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Abstract

Results are presented of numerical simulations of the basin-scale morphodynamics of an idealised, semi-enclosed,

energetic tidal shelf sea. The basin dimensions and tidal characteristics resemble those of the Southern Bight of the

North Sea. The simulations were carried out using a finite-difference model of bed-level change, designed for use with

an existing numerical hydrodynamical model. A ‘bottom–up’ approach was chosen, which allows investigation of basic

physical effects. A bed-load sediment-transport formulation was used, assuming uniform grain size. The computations

focus on the basin-scale evolution of the seabed (hundreds of kilometres), span several tens of thousands of years, and

represent various scenarios of sea-level change. Morphological features with length scales of tidal sandbanks and

smaller were not included. The results show that the basin will export sediment and deepen. Also, it will expand by the

accumulation of the eroded sediment in the deeper waters to the north. The deepening causes reduction of the flow

velocities and the net sediment transport, resulting in decreasing rates of morphodynamic evolution. The resulting

large-scale seabed topography partly resembles the current bathymetry of the Southern Bight of the North Sea. The

topography is mainly the result of sediment redistribution along the longitudinal axis of the basin, caused by asymmetry

in the velocity field of the amphidromic system. The feedback of the developing bed levels to the water motion is

dominated by the increase in water depth, and much less by the seabed topography. Externally prescribed changes in

sea level change the wavelengths of the tide and the seabed pattern; they also change the speed of the morphodynamical

evolution.
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1. Introduction

1.1. Motivation

Shelf seas like the North Sea are characterised
by tidal currents strong enough to erode and
transport sediment. Field observations show a
clear pattern of sand fluxes in the North Sea
(Johnson et al., 1982). Spatial divergence of these
fluxes changes the morphology, resulting in bed
d.
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forms and basin-scale bathymetric evolution.
Current-generated bed forms are tidal sandbanks
with length scales of several kilometres (e.g., Dyer
and Huntley, 1999) and sand waves with length
scales of several hundreds of metres (e.g., Huntley
et al., 1994). The basin-scale morphodynamic
evolution takes thousands of years. It is influenced
strongly by changes in coast-line geometry and
water depth caused by variations in mean sea level
(e.g., Lambeck, 1995).

This paper focuses on the basin-scale morpho-
dynamic evolution. Models based on equations for
depth-averaged tidal flow and sand transport
reproduce the observed sand fluxes in the Southern
Bight of the North Sea quite well (Gerritsen and
Berentsen, 1998; Van der Molen and De Swart,
2001). Their simulations suggested feedback be-
tween tides and seabed topography on a scale of
hundreds of kilometres. This feedback might lead
to morphodynamic equilibrium. Then, tides and
seabed topography are adjusted such that the
divergence of the tide-averaged sediment trans-
ports is zero. If such interaction exists and can be
understood, important information can be ob-
tained about the evolution of semi-enclosed shelf
seas. Morphodynamic evolution of shelf seas may
be important for the evolution of the adjacent
coasts, because the sea can be an active source or
sink of sediment.

Van der Molen and De Swart (2001) computed
the pattern of sediment transport and bed-level
change in the Southern Bight for both the realistic
bathymetry and a flat bottom at average depth.
Larger sediment-transport rates were obtained for
the case of a flat bottom, while the main patterns
of bed-level change were similar. The patterns
indicated a trend to develop important parts of the
present bathymetry in a period of time equivalent
to the Holocene (10,000 years). During the
Holocene the North Sea was flooded after the last
glaciation. The smaller transport rates for the
realistic bathymetry suggest a trend towards
morphodynamic equilibrium.

Feedback between tides and sea-bed topography
and morphodynamic equilibrium conditions have
been described for tidal basins of lengths of
tens of kilometres (Schuttelaars and De Swart,
2000; Van Leeuwen and De Swart, 2001; Lanzoni
and Seminara, 2002). The basic physical mechan-
isms are also present in semi-enclosed tidal shelf
seas like the Southern Bight of the North Sea.
Thus feedback can be expected, and possibly also
morphodynamic equilibria.

This paper tests the hypothesis that morphody-
namic equilibria exist for energetic tidal shelf seas
on a spatial scale of hundreds of kilometres. The
morphodynamical evolution and the physical
mechanisms responsible are analysed. Also, the
role of changes in mean sea level on the
morphodynamical evolution is studied. The spe-
cific objective is a first investigation of the main,
large-scale interactions between tides and bathy-
metry in a shelf sea in an idealised context. As
such, details in the model results can be expected
to differ from situations in the real world. To
illustrate the strengths and weaknesses of the
results, comparison is made with the Southern
Bight of the North Sea, which is well studied, and
can be regarded as a prototype semi-enclosed tidal
shelf sea. This is a bottom–up approach, which
allows for refinements and additions later on.

1.2. Method

A process-based morphodynamical model was
developed for this study. The model contains only
the most important physical mechanisms gover-
ning tidal propagation and sediment transport in a
shelf sea. In the following, the main approxima-
tions in the model are motivated.

The waters of the Southern Bight of the North
Sea are well mixed (e.g., Otto et al., 1990). Thus,
stratification does not occur, and the water motion
can be simulated with a depth-averaged model. For
this study, the existing HAMburg Shelf Ocean
Model (HAMSOM) (Backhaus, 1983, 1985) was
used to compute the hydrodynamics. The HAM-
SOM model solves the shallow-water equations with
a finite-difference method. It uses the Arakawa-C
grid (Arakawa and Lamb, 1977). This grid simplifies
the design of a morphodynamical code, because
depths are defined in the cell centres. More details
about HAMSOM are presented in Section 2.2.

The present model does not account for the
potentially important effect of veering of the flow
direction in the vertical caused by earth rotation.
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As most sand is transported very close to the
bottom, traditional three-dimensional (3D) models
would require a very high vertical resolution to
sufficiently resolve the bottom-boundary layer,
and would thus require extensive computing time.
A promising first effort has been made to develop
a fast method to remedy this problem (Shapiro
et al., 2004), but this method still has to be adapted
for tidal situations.

In reality, wind-induced currents, wind waves,
and density-driven currents contribute to the long-
term net sediment transport in shelf seas, and
hence to the morphodynamical evolution. In our
prototype example of the Southern Bight of the
North Sea, density-driven currents are only
important in the region of fresh-water influence
of the river Rhine along the Dutch coast. There is
an estuarine-type of density-driven circulation that
generates onshore currents with a yearly average
of about 3 cm/s near the bottom in a zone with a
width of about 20 km (De Ruijter et al., 1992).
Storms can induce depth-average surge currents of
up to 1m/s (Flather, 1987). Time-averaged atmos-
pherically induced depth-averaged residual cur-
rents are about one-third of their tide-induced
counterparts, and have the same direction (Pran-
dle, 1978). During storms, wind waves can induce
substantial near-bottom orbital velocities at
depths of several tens of metres (Otto et al.,
1990). Earlier simulations with a numerical model
of hydrodynamics and sediment transport using a
realistic geometry (Van der Molen, 2002) have
shown that (i) wind waves enhance the tide-
induced sediment transport in the Southern Bight
of the North Sea with up to a factor of 2 in the
north, (ii) wind-induced currents only contribute
significantly to the sediment transport in the
presence of waves, (iii) moderate storms from the
southwest (wind speeds of about 7m/s) give the
largest contribution to the long-term net sand
transport, (iv) sand transport by tides is larger
than that by storms in most of the Southern Bight,
except in the northeast and at the bed-load parting.
These results compared well with observations.

