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Abstract The process-based morphodynamic model
Delft3D-MOR and the idealized model of schuttelaars
and De Swart (2000) are compared with each other.
The differences between the two models in their math-
ematical-physical formulation as well as the boundary
conditions are identified. Their effect on producing
cross-sectionally averaged morphological equilibria of
tidal inlets with arbitrary length and forced at the
seaward boundary by a prescribed M, and M, sea-
surface elevation is studied and an inventory is made of
all relevant differences. The physical formulations in the
source code of Delft3D-MOR are modified in various
steps to resemble the formulations in the idealized
model. The effect of each of the differences between the
idealized and process-based model are studied by
comparing the results of the idealized model to those of
the adapted process-based model. The results of the
idealized model can be qualitatively reproduced by the
process-based model as long as the same morphological
boundary condition is applied at the open sea end. This
means that the simplifications concerning the mathe-
matical formulation of the physical processes in the
idealized model can be justified. Furthermore, it can be
inferred that the morphological boundary condition at
the open sea end is an essential element in controlling
the behaviour of morphodynamic models for tidal inlets
and estuaries.
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1 Introduction

Tidal inlets are observed in many coastal areas all over
the world. The length of these inlets varies from ten to
a few hundred kilometres, the width from a few up to a
hundred kilometres, whereas the depth generally varies
from a few to tens of metres. These geometric char-
acteristics are strongly influenced by the tidal climate,
possible river inflow and the type of sediment available
at that specific site (see Officer 1976). Complex mor-
phodynamic patterns on all length and time scales,
such as channel-shoal systems, migrating bedforms
(ripples, dunes and sandwaves) and channels, are
observed in these tidal embayments. Apart from being
morphodynamically active areas in themselves, tidal
inlets strongly influence the sediment budget of the
coastal system. Furthermore, from an ecological, eco-
nomical and recreational point of view, these areas
usually are very important. Due to this great variety
and complexity of tidal inlets and the processes
observed in them, as well as the many different fields of
interest that can be addressed, various approaches have
been used to study tidal inlets (De Vriend 1996). To
model and predict the morphological development of
tidal inlets, process-based models, i.e. mathematical
models based on physical laws, have been developed.
These models contain the state-of-the-art physical
descriptions and parameterizations. Morphodynamic
predictions at time scales shorter than 10 years can be
performed. On longer time scales, field observations
suggest that there should be certain (empirical) rela-
tions between the hydrodynamic forcing and morpho-
dynamic equilibria of tidal inlets. However, such
relations cannot be formally derived by analyzing the
results obtained with process-based models. It is not
even known if a morphodynamic equilibrium exists in



the context of a process-based model. This is one of the
reasons, maybe even the most important one, why
process-based models like Delft3D-MOR cannot be
used for long-term morphodynamic simulations in tidal
inlets. Another draw-back to these models is that they
are too complicated to get more physical insight into
which processes are responsible for the observed
phenomena. To gain this insight, formally integrated
long-term models or idealized models have been
developed. These models are also based on first phys-
ical principles, but focus on specific morphodynamic
phenomena by simplifying the equations in an appro-
priate way. Due to these simplifications, the results can
be analyzed using standard mathematical tools, pro-
viding physical insight. Idealized models have proven
to be well-suited to study morphodynamic equilibria in
tidal inlets (Schuttelaars and De Swart 1996, 2000; Van
Leeuwen et al. 2000; Lanzoni and Seminara 2002;
Pritchard et al. 2002). However, the influence of the
simplifications on the resulting morphodynamic equi-
libria has never been investigated. Another drawback
of these models is that they can only deal with sim-
plified geometries.

In this paper, the idealized model discussed in
Schuttelaars and De Swart (2000) and the process-based
model Delft3D-MOR described in Roelvink and van
Banning (1994) will be used to study the existence of
cross-sectionally averaged morphodynamic equilibria
for embayments of arbitrary length, forced at the
seaward boundary by both a prescribed M, and M, sea-
surface elevation. The focus of this paper is on identi-
fying the main differences between these two models and
investigating the influence of these differences on the
morphological development. This results, on the one
hand, in a justification of the simplifications made in the
idealized models. On the other hand, it shows that
within the modelling context of the process-based model
Delft3D-MOR morphodynamic equilibria exist if the
appropriate changes are made to the model formulation.
The differences in results of the two models can be re-
lated to differences in model formulation and give in-
sight into the importance of these differences on the
morphodynamic evolution.

In Section 2 the idealized model and process-based
model are shortly discussed. The relevant differences
between the two models are identified. The physical
formulations in the source code of the process-based
model are modified in order to eliminate the major dif-
ferences between the two models. This results in an
intermediate model. In Section 3 the results of the
comparison between the idealized and intermediate
model will be discussed. It is shown that many results
shown in Schuttelaars and De Swart (2000) can be
qualitatively reproduced. In Section 4 the influence of
the model adaptations on the morphodynamic equilibria
will be investigated by removing the adaptations one at a
time. In Section 5 the results obtained in the two pre-
vious sections will be discussed. In the last section con-
clusions will be drawn.
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2 Description of the models

Previous experiments (Thoolen and Wang 1999) showed
that, without adaptations, the idealized and process-
based model resulted in different morphodynamic
evolution of the basins. This implies that differences
between the models concerning the mathematical equa-
tions and boundary conditions are essential. Therefore,
an intermediate model is developed in which these
differences are minimized. The idealized model used in
this paper is extensively discussed in Schuttelaars and De
Swart (2000) and the process-based model Delft3D-
MOR in Roelvink and van Banning (1994) and Wang
et al. (1992, 1995). Below we will focus on the differences
between the process-based and idealized model and on
the resulting intermediate model. In the Appendix a
more thorough discussion of the model formulations is
given.

