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ABSTRACT I

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 neglected 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 tranport. This
paper investigates the effects of wave activity on the morphology and morphodynamics of the Kwinte Bank (Belgian
shelf). Numerical simulations 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 transport 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 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.

ADDITIONAL INDEX WORDS: sand bank, waves, morphodynamic evolution, numerical models, wave climate, bed form

asymmetry.

INTRODUCTION

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) (CaksasaL and Montano, 2001).

The Belgian continental shelf, in the Southern part of the
North Sea, is characterized by a large number ofthese banks
and has been extensively studied (LanckNEus et al., 2001),
(Figure 1.). These banks can be grouped in Coastal Banks,
Flemish Banks, Hinder Banks and Zeeland Ridges.

Considerable research has been done into understand-
ing the influence of local tidal conditions on sand bank
morphology. Using analytical (Hurunance, 1982a) and nu-
merical (Hutunance, 1982b) models, Huthnance showed
that strong currents and the presence of initial irregulari-
ties on the seabed are sufficient to create and maintain lin-
ear sand banks. By coupling a set of depth-averaged equa-
tions combined with a bedload transport equation, he pre-
dicted spacing between sand banks of about 250 times the
mean water depth. The work was subsequently extended
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by HuirscHEer et al. (1993) to include elliptical tidal currents
and secondary currents. CaesasaL and M ontano (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
wavelength and tidal current amplitude. Furthermore, the
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Figure 1. Bathymetry of the Belgian Continental Shelf (Flemish
Authorities, Agency for Maritime & Coastal Services, Coastal Division.
Gridding Ghent University, Renard Centre of Marine Geology).
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scale of sand banks was found to increase with increasing
water depth. The angle between sand bank crest and the
principle component ofthe tidal flow was inversely propor-
tional 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 dy-
namics. Waves are known to be an agent for sand resuspen-
sion and, aided by the currents, to transport finer sediments
from the crest to the flanks of the sand banks. Corrins ef
al. (1995), by means of numerical simulations, showed that
wave action tends to intensify the cross-bank component
of sand tranport. Vincent ef al. (1998) estimated net sus-
pended transport from the product of profile-integrated
suspended sand and current meter measurements at two
locations on the Middelkerke Bank (Figure 1.). According
to these measurements, the combination of high waves and
strong currents during four different bursts, explains more
than 50 % ofthe net flux of the whole measurement period.
Moreover, these measurements show how waves can influ-
ence the average size of material in suspension without con-
siderably affecting the suspended transport direction. v an
pE MEENE and VAN RuN (2000) concentrated their atten-
tion on the long term morphological sand bank behaviour
due to the combined effects of currents and waves. With
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. V-
LAEET 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 morphodynam-
ic 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 cou-
pled to the hydrodynamic 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 activ-
ity on the Kwinte Bank (Figure 1.). Two numerical models
were implemented and different scenarios simulated to as-
sess the impact of wave conditions of different entities on the
bank. The use oftwo different models revealed some interest-
ing differences in the model intercomparison and, in addition,
highlighted limitations of diverse sediment transport formula-
tions. Model verification involved comparison with hydrody-
namic, wave, suspended transport and bottom data. A careful
analysis ofthe morphology of other sand banks at the Belgian
shelf was carried out in order to derive a relation between lo-
cal hydrodynamic conditions and the shape ofthe sand banks.
Some ideas on the long term morphodynamic behaviour ofthe
Kwinte Bank are put forward based on past observations and
wave climate data.

The paper elaborates on the work of van pen EvnNDE ef al.
(this volume) which focused on the effects of currents on sedi-
ment transport at the Kwinte Bank and assessed the impact
of sand extraction taking place in the area.

AREA UNDER INVESTIGATION

The Kwinte Bank is a southwest-northeast tidal current
ridge forming part of the Flemish Bank system (Figure 1.).
The sand bank has a length of approximately 15 km and a
width varying from 2 km in the south to 1km 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 3°. 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 ofthe 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 ofthe bank is characterized by fine and
medium sand with D@(the sediment diameter for which 50 %
is finer) ranging between 180 and 240 pm. Coarser material is
found in the northern part with D60up to 400 pm.

