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Abstract

The long-term (decades, centuries) morphological behaviour of the shoreface-connected
ridges along the central Dutch coast was studied with a simplified modelling approach,
consisting of a 1D current model (Trenchflow), combined with a 2DV morphodynamic model

(Sutrench). The analysis focused on a cross-section of a single sand bank, assuming that the
interaction of the water motion and morphology could be considered a local phenomenon.
The modelling was used for a sensitivity analysis of the relevant processes. The present

model reveals a positive feedback: the schematized sand bank is predicted to grow, while
there is no damping, even not during high waves. However, using the observed flow
response, which differs from the theoretical flow response as described in Part 1 of this paper,

actual growth rates are close to zero. The modelling shows that the ridges are stable on
a time scale of years to decades, while they may be considered active on the time scale of
thousands of years. Calculated migration rates of the ridges are in the order of 1m/yr.

Morphological time scale and migration rate correspond to the results from a geological
reconstruction. # 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

Part 1 of this paper (Van de Meene and Van Rijn, 2000) has shown that the
theoretical response of the tidal current flowing across the shoreface-connected
ridges along the central Dutch coast (Fig. 1) was observed in nature only partially
and inconsistently. Possible explanations for the deviations between theory and
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observations were the setting of the ridges (relatively shallow water, close to the coast
and connected to the shoreface) and the presence of persistent cross-shore density-
driven circulations, possibly overriding the expected flow response. Also, the field
measurements did not give a full and long-term coverage of the actual currents in the
study area, although they were carried out rather extensively. A review of other field
studies revealed that also in other ridge fields the theoretical flow response could not
be observed consistently and convincingly. This means that the available field
observations do not yet allow for any firm conclusion with respect to the presence in
nature of the theoretical flow response. Probably, a much more refined modelling
approach is required in order to be able to describe the morphological evolution of
ridge fields of the type depicted in Fig. 1 in complicated environments like the inner-
shelf. Such morphodynamic modelling, focusing on the lateral coherence of the sand
bank systems and taking into account non-linear interactions between the water
motion, sediment transport and morphological evolution of the sea bed, is still in
an early stage of development (cf. De Vriend et al., 1993; Hulscher et al., 1993;
Hulscher, 1996).

Although there is only limited agreement between observations and theory, a
simplified modelling approach was adopted in order to obtain a sensitivity analysis
of the major processes that may affect the morphological evolution of the ridges. In
addition, the applied modelling approach allowed for an evaluation of the effect of

Fig. 1. Linear sand banks in the southern part of the North Sea.
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the observed flow response to the morphological development of the ridges. The
modelling was done in two steps, starting with computations of the theoretical flow
response across a linear sand bank, followed by calculations of sediment transport
rates associated with this flow response and taking into account the actual wave and
current conditions in the study area. For this purpose the 1D hydrodynamic model
Trenchflow (Boer, 1985) was used in combination with the 2DV morphodynamic
model Sutrench (Van Rijn, 1986).

The use of these models in a complicated three-dimensional area is justified for the
present purpose, as the objective of the modelling exercise is to obtain a first-order
sensitivity analysis of the relevant processes. The analysis is done for a cross-section
in the middle part of a sand bank, where the interaction between water motion and
morphology is considered a local phenomenon. The applied models can be used for
this situation, as they are valid for ridges of infinite length. Consequently, the lateral
coherence of linear sand bank systems (Fig. 1) is not considered in this paper, since
it requires the aforementioned type of morphodynamic modelling which takes into
account the dynamic behaviour of the entire morphodynamic system (e.g. Hulscher,
1996).

2. Model description

2.1. Hydrodynamic model } theoretical flow pattern across a linear sand bank

Assuming stationary flow conditions ð@=@t ¼ 0Þ and neglecting the Coriolis force
and the turbulent shear stresses, the vorticity equation given by e.g. Abraham et al.
(1987) can be rewritten as
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where x, y are the horizontal coordinates (m), u; v are the depth-averaged velocity
components in x and y directions (m/s), h is the water depth (m), r the bottom shear
stress factor ð¼ gjUj=C2h ðsÿ1ÞÞ, jUj the magnitude velocity vector (m/s), g the
gravitational acceleration (m/s2), C the Chezy constant (=18 log (12h/ks)), ks the
effective bed roughness (m), and o the vorticity of the depth-averaged velocity field
ð¼ dv=dxÿ du=dy (sÿ1)).

Assuming uniformity in the crest direction and choosing the coordinate system
given in Fig. 2 (y is directed parallel to the bank crest), all terms with @=@y can be
neglected. As a result, Eq. (1) reduces to

u
do
dx
¼ o

h
u
dh

dx
ÿ dr

dx
ÿ ro: ð2Þ

With the same assumptions, the continuity equation reads
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The assumption of stationary flow conditions ð@=@t ¼ 0Þ is an important one, since it
neglects a number of non-linear interactions (see e.g. Hulscher, 1996). However, as a
first-order approximation this is considered reasonable, especially when taking into
account that most, if not almost all, sediment transport takes place during maximum
flow conditions.