The geometry used in all models is that of a rectan-
gular embayment with constant width B (see Fig. 1), i.e.
no width variations are taken into account. The side
walls of the embayment are non-erodible. The water
motion is forced by a prescribed elevation of the free
surface 7 at the entrance of the embayment. River inflow
is neglected. The water depth at the landward side of the
embayment is assumed to vanish. Due to the surface
elevations, the length of the embayment varies in time.
The water depth is denoted by D, the water depth at the
entrance of the embayment with respect to the mean sea
level by H and the horizontal depth-averaged velocity
by u.

In all models the water motion is described by the
depth-averaged shallow-water equations for a homoge-
neous fluid. By cross-sectionally averaging the shallow
water equations, the width-averaged morphodynamic
evolution can be studied. In the idealized model, the
bottom friction in the momentum equation is linearized
according to the energy dissipation argument discussed
in Zimmerman (1992). Furthermore, it is assumed that
the ratio of the amplitude of the free surface elevation 4
and the water depth D is small everywhere in the basin.
Near the landward boundary this assumption loses its
validity. This will be discussed in more detail in
Section 5.

sea basin
(&)
®=0 ®=L
Lbasin
MSL SeaT T l
- u
H «—>

Fig. 1a, b The top view (a) and side view (b) of an idealized geometry
as used in the experiments. The symbols are explained in the text.
MSL denotes the mean sea level
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Delft3D-MOR uses a finite difference method to
solve the water motion on a staggered grid. Using only
one grid cell in the perpendicular direction and applying
the zero-flux boundary conditions at the side walls, it is
evident that the process-based model effectively solves
the cross-sectionally averaged shallow-water equations
as well. In the process-based model, a non-linear bottom
friction is implemented. The formulation of the bottom
friction in the momentum equation is the main differ-
ence between the two models concerning hydrodynam-
ics. In the adapted model the linearized bottom friction
formulation as discussed in Schuttelaars and De Swart
(2002) is implemented. Minor differences between the
idealized and intermediate model remain, namely the
treatment of the moving boundary at the landward side
and the approximations used to prevent the friction term
from becoming singular when the water depth vanishes.
Furthermore, in the idealized model, it is assumed that
the tidal amplitude divided by water depth is always
small. Hence, only residual velocities and the M, and M,
tidal constituents are determined, whereas in the pro-
cess-based model all overtides are taken into account.
An overview of the model adaptations and differences is
given in Table 1.

The sediment in the embayment is assumed to be
uniform and non-cohesive. It is mainly transported as
suspended load. In the idealized model this transport is
described by a depth-integrated concentration equation.
The large shear stresses caused by the tidal currents
erode the sediment which gets into suspension. This is
parameterized by a sediment pickup function propor-
tional to u?. Advective and diffusive processes result in a
net transport of sediment which is deposited under the
influence of gravity. At the seaward boundary, it is re-
quired that, averaged over a tidal period, no net erosion
or deposition occurs (i.e. the depth at the entrance is
fixed in the idealized model). At the landward boundary,
no sediment flux is allowed. In the process-based model
the transport of sediment is described by a depth-aver-
aged concentration equation. The pickup function is
determined by the suspended transport capacity
according to a sediment-transport formula. Depending
on the choice of the sediment-transport formula, the
effect of the critical velocity for erosion of sediment can

be taken into account. The seaward boundary condition
distinguishes between inflow and outflow conditions:
during inflow the concentration at the entrance equals
the equilibrium concentration, whereas during outflow
conditions the concentration is usually calculated
dynamically. Contrary to the idealized model, this
allows for a change of water depth at the entrance of the
embayment. At the landward side, no sediment fluxes
are allowed. Bed-load transport is also incorporated in
the model, which is neglected in the idealized model. The
other main differences between the idealized and pro-
cess-based model are the parameterization of the erosion
of sediment and the boundary condition at the entrance.
In the adapted version of Delft3D-MOR, the bed-load
transport is set to zero and the sediment pickup function
as proposed in the idealized model has been imple-
mented to calculate the equilibrium concentration. At
the open sea boundary the dynamic equilibrium sediment
concentration is prescribed as a boundary condition. This
dynamic equilibrium concentration is determined by
solving the local concentration equation in which both the
advective and diffusive contributions are neglected.
Hence, the variation of the concentration in the water
column is determined only by the pickup term and the
deposition term. However, this condition does not result
in a fixation of the bed at the entrance. The implication
of this distinction between the models will be discussed
later in Section 4 (exp. 7c, see Table 3). Small discrep-
ancies in the formulation of sediment transport remain
between the depth-averaged and depth-integrated mod-
el, which are described in more detail in the Appendix.
Furthermore, in the idealized model only residual
concentrations and the M, and M, constituents of the
concentrations are determined, whereas in the process-
based model all constituents are obtained.

