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Abstract. A model was developed and analyzed to
quantify the effect of graded sediment on the formation
of tidal sand ridges. Field data reveal coarse (fine) sed-
iment at the crests (in the troughs), but often phase shifts
between the mean grain-size distribution and the bottom
topography occur. Following earlier work, this study is
based on a linear stability analysis of a basic state with
respect to small bottom perturbations. The basic state
describes an alongshore tidal current on a coastal shelf.
Sediment is transported as bed load and dynamic hiding
effects are accounted for. A one-layer model for the bed
evolution is used and two grain size classes (fine and
coarse sand) are considered. Results indicate an increase
in growth and migration rates of tidal sand ridges for a
bimodal mixture, whilst the wavelength of the ridges
remains unchanged. A symmetrical externally forced
tidal current results in a grain-size distribution which is
in phase with the ridges. Incorporation of an additional
external My tidal constituent or a steady current results
in a phase shift between the grain-size distribution and
ridge topography. These results show a general agree-
ment with observations. The physical mechanism
responsible for the observed grain-size distribution over
the ridges is also discussed.
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1 Introduction

Offshore tidal sand ridges are rhythmic bedforms that
are observed on the outer part of meso-tidal shelves (Off
1963). A characteristic spacing between successive crests
is 5-8 km and the ridges are rotated cyclonically with
respect to the dominant tidal current (Dyer and Huntley
1999). These characteristics have been explained in
various studies dealing with tide-topography interaction
(Zimmerman 1981; Huthnance 1982; Pattiaratchi and
Collins 1987). One aspect that has not been addressed so
far is the role of graded sediment in the morphody-
namics of tidal sand ridges. Analysis of field observa-
tions indicates the potential importance of graded
sediment: a persistent spatial variation of the surficial
sediments over these ridges is found. A well-documented
example of a tidal sand ridge is the Middelkerke Bank
along the Belgian coast (see, for example, Lanckneus
et al. 1994; Houthuys et al. 1994; Vincent et al. 1998).
For the location of this bank on the Belgian shelf, see
Fig. 1. The distribution of the mean grain size shows
coarser sediment on the crests and a finer sediment in the
troughs. Moreover, the location of the coarsest sediment
is shifted seaward at the northern end of the Mid-
delkerke Bank and landward at the southern end
(Trentesaux et al. 1994). Data gathered from the more
seaward located Kwinte Bank (Gao et al. 1994) indicate
a similar grain-size pattern, with the seaward flank
typically consisting of coarser sediment than the land-
ward flank. Also for the more onshore located coastal
banks a variation in the mean grain size is found (see
Van Lancker 1999), with the coarsest sediments on the
steep landward flank.

Sorting of sediment is also observed over other large-
scale bedforms, such as shoreface-connected ridges,
located along the east coast of the USA, on the Argentine
shelf (Swift et al. 1978) and along the German coast
(Antia 1996). Also, sorting is observed over sea ripples
and alternate bars in rivers, see the review by Seminara



(1995). A theory that was able to explain the observed
sorting characteristics over sea ripples was developed by
Foti and Blondeaux (1995). This theory was based on a
stability analysis of a morphodynamic model that
involves transport of sediment with different grain sizes
and that accounts for effects of dynamic hiding. The latter
means that small grains effectively experience a smaller
shear stress because they are hidden in between coarser
grains. The findings of Foti and Blondeaux (1995) (coarse
sand on the crests, fine sand in the troughs) turn out to be
in agreement with field and laboratory data. Lanzoni and
Tubino (1999) applied the concepts of linear stability to
study the development of alternate bars and the grain-size
distribution over them. Their model results are in quali-
tative agreement with experimental findings which show a
reduced height, wavelength and migration of the bars
with respect to the uniform sediment case. Also the
sorting pattern, with coarse sediment prevailing on the
upstream flank of the bar crest, is reproduced in their
model. Walgreen et al. (2003) studied the sorting char-
acteristics over shoreface-connected sand ridges on
storm-dominated shelves. They showed that including a
size-dependent suspended sediment flux is essential to
reproduce the observed mean grain-size pattern, with the
coarser sediment on the upcurrent flank of the ridges.
The first objective of the present study was to gain
understanding of the physical mechanisms responsible
for the observed grain-size distribution over the tidal
sand ridges. In addition, the work was aimed at identi-
fying possible causes for the shift between the crest and
the maximum in the mean grain-size. The second
objective was to investigate the influence of sediment
sorting on the temporal (i.e. growth and migration) and
spatial characteristics of the ridges. Following earlier

BELGIUM

Fig. 1 Sketch of the ridges on the Belgian shelf. The location of the
Middelkerke Bank is indicated, which is one of the tidal sand ridges in
the group of ridges referred to as the Flemish Banks. (Trentesaux

et al. 1999)
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work, it is hypothesized that tidal sand ridges form as a
free instability of a morphodynamic system. Calvete
et al. (2001) studied the initial formation of tidal sand
ridges in the case of uniform sediment. In contrast to the
open domain, as was used in earlier studies by Huth-
nance (1982) and Hulscher et al. (1993), the shelf is
bounded by a coast. In the present paper the model is
extended with a formulation for the transport of a sed-
iment mixture. The approach is similar to that used by
Walgreen et al. (2003), who investigated the effect of
sediment sorting on the formation of other large-scale
bedforms detected on coastal shelves. The model for
tidal sand ridges differs from the one presented by
Walgreen et al. (2003) in the sense that the dominant
forcing is by tides, rather than by storms, and that sus-
pended load transport is neglected.