The assumption of lateral continuity implies that at least locally the current is
dominated by its interaction with the ridge topography. Although observations
suggest the opposite, the modelling still presents the expected first-order maintenance
process by friction-induced veering of oblique flows towards the ridge crest, the basic
flow response in the models of Huthnance (1982) and De Vriend (1990).

Eqs. (2) and (3) have been solved numerically by Boer (1985) and incorporated
into a mathematical model (Trenchflow). This model computes the current velocity
along the streamlines across the sand bank (or any other infinitely long positive or
negative topographic feature). The required input parameters for the model are the
sand bank wavelength ðLÞ, sand bank height ðhbankÞ, the undisturbed depth-averaged
current velocity magnitude ðU0Þ and current direction with respect to the bank axis
ðj0Þ, the undisturbed water depth ðh0Þ and the bottom roughness ðksÞ.

2.2. Sediment transport and bed evolution

When a current passes a sand bank, the flow velocity and hence the sediment
transport capacity increases and sediment particles will be eroded from the bank.

Fig. 2. Coordinate system Trenchflow (after Boer, 1985). UPFL=up-current flank; TOP=top of the

ridge; and DOFL=down-current flank.
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A simulation of sedimentation and erosion can be obtained from a detailed
mathematical approach, modelling all relevant phenomena such as the increased
turbulence generated by the decelerated flow, the current- and wave-related mixing
processes and the intensified pick-up of bed material by the accelerated flow. These
processes are simulated by the two-dimensional vertical mathematical model
Sutrench (Van Rijn, 1986, 1993, 1998), which is valid for flows (plus waves) across
ridges of infinite length.

2.2.1. Basic equation for sediment concentrations
The computation of the concentrations is based on a numerical solution of the

convection–diffusion equation. Assuming steady-state conditions and neglecting the
transport by longitudinal mixing, which is relatively small, the convection–diffusion
equation can be expressed as

@

@x
ðbucÞ þ @

@z
½bðwÿ wsÞc� ÿ

@

@z
bes;cw

@c

@z

� �
¼ 0; ð4Þ

where u is the longitudinal velocity at height z above the bed (m/s), c the sediment
concentration (kg/m3), w the vertical flow velocity (m/s), ws the particle fall velocity of
suspended sediment (m/s), es;cw the sediment mixing coefficient by current and waves
(ÿ), b the flow width (m), x longitudinal coordinate (m), and z the vertical coordinate.

The flow width ðbÞ is introduced to represent the sediment transport in a gradually
diverging or converging flow. The flow velocities and sediment concentrations are
assumed to be constant in lateral direction. Using this approach, the transport
processes in a stream tube refracted on a sand bank oblique to the approaching
current can be represented. The flow width as a function of distance ðbðxÞÞ must be
known a priori (field survey, physical-scale model or mathematical model) and
specified to the Sutrench model. For the present case the results of the Trenchflow
model were used. Eq. (4) can be solved numerically, when the flow velocities, the
sediment mixing coefficients and the particle fall velocity are known.

2.2.2. Velocity profiles in gradually varying flows
The flow velocity profiles in a gradually varying flow are assumed to be

logarithmic:

u ¼ uk
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where u is the longitudinal flow velocity (m/s), uh the water surface velocity (m/s), h
the water depth (m), Q the discharge (m3/s), z the height above bed (m), z0 the zero-
velocity level (0.033 ks) (m), and ks the effective bed roughness height (m).

The effect of the waves on the velocity distribution is neglected. The vertical flow
velocity ðwÞ can be computed from the fluid continuity equation as follows:
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yielding a rather simple analytic expression. The bed-shear velocity ðu�Þ follows from
uh

lnðh=z0Þ
¼ u�

k
: ð8Þ

Eq. (8) can be expressed as

u� ¼
k

ÿ1þ lnðh=z0Þ
Q

bh
; ð9Þ

where k is the constant of Von Kármán.

2.2.3. Mixing coefficients for gradually varying flows with waves

The mixing coefficient is represented by a combination of the current-related and
the wave-related mixing coefficient, as follows:

ðes;cwÞ2 ¼ ðes;cÞ2 þ ðes;wÞ2; ð10Þ

where es;c is the current-related sediment mixing coefficient and es;w the wave-related
mixing coefficient.

The current-related mixing coefficient is described by

es;c ¼ es;c;max ÿ es;c;max 1
2z

h
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es;c ¼ es;c;max ¼ 0:25bku�;ch for
z

h
5 0:5; ð11bÞ

where u�;c is the current-related bed-shear velocity according to Eq. (9) and, b the
ratio of sediment and fluid mixing coefficient (Van Rijn, 1986, 1993).