In all models, the bed evolution equation is derived
from continuity of mass in the sediment layer. Instead of
solving this equation dynamically, the solution method
in the idealized model tries to find a morphodynamic
equilibrium with a prescribed basin depth at the en-
trance of the embayment and a fixed embayment length.
The process-based model tries to find morphodynamic
equilibria by time integration. In the original Delft3D-
MOR model both the water depth at the entrance and

Table 1 Adaptations in the process-based model formulations and the remaining differences between the intermediate and idealized model

Processes Adaptation in intermediate model

Remaining different formulation in intermediate model
(vs. idealized model)

Hydrodynamics Linearization of friction term

Calculation of reference concentration
Neglect of bed-load transport

Sediment transport

Bed evolution Fixation of seaward boundary

Drying and flooding procedure

Inclusion (vs. neglect of) Mg and higher overtides

Depth-averaged (vs. integrated) concentration

Inclusion (vs. neglect of) Mg and higher constituents in
concentration

Dynamic concentration at boundary (vs. boundary layer in
time-dependent part)

Constant (vs. local) depth in equilibrium concentration and
time scale

Variable (vs. constant) embayment length
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Table 2 Default model para-

meters used in the experiments Parameter Definition Default value
H Depth at entrance 10 m
Apty (x=0) Tidal amplitude 1.75 m
Pyt (x=0) Phase difference 0 rad
C Chézy coefficient 70m!/2s7!
O Mass density of sediment 2650 kg m~3
dso Grain size 200 pm
Wy Fall velocity susp. sed. 0.033 ms™!
€x Dispersion coefficient 10 m? s~
Y Deposition coefficient 4x 1073571
e Pickup coefficient 3% 10 2kgsm™
U, Characteristic velocity I ms™!
o Tidal frequency 1.4 x 1074571
Table 3 Model experiments with intermediate model
Exp. Simulation with intermediate model Figure
1 Simulation of hydrodynamics on equilibrium profiles found with idealized model for Figs. 3,4, 5
embayments of 50, 100 and 150 km lengths forced with M, tide
2 Simulation of hydrodynamics on deep and shallow profile for an embayment length Figs. 7, 8
of 145 km, which form multiple equilibria in idealized model forced with M, and My overtide
3 Morphodynamic simulations during 750 years starting from the equilibrium profiles Fig. 9a, ¢
of the idealized model
4 Morphodynamic simulations during 750 years starting from a linear sloping profile Fig. 9b, d
5 Morphodynamic simulations starting from multiple equilibrium profiles of idealized model Figs. 10, 11
6 Morphodynamic simulations starting from manually adapted deep profile Fig. 16
7 Morphodynamic simulations during 300 years starting from linear profile, where model Figs. 12, 13, 14

adaptations in intermediate model are replaced by formulations used in Delft3D-MOR

the length of the embayment are allowed to change. In
the intermediate model the bed evolution is solved by
requiring the bed to be fixed at the entrance. Hence, only
the length of the embayment is variable due to sedi-
mentation erosion at the landward end.

3 Model results

In this section it will be shown that with the interme-
diate model, the main characteristics of the morpho-
dynamic equilibria obtained with the idealized model
and their dependency on parameters can be reproduced.
In Section 3.1 the water motion resulting from the
intermediate and idealized model will be compared.
Using the equilibrium bed profiles obtained with the
idealized model, the water motion is calculated with the
intermediate model and compared with the water mo-
tion given by the idealized model. In these experiments
the length of the embayment and the forcing at the
entrance will be varied. The default parameters are
shown in Table 2 and the experiments are listed in
Table 3.

In Section 3.2 the morphodynamic evolution of bed
profiles towards equilibrium in the intermediate model
will be discussed and compared with the evolution
resulting from the idealized model. Both the influence of
embayment length and external forcing will be investi-
gated. Furthermore, the choice of the initial bed and the
adaptation towards equilibrium will be discussed.

3.1 Hydrodynamic results

In Schuttelaars and De Swart (2000) it is shown that a
unique morphodynamic equilibrium exists for all
embayment lengths L shorter than the M, frictional
length scale of the tide, if the system is forced only by a
prescribed M, tide at the seaward boundary. In Fig. 2
the equilibrium bed profiles from the idealized model for
basin lengths of 50, 100 and 150 km are shown. The
horizontal velocity fields resulting from the intermediate
and idealized model are compared for these basins (exp.
1, see Table 3). To make a good comparison possible,
the horizontal velocity is decomposed in its tidal com-
ponents:

u = (U) 4 Uy, cos(t — ¢yy,) + U, cOS(t — ¢yy,)

with (U) the residual velocity. Here Uy, and U, denote
the amplitudes of the horizontal velocity components of

0
50 km 100 km
£ > \
=-10f 150 km 7
[]
>
K
T -20 1
Ke}
-30 ‘ :
0 50 100 150
x [km]

Fig. 2 Equilibrium bed profiles for embayments of 50, 100 and
150 km length. The parameter values are given in Table 2
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the M, and My tidal constituents, respectively, and ¢,,,,
¢y, their respective phases. Since in the idealized model
other tidal components are neglected, these components
are not determined for the velocity field obtained by the
intermediate model. Due to the flooding and drying of
the basin in the intermediate model at the landward side,
it is not possible to make an accurate tidal decomposi-
tion in this region. Therefore, only amplitudes and
phases obtained in that part of the embayment that is
not subject to flooding and drying in the intermediate
model are compared to the results found in the idealized
model.

For basin lengths much shorter than the tidal wave
length, a standing wave is observed in the idealized
model. The basin of 50 km length can still be considered
short compared to the tidal wave length. For this basin
the amplitudes of the M, and M, tidal velocities are
shown in Fig. 3a and b, their phases in Fig. 3c and d and
the residual component in Fig. 3e. The correspondence
between the models concerning the M, tidal component,
both the amplitude and the phase, is excellent. Clearly,
the standing wave character of the water motion is
recovered by the intermediate model. Concerning the My
tide and the residual velocity, the similarities are still

Fig. 3a—e The tidal constituents 2 T T T T T T T
of the horizontal velocity fields
resulting from the idealized @15k -
(dashed line) and intermediate £ N
model (solid line) for an s 1L i
embayment with a length of £ S ]
50 km. Other parameter values §N0 s- i
are as given in Table 2. The M, '
amplitude is shown in a, My 0 | . . | ) ) ; @)
amplitude in b, the M, phase, 0 5 10 15 20 25 30 35 40
M, phase and the residual
velocity in ¢, d and e, respec- 0.2 : : . : : ; .
tively (exp. la, see Table 3)
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E
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very good close to the entrance of the embayment.
Moving towards the landward side of the embayment,
the solutions from the idealized and intermediate model
start to deviate. This is probably due to the differences in
model formulations for small depths, as will be discussed
in Section 5.

