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Abstract

In order to identify mechanisms which determine the morphology of tidal inlet systems, experiments with a shallow

water model and sediment transport model of intermediate complexity are carried out and interpreted. A highly

schematised geometry is used, consisting of a rectangular outer area connected to a rectangular basin by a narrow strait.

The bottom topography is either flat or constantly sloping in the landward direction and the bed is composed of fine

sand. Forcing at the open boundary consists of prescribed water levels, which can represent a (shore-parallel)

progressive tidal wave or a fully standing wave. The symmetry breaking effects of Coriolis force and a progressive

Kelvin wave on the tidal motion, the mean flow field and the mean sediment transport field are investigated. Tidal

ellipticity properties on the outer delta are also discussed. Experiments for a rectangular basin without outer area are

carried out in order to compare the intermediate model results with those of a 1D idealised model. The overall

agreement is satisfactory. Next the influence of earth rotation and of the progressive wave in the outer sea on mean

sediment transport in the basin is investigated. It turns out that both effects, which cannot be included in the idealised

model, lead to different patterns of erosion and deposition. In both sets of experiments the effects of a progressive

Kelvin wave were found to be dominant over earth rotation effects in the flow and mean sediment transport fields.

r 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Tidal inlets are found along many coasts,

including the east coast of North America and

the Wadden Sea area (North-West Europe). A

tidal inlet system consists of an inner basin which

is connected to the outer sea by a narrow strait

between two barrier islands. Its shallow seaward

extension is called the outer delta. Most of these

systems are characterised by moderate to strong

tides (compared to wave effects) a complex

bathymetry (channels and shoals) and residual

circulation cells (see e.g. FitzGerald, 1996 and

references herein). Quasi-realistic models have

demonstrated that the tidal hydrodynamics

(Ridderinkhof, 1988; see also Ridderinkhof and

Zimmerman, 1992) and the morphologic evolution

(cf. Wang et al., 1995; Cayocca, 2001) of such

systems (over periods of several years) can be

simulated rather well. However, due to their
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complexity it is difficult to gain fundamental

knowledge from such models. Alternatively, idea-

lised models have been analysed for the tidal

motion (Friedrichs and Aubrey, 1994; Lanzoni

and Seminara, 1998) and the morphology (Schut-

telaars and De Swart, 1999; Van Leeuwen et al.,

2000) in sheltered embayments. A problem with

these models is that they cannot easily be extended

to more realistic tidal inlet systems. The general

aim of the present study is to provide a link

between quasi-realistic models and idealised semi-

analytical models. This is done by carrying out

experiments with a numerical model for the water

motion, which is supplemented with a simple

sediment transport routine, using simplified geo-

metries. The model is, therefore, referred to as an

intermediate model.

The focus of this work is on properties of tidal

motion, mean flow and sediment transport. The

motivation for this choice is that both tidal

asymmetry and residual currents induce mean

transport of sediment (Van de Kreeke and

Robaczewska, 1993; Van der Molen, 2000), whilst

knowledge about the latter is important to under-

stand bathymetric changes. Field data and model

studies of Dutch Wadden Sea basins indicate that

tidal current characteristics and residual circula-

tions have an asymmetrical pattern. Fig. 1(a)

shows the observed tidal ellipses on the outer

delta and in the strait of the Marsdiep, the most

southern inlet in the Wadden Sea. Clearly, the tide

is more elliptical on the northern side than on the

southern side. Fig. 1(b) shows the presence of

residual eddies near the Vlie inlet. It can be seen

that both the sizes and the strength of the

circulations vary considerably.

According to Sha (1989) the asymmetry of tidal

properties on the outer delta is due to the

interaction between the shore-parallel tidal cur-

rents and the currents in the strait. Then this

degree of asymmetry should change if the char-

acteristics of the tidal wave in the outer sea

changes from a progressive to a more standing

character. This item is relevant because along the

east coast of the United States much smaller tidal

phase variations occur than in the Wadden Sea.

