berthot and Pattiaratchi (2006b). The present
study illustrates the tidal flow characteristics around the headland
as the reference situation to estimate the superimposed effects
of waves.

Fig. 2 displays the tidal depth-averaged horizontal current
components (u,v) and the bottom shear stress 7, at the flood
peak and the slack water off the headland tip. As demonstrated by
Signell and Geyer (1991), the tidal excursion and the headland
and frictional length scales chosen here (Section 3.1.1) fall in the
range where the flow separation occurred and eddies formed on
either sides of the headland. The present results confirm the
numerical investigations conducted by Signell and Harris (2000)
and Berthot and Pattiaratchi (2006b). Eddies are generated
toward the end of the maximum current, advected away from
the headland tip at slack water (Fig. 2(c)) and rapidly dissipated
by friction when the flow reversed. No eddy was thus present at
times of maximum current off the headland tip (Fig. 2(a)) and no
interaction occurs between recirculations appearing on either
sides of the feature.

The amplitude and direction of the tidal current fit fairly well
with Berthot and Pattiaratchi’s (2006b) numerical results. The

Time 1 - at the flood peak Q)
Y (km)

UL
10 14 18 22 26 30 34 38

o

O

Time 2 - at slack water

I
10 14 18 22 26 30 34 38
w,v2—> 150 m/s X (km)

flood is denoted here as the flow being directed from west to east.
At the flood peak (Time 1) (Fig. 2(a)), the tidal current amplitude
exceeds 1 ms~! over a distance of 3 km from the headland tip
with a maximum value of 1.65 m s~ . At the slack water (Time 2)
(Fig. 2(c)), the formation of the eddy is characterized by two areas of
high hydrodynamics constraints where the mean velocities are
reaching 0.60 ms~'. These regions are located on the outer
boundaries of the eddy, along the side of the headland and the
offshore area, respectively. The reverse of the flow leads to an
increase of the tidal current amplitude along the side of the
headland to a maximum of 0.80 ms~! (Fig. 3). The flood/ebb
asymmetry is naturally evolving between the tip of the headland
(point A), the outer eddy boundary (point B) and the side of the
feature (point C). Whereas the flood and ebb have nearly the same
magnitudes off the headland tip (point A) (Figs. 3(a) and (b)), the
current predominantly flows toward the coastline in the outer
boundary of the eddy (point B) with a peak velocity of 0.77 m s~
against 0.60 m s~ ' when the circulation reverses (Figs. 3(d) and
(e)). The side of the headland (point C) is strongly dominated by
the acceleration generated along the coast and characterized by a
flood phase of 2.5 h with a peak twice weaker than the ebb peak
(Figs. 3(g) and (h)).

An overall good agreement is found between predictions of the
tidal bottom shear stress 7, and numerical results of Signell and
Harris (2000). At the flood peak (Fig. 2(b)), the amplitude of 7. is
above 1.7 N m~2 (u,. =4 cm s~ ') over a distance of 3 km from the
tip of the headland with a maximum value of 9Nm~?
(u,e =9.3 cms~1). At the slack water (Fig. 2(d)), the maximum
values of the bottom shear stress diminish to 0.9 Nm2
(u,e =3 cms~!) on the right side of the headland and 0.6 N m—2
(u,c =2.4 cms~') on the northern outer limit of the eddy.

The circulation patterns are broadly similar during the second
phase of the tidal cycle on the other side of the headland. Weak
differences tend however to appear in relation with a slight
frictional damping of the tide as it propagates eastwards from
the western open boundary (Signell and Harris, 2000).

3.2.2. Initial seabed evolution for tide alone

The predicted initial seabed evolution by the suspension of
silts (ds =30 wm) (Fig. 4) is in good agreement with the first few
tidal cycle patterns predicted by Signell and Harris (2000). The
patterns of erosion and deposition are thus closely correlated

b N/m2
Lo 5
16 8.25
7.5
| 6.75
12 5
t | BSs525
g ’ :
> 375
— = 3
4 - - 2.25
1.5
| 0.75
0 I L L L L 0

X (km)