The hydrodynamic conditions at the Kwinte Bank have
been widely investigated by van pen EvynpE ef al. (this volume)
and Briere ef al. (this volume). Current ellipses are slightly
asymmetrical on the Kwinte Bank, with the main axis ori-
entated 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 ori-
entated nearly parallel to the bank axis. 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. Residual currents at the top of
the sand bank are almost perpendicular to the sand bank crest
and have a north-western direction.

vaN CauweNBERGHE (1971) compared sea charts of the Bel-
gian shelf mapped during the years 1800-1968. Despite dif-
ficulties associated with the analysis of bathymetric surveys
carried out by very diverse measuring techniques, he con-
cluded that the Flemish Banks are characterized by a sort
of dynamic equilibrium. Specifically, the Kwinte Bank could
be considered as stable for the total length ofthe period con-
sidered.

MODELS, DATAAND METHODS

The models

Two different sets of models were implemented separately
by the Hydraulics Laboratory of the K.LT.Leuven and by the
Management LTnit of the North Sea Mathematical Models
(MLTMM), see Table 1. Hydrodynamic conditions, wave field
and sediment transport were computed and the results for dif-
ferent simulated scenarios were compared.

The three models used at the K.LT.Leuven, part of the
same modelling package, are implemented on the same
unstructured mesh and adopt a finite element scheme for
the equation solution. The domain covers the region from
47°50N to 71°10°N, and from 12°15°W to 12°15’E. The mesh
size ranges between 70 km at the open boundary and 150 m
on the Kwinte Bank.
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Table 1. Numerical models and settings used in this work.

Parameter
Model type

Discretization

Tidal components at the boundary
Time step

Law ofbottom friction

Turbulence model

Parameter

Model type
Discretization

Time step

Number of directions
Number offrequencies
Minimal frequency

Wind input

Bottom friction dissipation

Whitecapping dissipation

Quadruplets wave-wave interaction

Triads wave-wave interaction

Parameter
Model type

Discretization

Time step

Sediment transport formula

Sediment diameter

Bottom roughness

HYDRODYNAMICS MODELS
TELEMAC-2D
Two dimensional —finite element

24851 nodes with resolution between
70 km - 150 m

8
60 s

Chezy with Chezy’s coefficient variable with water
depth

Constant viscosity
WAVE MODELS
TELEMAC-2D
Third generation —finite element
24851 nodes with resolution between 70 km —150 m
100 s
12
25
0.04 Hz
JANSSEN (1989,1991)

Jonswap model (HASSELMANN et al., 1973)

KOMEN, HASSELMANN S., and HASSELMANN
K. (1984), JANSSEN (1991)

DIA method (HASSELMANN et al., 1985)

No

MORPHODYNAMIC MODELS
SISYPHE
Two dimensional —finite element

24851 nodes with resolution between 70 km —150 m

600 s
Soulsby-Van Rijn (SOULSBY, 1997)

250 pm
Ripple bed conditions zO= 0.006 m

129

COHERENS
Three dimensional —finite difference

Two regional models plus two coupled grids at the
Belgian Shelf. Highest resolution:
272 m —257 m and 10 olayers on the vertical.

8 (for the regional model)
4 s (for the highest resolution model)

Quadratic friction law

k-e model

MU-WAVE

Second generation —finite difference

Two coupled grids. Highest resolution: 5 km —5 km
Highest resolution model: 180 s

24

20

0.045 Hz

GUNTHER et al., (1979), HASSELMANN et al.
(1973,1976)

GUNTHER et al., (1979), HASSELMANN et al.
(1973,1976)

GUNTHER et al., (1979), HASSELMANN et al.
(1973,1976)

GUNTHER et al., (1979), HASSELMANN et al.
(1973,1976)

No

MU-SEDIM
Two dimensional —finite difference

Finest grid ofthe COHERENS model
(resolution: 272 m - 257 m)

180 s

ACKERS and WHITE (1973) adapted by SWART
(1976, 1977)

Variable in space

Skin roughness zOs function of D65 according to:
z0s = (2- D65)/30

The models implemented by MUMM are based on a se-
ries 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. The
bathymetric data were provided by the Ministry of the Flem-
ish Community (Flemish authorities, Agency for Maritime
and Coastal Services, Coastal Division. Gridding was done by
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 the possibility to highly refine, at
the same time, the area of interest.