The idealised model geometry was inspired on
Taylor’s problem (Taylor, 1920). Taylor’s problem
concerns linear tidal dynamics in a frictionless,
semi-enclosed rectangular shelf sea of constant
depth with the dimensions of the North Sea.
Taylor’s problem has also been used to investigate
the tidal hydrodynamics of the southern Yellow
Sea (Zheng et al., 1991). Here, the basin dimen-
sions resemble the smaller Southern Bight of the
North Sea (Section 3.2), while the HAMSOM
model accounts for non-linearity and friction. The
idealised geometry captures the main physics of
the tidal system, but eliminates the effects of coast-
line geometry, which would cause large local
gradients in the sand transport. Such gradients
would obscure the large-scale trends and would
soon cause emergence of the bed in certain grid
cells, while the model cannot simulate flooding and
drying. Because the contribution of the spring-neap
cycle to the sediment transport averages to zero on
a monthly time scale (Van de Kreeke and Robac-
zewska, 1993), the northern open model boundary
was forced with M2 tidal amplitudes only.

As we focus on internal, large-scale tidal shelf-
sea processes, near-shore processes and sediment
exchange (rivers, estuaries, beaches) are excluded.
In reality, coasts provide local sources and sinks of
sediment, which may interact with shelf-sea
evolution.

The seabed of the Southern Bight of the North
Sea consist mostly of fine to medium sand. The
grain size becomes finer from south to north
(combine the maps of Cameron et al., 1984a;
Harrison et al., 1987; Balson et al., 1991). Very fine
material (silt, mud and organic matter) is sus-
pended in the water column, but rarely settles
longer than a few hours (Williams et al., 1998).
Thus, only sand participates in morphodynamical
evolution, and finer material is ignored. For
simplicity, a single grain size is assumed here.

For sand with grain sizes typical for the South-
ern Bight of the North Sea (250 mm), fall velocities
are such that sand grains will settle within a
distance comparable to the resolution of the model
on the tidal time scale. Moreover, the model grid
size is of the same order of magnitude as the tidal
excursion length. As a result, solving the advec-
tion–diffusion equations for sediment transport
will not yield more information than a much more
simple transport formulation. Suspended and bed-
load sand-transport rates in tidal conditions are of
comparable magnitude in the Southern Bight of
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the North Sea (Van der Molen and De Swart,
2001). Moreover, the transport patterns are
similar. Thus, the main trends of morphodynami-
cal evolution can be studied by considering only
bed-load transport of sand. A local transport
formulation is used (Bailard, 1981), see also
Section 2.3. Depth-averaged flow velocities are
large in the Southern Bight of the North Sea
(typically >0.7m/s). Thus, a threshold velocity for
sediment motion is not included. Because of these
simplifications analytical techniques can be used to
interpret the results.

Unlimited availability of sand of a single grain
size was assumed. In reality, sediment consists of a
continuum of grain sizes, and their distribution
varies from place to place (Cameron et al., 1984a;
Harrison et al., 1987; Balson et al., 1991). More-
over, sand may not be available in unlimited
amounts, thus reducing the maximum local trans-
port rate. Grains of different sizes can travel with
different speeds, over different distances or even in
different directions (e.g., Johnson et al., 1982).
These processes are influenced by the threshold of
motion. Most of these grain-related processes result
in sorting of the sediment, as is indeed evident from
the grain-size distribution in the North Sea. Such
sorting might result in spatially dependent rates of
morphodynamical evolution. Thus, these proper-
ties of sand grains will influence the development of
a shelf sea. It is not expected, however, that grain-
related properties would dominate the qualitative
model behaviour as presented here.

As a first approximation, a friction law inde-
pendent of time and space is used for both the
hydrodynamic model and the sediment-transport
formulation. In reality, the magnitude of bottom
friction may vary in a complicated manner as the
hydrodynamics interact with bed forms of scales
ranging from ripples (several cm) to sand waves
(hundreds of m) and sand banks (several km).
Indeed, sand waves have been shown to exert drag
on currents in the North Sea (Huntley et al., 1994).
Ideally, such bed forms and their drag should be
included dynamically in the solution of the
morphodynamical model. They are too small,
however, to be resolved and generated by the
present model. In addition, 3D processes play a
role in their formation (Hulscher et al., 1993).
Alternatively, parameterisations might be used to
predict the full range of possible marine bed form
dimensions from sediment characteristics and
hydrodynamical conditions. Reliable, accurate
full-range parameterisations do not exist to date,
however. Dynamically adjusted friction may be
important for the morphodynamical evolution of
shelf seas, but it will not influence the main trends
as presented here.

The bed-level evolution was computed using the
Lax–Wendroff method (Lax and Wendroff, 1960),
see also Section 2.4. This numerical technique has
been used successfully in a variety of morphody-
namical models (e.g., Nairn and Southgate, 1993;
Ranasinghe et al., 1999; Cayocca, 2001). The Lax–
Wendroff method is a finite-difference technique
that is second-order accurate in both space and
time, and is largely free of numerical diffusion.

The morphodynamical time scale of the model is
longer than in reality, because suspended load
transport is excluded (factor of about 2), and
because storms are excluded (factor of about 2). In
the realistic geometry of the Southern Bight of the
North Sea, these factors are space dependent
because of the average distribution of wave height,
which is smallest in the southwest, and largest
(exceeding 2) in the northeast. Note, however, that
the Bailard formulation as used here overestimates
the sediment transport magnitude (a factor 1–5).

Results for various sea-level scenarios are
presented (Section 3), starting with stationary sea
levels at various elevations. These model experi-
ments identify the main trends in basin evolution,
and give a first impression of the influence of sea
level on the model solution. Subsequently, two
different rates of steady sea-level rise were applied
to investigate the dynamic response of the system
to external forcing. Finally, the response to
sinusoidal sea-level variation was investigated.
This model experiment illustrates the effects of a
time-varying rising and falling sea level.

2. Model description

2.1. Model structure

The morphodynamical model consists of a
feedback loop (see Fig. 1). The hydrodynamics
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are simulated for a given bathymetry, and yield
velocities from which sediment-transport rates are
calculated. Next, bed-level change is computed
giving a modified topography, etc. The bed level is
assumed not to change at the time scale of the
hydrodynamics (here, 12 h 20min). Bed-level
change is computed with a morphodynamical time
step (here: 100 years) using tide-averaged sediment
transports. The following sections describe the
components of the model and summarise test
results.

2.2. Hydrodynamics

The HAMSOM model (Backhaus, 1983, 1985)
solves the 3D shallow-water equations on an
Arakawa-C grid (Arakawa and Lamb, 1977), with
fixed levels (z-coordinates) in the vertical. Here, it
is used to solve the two-dimensional (2D), depth-
averaged shallow-water equations

qz
qt

þ
qðhuÞ
qx

þ
qðhvÞ
qy

¼ 0; ð1Þ

qu

qt
þ u

qu

qx
þ v

qu

qy
� fv

¼ �g
qz
qx

�
Cd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2

p
u

h
; ð2Þ

qv

qt
þ u

qv

qx
þ v

qv

qy
þ fu

¼ �g
qz
qy

�
Cd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2

p
v

h
; ð3Þ

where Eq. (1) is the continuity equation and
Eqs. (2) and (3) are the momentum equations in
the x- and y-direction, respectively. The physical
effects included are conservation of mass and
momentum, advection of momentum, the Coriolis
force, acceleration by pressure differences and
bottom shear stress. In these equations, u and v are
the velocities in the x- and y-direction, t is time, f

is the Coriolis parameter, g the acceleration due to
gravity, Cd a drag coefficient and h ¼ z2Z the
water depth, with z the water level, and Z the bed
level relative to datum (here: mean sea level).