Fig. 2. Depth-averaged horizontal current components (u,V) (left) and total bottom shear stress 7, . (right) at (up) Time 1 of the flood peak and (bottom) Time 2 of the slack
water off the headland tip. Locations A, B and C of the right-bottom insets indicate where the time series of U, v and 7, are further investigated in Fig. 3.
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Fig. 3. Time series of (left and middle) the horizontal depth-averaged velocity components (&1,v) and (right) the total bottom shear stress 7, at points A off the headland
tip (X=25 km, Y=10 km), B away from the feature (X=30 km, Y=9 km) and C along its side (X=27 km, Y=7.5 km) (Fig. 2(d)). Times 1 and 2 (Fig. 2) are indicated on each

time series by a black circle.
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with the fields of the bottom shear stress previously identified
(Fig. 2). At the tip of the headland, the acceleration of the
westward flow resuspends large quantity of material over a
distance of 3 km from the coastline (Fig. 4(a)). Deposition is
starting to occur downstream where the flow is decelerating
(Figs. 4(b) and (c)). The depositional pattern confined in a thin
strip of 500 m length is initially attached to the headland tip along
a direction nearly parallel to its side (Fig. 4(b)). As the flow
reversed, the acceleration of the current along the side of the
headland and its deceleration offshore are leading to the separa-
tion of the bed pattern from the coastline and its expansion along
a west-eastern direction with a slight offshore orientation

(Fig. 4(c)). The depositional pattern expands by 10% and enlarges
by a factor of 2. Mirroring processes happen during the second
phase of the tidal cycle on the other side of the headland leading
to the development of symmetric depositional features with an
area of erosion off the headland tip (Fig. 4(d)).

The predicted initial seabed evolution by bedload of medium
sands (d, =250 pm) (Fig. 5) is closely correlated with the spatial
divergence of the sand transport rates (Eq. (10)) which can
roughly be estimated from the spatial gradient of the hydrody-
namic constraints (Eq. (6)). At the flood peak (Fig. 5(a)), a region
of strong erosion is thus appearing along the upstream side of the
headland and in the vicinity of its tip with a strong depositional
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area downstream. A lobe of deposition is expanding westward
from this central depositional zone following the flow (Fig. 5(b)).
This expansion continues until slack water. As demonstrated by
Berthot and Pattiaratchi (2006b), when the flow reverses
(Fig. 5(c)), the acceleration of the current along the side of the
headland splits this lobe in two creating (i) an extension of the tip
3 km offshore and (ii) a circular-shaped depositional pattern in
the north-eastern part. A mirroring seabed evolution during the
second phase of the tidal cycle leads to the development of
symmetric depositional features separated by a central depositional
spit (Fig. 5(d)).

These results confirm in both cases conclusions of Signell and
Harris (2000) and Berthot and Pattiaratchi (2006b) exhibiting
(i) the negligible influence of the Coriolis forces on the sandbanks
formation and (ii) the independence between the center of the
tidal residual eddies and the height of the bank. In the present

b

North incoming

2.7

| |
| |
| |
| |
i i
| |

|
|
[
|
L1y,
|

|

N

i
|
i
i
1
1
1
|
1
i
|

75000 ‘

7/
7

70000 —

P AVaNA
VAPV ars

/S S A S
NS S A ST
ANV ars
7/
LA A A A

65000 —

60000 —

s
OJ///

Vo
Y
/Q/
e
s s
7| s
Ao v v
T

£ 07
e
70T
Ve
s
AN N s S S
I

55000 —fr——
50000

80000

Significant waves heights and directions for the four following waves conditions (a) north direction: hy = 1 m, (b) north direction: hy = 3 m, (¢) north-west direction:

investigation, the center of the residual eddies are located 3 km
north of the depositional patterns formed by suspension and 1 km
south of the bed features formed by bedload. A slight asymmetry
is however denoted in the size of the initial patterns of deposition
in relation to the attenuation of the tidal waves as it propagates
eastwards (Signell and Harris, 2000).

3.3. Results for combined waves and tide

3.3.1. Waves and tides hydrodynamics

Seabed friction dissipation results for the offshore waves
conditions considered (Section 3.1.2) in a decrease by around
30% of the significant wave height from the outer offshore open
boundary to the straight coastline (Fig. 6). This attenuation is
particularly noticeable along the side of the headland where h;,,o
is reduced by 50%. Refraction leads however to a slight increase
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Fig. 7. Amplitudes of the depth-averaged horizontal current # = (1,v) and the total maximum wave and current bottom shear stress tj'cx at times of (left) the flood peak

0}

and (right) the slack water off the headland tip for the four following waves conditions, north direction: hs = 0.3 and 2 m, north-west direction: hy =2 and 3 m.

by 5-10% of the wave height off the headland tip. The headland
has a major protective effect for oblique waves. This effect is
particularly noticeable for the extreme north-west wave condi-
tions of hs =3 m with significant waves heights reaching 1.7 m in
the western exposed side of the headland and falling under 0.5 m
in the eastern weak wave energy area.