Atmospheric data (wind velocity at 10 m height and atmos-
pheric pressure) were obtained from the United Kingdom Me-
teorological Office (VAN DEN E YNDE ef al., 1995).

Hydrodynamic models

Open sea boundary conditions were provided, taking into
account four semi-diurnal tidal components (M,, S,, N,, K,)
and four diurnal tidal components (O ,K ,P Q).

The two-dimensional finite element model TELEMAC-2D
(v.5.5) (HErRVOUET and BATEs, 2000) solves the depth averaged
Saint-Venant equations. Turbulent viscosity was considered
constant over the whole domain.
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Figure 2. ADCP measurements at three different heights for a tidal
cycle.

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

The use of two different hydrodynamic models (depth av-
eraged and three dimensional) to drive the morphodynamic
models, was considered not to bias the overall results of the
study. TonnoN, VAN RN and W aLstra (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 2. The Figure shows that flow direction is
unidirectional with minor differences in current direction at
different water depths. This supports the validity of using a
depth-averaged hydrodynamic model.

Wave models

The TOMAWAC model (v.5.5) (Benoit et al, 1996) is a
third generation wave model which solves the balance equa-
tion of wave action density. The model was implemented with
a spectral discretisation in 12 directions and 25 frequencies.
Source terms included input from the wind, dissipation from
whitecapping and from bottom friction and quadruplet non-
linear interactions.

The core of the MU-WAVE model (van pexn EvnpE, 1992) is
formed by the second generation HYPAS spectral wave model
(GonTHER and Rosentuar, 1985). The model has been tested
extensively and is used as an operational model for the predic-
tion of waves on the Belgian continental shelf. The North Sea

grid has a resolution of 50 km x 50 km, whereas for the South-
ern Bight a resolution of 5 km x 5 km is implemented.

Both wave models were run in non coupled mode. No effect
of wave modulation due to the presence oftide was taken into
account in the present work. However, previous work on the
coupling between currents and waves in the Southern North
Sea, showed that the tide modulation accounts only for a small
variation of the wave height and period (Osuna, 2002; OsuNa,
and Monsaciu, 2004). This variation should not lead to a sen-
sible variation ofthe transport direction.

Morphodynamic models

The SISYPHE model (v.5.5) (viLLarer, 2004) calculates the
total load transport and the morphodynamic evolution as a
function of the hydrodynamic conditions, through internal cou-
pling with the TELEMAC-2D model, and the wave field, calcu-
lated by a previous uncoupled run ofthe TOMAWAC model. To-
tal load transport was estimated by means ofthe Soulsby-Van
Rijn formulation (Soutssy, 1997) assuming a constant sediment
diameter equal to 250 pm. The total transport rate due to the
combined action of currents and waves is given by:

0.5

t i é . U  (i- 1.6tanB) (1)

A =A, +As @)

0.005h(D/ )’

(©)

_ 0.012D,
[(s-1)gDjn]'

0.40 )
In(h/z0) -1

14

where 4 ,is the bedload component, 4  is the suspended
load component, U the depth-averaged flow velocity, CDthe
drag coefficient due to current alone, U0the RMS wave orbital
velocity at the bottom, Ugthe critical entrainment velocity, B
the bed slope in streamwise direction here assumed equal to
0, h the water depth, D+the non-dimensional diameter, s the
relative density of sediment, g the acceleration due to grav-
ity, zOthe bed roughness length assumed equal to 0.006 m as
suggested by Soulsby (1997) in case of rippled beds and v 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

Journal of Coastal Research, Special Issue No. 51, 2010



European Marine Sand and Gravei Resources 131

wave field computed by MU-WAVE. The sediment transport
was estimated by means of the Ackers and wuite (1973) for-
mulation adapted by Swart (1976) anp Swart (1977) as report-
ed in scteatn (1984), to include the effects ofwaves on sediment
transport. The total sediment transport is given by:

U W F-4y
U D 35 w 7% 7
VU *ew J \ y
where Qsis the total transport, /),7 the sediment diameter
for which 35 % is finer, u, , the wave-current friction velocity.
a.m, A, Clare dimensionless parameters and F the sediment

mobility number. The latter can be determined as:
r \l-n

U

F:
/
5.6 log ;)0’“ ((s-DgD39)'”  ®

[

The wave-current friction velocity u,  =(x./pi' ' is calcu-
lated based on the formulation proposed by Buker (1966) for
the wave-current shear stress x_ :

f \Y

F s )

being xcthe current shear stress, ¢ an empirical constant, fw
the wave friction factor, ubthe bottom orbital velocity and u
the current velocity.