In the first HAMSOM run the model is spun up
from zero water levels and velocities. The last tidal
cycle of this run is used for the first bed-level update.
Subsequent runs of HAMSOM are started from the
last time step of the previous model run and allowed
only short spin-up to save computing time.

2.3. Sediment transport

The formulation of Bailard (1981) is used to
compute bed-load transports, as described by
Soulsby (1997). It follows the energetics approach
of Bagnold (1963). The volumetric bed-load
transport rate q is given by

q ¼
cf e

gðs � 1Þ tan fi

jubj2ub �
cf e tan b

gðs � 1Þ tan2 fi

ubj j3i:

ð4Þ

The first term is the bed-load transport, the second
term describes the effect of slopes in the bed. Bold
face variables are vectors. In Eq. (4), ub is the flow
velocity at level a from the seabed, cf a friction
factor, e ¼ 0:10 an efficiency coefficient, s the
relative density of sand grains in water, fi the
angle of internal friction of sediment, 0pbop=2
the bed slope and i a unity vector in the up-slope
direction. The influence of grain size enters
through the friction factor cf and the efficiency
coefficient e: Here, we assume a single grain size.

The near-bottom velocity ub at level a above the
bed follows from assuming a logarithmic velocity
profile

ub ¼
u�
k

ln
a

z0

� �
; ð5Þ

where k ¼ 0:4 is Von K!arm!an’s constant, u� is the
friction velocity and z0 is the roughness length.
Following Soulsby (1997), the top of the bottom-
boundary layer was assumed at a ¼ 0:05m. The
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bed-shear stress is assumed to be identical to that
of the depth-averaged velocity u:

Cd juju ¼ ju�ju� ¼ cf jubjub: ð6Þ

This yields for the friction factor

cf ¼
k

ln ða=z0Þ

� �2

; ð7Þ

and for the drag coefficient

Cd ¼
k

ln ð12h=30z0Þ

� �2

: ð8Þ

The roughness length z0 was computed from
Eq. (8), using the constant drag coefficient Cd

prescribed for the hydrodynamical model. An
improved value for the friction factor can be
obtained if the friction law of the hydrodynamical
model is improved (see also Section 1.2). The
physical meaning of the present implementation is
that the dimensions of small-scale bed forms (and
thus the roughness length z0) are proportional to
the local water depth.

Comparison of sediment-transport formulation
(4) (without the slope term) with field observations
gave reasonable results for shelf-sea conditions
with and without waves (Van der Molen, 2003).

2.4. Bed-level change

Changes in bed level Z are computed from
conservation of sediment volume

qZ

qt
¼ �

1

1� p
r �/qS: ð9Þ

Here, p is the porosity of the bed and /qS is the
tidally averaged sediment-transport vector. The
bed level has negative values below mean water
level.

When inserted in Eq. (9), the slope term in
sediment-transport formulation (4) results mathe-
matically in a diffusive term. This term smoothes
topography as it describes down-slope sediment
motion for every flow velocity, and thus has a
stabilising influence on the growth of bed forms.

The continuity equation for sediment (9) is
solved numerically using the method of Lax and
Wendroff (1960). Details of the implementation
are given in Appendix A. In case of the onset of
shock waves, the solution of this method is
dominated by the truncation error, and thus
unreliable. To prevent shock waves, artificial
stabilisation methods may be used. The method
can be applied without artificial stabilisation
methods when the grid size is sufficiently small
(typically, about the water depth for unidirectional
flow, and about ten times the water depth for tidal
flow) (Appendix B). In that case the natural bed-
slope terms can become larger than the truncation
error of the numerical method.

2.5. Model tests

As full verification of the model results for
Taylor’s problem cannot be obtained, two diffe-
rent test cases were considered that test the main
feedback mechanisms of the model: the evolution
of a sinusoidal hump in stationary flow in a
channel and the initial growth of alternating bars
in a tidal channel.

Using the method of characteristics, De Vriend
(1987) showed that the evolution of a sinusoidal
hump in stationary flow can be computed analy-
tically when slope terms in the sediment transport
are neglected. In one dimension, the hump
steepens while it travels in the direction of the
flow. In two dimensions, the hump evolves into a
three-pointed star (resembling a barchan dune),
with one point oriented against the flow. The
present model follows the one-dimensional (1D)
solution well until the onset of a shock wave. In
two dimensions, running on a grid size of about
the water depth (see Appendix B), the model
reproduces the three-pointed star shape, while
shock-wave formation is prevented by the natural
slope terms.

Using linear stability analysis, Seminara and
Tubino (2001) and Schramkowski et al. (2002)
demonstrated that alternating bars form in a tidal
channel as a natural instability of the sediment-
water system (length: 23 km, width: 500m, M2

current, no Coriolis effect). With the proper
parameter settings, forcing and basin dimensions
(Schramkowski, pers. comm.), the present model
increases the amplitude of an initial alternating bar
pattern. Thus, the model also shows the expected
behaviour in tidal conditions.
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3. Results for Taylor’s problem

This section presents model results for our
extension of Taylor’s problem. First, an adapta-
tion of the model for coarse grids is discussed.
Next, the model geometry and the parameter
settings are described. Subsequently, the morpho-
dynamical evolution is presented for stationary sea
level (Case 1), followed by results for a 10m lower
sea level (Case 2). These simulations illustrate the
morphodynamic evolution of the basin and the
influence of sea level. Because in reality sea level
has risen during the last 18,000 years, the dynamic
response to sea-level rise is investigated next
(Case 3). Finally, sinusoidal sea-level variation is
considered to obtain a first, crude approximation
of the system’s behaviour for glacial–interglacial
cycles (Case 4).

3.1. Diffusion

A diffusion term was added to the sediment
continuity equation to prevent the onset of shock
waves, because the computational cost of a small
enough grid size (Appendix B, criterion (B.4)) was
prohibitive for Taylor’s problem. The diffusion
term can be considered to represent the combined
effect of physical diffusive processes, such as slope
terms on bed forms and diffusion through
concentration gradients or by waves, see also
Section 4.

The diffusion term was added to the right-hand
side of the second step of the solution of the
discretised sediment continuity Eq. (A.13):

�K
Zk

iþ1;j � 2Zk
i;j þ Zk

i�1;j

Dx2
þ

Zk
i;jþ1 � 2Zk

i;j þ Zk
i;j�1

Dy2

 !
;

ð10Þ

where K is a constant diffusion coefficient and
indices i; j; k denote grid positions in the x- and
y-direction and the time level, respectively.