In Section 2 a brief description of the model is given,
including the linear stability approach to solve the
equations. Section 3 shows the influence of a bimodal
sediment mixture, as compared to sediment with a single
grain-size, on the initial formation of tidal sand ridges. A
physical interpretation of the model results is presented
in Section 4, followed by a comparison with field
observations. In this last section, the conclusions are
given.

2 Model formulation and solution methods

A local model is used to investigate the flow—topography
interaction on a tide-dominated coastal shelf. To this
end, it is assumed that bedforms can develop as per-
turbations on an alongshore-uniform basic state, as
defined in Section 3. The geometry of the model repre-
sents a semi-infinite domain, bounded on the landward
side by the transition from the shoreface to the (sloping)
inner shelf. Further seaward, a flat bottom is used to
represent the outer shelf, see Fig. 2. For more details on
the formulation of the model, see Walgreen et al. (2002).

2.1 Hydrodynamics

The water motion is described by the depth-averaged
(2DH) shallow water equations.

shorefac

inner shelf

-

outer shelf *

12 km x=0

Fig. 2 Sketch of the geometry of the model, representing the inner
shelf and part of the outer shelf of a coastal sea
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Here v is the depth-and wave-averaged velocity, 1 is the
Coriolis parameter, e, a unit vector in the vertical
direction, g the acceleration due to gravity, p is the
density, 7, = prv is a linearized bed shear stress, ¢ is time
and V the horizontal nabla operator. The bottom fric-
tion coefficient is r = ¢,U ~ 1073 ms~!, where ¢, is the
drag coefficient and U a characteristic value for the
depth-averaged velocity. In this paper results will be
presented for a bottom friction coefficient that is inde-
pendent of the grain size. The local water depth is given
by D = z; — z;, >~ —2z;,, where zg is the free-surface eleva-
tion and z, is the bottom depth. A rigid lid is assumed,
which also implies that the first term in Eq. (2) can be
omitted. This is justified on the basis of a small Froude
number. The main forcing in the momentum equations
is due to a prescribed pressure gradient induced by a
tidal wave propagating along the coast.

2.2 Sediment dynamics

A sediment mixture consisting of N different grain-size
classes d; can be described using a logarithmic scale, the
phi scale:

d;i=2"% or ¢ =—log,d; ,

where d; is measured in units of mm. The mean grain size
and the standard deviation are defined as

N N
On=D 0:F;i = (= ¢u)Fi .
i=1 i=1

Here, F; is the probability distribution function of the
grain-size class i and obeys the constraint Zf\':, Fi=1

The hydrodynamic equations discussed in Section 2.1
are supplemented with a sediment transport formula-
tion, based on the concepts introduced by Bailard (1981)
for bed load transport on a sloping bottom. In turn, the
evolution of the bottom results from a convergence or
divergence in the sediment flux. A one-layer model for
the bed, based upon the concept of an active transport
layer overlaying an inactive substrate is used (see Rib-
berink 1987; Seminara 1995). The active layer is well
mixed and has a thickness of L,, in the order of 2-3 mm.
The exchange of sediment with the substrate is ignored.
Consequently, the relation between the bottom evolu-
tion, the grain-size evolution and the sediment flux of
class d; yields

82 8}', _
(1_P)<~7'—ia—tb+[4aw> =-V-q - (3)

In Eq. (3), q;; is the volumetric flux per unit width of
grains of diameter d; and p ~ 0.4 is the porosity of the

bed. The first term on the left-hand side of Eq. (3) rep-
resents the bottom changes, and the second describes
changes in the sediment distribution in the active layer.
Besides, the formation of tidal sand ridges takes place on
a time scale which is much larger than the hydrodynamic
time scale. For instance, Vincent et al. (1998) estimated
the time scale for the growth of the Middelkerke Bank to
be 10°-10° years. Therefore, a tide- and wave-averaged
sediment flux is used, denoted by the overbar, and the
flow adjusts instantaneously to the new bottom.