More details onthe equations implemented in the MU-SED-
IM model can be found in Va~ pex Evynpe and Ozer (1993).

The Dsowas considered variable over the area. The Dso grid
was calculated based on 2200 samples collected in the area. A

2.54 2.66 2.78

TOWVNA/VVW XA/VW VVW

A 03/03 04/03 05/03 06/03 07/03 08/03 09/03 10/03 11/03
DATE (DAYS)
Figure 3. Modelled and measured depth averaged flow velocities for

the period 2-12 March 2004.

weighted distance based method was used to interpolate the
measured values onthe model grid (FertwEeis and VAN DEN E YNDE,
2000). The I);rwas calculated assuming a constant ratio equal to
0.82193 between the /):rand the Dso(Cooreman ¢/ al., 2000).

Additional formulations were applied to validate the re-
sults: the Buker (1968) and Bamarp (1981) equations avail-
able in the SISYPHE model and the van Run (1989), BagnoLD
(1966) and Y ata~ (1963) in the MU-SEDIM model.

Fieldwork
The data used in this study were collected within the frame-
work ofthe MAREBASSE project (van Lancirer ¢/ al, 2002).
During two measurement campaigns (23-30 June 2003:
2-11 March 2004), a bottom mounted Acoustic Doppler Cur-
rent Profiler (ADCP) and a multisensor benthic lander (tripod)
were used. Both instruments were deployed from the oceano-

2.54 2.66 2.78

Figure 4. 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.
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graphic research vessel RVBelgica. A Conductivity, Tempera-
ture 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
I m from the bottom were attached to the tripod. ADCP meas-
urements were used to validate the output from the hydro-
dynamic model, showing a general good agreement between
modelled and observed data (van pen EvnNDE ef al., this vol-
ume) and Figure 3.

The OBS and LISST measurements gave volume concen-
tration and particle diameters of material in suspension.

A wave buoy was deployed at the North ofthe Kwinte Bank
during the campaign of June 2003. Additional buoy data were
available for both periods from operational buoys at the lo-
cations Westhinder (51.38°N; 2.44° E) and Akkaert (51.41°N;
2.77°E). A validation of the wave models was carried out by
means of these measurements. The root mean square error
between model output (both TOMAWAC and MLT-WAVE)
and buoy measurements ranged between 0.2 and 0.3 m (Van
Lancker eral., 2005).

RESULTS

In order to assess the separate impact oftidal and wave ac-
tion, 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 differ-
ent intensity, ie. one period with moderate wave and one with
storm wave activity. All runs were carried out for a period cor-
responding to a spring-neap tidal cycle.

Tidal currents alone

This first run was carried out for the period 2-16 March
2004, neglecting the influence of waves and meteorological
forces. Figure 3. shows a comparison of the simulated and
measured depth averaged flow velocities for that period.
Both models give a good representation of the current field,
which supports the hyphothesis that flow characteristics at
the Kwinte Bank can be well represented by a 2D model. The
results from this scenario were discussed in VAN DEN EYNDE ef
al. (this volume).

The outputs from the two models show a general trend of
residual transport going towards the northeast (Figure 4.).

This direction is due to effects of tidal asymmetry, which
are especially evident at the sand bank crest and are char-
acterized by the highest current velocities occurring during
flood, directed towards the northeast and lower velocities dur-
ing ebb, going to southwest. Peak currents during flood are
about 10 % larger than currents during ebb (Figure 5.).

It follows that, and this is typical for a tidally dominated
regime, strong flood currents more easily exceed the critical
entrainment velocity U,. Estimated values for U, for a sand
diameter equal to 250 pm 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 R1-
sN, 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 U, . 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.

As a result of the sediment transport pattern, erosion oc-
curs at the western flank of the sand bank while deposition
takes place at the eastern flank (Figure 6.).

TIDALLY AVERAGED TRANSPORT RATES

5,686

1 5.686

5.684

< 5.682

5.678

5.676

[ele s

5.674

4.66 4.68 4.7 4.72

4.74 4.76 4.78 4.8

COORDINATES ALONG THE EAST-AXIS (LITM W G S84) IN METERS X 10

Figure 5. Asymmetry oftidal currents.
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Table 2. Values of mass transport predicted by the two models for the different scenarios at point (51.27°N, 2.63°E).