The wave-related mixing coefficient is described by

es;w ¼ es;w;bed for z4d; ð12aÞ

es;w ¼ es;w;max for z50:5h; ð12bÞ

es;w ¼ es;w;bed þ ðes;w;bedÞ
zÿ d

0:5hÿ d

� �
; ð12cÞ

where es;w;bed is the wave-related mixing coefficient close to the bed, es;w;max the wave-
related mixing coefficient in the upper half of the water depth, and d the thickness of
near-bed mixing layer (Van Rijn, 1986, 1993).

Eq. 12 is based on the analysis of measured concentration profiles for waves alone.
The characteristic parameters of the mixing coefficient distribution were related to
general wave parameters, yielding

es;w;bed ¼ a1d \ ûb;w; ð13Þ

es;w;max ¼ a2
hHs

Ts
; ð14Þ
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where Hs is the significant wave height, ûb;w the peak value of near-bed orbital
velocity according to linear wave theory, Ts the significant wave period, a1 a
coefficient ð¼ 0:0006D2

�Þ, a2 a coefficient ð¼ 0:035Þ, D� the particle parameter
ð¼ D50ð1 g=v2Þ1=3), Dð¼ ðrs ÿ rÞ=r; rs the sediment density, r the fluid density, g the
acceleration due to gravity, and v the kinematic viscosity coefficient (Van Rijn, 1993,
1998).

2.2.4. Boundary conditions
The following specifications are required:

Flow domain: initial bed levels, water depth, flow width, wave characteristics,
particle fall velocity, effective bed roughness, size, composition and
porosity of bed material;

Inlet boundary: discharge, flow velocities, mixing coefficients, concentrations;
Water surface: net vertical transport is assumed to be zero;
Bed surface: bed concentration of upward sediment flux at bed as a function of

local flow and sediment parameters.

The bed-boundary condition is specified at a small height ðz ¼ aÞ above the mean
bed. Using this approach, the bed concentration or the sediment flux can be
represented by its equilibrium values, assuming that there is an almost instantaneous
adjustment to equilibrium conditions close to the bed.

For equilibrium conditions Van Rijn (1986, 1993) proposed the following bed-
concentration function:

ca ¼ 0:015
D50

a

T1:5

D0:3
�
; ð15Þ

where ca is the bed concentration, a the reference level above bed, T the bed-shear
stress parameter ð¼ ð�tb;cw ÿ �tb;crÞ=�tb;crÞ, �tb;cw the effective bed-shear stress
ð¼ mc�tb;cr þ mw�tb;wÞ, �tb;c the current-related bed-shear stress, �tb;w the wave-related
bed-shear stress according to linear wave theory, mc the current-related efficiency
factor, mw the wave-related efficiency factor ð¼ 0:8=D�Þ, and �tb;cr the critical bed-
shear stress according to Shields.

2.2.5. Bed-level computation
Bed-level changes are computed from the cross-section integrated sediment

continuity equation, which reads

@

@t
ðbzbÞ þ

1

rsð1ÿ pÞ
@

@x
ðSs þ SbÞ ¼ 0; ð16Þ

where t is the time, b the flow width, zb the bed-level above a horizontal datum, p the
porosity factor, Ss the suspended load and Sb the bed load.

The suspended load is computed as

Ss ¼ b

Z h

a

uc dz: ð17Þ
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The bed-load transport is described by the following formula (Van Rijn, 1993):

Sb ¼ 0:053bðDgÞ0:5 D1:5
50

T 2:1

D0:3
�
: ð18Þ

2.2.6. Numerical solution methods
To solve Eq. (4), a finite-element method is used. The continuous solution domain

is divided into a system of quadrangular elements. The vertical dimensions of the
elements decrease towards the bed to provide a greater resolution in the zone where
large velocity and concentration gradients exist. To solve Eq. (16), a conservative
LAX scheme is used.

2.2.7. Calibration of the Sutrench model
Sediment transport calculations obtained with the morphodynamic model

Sutrench were compared to the fair-weather in situ measurements presented in Part
1 of this paper (see also Van de Meene and Van Rijn, 1994). Comparison of the
observed bed load and suspended load transport rates with those calculated by the
Sutrench model shows that this model fails to predict the sediment transport rates
at low current velocities correctly (Van de Meene and Van Rijn, 1994). At higher
current velocities, the bed load sediment transport rates are predicted reasonably
well, while the suspended load transport rate is over predicted by a factor 4. The
limited agreement is attributed to the uncertainty of the bed roughness ks. This
parameter is difficult to measure in the field accurately, while it has a large effect on
the computed sediment transport rates.

Especially during fair-weather conditions, ks may vary between grain roughness
and ripple roughness. Van de Meene and Van Rijn (1994) used a ks value of 0.05m.
The limited amount of field observations at low transport rates therefore are not
representative to test sediment transport models. A large number of measurements,
with careful sampling along all parts of the bed topography (stoss side, lee side, crest
and trough of the ripple field) are required to obtain a more representative data set
(see Van Rijn and Gaweesh, 1992 for river conditions). Unfortunately, however,
such measurements are hardly feasible in the marine environment.