Tides are supposed to control the growth of tidal
sand ridges. This is supported by the findings of Tren-
tesaux et al. (1994), which show a near-absence of wave-
induced structures on the Middelkerke Bank. This im-
plies that bed load is the dominant mode of transport
and suspended load contributions can be neglected. A
more elaborate discussion on this topic is given in Sec-
tion 4.3. In case of a single grain size, the (wave-aver-
aged) bed load transport reads

v
q, = V[,|V|3 |:M — ith] y

where v, ~ 4 x 107% s?m~! is a coefficient, 1, ~ 1 and A

is the bottom level with respect to the alongshore-aver-
aged bathymetry. Note that this flux is proportional to
the velocity cubed, and that it includes effects due to the
local slope of the bottom. To calculate the sediment flux
of a specific grain-size within a sediment mixture, two
additional corrections are made, such that

QG = FiGuiq, -

Firstly, F; corrects for the availability of grains of
diameter d; in the mixture. Secondly, dynamic ‘““hiding”
effects are included, represented by the function Gy,;. This
is the bed load transport capacity function for sediment
of grain-size d;, and accounts for the effect that finer
grains experience a less intense fluid drag than coarser
grains. It is convenient to use the expression

with the exponent ¢, measuring the influence of the
hiding on the transport of sediment. A default value of
cp = 0.75 is used (see discussion in Walgreen et al. 2003),
which results in a reduced transport rate of the grain
sizes finer than the mean grain size. At the landward and
seaward boundaries of the model domain, no cross-
shore velocity component and no bottom changes are
allowed.

2.3 Basic state

The possible onset of bedforms as free morphodynamic
instabilities, which evolve on a basic state of the water-
bottom system, is investigated. The model allows for a
morphodynamic equilibrium, which is alongshore-uni-
form:



v=10,V(x,1)]
Fi=F P

It describes a shore-parallel current ¥ (x,¢) over a fixed
bottom z, = —H (x). The grain-size distribution function
F; of the basic state can have an arbitrary structure in the
x direction. For simplicity, F; is assumed to be inde-
pendent of this coordinate. As a result, the mean grain-
size @,, and the standard deviation o are also uniform
in the domain. The velocity of the basic state is a solu-
tion of the alongshore momentum Eq. (1):

ov__
o Fow

The alongshore gradient in the free surface, s, is defined
by a steady component sy and two oscillatory compo-
nents:

Zp = —H(x)
= (Dm

zg = s(t)y + zo(x, )
g =00 .

s =89 — 51 cos(wt) — sy cos(2wt + 0) .

Here, s; and s, are the amplitudes of the sea-surface
gradients with the frequency w of the M, and with fre-
quency 2w of the My tide, respectively. Furthermore, 0 is
a (constant) phase between the two tidal harmonics. The
velocity of the basic state consists of a steady compo-
nent, ¥y, and an oscillatory component, due to the M,
and M, tidal wave:

Vx,1) = Wo(x) + Vi, (x) sin[ot + @y, (x)]

+ Vi, (x) sin[200t + @y, (x) + 0] (5)
where
Fox) = 227 (©)

The cross-shore profile of the tidal current amplitudes
and phases are given by:

H
Vi, (x) = N — @y, (x) = arctan (%)
(wH)* + 12
H
Vi, (x) = L @y, (x) = arctan <é) .
(2wH)* + 12

The values used for the basic state variables are given in
Sect. 3.1.

2.4 Stability analysis

The dynamics of small perturbations on this basic state
are studied. In the case of a positive feedback between
the flow and the bottom perturbation, the basic state is
unstable and rhythmic bottom features will develop.
Solutions of the form

v=1[0,V(x,0)] + [ (x,y,0), 0 (x,p,1)]

Zy = S(t)y +ZSO(xv t) + ’1/()57% t)

zp = —H(x) + h(x, ,1)

qp = qu(x) + ql:(xay7 t)

377

Gri = Gpi + gpi(x, 1)
Fi=F+ fi(x,,1)
¢m =0, + ¢;,n(xvyv t)
=09+ (x,p1)

Ly = Lo+ L (x,,1)

are substituted in the equations of motion and the re-
sults are linearized. In this paper, a two-size sediment
mixture will be used, where d; (or ¢,) and d» (or ¢,)
represent the sizes of the fine and coarse grains,
respectively. The constraint on the grain-size fraction
becomes

h+EBE=1 fi=-f. (7)

The mean grain-size and the standard deviation in the
basic state simplify to

D,y = Q\F + P 0 = BF(¢ — ¢,)° .

From these expressions the values of the grain diameters
of the fine and coarse size classes on the phi scale, i.e. ¢,
and ¢,, can be obtained as a function of ®,,, g9 and F.
Together with the relationships given above, the per-
turbations in the mean grain-size and standard deviation
can be written as

P %0 ) _ ool — Fi)

= TmEN T T amm

The linearized form of the bottom evolution Eq. (3) is
Oh of; _

Fi—+Lo5=-V-q, , 8
o Vo 8)

where

9 = FGuidty, + Q0 (Grifi + Figni) 9)

is the perturbed bed load flux and q,, q, and V - q), are
given in the Appendix. The active layer thickness in the
basic state is given by L, = d,2° and from Eq. (4) it
follows that

G =29 gy = ¢,y In2Gygp, . (10)

Summation of Eq. (8) over the two fractions and using
the constraint (7) for the probability distribution, results
in an equation relating the bottom evolution to the sum
of the sediment flux over all grain sizes. Back-substitu-
tion of this result in Eq. (8) yields the evolution of the
distribution function f;. The final results are

oh

(1-p)—;

at__[V'TM+V'qTM]

(11)

of —_ —_
(1 —p)LQOE‘:1~*1v-q;,2—172v-q;,1 : (12)
The solution of any perturbed variable is sinusoidal
in the alongshore direction (with wavenumber k), and
exponential in time (with complex frequency Q). In
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particular, the bottom perturbations are topographic
waves propagating along the shelf, being of the form

h(x,y,t) = Re{fz(x)e”‘”gt} .