SISYPHE (kg/m/s)

H_2004 0.01534 —

H+W_2004 0.01890 1.23

H+W_1995 1.90548 124.22
51 .59

Variation respect to
standard run (SISYPHE)

Variation respect to

MU-SEDIM (kg/m/s) standard run (MU-SEDIM)

0.00861 _
0.08260 9.59
0.70182 81.51

0.0b0C

u.utuu

3050

Figure 6. 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 ofthe MU-SEDIM model, (b) Right: results ofthe SISYPHE model.

Residual transport predicted by the SISYPHE model is
about two times larger than the transport predicted by the
MU-SEDIM model. Values of mass transport for a point lo-
cated close to the crest are indicated in Table 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 meteorologi-
cal forces. Wave activity during the period considered was fairly
low with maximum wave height reaching about 2 m (Figure 7).

Wave height (WHI)

TOMAWAC output
MU-WAVE output
buoy data

»mO m

02/03
time jdd

Figure 7. Modelled and measured significant wave height at Westhinder
for the period 2-12 March 2004.

Model winds obtained from the United Kingdom Metereolog-
ical Office were low compared to local wind measurements dur-
ing that period (not shown). Although the height ofthe waves in
not only a local process, the underestimation ofthe wave height
calculated by the model can most likely be attributed to the lim-
ited spatial and time resolution of the model wind.

The residual transport computed by the two models is
shown in Figure 8. In both models, the influence of wave activ-
ity leads to an increase in residual transport, especially evi-
dent 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 2.) with respect
to the simulation forced by tide only.

Moreover the SISYPHE model predicts a change in residu-
al transport direction, 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 pat-
tern is characterized by erosion occurring at the east flank and
deposition at the west flank ofthe sand bank (Figure 9.). 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 ofthe 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,
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2.54 2.66 2.78

2.54 2.66 2.78

Figure 8. Sediment transport under the influence of tides, meteorological conditions and waves, for the period 2-16 March 2004.

The bathymetry is shown in the background, (a) Left: results

of MLT-SEDIM. One vector for each four grid points is shown,

(b) Right: results ofthe SISYPHE model. Results on the same grid as the MLT-SEDIM model.

51.39

51.20
2.54 2.66 2.78

51.39
UoUC
TR
awh
51.20
2.54 2.66 2.78

Figure 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 2-16 March 2004. (a) Left: results of the MLT-SEDIM model, (b) Right: results ofthe SISYPHE model.

leading to a change in sediment transport direction represent-
ed by both the formulations adopted in the two models.
Considering the fact that these two simulations were car-
ried out applying equations which consider sediment trans-
port direction determined by the direction ofthe currents, the
observation that the addition of waves might change this di-
rection 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
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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 veloc-
ities 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 same simulation was repeated adopting other formula-
tions for sediment transport. The Baiakp (1981), Buker (1968)
formulations were tested in the SISYPHE model, while the v ax
R1IN (]989), BAGNOLD (1966) and Y aLiN (1963) formulations were
adopted in the MU-SEDIM model. Despite the fact that the re-
sults are quite different in magnitude, the change in sediment
transport direction was predicted by all formulations.

Tidal currents and waves during a storm

A final simulation was carried out during a stormy period (1
- 15 January 1995) to assess the impact ofan extreme event on
the Kwinte Bank morphodynamics. Wave height at Westhinder
reached in that period a maximum ofabout 5 m (Figure 10.).

Wave height (WHI)

TOMAWAC output
MU-WAVE output
. buoy data

time (dd)

Figure 10. Modelled and measured significant wave height at
W esthinder for the period 28 December 1994 to 15 January 1995.

2.54 2.66 2.78

Figure 11. 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 2.).

As a result, a bottom evolution in the order of one meter
was predicted after this period (Figure 12.).

Concerning the direction in which sediments move, the
SISYPHE model predicts a significant veering in residual
transport, in the direction ofthe 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 Ra-
tel crest. An explanation for this difference may be found by
looking at Figure 13. This Figure shows a sensitivity analy-
sis 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 considerably more
sensitive to strong currents than the Soulsby-Van Rijn for-
mula. This causes transport to be dominated by tidal currents
in the MU-SEDIM model, while the SISYPHE model is more
sensitive to wave activity.