If the length of the embayment is increased, the
embayment will become resonant. According to the
idealized model, this will occur for embayment lengths
of the order of a 100 km. For longer embayments, the
horizontal velocities at the entrance will decrease again.
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This result of the idealized model is observed in the
intermediate model as well. Comparing the M, ampli-
tude at the entrance of the embayment for a 100- and
150-km-long embayment, a decrease of amplitude is
observed (see Figs. 4a and 5a, respectively). Near reso-
nance, the tidal wave still has a standing character
(Fig. 4c), whereas for embayments much longer than the
resonance length a tidal wave with a travelling character
is found (Fig. 5¢). Again, the main deviations between
the model results are found in the M, tides and the
residual velocities near the end of the embayment.

Fig. 4 As Fig. 3, but using an 2 T T
embayment length of 100 km
(exp. 1b)
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If an externally prescribed overtide is imposed as
well, different types of equilibria are found in the ide-
alized model. For L values smaller than the M, reso-
nance length, the bottom profiles are strongly concave,
with locally large water depths. The water motion
resembles a standing tidal wave. For longer embay-
ments, another type of equilibria, characterized by a
weakly concave bottom profile and a travelling tidal
wave, appears. For sufficiently strong amplitudes of the
externally prescribed My tide, multiple morphodynamic
equilibria are found, having the different character

Fig. 5 As Fig. 3, but using an

described above. Therefore, an embayment length and
forcing are chosen in such a way that both types of
morphodynamic equilibria occur for the same embay-
ment length. An example is shown in Fig. 6 for an
embayment with a length of 145 km. The amplitude of
the M, sea-surface elevation at the entrance is 1 m and of
the M, sea-surface elevation is 0.074 m. The relative
phase between the M, and M, tidal components is 0°.
The depth at the entrance is H = 15 m. Other parame-
ters are as defined in Table 2. The horizontal water
motion corresponding to the deep bed profile is shown in

embayment length of 150 km
(exp. lc)
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Fig. 6 The two stable equilibrium bed profiles for an embayment with
a length of 145 km, resulting from the idealized model. The system is
forced by both a prescribed M, and M, tidal elevation at the entrance
[Ay, (x =0) = 1m, Ap,(x =0) =0.074m, and both phases 0 rad].
The other parameter values are given in Table 2

Fig. 7 (exp. 2). The amplitude of the M, tidal component
shows good agreement throughout the complete basin.
The comparison between the amplitudes of the M, tidal
component and the residual current is quite satisfactory
near the end of the embayment. However, at the en-
trance, considerable differences are observed. In both
the idealized and intermediate model results, no spatial
dependency in the phases of the M, and My phases is
observed, hence a standing wave solution is found. Al-
though the M, phases in both models are almost iden-
tical, a large difference is observed between the M,
phases. This is due to the combination of the internally
generated and externally prescribed My phases, as will be
discussed in more detail in Section 5.

For the shallow bed profile, Fig. 8 shows that the
water motion found by the two models compares quite
well near the entrance of the embayment. However, near
the landward side of the embayment, the correspon-
dence becomes much poorer.

3.2 Morphodynamic results

In Fig. 2 the equilibrium bed profiles as found in the
idealized model are shown for basin lengths of 50, 100
and 150 km. The basin was forced only by an M, sea-
surface elevation at the seaward boundary. According to
Schuttelaars and De Swart (2000), the morphodynamic
equilibrium is unique and stable. This implies that any
arbitrary initial profile should evolve towards this
equilibrium. In the first morphodynamic experiment, the
bed profiles found in the idealized model will be used as
initial bed profiles (exp. 3). The bed profiles after 750
years are shown in Fig. 9a. These profiles qualitatively
resemble the equilibrium profiles from the idealized
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model: a deep pool is found near the entrance of the
basin, whereas the bed is more or less constantly sloping
with a zero depth at the landward side. During the first
years of evolution, relatively large changes are observed
near the entrance of the embayment. The deep pool, as
observed in the results of the idealized model, starts to
fill up. The adjacent profile also shallows in landward
direction. For the basin lengths of 100 and 150 km this
process is not completed after 750 years, which causes
the hump around x = 25 km in the profiles. As can be
inferred from Fig. 9c, the time needed to evolve towards
the new equilibrium depends on the embayment length.
In this figure, the yearly change in bed height averaged
over the complete basin length is shown as a function of
time. For an inlet of 50 km, Fig. 9c shows that after
approximately 40 years the changes to the bed are neg-
ligible compared to the initial changes. Continuing the
time-integration leads to sedimentation at the landward
side of the embayment and hence a shortening of the
embayment. For longer embayments, the same evolu-
tion can be observed. However, the corresponding initial
phase of relatively fast adaptation is much longer. To
make the uniqueness of the morphodynamic equilibrium
plausible, another initial bed profile is chosen for all
embayment lengths. This bed is chosen to be constantly
sloping (exp. 4, see Fig. 9b). Again, the same observa-
tions concerning the evolution can be made. The initial
evolution is (relatively) fast, but in this case a pool is
being formed near the entrance. After some time (in this
case approximately 200 years) the amplitude of the bed
changes integrated over the basin decreases exponen-
tially. Again, the quasi-equilibrium profiles found in the
intermediate model show a good qualitative agreement
with the equilibrium profiles predicted by the idealized
model. Although these bed changes do not go to zero,
even after integrating for a long time (here 750 years),
they become very small and affect mainly the length of
the basin. This adaptation of the length also prevents a
quantitative agreement between the developed profiles
starting from the different initial profiles, because the
lengths of the basins no longer coincide.