A similar expression holds for fi. The stability analysis
yields for each wavenumber & solutions for Q and the
corresponding cross-shore structures of the perturbed
variables, also called modes. The real part Q, of Q is
the growth rate, with €~ ! being the e-folding time-
scale. Furthermore, its imaginary part €y, is the fre-
quency. The migration velocity of the perturbation is
¢ =—QOy,/k. Of specific interest are growing pertur-
bations, which satisfy Q, > 0. The preferred mode is
defined as the mode with the largest growth rate.
From the boundary conditions it follows that u' =0
and & =0 at the transition from the shoreface to the
inner shelf (x=0) and at x — oco. Solutions of the
linear stability problem were obtained by numerical
methods, for details see Calvete et al. (2001) and ref-
erences therein.

3 Results

The model was run for different parameter settings to
meet the objectives of this study (see Sect. 1). In par-
ticular, the sensitivity of the model results with respect to
variations in the standard deviation of the mixture, the
size distribution in the basic state and the exponent ¢, in
the hiding function for bed load was investigated. First,
a brief consideration of the most important character-
istics of a typical tide-dominated coastal shelf is given.
The results presented in this section are based on these
values.

3.1 Shelf characteristics

On the Belgian coastal shelf, different types of sand
ridges are present; these can be grouped according to
their orientation with respect to the coastline. The
Flemish Banks, including the Middelkerke Bank, are
tidal sand ridges located in a meso-tidal environment.
A narrow coastal region of about 12 km in width
separates the Flemish Banks from the coastline. The
depth of the Middelkerke Bank varies from 4 m
MLLWS (mean lowest low water at spring) at its crest
up to 20 m in the adjacent channels (Trentesaux et al.
1994). To verify the model results, this meso-tidal shelf
was used as a prototype. It is approximately 14 m
deep at the transition from the shoreface to the inner
shelf, 12 km wide and 20 m deep on the outer shelf
(see Fig. 2). The latitude is 52°N, for which the
Coriolis parameter f ~ 1 x 107 s~'. Although the
dominant hydrodynamical forcing is due to the M,
tide, contributions of the My constituent and residual
currents are present. The behaviour of the tidal current
changes from ebb-dominated to almost symmetrical

north of the Flemish Banks, to increasingly flood-
dominated closer to the shore, with a residual flow
directed towards the northeast (along a SW-NE-
trending coastline, see Lanckneus et al. 1994). This
pattern is in agreement with the residual sand trans-
port, which is directed to the northeast in a narrow
coastal region and to the southwest in the offshore
region. On the scale of the Belgian shelf, measurements
indicate an almost zero long-term average of the
steady current (Lanckneus et al. 1994).

To investigate the effect of the characteristics if the
externally forced velocity field on the formation of tidal
sand ridges, different forcing conditions were consid-
ered. Firstly, a forcing by the M, tidal constituent was
used, with a depth-averaged tidal current amplitude of
0.5 ms~!. This means that the tidally averaged along-
shore sediment transport is zero. Secondly, asymmetry
in the flow was introduced by adding an M4 constituent
to the forcing, where V3, ~ 0.45 ms™!, V3, ~ 0.05 ms™!
(Williams et al. 2000). Lastly, an asymmetrical current,
introduced by adding a steady component }; ~ —0.05
ms~! (free surface forcing sy~ 4 x 1077) to the Wy
component, was investigated. The former two situations
are characterised by a net alongshore (flood-dominated)
current and a tidally averaged sediment flux along the
coast (in a northeasterly direction).

On the scale of the Belgian coastal shelf, the sediment
becomes coarser offshore; locally, the coarsest mean
grain-size is found on the crest of the ridges. For sim-
plicity, in the basic state a uniform mean grain-size of
d, = 0.35 mm (®,, = 1.5), characteristic of the surficial
sediment on the Middelkerke Bank (Trentesaux et al.
1994), was adopted throughout the domain. The sedi-
ment size distribution observed on the steep seaward
flank of the sand ridge supports the use of a bimodal
sediment mixture: two peaks are present, for the size
classes of 0.25-0.30 and 0.42-0.50 mm (Vincent et al.
1998). Thus, the mean grain-size used in the basic state
of the model is closest to that observed on the steep
flank. The diameters of the two size classes in the sedi-
ment mixture were confined to non-cohesive sediment in
the sand range (3 > ¢; > 0). Table 1 presents the prop-
erties of the sediment mixtures used in the different
experiments.