The magnitude of the diffusion is known by
specifying the diffusion coefficient K ; and its role
in the model solution is analysed below. Such
insight is important for (near) morphodynamical
equilibrium, where diffusion inevitably plays a
role.
3.2. Geometry and parameter settings

The model geometry is shown in Fig. 2A. The
geometry consists of a shallow basin in the south
and a deep basin in the north. Only the northern
boundary is open. The shallow basin has the
average depth of the Southern Bight of the North
Sea (25m) and the northern basin that of the
North Sea (75m). The transition between the
basins is sinusoidal. The width of both basins
approximates the width of the Southern Bight
(165 km). The length of each basin is half the M2

wavelength, as determined by the depth (i.e., 340
and 600 km, respectively). Thus, each basin



ARTICLE IN PRESS

J. van der Molen et al. / Continental Shelf Research 24 (2004) 483–507490
accommodates an amphidromic system. The grid
distance is 5 km and the basin is located at 52	 N
(i.e., f ¼ 1:15
 10�4/s�1). The southern basin is
the area of interest, while the northern basin
buffers deviations between boundary conditions
and internal hydrodynamics. The initial bath-
ymetries of both basins are flat bottoms in all
simulations. A sensitivity study with various initial
bottom topographies invariably showed evolution
towards the same situation. The basin geometry
preserves the main physics of the tidal system of
the southern North Sea. The model cannot resolve
local morphology such as tidal sandbanks.

The northern boundary was forced with M2

tidal water levels with a 12 h period. The boundary
condition was the superposition of an incoming
and an outgoing Kelvin wave. The Kelvin waves
had an amplitude ratio of 0.2, as expected for
Taylor’s problem with friction (Zheng et al., 1991).
The water levels along the boundary were in phase,
corresponding to a position between two amphi-
dromic points (Taylor, 1920). The amplitude of the
incoming Kelvin wave (1.9m) was chosen to yield
realistic flow velocities in the southern basin. A
radiative boundary condition was selected to limit
reflection back into the basin (see Backhaus, 1983,
1985 for details). The same open-boundary condi-
tions were prescribed for all the simulations, and
independent of time. This assumption is rather
crude because the tidal wavelength depends on the
depth. Also, changes in the seabed topography will
alter the reflection of the tide in the south. The
radiative boundary condition cannot fully com-
pensate for misfits between the open-boundary
condition and the internal hydrodynamics of the
model. Thus, some tidal energy will reflect back
into the basin and affect the morphodynamical
evolution. Only the speed of the morphodynamical
evolution is affected, because the reflected tide
alters only the amplitudes of water levels and
currents.

The hydrodynamical model had a time step of
300 s and a time and space invariant drag
coefficient Cd ¼ 2:5
 10�3: The central advection
scheme of HAMSOM was selected. The initial
spin-up period was 14.5 days, subsequent runs had
a warm restart with 2.5 days spin-up to adjust to
the new bed levels. The subsequent (last) 12 h of
each run were used to compute new bed levels.
Hydrodynamics were stored every 600 s.

The morphodynamical model had a time step of
100 years. The diffusion coefficient was
K ¼ 3:25
 10�4 m2/s. This value was selected
using sensitivity runs to be just large enough to
prevent the onset of shock waves in the solution
for the seabed. The bed-slope term was excluded,
because only small bed slopes could develop given
the large grid size. The sediment-transport for-
mulation uses the same roughness coefficient as
the hydrodynamical model. The relative density of
sediment in water was s ¼ 2:65; representative of
quartz sand. The internal friction coefficient was
tan fi ¼ 0:63:

All simulations were continued as long as
possible with the aim of getting as near to an
equilibrium state as possible, if it exists. The runs
were stopped when grid cells emerged above local
low-water level. Longer simulations might be
possible if the model would allow for flooding
and drying. For the hydrodynamical model, an
elegant solution is available (Stelling and Duin-
meijer, 2003) that might work well for morphody-
namical computations. It may be more difficult to
improve the morphodynamical routine because of
the relationship between grid size and water depth
(Appendix B).

3.3. Case 1: present sea level

3.3.1. Bed-level evolution

The bathymetry after 454,000 years of morpho-
dynamical evolution is shown in Fig. 2B. Longer
simulation was impossible because the seabed
emerged in the southwest corner.

Overall, the depth of the southern basin has
increased. The eroded material has been deposited
mostly on the slope to the northern basin. The
slope has accreted towards the north and has
become less steep. In addition to the general
deepening, sediment has been deposited near the
southern model boundary, in particular on the
western side. The central southern basin has
deepened to about 40m, slightly more in the west
than in the east. To the north, a shallow area has
developed, with emphasis on the eastern side
(about 27m). Model results without the Coriolis
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force showed no east–west bottom structure,
identifying the amphidromic system as its cause.

Profiles taken every 50,000 years at two cross-
sections illustrate the temporal evolution (Fig. 3).
The north–south cross-section (Fig. 3A) shows
that the rate of evolution decreases fairly rapidly in
time, with the main bathymetrical features deve-
loping within the first 100,000 years. The shallow
area in the north (yE320 km) first builds up, and
then moves northward down the slope. Near the
southern boundary (yE20 km), the accretion
gradually slows down until it nearly stops. The
cross-section in the x-direction (Fig. 3B) shows the
initial accretion of the northern shoal (50,000
years). Subsequently, the bed levels decrease as the
shoal moves away to the north.

The emerging grid cells indicate that the model
problem has the potential to develop intertidal
areas and shores by itself. This result corresponds
with real-world situations, and is worth further
investigation with a model that is capable of
flooding and drying, specifically to establish the
fate of such coastal areas as the evolution of the
basin continues.

Below, the hydrodynamics and sediment-trans-
port patterns are analysed for the initial and final
situation to obtain a physical understanding of the
bottom evolution.

3.3.2. Analysis initial state

Sediment is transported by asymmetry of the
tidal currents, residual currents, and diffusion.
These processes are fully accounted for by internal
generation (asymmetry and residuals) or prescrip-
tion (diffusion) in the model. To analyse the main
contributions of these processes, the hydrody-
namics generated by the model at various stages of
the morphodynamical evolution were post-pro-
cessed. This was carried out by harmonic analysis
of stored time series of water levels and currents,
and by recalculating the main components of
sediment transport and bed-level change.

A decomposition of the hydrodynamics for the
initial bathymetry is given in Fig. 4. The co-tidal
chart of the M2 water levels (Fig. 4A) shows an
amphidromic system in each of the basins. The
amphidromic points are displaced to the east by
frictional dissipation and energy transfer to over-
tides in accordance with earlier results (Rienecker
and Teubner, 1980; Zheng et al., 1991). Thus,
water-level amplitudes are larger in the west than
in the east.

As the M2 tide moves through the basin, energy
is transferred by non-linear processes to higher
harmonics (overtides) (see, e.g., Parker, 1991),
causing tidal asymmetry. The most important
overtide is M4, with twice the frequency of M2.
The co-tidal chart of the M4 water levels (Fig. 4B)
shows four amphidromic systems as expected. M4

increases in amplitude as it is generated along the
path of M2 through the basin. Hence, the
amphidromic points of M4 are located more to
the west in the north than in the south.

Co-tidal charts of the currents of M2 and M4 are
given in Fig. 4C and D. Asymmetry of the tide
caused by M2 and M4 provides an important
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contribution to the tide-averaged sediment trans-
port (e.g., Van de Kreeke and Robaczewska,
1993). The currents show the same characteristics
as the water levels. The main difference is that the
amphidromic points are grouped in pairs between
the water-level amphidromic points, in accordance
with theory (Xia et al., 1995). Thus, the central
pair of M4 current amphidromic points nearly
coincides with the M2 water-level amphidromic
point. The largest tidal current asymmetry is
expected between the (pairs of) M4 current
amphidromic points where the M4 currents are
large. The phase differences between M2 and M4

also play a role, however, as will be discussed
further on.