A detailed discussion on the determination of ks in the field in relation to small-
scale bed forms is beyond the scope of this paper. The sensitivity of the sediment
transport calculations to ks, however, indicates that this sensitivity should be taken
into account in the Sutrench model calculations presented in this paper.

Time-averaged suspended sediment concentrations, measured during storm
conditions were compared with computed sediment concentrations based on the
Sutrench model. The results are given in Fig. 3. Although there is considerable
scatter, most calculated concentrations correspond within a factor 2, which is
considered reasonable. The comparison between observations and theory gives
better results than in the fair-weather case. This is attributed to the fact that the
model is better calibrated for high-energy conditions with plane bed or washed out
ripples than for low-energy conditions with ripples close to initiation of motion.
In this latter regime, horizontal variations of concentrations related to ripple
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geometry are relatively large. Sedimentological observations indeed have shown that
the sea bed may become almost flat during such storm conditions (Van de Meene
et al., 1996). Possible explanations for the observed scatter are variations in
measurement height and bed topography.

3. Morphological evolution of a sand bank

3.1. Introduction

The combination of the Trenchflow and Sutrench models described in the previous
section gives a simple morphodynamic model which allows for a preliminary study
of the morphological evolution of a sand ridge of infinite length. For the sand ridges
in the study area an initial sedimentation/erosion (ISE) model was employed, i.e. the
bottom topography was assumed to be invariant (De Vriend et al., 1993). The basis
for this was that the morphological time scale was considered to be much larger than
the tidal time scale (tidal period). The results revealed that this assumption was
justified (morphological time scale order hundreds or thousands of years).

The characteristic response of the tidal flow across a ridge was studied with the
Trenchflow model, applying Eqs. (2) and (3) from the previous section. The
calculated flow response was subsequently used as input for the Sutrenchmodel. This
model allows for a calculation of the sediment transport pattern across the sand
ridge and its subsequent morphological evolution. Since an initial morphodynamic
model was considered, morphological changes were calculated from the sediment
budgets for each morphological unit of the sand ridge (up-current flank, top and

Fig. 3. Comparison between observed and computed near-bed sediment concentrations during a storm.
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down-current flank, Fig. 4). Both Trenchflow and Sutrench calculations were
supplemented with a sensitivity analysis.

3.2. Flow characteristics: an example

The flow response for conditions characteristic for the study area (flood spring
tidal current velocity U0 ¼ 0:8m/sÿ1 and direction j0 ¼ 758; sand bank wavelength
L ¼ 2500m; sand bank height hbank ¼ 4m; h0 ¼ 18m, ks ¼ 0:05m) is given in Fig. 5.
The acceleration of the cross-bank component at the bank crest follows directly from
the continuity equation (Eq. (3)), the deceleration of the along-bank component is
caused by the increased bottom friction at the bank crest.

These velocity variations cause the current to veer towards the crest. Since the
along-bank velocity ðvÞ is larger than the cross-bank velocity ðuÞ, the total velocity
magnitude decreases at the ridge crest. Fig. 5 shows a phase shift of the along-bank
and total velocity variation with respect to the bottom topography, caused by the
inertia effect. Fig. 5 also shows that the along-bank velocity component at the up-
current flank of the ridge is always stronger than that at the down-current flank.
Averaged over a tidal cycle, this gives the residual circulation around the sand bank,
as discussed by e.g. Zimmerman (1981).

The effect of the bank height ðhbankÞ on the flow response was analysed by
considering four different bank heights (Fig. 6(a) and Table 1). For bank heights
between 2 and 8m (hbank=h0 between 0.11 and 0.44), the nature of the flow response
was the same, while the magnitude of the velocity perturbations varied. The maximum
velocity difference between the up- and down-current flank varied between 4 and 17%.
For a bank height of 4m ðhbank=h0 ¼ 0:22Þ, the velocity perturbation amounted to 8%
(Figs. 5 and 6(a)). The expected tide-averaged residual circulation around the ridges is
approximately equal to the magnitude of the velocity perturbation.

The sand bank orientation affects the nature of the response, which is evident
when two extreme cases are considered: flow almost perpendicular to the sand bank
ðj0 ¼ 58Þ and flow almost parallel to the sand bank (j0 ¼ 858; Fig. 6(b)). In the first

Fig. 4. Definition of the sand bank topography used for the Sutrench calculations: UPFL=up-current

flank; TOP=top of the ridge; DOFL=down-current flank; and ST=total sediment transport.
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case there is no net decrease of the total current velocity, since continuity is the only
effect at work in this situation. For almost parallel flow, the velocity decrease is at its
maximum, but since the current flows almost parallel to the bank, this deceleration
is not advected over the crest. There is thus an optimum velocity variation for
maintenance of the sand bank at intermediate angles j.