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

2.54 2.66 2.78

Figure 11. Sediment transport under the influence oftides, meteorological conditions and waves, for the period 1-15January 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 ofthe SISYPHE model.

Results on the same grid as the MU-SEDIM model.
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Figure 12. 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.
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Figure 13. 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.

Measurements of suspended sediment and bed form
analysis

Suspended sediment measurements were collected by
means of OBS and LISST devices during the March 2004 cam-
paign. These data were analyzed in Giardino and Monbaliu
(2006). Directions of residual transport were calculated by in-
tegrating over the vertical the product of flow velocities and
sediment concentrations measured at different heights above
the bottom. The set of measurements available did not give
any confirmation concerning a change in residual transport
direction for different wave heights. However, only concentra-
tion 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 % ofthe trans-
port 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 ofthe bed forms. Since little infor-
mation, in this respect, was available for the Kwinte Bank, the
sand bank west ofthe Kwinte Bank (Buiten Ratel) was taken in-
to consideration. However, hydrodynamic and wave conditions
can be considered comparable at the two sand bank and obser-
vations on the Buiten Ratel translatable to the Kwinte Bank.
Baeye (2006) derived a map of sediment transport direction by
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Figure 14. (a) Left: modelled residual sand transport under tidal action only (results of the MLT-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, M., 2006).

looking at the shape ofbedforms covering the Buiten Ratel (Fig-
ure 14.). Bottom images collected by means of a multibeam in-
strument during 5 different campaigns between 2002 and 2003
were used to reconstruct the shape ofthese bed forms.

Figure 14. shows a comparison of sediment transport direc-
tion derived from numerical simulations, with the direction of
transport derived from dune asymmetry.

The numerical simulation was carried out by means of'the
MLT-SEDIM model without taking waves into considerations.
The modelled transport follows a general pattern similar to
the pattern shown in Figure 4., driven by the stronger flood
currents over the sand bank. However, dune asymmetry sup-
plies a different picture ofthe overall transport, with sediment
following the flood current direction in the northern part ofthe
sand bank and transport towards the west flank in the south-
ern 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 modifica-
tion ofthe 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 considerably in-
fluencing bottom dynamics, and in this case transport would
be current dominated.

DISCUSSION

Long-term morphodynamic prediction of the Kwinte
Bank

Analysis of the previous numerical simulations suggests
the idea that wave activity, superimposed on the action of
tidal currents, might lead to a variation in residual transport
direction and to an inversion ofthe erosion-deposition pattern
on the sandbanks. However, different sediment transport for-
mulations imply distinct wave thresholds responsible for this
change in transport direction. These differences are essential-
ly due to different weights entered in the formulations to the
actions of waves and currents. As a consequence, equations
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 ofthe pre-
vious numerical simulations and relating them to wave climate
statistics in the area. Table 3. shows statistical values for signif-
icant 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-

Table 3. Significant wave height (cm) at Westhinder for the period January 1977 - December 2002
(from http://'wwwdin.vlaandvren.he/awz/hydvo/www/hlimaat/ golf' klimaat/mp7sblh.33/evst.him)

Jan Feb Mar Apr May

90% percentile 248 238 224 196 176
75% percentile 179 175 157 146 129
mechan 115 119 104 93 89
25% percentile 74 81 69 61 61
10% percentile 51 57 49 42 45

Jun Jul Aug Sep Oct Nov Dec
161 162 160 197 238 233 247
123 121 117 146 169 173 190
88 86 80 99 115 113 128
61 59 52 70 74 79 86
44 40 36 51 50 57 57
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Table 4. Sand banks at the Belgian Shelf and. their morphology

Oostdyck

Buiten Ratel
Flemish banks
Kwinte Bank

Middelkerke Bank
Fairy Bank
Noordhinder

Hinder banks Westhinder

Oosthinder
Bligh Bank

deposition pattern due to wave action is visible at the Kwinte
Bank crest whenever the average wave height, averaged during
the period considered, exceeds a critical value 0f0.4 —0.6 m. In
other words, whenever the average wave height is below this
value, the western flank ofthe Kwinte Bank behaves as erosive
and the eastern one as depositional. Inverse erosion-deposition
pattern characterizes higher values of wave height. In terms
of the wave climate, this threshold is exceeded about 80-90 %
ofthe 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 ofthe Kwinte Bank.
In the long term, this would produce a migration of the sand
bank towards the northwest. On the other hand, according to
different historical observations, the Kwinte Bank seems be-
having as a stable sand bank (van cauwensercne, 1971). The
difference found with the simulations might be due to an ex-
cessive weight given to wave activity in the Soulsby-Van Rijn
formulation leading to a threshold which is higher in reality.