The current ellipses (Fig. 4E) are oriented along
the axis of the basin, except near the southern
boundary where the ellipticity is large. These
results correspond with the frictionless results of
Taylor (1920), but not with those with friction by
Zheng et al. (1991). They report a clockwise
rotation of the current ellipses in the area near
the southern boundary. This difference was not
further investigated because the ellipses in the
present model correspond well with more realistic
model results (e.g., Pingree and Griffiths, 1979;
Davies and Kwong, 2000). Sediment is expected to
be transported mainly with the currents along the
north–south direction.

Residual currents induced by the tide also cause
net sediment transport. Such currents are caused
by differences in mean sea level (geostrophic
balance), mass transport by the Kelvin wave
(Stokes drift), and topographic gradients (rectifi-
cation). The model generates residual currents of a
few cm/s to the north in the northern half of the
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southern basin (Fig. 4F). The magnitudes increase
to the north and east. The currents have a
considerable eastward component. The residual
current pattern resembles results by Pingree et al.
(1984). Their 1D model showed seaward residual
currents seaward of the M2 tidal node and
negligible currents landward of the node. The
currents are generated mainly by continuity
(Stokes drift). Here, the pattern is modified by
tidal amplitude differences and earth rotation.

The initial tide-averaged volumetric sediment
transport per unit width is decomposed in Fig. 5.
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out using
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with an equivalent expression for the y-direction
(Van der Molen and De Swart, 2001). All
velocities are at a ¼ 0:05m above the bed as
before (subscripts b have been dropped for brevity)
and were obtained by harmonic analysis. Sub-
scripts 0, 2 and 4 denote the residual current, the
M2 tide, and the M4 tide, respectively. The phase
angles b and g are of the M2 and M4 components,
respectively. The first eight terms are the transport
involving the residual current, the last three terms
that by the tidal asymmetry.

The bed-load parting (Fig. 5B) is caused by tidal
asymmetry, while the northward transport is
enhanced by the residual current. The divergence
by tidal asymmetry is caused by the amphidromy
of the M2 and M4 currents (Fig. 4C and D). In the
bed-load parting zone the phase of the M2 currents
is nearly constant, while that of the M4 currents
takes all possible values. This causes ebb do-
minance in the northwest and southeast, and flood
dominance in the northeast and southwest (ninth
term in Eq. (11)). The phase of the M4 current is
nearly constant between the (pairs of) M4 amphi-
dromic points. There the magnitude of M4

determines the magnitude of the transports. The
pattern of transport by tidal asymmetry compares
well with the phase relationship between M2 and
M4 currents of Pingree et al. (1984). Their
analytical expressions and 1D shelf model showed
flood dominance between the M2 elevation node
and the reflective coastal boundary, and ebb
dominance seaward of the node. This result
corresponds to the western side of the basin, but
also to the eastern side of the basin when
accounting for the propagation direction of M2.
The same general asymmetry structure linking M2

and M4 amphidromy to a bed-load parting is also
present in the English Channel and the Irish Sea
(Pingree and Griffiths, 1979). Comparison of
computed M2 co-tidal charts (Lee and Jung,
1999) with computed sediment-transport rates
(Zhu and Chang, 2000) for the Yellow Sea does
not show the same pattern, because tidal currents
are too weak to move much sediment in the region
where well-developed amphidromic systems are
present.

The magnitude of the flux involving the residual
current does not vary much across the basin, in
contrast to the residual current itself. The cause is
the opposite trend of the magnitude of the M2

current (third and fourth terms in Eq. (11)). As
expected, the transport contribution involving the
residual current is slightly eastward. The contribu-
tion by tidal asymmetry is the largest in the south,
while the residual current contributes most in the
northwest and also at the bed-load parting (gray
tones).

The transport by diffusion (Fig. 5C) was
computed directly from the gradients in the bed
topography. This contribution is initially zero
where the bottom is flat. On the slope to the
northern basin it is dominant. Thus, the diffusion
contributes to the export of sediment. It also
causes the reduction in the slope gradient.

3.3.3. Analysis final state and comparison with

initial state

After 454,000 years, the amphidromic system of
the M2 water levels has shifted to the north (Fig.
6A). The shift is caused by the increase in depth,
which causes a larger tidal wavelength. The
wavelength in shallow water is l ¼ T

ffiffiffiffiffi
gh

p
(e.g.,

Gill, 1982), with T the wave period. A change in
water depth from h1 ¼ 25 m to h2 ¼ 30 m shifts the
amphidromic point northward by Dl=4 ¼
1
4
Tð

ffiffiffiffiffiffiffi
gh2

p
�

ffiffiffiffiffiffiffi
gh1

p
ÞE17 km; in good agreement

with the model results. Likewise, the northern
amphidromic system of M4 is shifted to the north
(Fig. 6B). It is also shifted to the deeper west,
where less M4 is generated. The southern M4

amphidromic system is shifted to the west, because
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the reflected M4 Kelvin wave is enhanced by
generation along the shallow southern boundary.

The changes in the current amphidromic sys-
tems of M2 and M4 are similar to those of the
water levels (Fig. 6C and D). In addition, the M2

currents are smaller because of the increased
depth. The M4 currents have decreased similarly.
Also, their generation is reduced. The amphidro-
mic pair in the central southern basin has
separated along a northwest to southeast axis.
This separation is most likely caused by generation
of M4 on the shoals in the southwest and north-
east. The current ellipticity is increased, in
particular in the south (Fig. 6E). This increase is
possibly caused by partial reflection of the tide on
the bathymetry, which excites Poincar!e waves.
Additional residual currents are generated at the
slope in the south (Fig. 6F). The field of residual
currents in the north has followed the northward
shift of the slope to the northern basin. Their
amplitudes have decreased.

After 454,000 years, the net bed-load transport
(Fig. 7A) has decreased. Sediment transports in
the south have nearly vanished. In the north,
sediment is still exported. The decomposition
(Fig. 7B) shows particularly smaller transport by
tidal asymmetry. The bed-load parting now has a
more northwest–southeast orientation. The smal-
ler transport by tidal asymmetry is caused by
smaller current amplitudes of both M2 and M4.
The rotation is caused by the separation of the pair
of M4 current amphidromic points (Fig. 6D). The
transport involving the residual current is also
smaller, except in the northwest, because there the
residual current has increased and the M2 current
has reduced only slightly.
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The transport by diffusion (Fig. 7C) still
dominates on the slope to the northern basin. In
addition, it now counteracts the northward trans-
port in the north, and it nearly cancels the
southward transport in the south. The latter
results in conditions near equilibrium (see also
Fig. 3A). Thus, the diffusion retards the develop-
ment, and limits bed-level gradients. Overall,
however, the diffusion term is too small to alter
the qualitative behaviour of the model.

3.4. Case 2: 10 m lower sea level

Results of 42,000 years of evolution for a 10m
lower sea level are shown in Fig. 8. Only relevant
elements of the initial situation are analysed,
as trends during the simulation were similar to
Case 1.

The final bathymetry (Fig. 8A) shows the same
pattern as in Case 1 (Fig. 2B). The main difference
is that the bed-level pattern has a smaller
wavelength. This reduction is caused, as before,
by a smaller tidal wavelength, associated with the
smaller depth. The smaller wavelength causes a
southward shift of the amphidromic system
(Fig. 8B). This shift results in smaller M2 tidal
currents in the east than in the west. As a result,
M4 currents (Fig. 8C) are now generated mostly in
the west. The M4 tide is dissipated considerably
before it reaches the eastern side of the basin.
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The residual currents (Fig. 8D) are stronger
than in Case 1 (Fig. 4F), and now occupy the
entire southern basin. A residual circulation cell is
present in the south-eastern corner. The rest of the
pattern is similar to Case 1, with current directions
to the northeast and larger amplitudes in the east
than in the west.