Eq. (2) has an inertial part and a friction part (Boer, 1985). Inertia is dominant
with relatively steep slopes and thus short wavelengths. As a result, there is no flow
deceleration and sedimentation for short bank lengths and therefore no maintenance
of the sand bank (Fig. 6(c)). In intermediate conditions both inertia and friction play
a role. With the model characteristics given before, the flow appears to be inertia-
dominated for a wavelength of 250m, while both inertia and friction are important
for wavelengths of 2500m.

The effective bed roughness ðksÞ also affects the flow response across a sand bank.
The general trend is that the flow response will be larger and occur earlier (shorter
lag) when the bed is rougher (ks is larger), and vice versa. In practice however, this
effect is very small. Taking ks ¼ 0:05m as a reference condition, velocities for
ks ¼ 0:01m differ by at most 2%, while velocities for ks ¼ 0:10m vary with a
maximum of 1%.

3.3. Sediment transport: examples

The sediment transport pattern across a linear sand bank was based on the flow
response of Fig. 5. Although there is only partial correspondence between nature and
theory, these calculations provide a first-order idea of the behaviour of the ridge

Fig. 5. Flow response across a linear sand bank. Reference conditions typical for a spring tidal flood

current (U0 ¼ 0:8m/s, f0 ¼ 758, L=2500m, hbank ¼ 4m, h0 ¼ 18m, ks ¼ 0:05m; UPFL=up-current

flank, DOFL=down-current flank).
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Fig. 6. Sensitivity analysis Trenchflow. Reference conditions as in Fig. 5. (a) Flow response (total velocity

vector) as a function of sand bank height hbank; (b) flow response as a function of sand bank orientation

with respect to the undisturbed flow f0; and (c) flow response as a function of sand bank wavelength L.

Summary of input conditions given in Table 1.
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system in the present hydrodynamic regime. In addition, similar calculations were
done using the observed flow response as input.

The most important input parameters for the sediment transport calculations with
the Sutrench model are (also see Section 2.2): bottom profile; stream tube width;
time-dependent wave data and current velocity across the ridge. The current
velocities from the Trenchflow computations were implemented in the Sutrench
model by varying the stream tube width ðbÞ along the bottom profile, taking b ¼ 1 at
x ¼ 0 (Fig. 5). The current velocities in the Sutrench model follow from u ¼ Q=bh,
with Q the discharge (m3/s), h the local water depth (m), and b the local stream tube
width (m).

Typical spring and neap tidal current velocities in the study area are given in
Fig. 7. Based on these curves, the tidal currents were kept constant during each
tidal phase, with an effective flood current of 0.7m/s and an effective ebb current of
0.6 m/s (Table 2), each with an effective duration of 3 h per tidal cycle. The effect of
wind-driven flow was not considered because of lack of input data. A summary of
input conditions is given in Table 2.

Computed sediment transport rates by a tidal current alone (flood velocity, no
waves) and by this current combined with extreme storm waves (Hs ¼ 5m, Tp ¼ 9 s)
are given in Figs. 8(a) and (b). The sediment transport rates increase at the
up-current flank and decrease at the ridge crest and at the down-current flank. There
is thus erosion at the up-current flank and sedimentation at the top and down-
current flank, for both conditions. The relative decrease in sediment transport rate
(i.e. ðSUPFL ÿ SDOFLÞ=SUPFLÞ, and thus the relative sedimentation rate, is largest in
the case without waves (Fig. 8(a); especially at the top of the bank). This is due to the

Table 1

Input conditions sensitivity analysis Trenchflowa

Run |U0| f0 L hbank h0 ks
(m/s) (deg) (m) (m) (m) (m)

Fig. 6(a) 3 0.8 75 2500 2 18 0.05

4 0.8 75 2500 4 18 0.05

5 0.8 75 2500 6 18 0.05

6 0.8 75 2500 8 18 0.05

Fig. 6(b) 7 0.8 85 2500 4 18 0.05

8 0.8 75 2500 4 18 0.05

9 0.8 65 2500 4 18 0.05

10 0.8 55 2500 4 18 0.05

11 0.8 45 2500 4 18 0.05

Fig. 6(c) 1 0.8 75 2500 4 18 0.05

2 0.8 75 250 4 18 0.05

Not shown 12 0.8 75 2500 4 18 0.01

13 0.8 75 2500 4 18 0.05

14 0.8 75 2500 4 18 0.10

aU0=undisturbed current velocity (magnitude); f0=undisturbed current velocity (direction); L=wave-

length of the bank; hbank=height of the bank; h0=undisturbed water depth; and ks=bed roughness.
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fact that during fair-weather conditions the sediment transport is dominated by bed
load, which adapts faster to variations in hydraulic conditions across the ridge than
the suspended load transport during storms. The settling of suspended sediment is a
relatively slow process. Comparison of Figs. 5 and 8 shows that there is erosion at
the up-current flank, despite the small decrease in current velocity. This is due to the
increase of the bed friction (decrease of water depth) and associated increase in bed
shear stress and hence sand transport rate. Apparently, the effect of the decreasing
depth at the up-current flank compensates for the local small decrease in current
velocity.