Previous results show that morphodynamic equilibria
exist in the intermediate model. As already discussed,
the idealized model predicts the existence of multiple
equilibria for a basin length of 145 km and 4, (x = 0)
=1 m, Ay(x=0) =0074m and ¢, (x=0)=
¢y, (x = 0) = 0 rad (see Fig. 6). Using these equilibria
as initial profiles, their morphodynamic evolution can be
studied (exp. 5). The equilibrium with the relatively
shallow bed has the same morphodynamic evolution as
those forced only with an M, tidal component (see
Figs. 10 and 11a): in the first few decades, a relatively
fast bottom change takes place near the entrance of the
embayment and the pools become less pronounced.
Next, the basin slowly starts to fill up at the end. Due to
this adaptation of the basin length, the profile starts to
deepen again near the entrance of the basin. The evo-
lution of the basin, starting from the other equilibrium,
shows that a lot of deposition takes place in the
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Fig. 7a—e The tidal constituents
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of the horizontal velocity fields
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embayment length of 145 km,
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embayment (see Figs. 10 and 11b). The embayment is
filling up, starting near the entrance, just as in the case of
a shallow equilibrium bed. After approximately 10 000
years, the erosion deposition in the first 40 km of the
embayment becomes negligible. Moving from this region
of no erosion deposition, a very active morphodynamic
region is found. Here, large amounts of sediment are still
deposited. Moving even further towards the end of the
embayment, again no morphodynamic activity is ob-
served. This region of morphodynamic activity is slowly
moving towards the end of the embayment. In Section 5
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it will be discussed if this profile can be regarded as a
second equilibrium in the intermediate model.

4 Influence of model differences

In the previous section it was shown that the main
characteristics of the morphodynamic equilibria found
in the idealized model could be reproduced by the
intermediate model. In this section, the effects of the
adaptations in the process-based model (i.e. the main
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model differences between the idealized and process-
based model) on the morphodynamic evolution of the
basin will be discussed. To this end, the changes made in
the source code of Delft3D-MOR will be removed one at
a time. This results in a number of adapted models. In
each adapted model, one difference is removed, the other
adaptations remain as in the intermediate model. For
every adapted model, a time integration will be per-
formed for a basin of 50 km over a period of 300 years
(exp. 7). The initial bed is constantly sloping. These

x [km]

results will be compared with those resulting from a
time-integration done with the intermediate model. The
differences between the results is a measure for the
importance of these model adaptations with respect to
the morphodynamic evolution. This analysis will clearly
pinpoint the reason for the different model results
between the idealized and process-based model as
reported in Thoolen and Wang (1999).

The first major difference between the intermediate
model and the process-based model is the formulation
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Fig. 9. a—d Top figures The bed profiles after 750 years of evolution
(solid line) of tidal embayments with lengths of 50, 100 and 150 km,
starting from the equilibrium bed profiles as obtained in the idealized
model (dashed line, a) and constantly sloping initial bed (dashed line,
b). Parameter values are given in Table 2. In the lower figures the bed
change, averaged over the basin, in m a~!, is shown as a function of
time. Note that negative (positive) values denote a decrease (increase)
of water depth (a and ¢ from exp. 3; b and d from exp. 4)

of the bottom friction. In the intermediate model the
friction is linearized. In the adapted model the original
non-linear bottom friction description is reintroduced.
Initially, it results in increased velocities, accompanied
by larger sediment transports. However, this does not
lead to distinct differences in the profiles at the end of
the simulation period, see Fig. 12.

Two adaptations were made in the transport formu-
lation: neglecting the bed-load transport and the
implementation of the sediment pickup function. First,
these adaptations are separately removed. The bed-load
transport appears to contribute little to the total amount
of transported sediment. The use of a different sediment
pickup function (the adaptation in the suspended sedi-
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Fig. 10 The bed profiles (solidlines) for an embayment length of
145 km found after a time integration of 10 000 years with initial
profiles denoted by the dashed lines. The system is forced by both an
M, and My tidal component at the entrance of the embayment. Other
parameter values are given in Table 2 (exp. 5)
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Fig. 11 Here the bed changes, averaged over the basin, in m a~!, are

shown as a function of time. Note that negative (positive) values
denote a decrease (increase) of water depth (exp. 5)

ment formulation) mainly effects the time scale of the
development of the profile. This time scale is sensitive to
the choice of the sediment pickup and erosion coeffi-
cients. Besides this, a slightly steeper slope is found
applying the adapted formulation, which can be the re-
sult of relatively stronger erosion near the entrance in-
duced by the adapted formulation for the equilibrium
concentration. In Fig. 13 the resulting bed profile after
300 years is shown when all adaptations to the sediment
transport formulations are removed.

Contrary to the previous model adaptations, the
description of the boundary condition at the entrance
of the embayment has qualitative influence on the
morphodynamic evolution of the embayment. In the
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Fig. 12 Longitudinal profile after 300 years, starting from a linear
slope, applying linearized friction (solid) and non-linear friction
(dashed) (exp. Ta)
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intermediate model the bottom level at the entrance is
fixed independently of the sediment- transport direction,
whereas in the Delft3D-MOR description the bottom
level is fixed only if the residual sediment transport is
inwards (see Wang 1992 and Appendix). This difference
results in a continuing deepening of the profile during
the simulation (see Fig. 14). In Section 5 this modelling
aspect is discussed in more detail.