But there is also another source of symmetry

breaking: the Coriolis force. Therefore, in this

paper the separate and combined symmetry break-

ing effects of earth rotation and of a shore-parallel

tidal wave on the hydro- and morphodynamics are

investigated. Using a highly schematised inlet

system, distinction can be made between these

effects and other (topographical) influences.

Furthermore, the intermediate model is used to

test results obtained previously with an idealised

model (Schuttelaars and De Swart, 1996) which

also includes sediment transport. If the solution of

Fig. 1. Results from previous studies: (a) observed tidal ellipses in the Marsdiep inlet (from Sha, 1989); (b) numerical model results

from Ridderinkhof (1988), showing residual circulation cells near the Vlie inlet. Both tidal inlets are located in the western part of the

Wadden Sea.
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the idealised model is also found by the inter-

mediate model, extensions can be added and

investigated which could not be included in the

idealised model. Specific items in this respect are

the effect of earth rotation and that of a

progressive tidal wave on mean sediment transport

and the relative contributions of advective and

diffusive processes to the tidally averaged sediment

flux.

2. The model

The numerical model HAMSOM (HAMburg

Shelf Ocean Model) is used to compute the water

motion. This model is based on the shallow water

equations (see Appendix A), for details see Back-

haus (1983). Here only the one-layer version is

used. An adjustment has been made to include

linear bottom friction next to quadratic bottom

friction. This is relevant for comparison with the

idealised model results. The HAMSOM code has

also been extended with a module which describes

the suspended load transport of fine sand (grain

size of order 2� 10�4m). This formulation ex-

plicitly accounts for the effect of settling lags. The

characteristic deposition timescale is of the order

of a few minutes.

2.1. Geometry

The geometry represents a highly schematised

tidal inlet system consisting of an inner basin

which is connected through a narrow inlet to the

adjacent sea. Lengths, widths and depths can be

varied. Fig. 2 shows the default geometry and the

bottom profiles used in this paper. The values are

representative for a typical Wadden Sea inlet

system (the Frisian Inlet system, see Oost, 1995).

With a maximum M2 amplitude of 1.5m, the

minimum depth is kept at 2m below the undis-

turbed water level to avoid drying and flooding of

banks. Hypsometric effects are, therefore, not

included in these experiments.

The model is forced by prescribed free surface

elevations at the open boundaries (the dashed lines

in Fig. 2). Only M2 forcing has been applied. The

nature of the tidal wave can be varied from

travelling to a full standing wave and the typical

friction timescale is of the order of one day. The

default set-up includes a grid-size ofB400m in the

x-direction (landward direction, west to east) and

B600m in the y-direction (along-shore direction,

south to north) and a time step of 60 s. Simulations

were always done for a period of 3 weeks with

output only on the last four days. The default case

further includes a horizontal diffusion coefficient

for the water motion of 10m2 s�1. Due to the

difference in research aims concerning the tidal

flow field (outer area characteristics) and mean

sediment transport (comparison to idealised mod-

el), different default geometries, bottom friction

parameterisation and tidal amplitudes were used.

2.2. Sediment transport formulation

To account for sediment transport the HAM-

SOM model was extended with a sediment

transport module. The concentration of suspended

sediment is determined by

qC

qt
þ ~rr � ð~uuC � m~rrCÞ ¼ að~uu2Þ � gC: ð1Þ

Eq. (1) is the conservation equation for the depth-

integrated concentration C: The time evolution of

the amount of sediment in the water column is

determined by advective and diffusive transport of

Fig. 2. The geometry and depth profiles used in the extended

HAMSOM model simulations. Top view (left) and depth

profiles along central axis (right). The dashed lines in the top

view plot represent open boundaries where free surface

elevations are prescribed.
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the sediment and by deposition of sediment on the

bed or erosion of it from the bed. The parameters

and variables used are: ~uu ¼ ðu; vÞ the depth-

averaged velocity vector, consisting of the cross-

shore (u) and along-shore (v) velocity components,

mB50m2s�1 a horizontal diffusion coefficient,

aB10�2 kg sm�4 an erosion coefficient and

gB4� 10�3 s�1 a deposition coefficient. For more

information on this parameterisation see Dyer

(1986) and Van Rijn (1993). The values are

representative for the Frisian Inlet system (Oost,

1995; Schuttelaars and De Swart, 1996). The

critical velocity for erosion is set to zero. It is

assumed that the depth-averaged velocity exceeds

the critical depth-averaged erosion velocity for the

larger part of the tidal cycle.