The effect of the bed roughness ðksÞ on the sediment transport rates (especially the
suspended transport) was studied by varying ks between 0.01 and 0.10m, keeping
ks ¼ 0:05m as a reference condition. Results are given in Figs. 8(a) and (b) as well.
Sediment transport rates are more sensitive to variations in ks for large waves than
for smaller or no waves. For ks ¼ 0:01m, mean sediment transport rates through

Fig. 7. Characteristic tidal velocity curve and schematized velocity regime. Positive is flood; negative is ebb.

Table 2

Summary of the input conditions for the Sutrench model runsa

Tidal currents Wave conditions Water level Bank height Bed roughness

Phase U0 (m/s) Hs (m) Tp (s) h0,flood (m) h0,ebb (m) hbank (m) ks (m)

Flood 0.7 0 } 18 18 2 0.01

Ebb 0.6 1 6 18 16 4 0.05

2 6 6 0.10

3 7 8

4 8

5 9

aPhase=tidal phase (ebb/flood); U0=undisturbed current velocity magnitude; Hs=significant wave

height; Tp=peak wave period; h0;flood=undisturbed water depth during flood; h0;ebb=undisturbed water

depth during ebb; hbank=height of the bank; and ks=bed roughness.
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the morphological units of Figs. 8(a) and (b) were a factor 0.5 (Hs ¼ 5m) to 0.8
(Hs ¼ 0m) smaller than for ks ¼ 0:05m. For ks ¼ 0:10m, mean sediment transport
rates were a factor 1.1 (Hs ¼ 0m) to 1.6 (Hs ¼ 5m) larger than for ks ¼ 0:05m.
These variations in sediment transport rates generally do not affect the nature of the
morphological development, only the rate at which this development takes place.

Fig. 8 only shows sediment transport rates during the flood phase. Under a full
tidal cycle, the sediment will be swept to and fro from one side of the sand bank to
the other. Sedimentation at the ridge crest is predicted under both fair-weather and

Fig. 8. Sediment transport rates across a linear sand bank calculated with Sutrench. Input is the flow

response given in Fig. 5 (reference conditions for a typical spring tidal flood current). UPFL=up-current

flank, DOFL=down-current flank. (a) Hs ¼ 0m, ks ¼ 0:01, 0.05, 0.10m; (b) Hs ¼ 5m, ks ¼ 0:01, 0.05,
0.10m.
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storm conditions. This indicates that the considered sand bank system has a
potential to grow, and to migrate if the tide is asymmetrical. No erosion at the ridge
crest was observed under the considered conditions, even not during high waves.
This means that the suggestion of Huthnance (1982) that storm waves may provide
a mechanism balancing growth under quieter conditions does not apply for the
situations considered here.

Fig. 9 gives the yearly flood 9(a), ebb 9(b) and tide-averaged 9(c) sediment
transport rates across the studied sand bank for each individual wave class. The
contribution of each wave class averaged over a year (i.e. sediment transport rate
multiplied by the frequency of occurrence) is of the same order of magnitude, despite
the large effect of wave height on the sediment transport rates, as evident from Fig. 8.
This means that there is no dominance of either fair-weather or extreme conditions
on the yearly sediment transport rates. A comparable result for another part of the
North Sea has been described by Soulsby (1987). This author concluded that the
most important contributions to the long-term sediment transport are made by fairly
large but not too infrequent waves, combined with tidal currents between mean neap
and maximum spring tide. Weak currents and low waves give a small contribution,
because their potential for sediment transport is low, although their frequency is
high. Extreme conditions also are relatively unimportant, since, although their
transport potential is high, their frequency is too low.

The tide-averaged sediment transport rates are dominated by average conditions
(Hs ¼ 1m, Fig. 9(c)), while the contribution of high waves is smaller than for the
instantaneous flood and ebb sediment transport rates (Figs. 9(a) and (b)). Apparently,
the tide-averaged effect of higher wave conditions is almost zero. This may be
explained by the balancing effects of water level and current velocity variations.
During flood, current velocities and water depth are higher than during ebb. Due to
the larger water depths during flood, the effect of the waves on the sediment transport
rates is smaller. The result for high wave conditions, as evident from Fig. 9, is that
stronger current velocities with weaker wave effects during flood are balanced by
weaker currents with stronger wave effects during ebb. The overall result is that the
net effects are mainly determined by non-extreme waves between 0 and 2m.