The bed-load transport (Fig. 8E) shows large
export of sediment on the slope to the northern
basin. Sediment is also transported northward in
the northeast, whereas transports are to the south
in the west and south. The resulting bed-level
change has the familiar pattern with a smaller
wavelength. The top of the slope to the northern
basin is eroded heavily, especially in the northwest
where the transport direction diverges. Decom-
position of the transport field (Fig. 8F) shows
southward transport by tidal asymmetry in the
west (flood dominant) and very small transports in
the east. Along the eastern boundary, the small
patch of northward transport by the tidal asym-
metry contributes to the formation of the shallow
area in the northeast. The transports involving the
residual current are to the north, with largest
values in the west, and magnitudes increasing to
the north. The eastward component is more
pronounced than in Case 1 and contributes to
the formation of the shoal in the northeast.
Overall, the residual current exports sediment
from the southern basin, while the tidal asymmetry
imports sediment.

Simulations were carried out also for sea levels
of +5, �5, and �15m. The trends were similar to
those described above. For the �15m situation,
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dissipation of the tide in the southern basin was so
strong that sediment transports were significantly
reduced in the south.

3.5. Case 3: linear sea-level rise

Two simulations were carried out with constant
rates of sea-level rise to assess the dynamic
response of the system. The simulations started
at a sea level of �15m and finished at +5m, with
rates of 0.25 and 1.0mm/year (simulation periods
80,000 and 20,000 years). Because the model
contains bed-load transport only, and neglects
the effects of waves and wind-driven currents, the
model response represents a realistic response to
2–4 times larger rates of sea-level rise. During the
Holocene, rates of sea-level rise along the eastern
shores of the Southern Bight have decreased from
about 10 to 1mm/year (see, for an overview,
Kiden et al., 2002). The results of the model runs
are compared with a simulation at a stationary sea
level of +5m with a simulation period of 80,000
years.

The bed-level pattern of the 0.25mm/year case
(Fig. 9B) is located slightly more to the south than
for the stationary sea level (Fig. 9A). Also, the top
of the northern shoal is shifted to the east. This
difference is expected, because the dynamic result
was generated partly at lower sea levels. The
1.0mm/year case (Fig. 9C) has smaller bed-level
amplitudes, mainly because it contains less time.
The wavelength is shorter than for 0.25mm/year,
indicating that non-linear processes are important
and that the model response is slow.

In conclusion, sea-level rise is important for the
bed-level evolution in the model. For time-varying
rates of sea-level rise, the shape of the curve may
also be important. For decreasing relative sea-level
rise as during the Holocene, the bed-level change
for higher sea levels will be more important than in
the cases considered here.

3.6. Case 4: sinusoidal sea-level variation

In this last case, the response of the basin to
sinusoidal sea-level forcing is investigated. The
period was 30,000 years, and the range from �5 to
+10m. The simulation started in low stand. In
addition, a triangle with sides of 50 km was cut off
the southwest corner of the basin to postpone
emergence. These settings allowed for nearly six
full sea-level cycles before local emergence of the
bed stopped the computation. Realistic glacial/
interglacial cycles have a period of about 100,000
years, sea-level changes of about 100m (implying
dry conditions in the North Sea most of the time),
rates of sea-level rise larger than those of sea-level
fall, and high stands are lower. Thus, the model
captures only the principle behaviour for rising
and falling sea level.

The general trend in bed-level evolution resem-
bles that of the previous cases. The temporal
evolution, however, is different. Cross-sections of
the bed level taken every 3000 years (Fig. 10A)
show clustering typical for sedimentary systems
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subject to periodical forcing. This behaviour is
caused by both sea-level-dependent rates of deve-
lopment, and spatial oscillations in the pattern of
bed-level change caused by tidal wavelength
variation. These effects are illustrated by the
position of the maximum of the northern shoal
(Fig. 10B). The initial position is at the left-most
asterisk, and subsequent positions in time follow
the line. Asterisks indicate the moments of low
stand and circles indicate high stands. On average,
the shoal accretes first, and then moves down the
slope to the northern basin. Superimposed on this
trend, the shoal accretes and advances around high
stands, and erodes and retreats around low stands.
Clearly, the advance and retreat follow the motion
of the deposition zone across the top of the shoal
as sea level oscillates, and with a substantial phase
lag (nearly 90	). Throughout the process, sediment
is exported to the north across the shoal (see Figs.
5A and 8E). The phase lag indicates that the
system is quite inert. The erosion is caused
partially by diffusion. For lower sea levels, and
for oscillations with a longer period, the system
response will be faster, and the top of the shoal will
follow the forcing more closely.
4. Discussion and conclusions

4.1. Summary of results

In all the simulations, the southern basin
became deeper, because residual currents and tidal
asymmetry export sediment (aided by the diffu-
sion). Also, the seabed developed a shallow area in
the north, a deep area in the centre, and a shallow
area against the southern boundary. This pattern
is caused by the typical structure of the amphi-
dromic system of the tidal currents. The deepening
causes an increase of the tidal wavelength. As a
result, the shallow area in the north is pushed
down the slope into the northern basin. For
oscillating sea level the northward motion is less,
because the largest changes appear around low
stands. Then, the northern area of deposition is
located to the south of the slope to the northern
basin, and export of sediment is reduced. The
feedback of the developing bed levels to the water
motion seems to be dominated by the mean depth
increase, and much less by the superimposed and
developing seabed topography.

4.2. Comparison with the realistic situation

Compared to the Southern Bight of the North
Sea, the model results for Case 1 show differences
caused by the Strait of Dover, the coastline
geometry, and the seabed topography. Such
differences may be expected, as the model contains
major simplifications with regard to geometry
(semi-enclosed basin), hydrodynamics (only tides),
and sediment transport (bed-load, uniform grain
size, no critical velocity of erosion). The advantage
of this ‘bottom–up approach’ is that it allows
investigation of the basic physical processes invol-
ved in shaping shelf-sea basins. Other important
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processes (e.g., waves, sediment grading and
suspension, Strait of Dover, etc.) can be added at
a later stage. The differences and possible implica-
tions for the basin evolution are discussed below.

In reality, the M2 amphidromic system of water
levels is located more to the west (Prandle, 1980)
than in the model, because of the Kelvin wave
entering through the Strait of Dover (Prandle et al.,
1993). As a result, the tidal range in the west is
larger in the model than in reality (up to 1.2m,
compared to 0.9m), smaller in the east (0.3 and
0.6m, respectively), and smaller in the south (1.2
and 1.8m, respectively). The phases compare well
(within 30	). The amphidromic systems of M4 are
also located more to the west in reality. The
southernmost amphidromic point is degenerate
and located to the west of Dover. These more
westerly locations are most likely caused by M4

tidal energy entering through the Strait of Dover,
and by stronger generation of M4 in the east than
in the west. Overall, the amplitudes of M4 are
smaller than in reality: up to 0.1m in the east
compared to over 0.15m, and about 0.4m in the
west compared to 0.5m. The phases are about 30	

earlier than in reality. In the model, the southern-
most amphidromic system is more prominent than
in reality. The stronger generation of M4 in reality
is caused by the realistic bathymetry, which is
shallow in the east. Simulations in a realistic model
geometry by Xia et al. (1995) showed an M2

current amphidromic point northeast of the
Southern Bight, and another near the Thames
estuary. The northern point is located slightly
more to the west than in our model. The southern
one is located much more to the west, presumably
because of the Strait of Dover. The magnitudes of
the M2 tidal currents are approximately 0.1m/s
less than in their model, and are substantially less
towards the southern model boundary. The phase
of the currents in our model is about 30	 later. The
influence of the Strait of Dover on the morpho-
dynamical evolution of the Southern Bight of the
North Sea is an interesting topic for further
research.