It is important to point out that for a long term morphody-
namic analysis and prediction, additional phenomena related to
climate change should be taken into account, such as possible
increase in storminess and the sea level rise. The increase in
storminess would contribute to increase the transport towards
the western flank ofthe Kwinte Bank. However, a possible in-
crease in storminess is still argument of debate between scien-
tists. Results of several studies during the last decades show
that the storm climate has been subjected to significant varia-
tions on time scales ofdecades (W asa Grour, 1998). W EissE, Von
storcu, and Feser (2005) predicted 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 ef al, 1990). This would reduce the
wave penetration at the bottom counterbalancing the increase
in storminess. An increase in wave height is also to be expected
due to a reduction ofbottom dissipation when sea level rises, in
this case accompanied to an increase in sand transport. How-
ever, as pointed out by M acbDonarp and o°connor (1996), the
change in wave height for possible scenarios of sea level rise
would be minor ifnot irrelevant at the Kwinte Bank.

Numerical simulations carried out by means of other sediment
transport formulations produced different values for this thresh-
old and, therefore also differences in long-term morphodynamic

Water depth at the crest (m

below Mean Sea Level) Steeper flank

5.05 West
5.03 West
7.46 West
6.78 West
10.75 East-West
15.57 East
8.90 East - West
11.93 East
12.43 East

behaviour. Unfortunately, it remains unclear which formulation
provides the better agreement with the real morphodynamic situ-
ation due to a lack of extensive measurements in space and time.

Sand bank morphology

The Kwinte Bank is part ofa more complex sand bank sys-
tem 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 Mid-
delkerke Bank (Figure 1.). Moreover, water depth and shape
ofthese sandbanks are similar, with a minimum water depth
at the crest ofabout 5—7 m and the steeper side facing north-
west (Van Lanceer et al,, 2004) (Table 4.).

Another sandbank system, the Hinder Banks, is locatednorth
ofthe Flemish Banks. This system includes the Fairy Bank, the
Noordhinder, the Westhinder, the Oosthinder and the Bligh
Bank. The crests ofthese banks are slightly deeper than those of
the Flemish Banks and are characterized by a steeper flank com-
monly facing the southeast side (pecLeu ef al,, 2004).

General belief has always attributed the difference in
shape between the Flemish Banks and the Hinder Banks to a
different equilibrium existing between flood and ebb currents.
In this regard, wave action has always been neglected. The
results from this study have brought new insight into the im-
portance of waves in changing sediment transport patterns. A
new hypothesis, 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 oftheir steep side (pver and HuntLEY, 1999). For the
Flemish Banks, which have their steeper flank facing north-
west, this could be explained by the direction in which sedi-
ments are moving only when both waves and currents are con-
sidered. 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 peri-
ods 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 phe-
nomenon can be explained by 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 rela-
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tionship seems to exist between water depth, wave activity at
the bottom and sandbank shape.

Numerical modelling and physical observations seem to
support the hypothesis that currents alone can not explain the
difference in shape of the two sand bank systems. However,
considerable additional research will be needed to really prove
and to assess quantitatively the importance of wave activity in
shaping the sand banks.

CONCLUSIONS

The present paper 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 mor-
phodynamic evolution ofthe 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 im-
portant role in changing the direction of residual sand trans-
port. Several formulations for sand transport were compared,
suggesting the idea that wave activity and tidal asymmetry
give rise to a change in residual 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 confirm 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, 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 bal-
ance each other out, leading to a sort of dynamic equilibrium.

Sediment concentration measurements did not give any con-
firmation regarding 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 avail-
able. For future research, sediment concentration and flow veloc-
ity 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 re-
lates the shape ofthe sand banks on the Belgian shelfto their
water depth and, as consequence, to the local bottom dynam-
ics. 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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