Waves induce slight modifications of the current fields when
compares with the circulation patterns obtained for tide alone
(Figs. 2 and 7). Main differences are identified off the headland tip
where the action of the waves is the most significant (Fig. 6). In
this region, the local increase of the apparent bottom roughness
parameter zo. is leading to a slight decrease of less than 3% of the
current amplitude at the flood peak (Figs. 7(a), (e), (i) and (m)). At
the slack water (Figs. 7 (c), (g), (k) and (0)), the increase of zy. tend
to delay the establishment of the eddy and the ebb flow. The
consequence is that the current amplitude at that time seems to
increase at the outer edge of the eddy and to decrease along the
side of the headland when the waves height is increasing.

The total maximum wave and current bottom shear stress
Thex experiences greater modifications than the current fields.
The amplitude of the bottom shear stress is globally increasing.
Offshore, the highest values are obtained near the open boundary
where the significant waves heights are the most important. At
the outer edge of the eddy (Fig. 8(b)), the current bottom shear
stress 7, reaches 1.5Nm~2 at the flood peak for tide alone
whereas the total maximum wave and current bottom shear
stress Ty reaches 2.8 Nm~2 for north waves of h;=1m and
6.5 N m~—? for north waves of hy =3 m. The maximum values of

Thex, are obtained in a coastal strip of 3 km width where the

shallow water depths exhibit the action of the waves on the
seabed. North waves of hs = 3 m heighten by two the total bottom
shear stress off the headland tip (Fig. 8(a)). North-west condition
of hs=3 m gives nearly the same values of 7'% with a slight
increase due to co-linear tidal and wave bottom shear stresses
during ebb. The main differences between both conditions (north
and north-west) occur naturally on either sides of the headland
by lessening the total bottom shear stress in the sheltered area

(Figs. 8 (b) and (c)).

3.3.2. Initial seabed evolution for waves and tide

The trends of the seabed evolution by the suspension of silts
(ds =30 um) are given over ten days for the six wave conditions
varying in directions between north and north-west and in
heights between hs = 1,2 and 3 m (Fig. 9). The erosional pattern
off the headland tip naturally intensifies when h; increases thus
enhancing the height of the depositional patterns on either sides
of the headland. North waves are thus exhibiting the slight
asymmetry in the initial development of the depositional patterns
due to the attenuation of the tidal waves as it propagates
eastwards (Section 3.2.2). The initial bed features tend to narrow
in width and shift their orientation along the side of the headland
as waves conditions increase. For significant waves height of
hs =3 m at the open boundary (Fig. 9(c)), the main depositions
are confined to a thin band of 900 m length following the
coastline. Nevertheless, the depositional patterns keep a tendency
to expand toward the north-west and north-east directions
in relation to tide-induced initial seabed evolutions previously
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Fig. 9. Seabed evolution by suspended load over ten days for the six following waves conditions, north and north-west directions: hy =1,2 and 3 m.

identified (Section 3.2.2). North-west waves’ conditions lead to hs =3 m (Fig. 9(f)), the western initial bed features are thus
the initial development of a large depositional pattern in the characterized by a smooth profile widening in width to 2 km.

eastern sheltered area whereas limiting its height in the western For the different waves conditions considered (Section 3.1.2),
exposed region. For north-west significant waves height of the seabed evolution by the bedload of medium sand
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(dp, =250 pm) present over ten days slight modifications when
compares with results for tide alone. In order to identify
these slight evolutions more precisely, the differences with
respect to the results for north wave condition of hy =0.3 m are
displayed for the two north wave conditions of hs=1 and 2 m
and the three north-west waves conditions of hy=1,2 and 3 m
(Fig. 10). North waves (Figs. 10(b) and (c)) increase erosion by
bedload on either sides of the headland enhancing deposition
over the central spit and the initial bed features. In both cases, the
erosion off the tip of the headland limits the extension
of the sandy central spit as inferred by Berthot and Pattiaratchi
(2006b). North-west waves conditions favor the development of
the eastern depositional pattern as the increase of the
total maximum bottom shear stress tj'&* along the exposed
side of the headland rises the amount of seabed sediment
transported to the less eastern exposed area. Finally, the signifi-
cant waves conditions of hs=2 and 3 m (Figs. 10(c) and (f))
exhibit the initial development of secondary depositional areas
farther downstream in the lee of the circular-shaped bed features.
This initial tendency is consistent with the assumption of Roos
et al. (2004) who advanced the fact that waves might damp the
growth rate and contribute to the development of lower
sandbanks.