The settling time scale 2p=g is of the order of a
few minutes, whereas the time scale of the water

motion is the tidal period 2p=s: The ratio of the

settling time scale over the tidal period is the

parameter a ¼ s=gB10�2: An approximate solu-

tion to Eq. (1) can be found by a perturbation

method, using the fact that a is a small parameter.

In zeroth order this leads to a balance between

erosion and deposition near the bed, which

determines the depth-integrated concentration

given by C0: The first-order correction to C0 is

also used and is given by C1

C0 ¼
a

g
~uu2; C1 ¼ �

1

g

qC0

qt
þ ~rr � ð~uuC0Þ

� �

: ð2Þ

The depth-integrated concentration implemented

in the sediment module is therefore C ¼ C0 þ C1:
The sediment flux ~FF is determined by Eq. (3) and

accounts for both diffusive and advective sediment

transport

~FF ¼ ~FF adv þ ~FF diff ¼ ~uuC � m~rrC: ð3Þ

Divergence and convergence of the sediment flux

will determine locations of erosion and deposition,

respectively.

3. Residual circulation patterns and tidal

characteristics

Experiments were carried out to investigate

whether the present model is able to simulate

similar tidal characteristics as those obtained by

Ridderinkhof (1988) and those discussed in Sha

(1989). This means that the effects of earth

rotation and a Kelvin wave passing the inlet

entrance on the water motion (including the tidally

averaged circulation) are investigated. The default

case represents a standing wave in the outer sea

and excludes the effects of earth rotation. The

standing wave forcing without Coriolis effects is

not the situation found in the Wadden Sea system,

but was chosen as a reference case to investigate

the separate symmetry breaking effects of the

progressive wave following the coast and the

effects induced by earth rotation. The strength of

the progressive wave is determined by the imposed

phase difference between the southern and north-

ern boundary and denoted by the time difference

Dt: This time difference is defined as the time that

it takes for high water to reach the northern open

boundary, starting at the southern open boundary.

The progressive wave represents a Kelvin wave

which on the Northern Hemisphere always travels

with the coast on the right-hand side. Quadratic

bottom friction and an M2 amplitude of 1.5m are

used. Results are shown for the default geometry

with a sloping bottom (see Fig. 2).

3.1. Tidal asymmetry on the outer delta

First, we consider to what extent the conceptual

model of Sha (1989) is confirmed by the results of

the present model. Sha’s model attributes the

asymmetry in the morphology and tidal current

characteristics in the outer area to the interaction

of the shore-parallel tidal current and the current

in the strait. In Fig. 3, current ellipses are shown

for the default situation (i.e., a standing tidal wave

is forced in the outer sea), next with Coriolis

effects included (Fig. 3(b)) and finally for the case

of default settings but with forcing by a progres-

sive tidal wave (Fig. 3(c)). This wave is travelling

from south (bottom of picture) to north (top of

picture) and has a time lag over the open boundary

of 3000 s in Fig. 3(c). Note that 3000 s is the

maximum time lag allowed and represents the time

needed by a propagating Kelvin wave to travel

30 km. A decrease in the amplitude due to friction

is not incorporated in the boundary conditions.
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This is because the frictional length scale of the

progressive wave is much longer than the length of

the western (seaward) open boundary.