Table 1 Parameter values for uniform and bimodal sediment, as
used in the model experiments

Uniform Bimodal Bimodal Bimodal
Fig. 3 Fig. 3,4, 5,6 Fig. 3 Fig. 5

0o 0 0.5 1.0 0.4

F 1 0.5 0.5 0.8

P, 0 0.5 0.5 0.2

D, 1.5 1.5 1.5 1.8

o 1.5 2.0 2.5 2.0

o 1.5 1.0 0.5 1.0

d; (mm) 0.35 0.25 0.18 0.25

dr (mm) 0.35 0.50 0.71 0.50
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3.2 Sensitivity to standard deviation

The growth rates and migration velocities of the pre-
ferred mode for different compositions of the sediment
bed are shown in Fig. 3. The standard deviation ¢y of
the basic state increased from zero (i.e. uniform sedi-
ment) to a bimodal mixture, in the case of forcing by a
pure M, tide and a combined M,, M4 tide. A constant
mean grain-size and equal weight percentages of the two
size classes in the basic state (F; = F, =0.5) are as-
sumed. As a result, the grain sizes d; and d, change with
oo (see Table 1). For a bimodal mixture growth rates
and migration speeds increase with increasing gy. The
wavelengths (27/k) of the ridges for which maximum
growth rates are attained remain unchanged: 7.5 and
7.2 km for M; and M, + M, tidal conditions, respec-
tively. The corresponding e-folding time scales for the
initial growth are 320 yr (M;) and 440 yr (M,+M,), for
a value of gy = 0.5. The tidal sand ridges migrate with a
speed of 0.04 m yr~' and 1.9 m yr~!, in these two cases
respectively. Compared to the situation of ridges on a
horizontally flat bottom, the transverse bottom slope
changes the residual circulation due to Coriolis and
frictional torques. The result is a small non-zero
migration velocity for a symmetrical (M;) tidal forcing.
In fact, the relative increase in growth and migration due
to a changing standard deviation was larger for a com-
bined M, and My tide than for a symmetrical M, tide.
Experiments were carried out with a velocity of the basic
state consisting of a steady current }; and an M; tidal
current. The results (not shown) indicate that growth
rates and migration velocities again increase with ay.
The bedforms migrate in the direction of the mean flow.
This behaviour is similar to that obtained in the case of
an asymmetrical flow, driven by the M, and My tidal
constituents. In the situation where forcing includes
both the My tide and a steady component, it is possible

00 05 10 15 20 25
k (km™)

to have a migration of the bedforms against the direc-
tion of the steady current. Besio et al. (2003) used this
combination of currents to explain the upcurrent-
migration of sand waves. A necessary condition is that
the phase between the M, and My tide is such that it
introduces a residual sediment transport in the direction
opposite to the residual sediment transport caused by
the residual current. In addition, for the case of tidal
sand ridges the amplitude of the My tide should be at
least three to four times larger than the amplitude of the
steady current. As such situations are not observed on
the Belgian shelf, this is not further pursued.

The patterns of topographic perturbations (shaded)
and variations in the mean grain-size are shown in
Fig. 4, for parameter values of non-uniform sediment.
The contour lines refer to the perturbation in the frac-
tion of the finest grains: values along solid lines are
positive and indicate a locally finer mean grain size. If a
symmetrical tidal current is used, the grain-size distri-
bution is in phase with the ridge topography, with the
finest sediments located in the troughs. Incorporation of
an additional My tide in the forcing results in a phase
shift between the mean grain-size and topography. In
the present case of a flood-dominant tidal current
(residual transport indicated by the arrow), the finest
sediments are located on the upcurrent (seaward) flank
and on the crests of the ridges. The underlying physics
will be discussed in Sections 4.1 and 4.2.

In order to test the robustness of these results,
experiments were carried out in which the diameters of
both fractions were fixed and the standard deviation was
varied. This implies the changing of the composition of
the sediment mixture, i.e. the mean ®,, and the fractions
F1 and F; of the sediment in the basic state will change.
A linear relationship exists between ®@,, and Fj: higher
values of Fj correspond to higher values of @, (i.e. finer
mean grain sizes). The results in Fig. 5 are shown only



380

Fig. 4a, b Bottom perturbations
(grey scale: light, bars, dark
troughs) and perturbations in the
distribution of mean grain-size
(solid lines finer; dashed lines
coarser). Also shown is the var-
iation of the bottom and mean
grain-size along a cross-section
(location indicated by white
dashed line in the contour plots),
positive (negative) values of f
indicate a local fining (coarsen-
ing) of the bottom sediment.
Ridges are shown for

a0 =0.5,®, =1.5,¢, =0.75
and forcing by M, tide (a) and
M, + My tides (b)
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for the preferred mode (which has the largest growth
rate). As before, the maximum growth rates and
migration velocities (not shown) increase with the stan-
dard deviation. Wavelengths of the preferred mode do
not change, and the perturbations in the bed and sedi-
ment distribution have the same characteristics as those
shown in Fig. 4. In the case of gy < 0.5, two different
compositions of the sediment mixture are possible for
each value of the standard deviation. One is indicated by
diamonds and a high percentage of fine grains (F; > 0.5)
and a mean grain-size ®,, > 1.5. The second with a high
percentage of coarse grains (, > 0.5 and @, < 1.5) is
indicated by crosses. Figure 5 demonstrates that, in the
case of forcing solely by an M, tidal current (left sub-
plot), for a fixed value of gy the instabilities grow fastest
for a grain-size distribution in the basic state that con-
tains more fine than coarse sediment. The opposite

Fig. 5 Growth rate Q, of the preferred mode as a function of the
standard deviation of the mixture gy of the basic state. Forcing due to
M, tide (left), and M, + My tide (middle). The default value ¢, = 0.75
is used. Results are shown for a bimodal mixture with fixed grain sizes
¢, = 2.0 and ¢, = 1.0, where changes in the basic state gy result in
variation of ®,, and Fj (right). Note that a larger weight percentage of
¢, (i.e. F; > 0.5, indicated by diamonds), as well as a larger weight
percentage of ¢, (F1 < 0.5, indicated by crosses) can result in the same
value of ag
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occurs in case of a combined M,, My tidal current
(middle subplot).