5 Discussion
5.1 Hydrodynamics

In the previous sections the comparison of the inter-
mediate and idealized model results and the effects of the
model adaptations in the process-based model were
shown. In this section these results will be discussed and
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-20 ' : ' '
0 10 20 30 40 50

x [km]

Fig. 13 Longitudinal profile after 300 years, starting from a linear
slope, applying adapted transport formulations (solid) and Delft3D-
MOR formulations (dashed) (exp. 7b)
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Fig. 14 Longitudinal profile after 300 years, starting from a linear
slope, applying a fixed boundary (solid) and Delft3D-MOR formu-
lations (dashed) (exp. 7c)

the differences and consequences of the adaptations to
the process-based model will be explained.

Both a qualitatively and quantitatively good agree-
ment between the hydrodynamics of the intermediate
and idealized model is found. When forcing the system
only with a prescribed M, sea-surface elevation, the
characters of the tidal wave and its dependence on the
basin length are recovered by the intermediate model.
Maximum velocities are observed in the basin, which has
approximately the resonance length. A standing wave
occurs in relatively short and a travelling wave in long
embayments. Small differences are observed, mainly in
M, tides and the residual current near the end of the
embayment. These deviations are the result of two
remaining differences in the water motion description.
One is the neglect of the M tide and higher overtides in
the idealized model. Additional analysis of the water
motion showed that these components are one order of
magnitude smaller than the M4 component and therefore
not expected to cause the main deviations. The other
difference is the treatment of the moving landward
boundary. In the idealized model formulation, it is as-
sumed that the sea-surface elevation is always much
smaller than the undisturbed water depth, i.e. the dis-
tance from the bed to the mean sea level. This is, of
course, no longer valid near the landward side of the
inlet. In the intermediate model, this assumption is not
made. The flooding and drying of shallow parts is rep-
resented by removing grid cells, that become dry when
the tide falls, and reactivating cells, that become wet
when the tide rises. This difference in model formulation
occurring for the shallow landward part also influences
the water motion in the rest over the basin and is most
likely to cause the differences in model results.

When the system is forced by an external overtide as
well, the model results do not compare as well as in the

case with only an M, forcing. Although the M, compo-
nent of the water motion shows good agreement, both
qualitatively and quantitatively, a large difference in the
M, amplitude and phase is observed. To investigate this
further, a decomposition is made between the internally
generated My tide, resulting from non-linear interactions
between the M, components, and the externally forced
My component. In the intermediate model this decom-
position is approximated by forcing the embayment with
only a prescribed M, or M, sea-surface elevation.
Figure 15 shows that both the internal and external My
amplitudes and phases as found in the models agree
quite well, showing differences smaller than 0.2m?s™!
and 0.2 rad, respectively. Combining the internal and
external components, the small differences in amplitude
and phase result in larger deviations of 0.2-0.3 rad in the
combined My phase, though a negligible deviation in the
combined M, velocity (see Fig. 15f and c, respectively).

5.2 Morphodynamics

Differences in the velocity field, albeit small, imply that
the sediment transport field and therefore the morpho-
logical equilibria deviate. The morphological develop-
ment of the longitudinal profiles forced by the M, show
only initially the largest changes near the entrance of the
embayment, after which the adjustments rapidly
decrease. These initial changes are due to the remaining
difference in the sediment-transport formulation. How-
ever, qualitatively the resulting profiles resemble the
equilibrium profiles of the idealized model. Therefore,
the processes found in this model can be adopted for the
intermediate model, which is a balance between sedi-
ment fluxes resulting from the interaction of the main M,
tide and internally generated overtides in velocity and
concentrations. An equilibrium is not achieved in the
intermediate model in the strict sense of zero net sedi-
ment transport throughout the basin. In Schuttelaars
and De Swart (1996, 2000) it was shown that to reach an
equilibrium in the strict sense, it is essential that a finite
velocity is allowed at places where the depth vanishes
(i.e. only the water flux has to become zero at these
points). This condition is not implemented in the inter-
mediate model. Therefore, an equilibrium in the strict
sense will never be found. Due to the sedimentation, the
length of the basin decreases. For this new basin length
the profile is no longer an equilibrium. This again results
in morphodynamic changes, which are most pronounced
at the entrance of the basin. Theoretically, it can be
expected that this process will eventually lead to a trivial
equilibrium, i.e. the complete filling up of the basin. A
possible solution to avoid this behaviour could be the
implementation of a (small) river flow at the landward
end, thereby allowing a finite velocity at the landward
side.

Prescribing an overtide, multiple equilibria were
found in the idealized model for certain basin lengths.
The morphodynamic evolution starting from the multi-
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ple equilibrium is simulated for a long period in the
intermediate model. In the idealized model the shallow
basin shows a type of evolution similar to those without
an externally prescribed overtide. This can be under-
stood by realizing that for this equilibrium a balance is
found between sediment fluxes resulting from the inter-
action of the main M, tide and internally generated
overtides only. The externally generated velocities are
too weak to contribute substantially to this balance. On
first sight, the evolution of the deep basin looks com-

pletely different. However, the qualitative changes near
the entrance are identical to those shown in, for example
Fig. 9a where the embayment is forced only by a pre-
scribed M, tide: the embayment starts to become shal-
lower due to the difference in the sediment-transport
formulation. The deposition term in the intermediate
model is not dependent on the local depth as in the
idealized model, which results in much larger deposition
for the large depths in this basin. This process is slowly
moving from the entrance of the embayment to the
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landward side. Due to the large depth, the changes in
this case are larger than in Fig. 9a. However, the
standing tidal wave is maintained during this evolution
and the presence of the externally forced overtide re-
mains important. The sediment fluxes resulting from the
interaction between the main M, tide and these exter-
nally prescribed overtides balance those from the inter-
action between the main M, tide and the internally
generated overtides, hence this equilibrium (see Fig. 10)
is a completely different morphodynamic equilibrium as
compared to the one observed using a shallow initial
bed.