The total yearly sediment transport rates over the ridges vary between approximately
115 and 160m3/myr for the flood phase and between 75 and 125m3/myr for the ebb
phase (minimum in the upstream trough and maximum at the ridge crest, see Fig. 8).
Consequently, net sediment transport rates across the ridges are around 35m3/myr in
the direction of the dominant flood tidal current (roughly northwards). These values
correspond well with the results of an extensive modelling study of the Dutch coast
(Van Rijn, 1997). According to this study, net sediment transport rates in a coastal
section a few kilometres south of the ridge area (Noordwijk) were 35� 15m3/myr at
the ÿ 20m line and 85� 45m3/myr at the ÿ 8m line.

3.4. Sand bank evolution

The morphological evolution of a linear sand bank, i.e. its growth and migration
rate and its dependence on current velocity, wave height, water depth and bank
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Fig. 9. Yearly sediment transport rates across a linear sand bank weighted for the wave climate.

UND=undisturbed (flat) sea bed, LWFL=landward flank (up-current flank during flood, down-current

flank during ebb, Fig. 1), SWFL=seaward flank (down-current flank during flood, up-current flank

during ebb, Fig. 1). (a) Flood transport (U0 ¼ 0:7m/s, h0 ¼ 18m); (b) ebb transport (U0 ¼ 0:6m/s,

h0 ¼ 16m); (c) residual transport (flood minus ebb). All other input conditions as in Fig. 5.
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height was studied by analysing the sediment balance for the different morphological
units of the bank, as depicted in Fig. 4. The sediment balance for this sand bank
system reads

Dz ¼ G

rsð1ÿ eÞBL
ð19Þ

with

G ¼ ðSTin ÿ SToutÞT ð20Þ

in which Dz is the bed-level change (m), G the weight of the sediment deposited
during time T (kg), rs the density of the sediment (kg/m), e the porosity (ÿ), B the
mean width of the stream tube (m), L the mean length of the stream tube (m), STin

the total sediment transport load through the stream tube into the morphological
unit (kg/s), STout the total sediment transport load through the stream tube out of
the morphological unit (kg/s), and T the time (s).

The velocity response and the mean stream tube width and length, as calculated
with the Trenchflow model, provides the input for the Sutrench model. This latter
model gives the total sediment transport into and out of each morphological unit
depicted in Fig. 4. The calculations were done for conditions characteristic for the
study area (Table 2). The tidal current velocities used as input were based on
measurements near the ridges, while the wave climate was obtained from a nearby
measurement station (Meetpost Noordwijk; Roskam, 1988). The effect of tidal
water-level variations was studied by considering two extremes: no water-level
variations and a typical spring tidal range of 2m. Furthermore, the morphological
behaviour of the sand bank was analysed for different bank heights.

The general trends in morphological evolution are erosion of the up-current flank
and deposition at the top and on the down-current flank. Both migration rates and
deposition at the top increase for increasing bank height. For a sand bank of 4 m
high, tide- and wave climate-averaged bed-level changes are in the order of 0.010–
0.015m/yr.

The vertical bed-level changes Dz at the up- and down-current flank may be
converted into horizontal migration rates Dx, using simple geometrical rules:
Dx¼ Dz=tan a; in which a is the slope of the flank. The slope of the considered sand
bank (Fig. 4) is about 1 : 210. This gives estimated horizontal migration rates for the
4m bank ranging between 1 and 3m/yr in the direction of the flood current, for
maximum water-level variations (18/16 case, Table 2) and no water-level variations
(18/18 case), respectively. This corresponds to a migration in the order of a sand
bank wavelength in a few thousands of years. A geological reconstruction of the
sand banks in the study area has revealed a similar migration rate (Van de Meene,
1994). There is thus a good correspondence between the model calculations and this
geological reconstruction. The calculated vertical aggradation rates at the top are
relatively large, 0.015m/yr (or 1.5m/century) for the 4m bank. This aggradation rate
increases with increasing bank height. This indicates a positive feedback: in the
present model, the initial sand bank is predicted to grow, while there is no damping,
even not during high-wave conditions.
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There is a marked effect of the water-level variations on the sand bank behaviour.
When water-level differences between ebb and flood are ignored (water depth is 18m
during both ebb and flood), the dominant flood current dictates the migration direction
(erosion at the landward flank, sedimentation at the seaward flank). When water-level
variations are taken into account (water depth is 18m during flood and 16m during
ebb), the ebb transport dominates the flood transport during high waves, due to the
lower water-levels during ebb. As a result, the flood-dominance observed in the 18/18
case is reduced in the 18/16 case for the 2 and 4m banks. This results in lower flood-
dominated migration rates. The 6 and 8m banks are predicted to migrate with the
ebb-current. The sedimentation at the top is not affected by the water-level variations.

Since sand bank growth is predicted for all input conditions studied here, the
question arises which mechanism may balance this growth. Van de Meene and Van
Rijn (2000) have shown that the theoretical flow response used for the present model
calculations (Fig. 5) is not observed in nature, at least not with the same velocity
variations. This natural situation was simulated by calculating the morphological
evolution of the sand bank under a tidal current crossing the sand bank obliquely,
with no variation in current velocity or direction across the sand bank (i.e. observed
flow conditions). The migration rates for these real flow conditions are generally
comparable to those based on the theoretical flow conditions. However, the
relatively large sedimentation rates at the top under theoretical flow conditions have
changed into small erosion rates at the top (order 0.002m/yr) during observed flow
conditions. The absence of the theoretical flow response thus may form an erosion
mechanism balancing sand bank growth.