3.3 Sensitivity to hiding coefficient

Another series of experiments was performed to inves-
tigate the influence of the intensity of the hiding in the
bed load transport capacity function, as measured by the
coefficient ¢;, see Eq. (4). For all three velocity profiles
(M; alone, M+ My and M,+M,) the maximum growth
rates and corresponding migration of the preferred
mode are shown in Fig. 6) as a function of ¢,. The
wavelength of the preferred mode does not depend on
cp. The experiments reveal enhanced growth rates and
migration velocities for higher values of the exponent ¢,
i.e. if dynamic hiding effects become stronger. Positive
(negative) values of ¢, correspond to a reduced
(enhanced) bed load transport of fine grains, with re-
spect to the coarse grains. The relative influence of
hiding is larger for asymmetrical flows than for sym-
metrical flows. Apparently, an enhancement of both the
growth and the migration of the ridges is present, irre-
spective of the sign of the hiding coefficient. This will be
explained in the next section.
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Fig. 6 Growth rate and migration velocity of the preferred mode as a
function of the coefficient ¢, indicating the strength of the dynamic

hiding. Results are shown for a current forced by M, tide M, + My

tide and M; tide + steady current (My). Other parameter values are:
FL=0.5,00=05®,=1.5

4 Discussion

In this section a physical interpretation of the grain-size
pattern, as found in the model, is given. This is carried
out for two hydrodynamic conditions considered in the
experiments of the previous section: symmetrical and
asymmetrical tidal forcing. The mechanisms discussed
here are based on the concepts of the formation of tidal
sand ridges under the assumption of uniform sediment,
as discussed in Huthnance (1982), Hulscher et al. (1993),
Calvete et al. (2001). In addition, the model results are
discussed in relation to field observations.

4.1 Symmetrical tidal forcing

The first situation concerns a pure symmetrical M, tidal
forcing, for which the velocity V' of the basic state obeys
V3 = 0. This implies that no alongshore sediment flux is
present in the basic state and q,, = 0. A local change in
the size distribution of the surficial sediment can be
understood as a result of the interaction of the tidal
current with the bottom. The difference in the sediment
transport capacity of the two grain-size classes, caused
by hiding effects, reduces the erosion and deposition flux
of the finest sediment fraction. Consequently, a fining of
the sediment in the erosion areas and a sediment
coarsening in the deposition areas occur. A symmetrical
current causes only growth of the perturbations and
(almost) no migration, because the largest erosion takes
place in the troughs and the largest deposition occurs on
the crest of the ridges. This corresponds to a mean grain
size pattern that is 180° out of phase with the topogra-
phy. A more quantitative way to understand the results
is to examine the equations for the evolution of the
bottom. Using Eq. (9) and an M, tidal forcing, Eqgs. (11)
and (12) reduce to

Oh —
(1-p)% =-BV-q (13
b _
(1 —p)LaO% =-N13V.q, , (14)
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where
T = FiGp + F,Gry T3 = FiF>(Gp — Gpa) -

The form of the equations is identical, so that the rela-
tion between % and f] is given by

Oh <T2) ofi

= =La| 7 | 57

ot Ty ) Ot

Depending upon the sign of the coefficient 73, a phase
difference between the bottom topography and the
spatial pattern of the fraction of fine grains of 0° or 180°
is found. The latter case, with the finest sediment on top
of the ridges, occurs for 75 < 0, which means G,; < Gy,
thus ¢, > 0 (see Fig. 4a).

The enhanced growth rates for bimodal mixtures,
compared to uniform sediment, are derived from
Eq. (13). In the case of a sediment mixture, the time
evolution of the bottom topography differs from that of
the uniform sediment case only by a factor 75. For a
hiding formulation as introduced in Eq. (10), the func-
tion 7» > 1, leading to the enhanced growth of pertur-
bations for a bimodal sediment mixture. This effect was
illustrated in Fig. 3a.