In reality as well as in the model, the current
ellipses are aligned with the central basin axis (e.g.,
Davies and Kwong, 2000). This axis curves to the
southwest, parallel to the coasts of the Southern
Bight. The ellipticity is greater than in the model.
The velocities do not vanish in the south because
of the Strait of Dover. The realistic tidal residual
velocities are to the north and northeast as in the
model, and are largest in the northern part of the
Southern Bight (Prandle, 1978). In contrast to
the model, their amplitude is largest near the
central basin axis. The overall amplitudes in the
present model are approximately 0.01m/s less. In
Prandle’s (1978) model, the residual currents do
not vanish in the south because of the Strait of
Dover, but they do decrease in magnitude.

In summary, the model represents the tides quite
well. The tidal system is shifted to the east, mainly
because of the closed southern boundary.

Comparing the sediment transport and bed-level
change (Case 1) to observations (Johnson et al.,
1982) and previous realistic model results (Pingree
and Griffiths, 1979; Gerritsen and Berentsen, 1998;
Van der Molen and De Swart, 2001), the bed-load
parting and the erosion in the centre and deposi-
tion in the north are clearly reproduced. The
deposition in the south is less clear in the realistic
models, probably because of the Strait of Dover.
The time scale of the model seems substantially
longer than in reality: in about 50,000 years, the
northern shoal has accreted by about 5m, whereas
in reality, 5–20m of sediment has been deposited
during the Holocene (10,000 years) (Harrison et al.,
1987). The decomposition of the sediment trans-
port into components caused by tidal asymmetry
and residual current at 454,000 years matches
better with the realistic situation than the initial
situation. In particular, the northwest to southeast
orientation of the bed-load parting is better
reproduced, as well as the larger zone of north-
ward transport by the tidal asymmetry in the
northeast. The same holds for the increase of
transport by the residual current from east to west
in the north. This better match may result from the
more westward location of the amphidromic
systems at 454,000 years or from the bed
topography. A model experiment with a flat
bottom and less friction showed a more westward
location of the amphidromic point, but not the
rotation of the bed-load parting. Thus the rotation
is caused by the seabed topography. The compa-
rison also suggests that the eastern boundary of
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the present model should be projected along the
eastern shore of the Southern Bight up to the
Strait of Dover (the Dutch island of Texel being
located at about y ¼ 300 km). The southern
boundary represents the section from Calais to
the mouth of the river Thames.

The seabed topography generated by the model
does not match the real bathymetry, despite the
agreement with observations and realistic model
results. The actual bathymetry (e.g., Caston, 1979)
is shallow in the Thames Estuary (depths less than
20m), and in the east (depths less than 30m). In
the west, depths are about 40m. At the transition
to the deeper North Sea to the north (depths
>40m), water depths are relatively small (B30m)
across the entire width of Southern Bight. Quali-
tatively, a shallow area at the transition to the
northern basin evolves in the model. Also, the
model generates a shallow area where the Thames
Estuary might be projected. In reality, the latter is
at least partly the result of fluvial processes. Also,
the deepest areas in the model are in the west, in
correspondence with reality. The model does not
generate, however, a shallow area in the east along
the entire length of the basin.

The present bathymetry of the Southern Bight
of the North Sea was formed mainly by marine
and glacial processes (Banner, 1979). During the
Saalien ice age (the second last) the British and
Fennoscandian ice sheets reached the north of the
Southern Bight, forming ice-pushed ridges and
glacial drainage valleys (Oele and Sch .uttenhelm,
1979). In the Eemian (the subsequent interglacial),
marine processes redistributed sediment, resulting
in deposits with a similar spatial distribution as
those of the Holocene (Cameron et al., 1984b;
Cameron et al; 1986). The ice sheets of the
Weichselian ice age (the last one) did not reach
the region, and limited bathymetric changes were
caused by aeolean and fluvial processes (Jelgersma
et al., 1979). Large amounts of sediment were
displaced during the Holocene, resulting in 5–20m
thick deposits in the east and north, probably
originating from the west where Holocene sedi-
ments are nearly absent (combined maps of
Cameron et al., 1984a; Harrison et al., 1987;
Balson, 1988; Balson and D’Olier, 1990; Balson
et al., 1991). The eastern coast-line has made a
large shift during the Holocene sea-level rise, and
coastal processes (wave action) have played an
important role in the formation of the eastern
deposits. The early Holocene sediment consist of
peat and clay, however (Jelgersma et al., 1979).
Sediment supply by the river Rhine (the largest
river in the area) was limited during the Holocene
(Beets and Van der Spek, 2000). Erosion resistive
material (gravel) in the west and near the Strait of
Dover (Balson, 1988; Balson and D’Olier, 1990)
will have influenced the evolution by limiting
erosion locally, and, by resulting reduced sediment
supply, limiting deposition elsewhere. In addition,
it may have sped up the migration of large-scale
bed features that would otherwise have accumu-
lated further, and hence would have been more
inert. Comparison of the morphodynamical evolu-
tion in the model with the distribution of Holocene
sediments also leads to the conclusion that the
model reproduces the deposition in the north
(though at much slower rate), but does not capture
transport from west to east.

4.3. Morphodynamic equilibria

Morphodynamical equilibria for semi-enclosed
tidal shelf seas have not been found for the
configuration and physical mechanisms considered
here, because of the persistent export of sediment
to the deeper northern basin. This trend will only
stop when the deepening has reduced the flow
velocities until a negligible amount of sediment is
moving. The absence of a morphodynamic equili-
brium may be caused by the limited number of
physical mechanisms in the model (i.e., local bed-
load advection of sand by tidal currents). Dis-
regarding the diffusion, equilibrium can only be
obtained when the transports involving the resi-
dual current and the tidal asymmetry are equal
and of opposite direction. Such conditions occur
only locally, however. Additional physical pro-
cesses are required, which may initially contribute
only little, but may eventually allow an equili-
brium. The balance between the various terms may
be a function of space.