The cross-sectional area of the sand bank depicted in Fig. 4 is approximately
5000m2. The mean stream tube width in the Sutrench calculations varies between 1
and 1.6m. This means that the volume of the sand bank per stream tube width is in
the order of 5000–8000m3. The net sediment transport gradient through the stream
tube for all wave and tide classes amounts to 33m3/yr, which is much less (order
factor 200) than the total volume of sand stored in the ridges. Therefore, no major
morphological changes in the sand banks are expected on the time scale of years.
However, on the geological time scale of, say, 1000 yr, the total amount of eroded
and deposited sediment is larger than the volume of sediment stored in the ridges
(order factor 5). This indicates that the sand banks are probably not a relict on this
geological time scale.

4. Discussion and conclusions

The model calculations have shown that the ridges have a potential to grow and to
migrate under the theoretical flow regime. The net sediment transport gradients
through a stream tube over a period of a year are much smaller than the volume
of the sandbank under the stream tube, indicating that the ridges are stable over
a period of years to decades. On a time scale of thousands of years, sediment
reworking is larger than the volume stored in the ridges. This suggests that the ridges
were formed or at least maintained in the present hydrodynamic regime and that

J.W.H. van de Meene, L.C. van Rijn / Continental Shelf Research 20 (2000) 2325–2345 2343



they are not a geological relict. This outcome is supported by a geological
reconstruction of the formation of the ridges (Van de Meene, 1994). The above
results also indicate that the morphological time scale of the ridges is in the order of
hundreds or thousands of years, which justifies the application of a local ISE model
as a tool for process analysis.

By considering several extreme situations, the calculations provide a range of
growth and migration rates for the considered sand bank system. Growth rates
depend on the intensity of the flow response and are between +0.015 and ÿ 0.002m/
yr. Calculations based on the flow observations in nature suggest that the actual
growth rate is close to zero.

Migration rates depend on the intensity of the flow response and on the magnitude
of the water-level variations. The calculated migration rates are between 0.7m/yr in
ebb direction and 3m/yr in flood direction. Calculations based on the observed flow
conditions suggest that the actual migration rate is in the order of 0.5–1m/yr in the
direction of the dominant flood tidal current. This migration rate corresponds well
with the results of a geological reconstruction (Van de Meene, 1994).

The Sutrench calculations have shown that, with the present ridge height, storm
waves are not likely to flatten the ridges. Therefore, waves do not provide a
mechanism balancing the predicted growth in the present situation. However, the
Sutrench calculations have also shown that the observed flow response (i.e. veering but
no velocity variation across the ridges) will cause a slight erosion, instead of growth.
This suggests that a flow response weaker than the theoretical one may provide a
situation in which the ridges are in equilibrium with the hydrodynamic regime.

In order to be able to draw firmer conclusions and to have a more rigorous
validation of the mathematical model concepts discussed in Section 2 of Part 1 of this
paper (Van de Meene and Van Rijn, 2000), the models should be adjusted to the
actual situation, while the model results should be used to set up a further field
measuring programme. In particular, the effect of wind- and density-driven currents
on the bank morphology should be studied. However, the setting of the shoreface-
connected ridges along the Dutch coast (the finite length of the ridges, the
attachment to the shoreface and the proximity of the coastline) may be too complex
to be described by a morphodynamic model like the ones mentioned before. This
makes it difficult to assess what processes determine the formation and maintenance
of these ridges. One way to overcome this problem is to perform 2D- or preferably
3D-model calculations with a realistic bottom topography and including the
presence of the coastline. Such calculations are very time consuming, and therefore
not suitable to study the morphodynamic evolution of the ridges (also see De Vriend
et al., 1993). However, even their application to the actual morphological state may
provide an impression of the sensitivity of the ridge system to the variability in
hydrodynamic conditions (tidal currents, waves, wind- and density-driven effects),
and of the effect of phenomena such as the finite length of the ridges, the attachment
to the shoreface and the proximity of the coastline. The outcome of such model
calculations should be compared with synoptic hydrodynamic measurements in the
ridge area, to assess whether the predicted flow response can be observed in nature.
Such synoptic observations may be obtained, for instance, with ship-borne acoustic

J.W.H. van de Meene, L.C. van Rijn / Continental Shelf Research 20 (2000) 2325–23452344



doppler current profilers (ADCPs), or with sets of stand-alone ADCPs deployed
at the sea bed. The fact that this type of equipment has considerably improved
technically over the last few years, while prices have gone down, should give a
renewed boost into the field study of linear sand bodies.
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