4.2 Asymmetrical tidal forcing

The second case involves forcing by an asymmetrical
tidal current, which can be ecither due to a steady com-
ponent or the combination of an M, and My tide. The
important difference with the previous case is the non-
zero alongshore bed load flux, in the basic state. This
induces a migration of the ridges, in the direction of the
maximum tidal current. In turn, the sediment pattern is
shifted alongshore with respect to the pattern found for
the case of a symmetrical tidal current. In particular, a
fining on the (erosive) upcurrent flank of the ridge is
found (Fig. 4b), instead of a fining in the trough.
Egs. (11) and (12) in the case of an additional current
contribution (¥, or V) read

Oh _ S
(1_p)E:_BV'qZ_[TI+T2TS]V'(quf1) (15)
0=-TV-q, — [Ti+ BTV - (auf1) (16)
where
Ty = Gyt — Gy Ty = FaGiy + FiGpy  T5 — 200112

= — 4 = - —_
1 bl b2 2Up1 1952 5 \/m

The left-hand side of Eq. (12) is neglected. This because
the dominant balance is between the terms in Eq. (16)
representing the difference in erosion of fine and coarse
sediment due to hiding effects and a redistribution of
sediment due to the presence of a non-zero background
sediment flux. This is a crucial difference with the bal-
ance found in the symmetrical tide case.

In the expression for the divergence of the perturbed
sediment flux (see Appendix), the term involving the
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cross-shore gradient in the cross-shore component of the
current (Ou' /Ox) controls the growth of tidal sand ridges
Calvete et al. (2001). The divergence of this flux can thus
be approximated by

(17)

Here, the second contribution on the right-hand side
causes the migration of the bedforms. To establish the
relationship between 4 and f}, a flood-dominant current
is considered, i.e., V3 < 0. For a realistic ratio of the
tidal current amplitudes Vjy,/Vy,, the first term in the
above expression is dominant over the contribution of
the migration, reducing Eq. (16) to
7N o

(T4+T3T5)V ayO(T3V FeE
For realistic values of the standard deviation gy, it is
found that T, + 7375 > 0. The perturbed residual veloc-
ity follows the bottom contours, with an offshore com-
ponent on the seaward flank of the ridge and a landward
component on the landward flank, resulting in a clock-
wise (anticyclonic) circulation around the bank, leading
to Ou'/Ox o h. If this is substituted in the expression
above, it follows that
—%—J; x (Gp1 — Gp)h
and the size distribution is 90° out of phase with
topography. If ¢, > 0, then G < 1 < Gy, and a fining
of the bottom sediment on the upcurrent (seaward) flank
of the ridges occurs. In Fig. 4b this case is shown, where
the phase shift is less than 90°; this is due to the addi-
tional contribution of the migration term in Eq. (17).

The enhanced growth and migration rates for bimo-
dal mixtures, compared to uniform sediment for asym-
metric tides, are due to the same effects as those
discussed in case of a symmetrical tidal forcing. The
main difference between these two cases is the last term
(redistribution of sediment) in Eq. (15). However,
experiments indicate that this contribution is of only
minor importance to the growth and migration of the
tidal sand ridges.

4.3 Comparison with field observations

The model predicts tidal sand ridges with the crest
rotated cyclonically at an angle of 30° — 35° with the
tidal current axis, which is in good agreement with
measurements (Vincent et al. 1998). Forcing the model
with a symmetrical M, tide showed that the coarsest
sediment is located on the crest of the ridges, consistent
with the general trend that is detected in the field data of
the Belgium shelf. Furthermore, if an external forcing by
a flood-dominant tidal current is considered, hiding
effects in the bed load transport result in a pattern of the
mean grain-size that is comparable to that observed on
the southern part of the Middelkerke Bank, i.e. with the

coarsest sediment on the landward flank. The perturbed
velocity results in an anticyclonic circulation around the
bank, with on the landward flank a residual velocity
component in the ebb direction. It should be noted that
the eastern flank, where the coarser sediments are found,
corresponds to a large dune area of which the asym-
metry indicates an ebb dominance (Lanckneus et al.
1994). According to the model results, the offshore de-
crease in the flood dominance contributes to the shift in
the location of the maximum mean grain size. It is found
that, for a temporal phase between the M, and My tidal
constituents such that the residual sediment flux is in the
ebb direction, the coarsest sediment is located on the
seaward flank. This is in accordance with the pattern
found on the northern end of the bank. The internal
structure of the Middelkerke Bank indicates a long-term
migration, although its present situation remains unclear
(Berné et al. 1994). The model for the flood-dominated
tidal current predicts the opposite pattern. An along-
shore migration, leading to erosion on the seaward
flank, is obtained.

Other researchers have suggested that the shift in the
pattern could be related to the steepness of the flanks of
the ridges. In the direction perpendicular to their main
axes, the profile of the ridges is asymmetrical, with a
steep seaward flank (Lanckneus et al. 1994). Since in the
present study a linear stability approach is used, only
symmetrical (sinusoidal) perturbations were incorpo-
rated into the model; thus this particular hypothesis
cannot be verified. Further research with a non-linear
model could provide such information.