Such additional processes are bed-slope terms
and diffusion of suspended sediment (and possibly
settling lag). Also, velocity veering in the vertical
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by earth rotation (Shapiro et al., 2000; 2004) may
be important, because it would affect the direction
of the various transport components. Moreover, a
threshold of motion could limit erosion. Bed-slope
terms act at a smaller spatial scale than resolved
here, and are important where bed forms such as
tidal sandbanks are present. Tidal sandbanks may
play a role in sand budgets at the scale of a field of
sandbanks by changing the transport paths into
circulation around the banks, as is often observed
(e.g., Collins et al., 1995). If this diversion results
in reduced or even negligible net sediment trans-
port across a field of sand banks, they may well be
essential elements in facilitating a large(r)-scale
morphodynamic equilibrium, by allowing for local
equilibrium. The dynamic interaction of sand
banks with the basin-scale morphodynamic evolu-
tion is an interesting topic for further research, but
would require a model resolution in the order of
100m. Diffusion of suspended sediment would
transport sediment from shallow areas with high
flow velocities to deeper areas. This process would
limit seabed topography and export sediment to
the northern basin. Hence, it resembles the
diffusion term used in the model. It could establish
local equilibria. In reality, also non-tidal transport
processes such as wind waves, wind-driven cur-
rents and possibly density-driven currents will
contribute. Waves will enhance the tidal transports
dependent on water depth, adding a diffusive
tendency that would reduce sea-bed topography.
In addition, gradients in the wave field would alter
the convergence/divergence of the sediment trans-
ports. Dominant southwesterly winds (as exist in
western Europe) would increase wave height to the
northeast. This might reduce the elevation of the
northern shoal and increase the sand export.
Climatically averaged wind-induced currents
would cause a residual current depending on the
bathymetry: with wind direction in shallow areas
and in different directions in deeper areas as
prescribed by mass conservation (Furnes, 1980). A
resulting circulation cell would export sediment
and might induce a cross-basin transport compo-
nent. Transports by wind-induced currents are
also enhanced by wind waves.

Considering these contributions, temporary,
local morphodynamic equilibria within the south-
ern basin are possible. A process counteracting the
export of sediment, however, was not found. Thus,
an equilibrium on the scale of the southern basin
probably does not exist. Instead, the typical
structure of the current amphidromic systems of
M2 and M4, as dictated by their wavelengths,
causes systematic export of sediment towards
deeper water, which is aided by the structure of
the tidal residual current field. This result implies
that fossil shallow sandy shelf deposits, reflecting
high-energy tidal sediment transport (e.g., Swift
et al., 1991) typically reflect periods of sea-level
change, because then water depths of several tens
of metres have not persisted long enough to export
the high-energy sandy deposits to adjacent deeper
basins.
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Appendix A. Implementation of the Lax–Wendroff

scheme for bed-level change on an Arakawa-C grid

The implementation of Eq. (9) in two dimen-
sions is analogous to the 1D case (Lax and
Wendroff, 1960), where intermediate bed levels
are computed at an intermediate time level using
central differences in space, and final bed levels are
computed using information from the intermediate
time level, and central differences in space and
time.

The numerical implementation of the
Lax–Wendroff scheme in two dimensions is as
follows:
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Step 1: Instantaneous water depths in u- and v-
points are computed with

hk

iþ1
2
;j
¼ 1

2
ðhk

i;j þ hk
iþ1;jÞ;

hk

i;jþ1
2

¼ 1
2
ðhk

i;j þ hk
i;jþ1Þ: ðA:1Þ

Water depths in cell corners follow from

hk

iþ1
2
;jþ1

2

¼ 1
4
ðhk

i;j þ hk
iþ1;j þ hk

i;jþ1 þ hk
iþ1;jþ1Þ: ðA:2Þ

Using Eq. (A.1), velocities in cell centres are
computed using flux interpolation
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2
;j
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2
;j
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2

2hk
i;j

; ðA:3Þ

and in the cell corners, using Eqs. (A.1) and
(A.2), by
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This flux interpolation is essential for the stable
operation of the code.

Bed-level slopes in the cell centres are

sk
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i�1;j

2Dx
;

sk
y;i;j ¼

Zk
i;jþ1 � Zk

i;j�1
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where Dx and Dy are the grid distances. Through-
out this paper, Dx¼ Dy: Also, in the cell corners
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Sediment transports in the cell centres qk
x;i;j and

qk
y;i;j then follow from inserting Eqs. (A.3) and
(A.5) into Eq. (4). In the cell corners, sediment

transports qk

x;iþ1
2
;jþ1

2

and qk

y;iþ1
2
;jþ1

2

are obtained by

inserting Eqs. (A.4) and (A.6) into Eq. (4).
Bed levels at k þ 1

2
in u-points are then computed

from
Z
kþ1

2

iþ1
2
;j
¼Zk

iþ1
2
;j

�
Dt

2
qk

x;iþ1;j

D E
� qk

x;i;j

D E	 

Dy

h
þ qk

y;iþ1
2
;jþ1

2

� 

� qk

y;iþ1
2
;j�1

2

� 
� �
Dx

�
= ð1� pÞDxDy½ � ðA:7Þ
where Dt is the morphodynamical time step and
:::h i denotes averaging over the tide. Similarly, for

v-points
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Step 2: Velocities at k þ 1
2

in u-points are
computed using continuity correction (e.g., Cayoc-
ca, 2001)
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and in v-points
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where water levels were interpolated in analogy to
Eq. (A.1).

Bed slopes in u-points are given by

s
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and in v-points
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where bed slopes are assumed not to change
significantly during half a morphodynamic time
step. Sediment transports in the x-direction in u-

points q
kþ1

2

x;iþ1
2
;j
then follow by substituting Eq. (A.9)

and (A.11) into Eq. (4), and sediment transports in

the y-direction in v-points q
kþ1

2

y;i;jþ1
2

by inserting

Eq. (A.10) and (A.12) into Eq. (4). New bed levels
at k þ 1 in z-points are then given by
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At closed boundaries, zero normal velocities and
full slip hydrodynamical conditions were assumed.
At open boundaries, Von Neumann conditions
were used, i.e., derivatives of the sediment trans-
port perpendicular to the boundary are zero.
Cross-boundary bed slopes at all boundaries in
the velocity and corner points were set to zero. Bed
slopes in the cell centres (water-level/bed-level
points) of points adjacent to the boundary were
computed from the bed levels of the first two cell
centres near the boundary (i.e., first-order analo-
gue of Eq. (A.5)).
Appendix B. Stability and accuracy of the

Lax–Wendroff scheme

This appendix presents a relation to approx-
imate the grid size below which the scheme can be
applied without artificial stabilisation methods.

The truncation error can be expressed in first
approximation in analogy to the linear wave
equation:

dZE
Au3Dx2

�2Zð1� pÞ
ðCFL2 � 1Þ

q3Z

qx3
; ðB:1Þ

assuming z ¼ 0; Q=const., u ¼ �Q=Z > 0; q ¼
Au3; and with CFLE½�3Au3=2Zð1� pÞ�Dt=Dx:

At the onset of shock waves, the third derivative
of the bed level is locally very large, and the
truncation error (B.1) will dominate the model
solution. For sufficiently small grid sizes, however,
the diffusion term resulting from the natural slope
term can obtain even larger values, thus ensuring
an acceptable solution. In that case, the model can
run without artificial correctors. The argumenta-
tion below is specific for the present model.

Using the diffusion term resulting from inserting
Eq. (4) in Eq. (9), while assuming again that u ¼
�Q=Z; and using the truncation error (B.1), the
criterion to prevent shock waves becomes
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Thus, shock waves may be prevented by
choosing the grid distance Dx small enough.
Practical experience with the test problem of De
Vriend (1987) showed that the criterion is satisfied
for uni-directional flow when

DxoOð�ZÞ: ðB:3Þ

For tidal situations, the diffusion term is related
directly to the amplitude of the dominant tidal
constituent u2: The truncation error is related to
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the tide-averaged sediment transport: u3Eu2
2u0;

where u0 in this case represents the combined
influence of a residual current and tidal asymme-
try. Typically, u2E10u0: Thus, for tidal conditions,

Dxo10 Oð�ZÞ: ðB:4Þ
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