To investigate if this balance remains different when
the trend of deposition near the entrance is continued,
the profile is adapted manually using the information
of the first 10 000 years (i.e. the tendency to filling ob-
served in Fig. 10 is continued). This profile is used as
initial profile for morphodynamic computations during
another 10 000 years. Figure 16 shows that on this
profile, the main changes do not occur near the entrance,
but in the middle and landward part of the basin, where
deposition is observed. For this long simulation period
the changes look considerable. However, note that
10 000 years is simulated versus 750 years in exps. 3 and
4. The yearly adaptation rate is of the same order of
magnitude as those at the end of the simulation periods
observed in Figs. 9 and 1la. These rates are negligible
compared to the initial changes, and mainly contribute
to the process of shortening of the basin, which was
found to prevent the existence of equilibria in the
intermediate model in the strict sense of zero net trans-
port. The shape of the profile remains qualitatively dif-
ferent from the shallow basin during the simulation
period, as the deepest part is located more landward.
Finally, the tidal wave in this basin has preserved its
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Fig. 16 The bed profile (crossed line) for an embayment length of
145 km found after a time integration of 10 000 years with the
manually adapted initial profile denoted by the dotted line. The system
is forced by both a prescribed M, and M, tidal elevation at the
entrance [4y, (x = 0) = 1 m, Ay, (x = 0) = 0.074m, and both phases
0 rad]. The other parameter values are given in Table 2 (exp. 6)

standing character, which indicates that the balance
between the fluxes still differs from those in the shallow
basin. Hence, apart from the ongoing shortening pro-
cess, multiple equilibria due to an overtide exist in the
intermediate model, resembling the multiple equilibria
of the idealized model.

5.3 Model differences: boundary condition

In the last step of this study, the main differences
between the idealized and process-based model were
investigated by removing the model adaptations. No
qualitative influence on the model results was found for
the simplifications made in the hydrodynamic and sed-
iment-transport formulations. Thus, the influence of the
linearization of the friction term on the morphological
development is shown to be small, as well as the neglect
of bed-load transport and the use of a simplified sedi-
ment pickup function. Only the fixation of the seaward
boundary is found to have qualitative influence. When
the bed at this point is allowed to change according to
the Delft3D-MOR description, a deepening of the bed is
observed during the simulation. This can be explained as
follows: in the basin, the bed evolution in Delft3D-MOR
depends on the gradients in the sediment transport of
the transport field at each time step. At the boundary the
procedure slightly differs. At this point the tidally
averaged transport is used to determine the bed evolu-
tion. If this net transport is directed into the estuary, an
extra boundary condition has to be prescribed, which is
the fixation of this point. If the tidally averaged trans-
port is directed outwards, the gradients in this transport
determine the evolution of this point, resulting in an
increase or decrease of the depth. From the development
observed in the simulation, it is expected that the
deepening will continue until the velocity has decreased
below the critical velocity for erosion. Thus, no equi-
librium depth exists if the critical velocity is zero. The
other option, sedimentation at the boundary, can lead to
another trivial profile, i.e. the closure of the basin due to
continuous filling of the basin.

Fixation of the boundary during inward- and out-
ward-directed transport as applied in the idealized
model prevents the development of these trivial solu-
tions. However, the profile is also not realistic near the
entrance, showing a steep slope into a deep pool.

Since the boundary condition at the entrance used in
both the idealized and process-based model of the basin
can be disputed and no boundary condition is accepted
as the correct one in literature, it is recommended to
circumvent this difficulty by extending the model region
to include (at least) the ebb-tidal delta.

6 Conclusion

The results of the idealized and intermediate model show
good agreement with respect to the water levels and



velocities in a schematized estuary. The development of
the cross-sectionally averaged profiles in the process-
based model resemble qualitatively the unique and
multiple equilibrium profiles of the idealized model,
although an equilibrium is not achieved in the strict
sense of zero net sediment transport.

Using the idealized model, the physical processes
resulting in the equilibria are identified: when no over-
tide is prescribed, the balance between sediment fluxes
results from the interaction of the main AM> tide and
internally generated overtides. Prescribing an My over-
tide, a different type of balance, due to interactions
between the main M, tide and the externally prescribed
overtides, can be found. Since the morphological
development in the different models is qualitatively the
same and controlled by the same physical processes, it
can be inferred that the same processes determine the
equilibrium and evolution in the process-based model.

The model adaptations in water motion and sediment
transport have no qualitative influence on the morpho-
dynamic results. Hence, the simplifications in these for-
mulations as used in the idealized model are justified.
Only the adaptations of the boundary condition of the
bed at the entrance have qualitative influence on the
morphodynamic equilibria: the existence of equilibria in
the process-based model strongly depends on this
boundary condition. However, none of the model for-
mulations is considered to adequately describe the nat-
ural behaviour at this point. Therefore, it is
recommended to extend the model region to include (at
least) the ebb-tidal delta when studying the evolution of
tidal basins.

Appendix. Model formulations

In this Appendix, the main model formulations of the
process-based model Delft3D-MOR, the adaptations in
the intermediate model and the remaining differences
with the idealized model are described.