The influence of storms on tidal sand ridges and
their sedimentary pattern is still a matter of debate. As
banks may rise up to 4 m below low water level at
spring tide, the small depths and the exposure to storm
waves from the north renders them susceptible to
waves. Vincent et al. (1998) pointed out that the
combined effect of strong tidal flows and oscillatory
wave-induced currents, acting approximately normal to
the tide, mainly results in the (enhanced) resuspension
of the bottom sediment. However, no observable effect
on the direction of transport was found. The bank
volume was used by Lanckneus et al. (1994) to assess
the impact of different weather conditions on the for-
mation and maintenance of the Middelkerke Bank.
These investigators found that the bank volume decays
in periods of winter storms, whilst the bank is restored
during extended periods of fair weather. Despite large
variations of the volume during the season, these data
suggest that in the long-term the banks are in equi-
librium with the hydrodynamic conditions. On the
other hand, Vincent et al. (1998) presented data which
show an upslope sediment transport during storms.
This pattern suggests that waves are important for the
maintenance of the ridges, not only acting to prevent
their unrestricted growth due to tidal currents alone.
Besides the impact on the morphology, Houthuys et al.
(1994) focused also upon the effect of storms on
the surficial sediment grain-size. Quiescent, prestorm



conditions (fair weather), which are supposed to rep-
resent the tidally forced equilibrium state, were com-
pared with the sediment distribution after a normal
autumn storm period. The main changes were a
coarsening on the northwestern flank and a fining of
the landward flank. It was argued that waves coming
from the north cause a winnowing of fine sediment on
the exposed seaward flank, with subsequent deposition
on the landward flank. In short, there is no consensus
in the literature regarding the influence of storms and
waves on the formation of the tidal sand ridges on the
Belgian shelf (Houthuys et al. 1994; Vincent et al.
1998). Also, the ratio of suspended load transport over
bed load transport is poorly known. The influence of
waves was not included in this study, and only bed
load transport was accounted for. The largest influence
of waves can be expected in the non-linear regime, as
is supported by work done by Huthnance (1982),
which indicates that the effect of wind waves on the
initial growth of tidal ridges is small. This paper ex-
plores tidal sand ridges only in the linear regime.
Nevertheless, owing to these uncertainties, the appli-
cation of the results would be more appropriate for
tidal sand ridges in deeper water in the southern North
Sea. The main problem with this is that no extensive
sediment data are available for the more offshore
located ridges, so that no verification of the model
results is possible.

Including a suspended load transport in a tidally
dominated (i.e. fair weather) forcing corresponds to an
additional sediment flux, related to a higher power in
the flow velocity (see in Bailard 1981). Such a flux
would enhance the growth rate and migration speed of
the bottom perturbations. It does not change the bot-
tom patterns as presented in this paper, but a grain
size-dependent suspended load flux (enhanced transport
of fine sediment) could, in principle, reverse the mean
grain-size patterns as found for bed load only (reduced
transport fines). It would require a suspended load flux
of the same order of magnitude as the bed load flux
during fair weather and a strong grain-size dependence.

The present model, with the restriction to bed load
transport and tidally dominated or fair weather condi-
tions, is not directly applicable to other shelves. Sedi-
mentological information on sand ridges and grain-size
distributions exists for the Bristol Channel (Pattiaratchi
and Collins 1987) and for tidal sand ridges in the Florida
inner shelf (Davis et al. 1993). Although interesting dif-
ferences with the sorting pattern (e.g. the location of
finest and coarsest sediment on ridge topography) for
ridges on the Belgium shelf are perceived, a comparison
with these data is beyond the scope of the present paper.

5 Conclusions

In this paper, a model was developed and analyzed to
study the initial formation of tidal sand ridges and the
corresponding grain-size distribution on meso-tidal
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shelves. The sediment was transported as bed load and
dynamic hiding effects resulted in the selective transport
of the two grain-size classes.

The objective of the present study was to gain insight
into the physical mechanisms responsible for the observed
grain-size distribution over the tidal sand ridges. To this
end, the temporal and spatial characteristics of tidal ridges
in case of a bimodal sand mixture were compared with
results obtained in the case of a single grain-size class.
Growth rates and migration velocities increased with
increasing standard deviation of the sediment mixture,
yielding realistic time scales for the formation of the rid-
ges. The wavelengths of the ridges remained unchanged, if
more than one size class was considered. The experiments
undertaken have also revealed the importance of different
forcing conditions. A forcing by M, tidal currents, in
combination with a reduced flux of fine grains, resulted in
a grain-size distribution which was in phase with the ridge
topography. The coarsest mean grain-size was located on
the crests, representative of the general pattern of the data.
A shift between the topographical pattern and the pattern
of mean grain-size was introduced by adding an My tidal
constituent or a steady current to the forcing. A flood-
dominant tidal current, in combination with the hiding of
the finest grains, resulted in a coarser landward flank.
These results are in fair agreement with data of offshore
tidal sand ridges on the Belgium shelf.
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Appendix. Sediment flux

Qpo = (0,3v,77)

Oh
q/b = (vb |:3V2ul_)~b|V|3ax:|7
+ v [31/21/ — V|3%D
dy
20V 3 0H o
o — 2022 T oyt
V-4, vb{V (V@x H@x)u 4 Ox
H o b ox*  Oy*  V Ox Ox

Here, the linearized mass conservation is used to elimi-
nate v’ in the expression for V - qj. It reads:
,OH Oh o' ,0H

=y _g==
v 4 Ox u@x

Ox By_ (18)
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