Waves have an impact in the asymmetrical development of
headland-associated bed features on short-time scales. This effect
is particularly noticeable for the seabed evolution by suspended
load of silts. Nevertheless, these numerical results should be
considered taking into account the limitations of the short-term
modeling. Indeed, in tide-dominated conditions, the long-term
development of the sandbanks presents differences with the first
few tidal cycle patterns of erosion and deposition. The formation
of the sandbanks by suspension is thus characterized by a
migration away from the headland tip along its shoreward sides
as the source supply of sediment is depleted (Signell and Harris,
2000). The formation of the sandbanks by bedload is very
sensitive to the interaction between the tidal flow and the bed
features which modify the initial circular shape into a more
elongated shape (Berthot and Pattiaratchi, 2006b). Such
differences are liable to occur in the long-term development of
sandbanks under the combined action of waves and tide. Whereas
the same tendencies may appear in relation to the tide-induced
formation of sandbanks, a complex modeling is required to

approach thoroughly the interactions between the waves, the
currents, the sediment transport and the seabed evolution on long
time scales.

4. Conclusions

A morphological model has been applied to an idealized
Gaussian shaped headland to determine the combined effects of
waves and tide on the initial development of associated linear
sandbanks. The simulation is based on the coupling of the wave
propagation module SWAN, the 3D circulation module COHERENS
and a single component sediment transport and seabed evolution
module. The coupling is restricted to the effects of the interaction
between the wave and current bottom boundary layers. This
interaction leads to enhancements of the levels of turbulence near
the bottom and the total maximum shear stress exerted on
seabed sediments. The modifications of the waves components
by the current and the free-surface elevation as well as the
generation of currents by waves are ignored. Computations are
performed considering successively the initial seabed evolution
by the suspension of silts (ds=30pm) and the bedload of
medium sands (d, =250 pm). The main outcomes of the present
study are the following.

(1) Mappings of the depth-averaged currents and the bottom
shear stresses in combined waves and tidal current conditions
are produced. The interaction between the wave and current
bottom boundary layers has a negligible impact on the tidal
circulation patterns. The increase of the apparent roughness
parameter felt by the current above the wave boundary layer
reduces by 3% the intensity of the current off the headland tip
and slightly delays the formation of the eddies on either sides
of the headland. The total maximum wave and current
bottom shear stress experiences greater modifications with
a significant increase of its amplitude in shallow water depth
and off the headland tip.

(2) Waves substantially modify the shape and orientation of the
initial depositional patterns developed by the suspension of
silts (ds =30 um). Increasing the waves heights and the
bottom orbital velocities results in a narrowing of the width
of these bed features and a reorientation along the side of the
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headland. North-west waves conditions contribute on a short-
time scale to the development of a well-developed deposi-
tional area in the eastern side of the headland limiting its
growth in the western exposed region.

(3) Waves weakly impact the initial development of sandbanks
by the bedload of medium sands (d, =250 um). The increase
of erosion on either sides of the headland favors the initiation
of symmetric circular-shaped bed features and the growth of
the central depositional spit prolonging the headland tip.
Nevertheless, the northern spit extension is limited by off-
shore waves erosion. North-west waves conditions slightly
favor the initial development of the depositional pattern in
the sheltered area.

The present study is restricted to the initial development of
sandbanks. The seabed evolutions are considered as trends of the
erosional and depositional patterns in response to the hydrody-
namic forcings of tide alone and combined tide and waves.
Although this approach provides interesting insights into the
asymmetrical development of headland-associated sandbanks,
the interactions between the seabed and the hydrodynamics
modify the geometry of the bed features for longer morphological
runs (Signell and Harris, 2000; Berthot and Pattiaratchi, 2006b).
Modeling the long-term formation of headland-associated sand-
banks under the combined actions of waves and tide will require
to integrate the interactions between the changes in the bathy-
metry and the circulation and the waves fields. Moreover, whereas
the interaction between the wave and current bottom boundary
layers explains substantial part of the waves action in the
asymmetrical development of the sandbanks, long-term modeling
may require the integration of complementary interactions such
as the effects of the current on the waves field or the generation of
currents by waves. Further prospective of this research will consist
in incorporating a heterogeneous bottom sediments distribution
and the superimposed effects of wind meteorological forcings.
These numerical developments will aim at a realistic application
of the model like in the case of Cape Levillain to provide a better
understanding of the Levillain Shoal’s formation.
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