In this study, the water motion is simulated in a one-
dimensional model and the influence of Coriolis, density
differences and wind or waves are neglected. The equa-
tion for conservation of momentum in the Delft3D
model can therefore be simplified to:

ou Ou Oy gu|U| o%u

Ty —gg L L 1

6t+uax+gax+C2(d+17) a2 0, (m)
and the continuity equation is given by:
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Chézy coefficient (m'/?s~1)

water depth w.r.t. MSL (m)
gravitational acceleration (m?s~!)
depth-averaged velocity (ms™!)
magnitude of total velocity (ms™!)
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p: mass density of water (kgm~?)
v: diffusion coefficient (eddy viscosity) (m?s!)
n:  water level (m).

In the idealized model these shallow-water equations are
also applied, but the last term in Eq. (1) is neglected
because it is very small (v = 1). The friction term is lin-
earized according to the energy, dissipation condition of
Zimmerman (1992). In the intermediate model the fric-
tion term in Eq. (1) is replaced by this linearized term:

. . 8U.C Aol
fd+17 with 7= 377;D and U,:% , (3)
in which:
7 linearized friction coefficient (m s~ ')
U,: characteristic velocity scale (m s™!)
Cp: drag coefficient, g C?
A: tidal amplitude (m)
o: tidal frequency (s~!)
L: length of estuary (m)
H: depth of estuary at the mouth (m).

For small depths this friction term is expanded in the
idealized model as:
ru

(e 4)

in which e = A/H is a small parameter and « is a factor
close to 1 which prevents the term from becoming infi-
nite for small water depths. The expansion is valid if
1 — ah > en. In the intermediate model this expansion is
not applied. Instead, a drying and flooding procedure is
used when a minimal water depth is reached. The shal-
low part is represented by removing grid cells that be-
come dry when the tide falls, and reactivating cells that
become wet when the tide rises. This difference in model
description can lead to deviations in the water motion.

Additionally, deviations in the water motion can oc-
cur due to those non-linear interactions which result in
My and higher overtides. These are taken into account in
the intermediate model and neglected in the idealized
model.

The sediment transport in Delft3D-MOR consists of
a suspended part and a bed-load part. Similarly to the
idealized model, the bed-load transport is set to zero in
the intermediate model. The depth-averaged advection-
diffusion equation is used to calculate the suspended
load transport. For the one-dimensional model this
equation is given by:

thv ath 0 acs

s s = =) =w.T _

ot tu ox +6x <6xh 6x> wilee —es) (5)
in which:

e, dispersion coefficient (m? s~!)

¢,. concentration of suspended sediment in volume
sediment per volume water (m? m~3)

¢.: equilibrium concentration of suspended sediment
(m’ m™)

wy: fall velocity of suspended sediment (m s~')
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I': coefficient depending on wy, u and bed shear stress
velocity (-).

In the idealized model, a parametrization of the resus-
pended processes is used in the right-hand term of the
depth-integrated advection-diffusion equation, given by:

aCs acv 0 6C? _ 2
TR +a(€xa> =t =G (6)

in which o, is the pick-up function, related to sediment
properties, and 7 is the deposition coefficient, related to
settling velocity and vertical mixing. Whereas in the
intermediate model the depth-averaged concentration c¢;
is used as variable, this model uses the depth-integrated
concentration C; = ¢;hp, as variable. Here, p, is the
density of the sediment. This parameter is included,
because in the idealized model the mass of the sediment
is used in the formulations and in Delft3D-MOR its
volume.

Delft3D-MOR uses a suspended sediment transport
formula to calculate the equilibrium concentration c, in
Eq. (5). The parameterization of the idealized model is
adopted in the intermediate model to calculate ¢.. For
an equilibrium state of the basin, the deposition equals
the erosion, thus Cs = o,/(yu?). To allow for the differ-
ences in dimensions between the two models, ¢, in the
intermediate model is calculated by:

o,
—_" U? 7
Ce vpH ’ (7)

in which the depth at the entrance, H, is used to repre-
sent the depth. Note that H is constant, while in the
idealized model the local depth is used. This gives a
difference in model formulations. When the basin is not
in equilibrium, the formulations also differ in the factor
in front of the parameterized term. This factor contains
the parameter I" which is depth-dependent in the inter-
mediate model, while the factor y is depth-independent
in the idealized model. This results in a time scale which
still depends on the local depth in the intermediate
model, while it is constant in the idealized model.

At the seaward boundary, the intermediate model
applies a dynamic evolving concentration:

Ohcy
= sr e — Cs) -
= wT(e - c) 0

The description of the suspended-sediment concen-
tration differs slightly from the idealized model. In this
model a distinction between the time-averaged and time-
varying part of the concentration is made. For the time-
averaged part, the erosion is equal to the deposition. For
the time-varying part, Eq. (6) is solved without diffu-
sion, thus ¢, = 0.

The bed-level variations result from gradients in the
sediment transport, based on the conservation of sedi-
ment mass. In both models the bed evolution is given by:

0z, 0OS
(1~ or) 22+ 25 =0

©)

in which:

z,. bed level (m)
S.: sediment transport in x direction (m*> m=2 s~ 1)
€por: bed porosity.

The bed level at the open boundary point is fixed inde-
pendently of the sediment transport direction in the
idealized model, while in Delft3D-MOR the bottom le-
vel is only fixed if the residual sediment transport is di-
rected into the basin. In the intermediate model the
condition of the idealized model is adopted.

Summarized, the friction term, the sediment-trans-
port formulation and the fixation of the bed at the open
boundary are adapted in the intermediate model. The
remaining differences in the flow computations concern
the generation of higher-order non-linear terms and the
drying and flooding procedures at intertidal areas. In the
sediment transport the models differ on (1) the param-
eterization of the erosion and deposition term, (2) the
depth-integrated versus depth-averaged concentration in
the advection-diffusion equation and (3) the boundary
layer at the open boundary.
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