As can be seen from Fig. 3(b) earth rotation

causes both an increase in tidal ellipticity and

spatial differences in the orientation of the tidal

ellipses over the outer area, compared with the

default situation. A strong decrease in tidal

ellipticity on the outer delta is observed (Fig. 3(c))

if the Kelvin wave is imposed. The latter forcing

induces much stronger flood and ebb velocities,

causing the tidal ellipses to become more bi-

directional. The combined effect of earth rotation

and a progressive Kelvin wave yields the same

result as in Fig. 3(c). A clear difference in ellipticity

between the northern and southern part of the

outer area is not found, except in a very small

region attached to the northern headland (not

visible here). The polarisation of the tidal current

in Figs. 3(a) and (b) is clockwise, whilst in Fig. 3(c)

(representative for Wadden Sea basins) it is anti-

clockwise. Sha (1989) found clockwise polarisation

of tidal currents (Fig. 1(a)) from data of the

Marsdiep inlet in the Dutch Wadden Sea. The

difference with the model result of Fig. 3(c) may be

attributed to the fact that the Marsdiep inlet has a

much larger basin length than that of the basin

considered in our experiments. Consequently, tidal

characteristics in both inlet systems are different,

e.g. in the Marsdiep basin the tidal amplitude

increases towards the land due to resonance

behaviour. Also the presence of a large shoal on

the outer delta of the Marsdiep inlet may affect the

polarisation of the tidal current.

The velocity fields during maximum ebb and

maximum flood in the strait for the case of the

progressive tidal wave are shown in Fig. 4. As can

be seen in Fig. 4(b), an overshoot of the flood

current when entering the embayment was not

found in runs with the present geometry. When the

strait is made very narrow (B1 km) and the

described forcings are maintained an overshoot

of the flood current is found, but this is not a

realistic situation for the inlets in the Dutch

Wadden Sea. Thus, the present results do not

fully support the conceptual ideas introduced by

Sha (1989).

3.2. Mean flow field

The tidally averaged flow field is shown for the

default case (Fig. 5(a)), the default case with

Coriolis effects (Fig. 5(b)) and for the default case

(a) (b) (c)

Fig. 3. Current ellipses for a sloping bottom in the inner basin and (a) default case, (b) default case with Coriolis effects and (c) default

case with tidal wave travelling from south to north, time lag between southern and northern boundary Dt ¼ 3000 s. Direction of

rotation is (a) clockwise, (b) clockwise, (c) anti-clockwise. Grey area is land.
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with a progressive Kelvin wave with a time lag

over the open boundary of 3000 s (Fig. 5(c)).

Without the Coriolis force and with forcing by a

standing tidal wave four identical residual circula-

tion cells around the inlet are found. These cells

are the result of tidal rectification induced by

frictional boundary layers near the sidewalls and

they are referred to as headland eddies. The

(a) (b)

Fig. 4. Flow field at maximum ebb (a) and maximum flood (b) for a sloping bottom in the inner basin. Default case with combined

effects of Coriolis and a tidal wave travelling from south to north, time lag between southern and northern boundary Dt ¼ 3000 s. Grey

area is land.

(a) (b) (c)

Fig. 5. Mean flow field results for a sloping bottom in the inner basin and (a) default case (no Coriolis force, time lag Dt ¼ 0 s), (b)

default case with Coriolis force and (c) default case with a tidal wave travelling from south (bottom of picture) to north (top of picture),

time lag between southern and northern boundary Dt ¼ 3000 s. Grey area is land, the arrows below the basin show the absolute

maximum velocity in each direction.
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mechanism can be described as follows. During the

flood stage (defined here as u > 0 in the strait)

positive (negative) tidal vorticity is generated at

the northern (southern) side of the inlet and

transported by tidal currents into the basin.

During the ebb stage negative (positive) vorticity

is produced on the northern (southern) side of the

inlet and advected to the outer sea. This results in

the quadrupole pattern of Fig. 5(a). For more

details about the underlying physics see Zimmer-

man (1981).

When the Coriolis force is included the joint

action of earth rotation and bottom friction causes

an oblique orientation of the tidal ellipses with

respect to the central axis (see Fig. 3(b)). Also the

orientation of the ellipses changes over the outer

area between south and north. Process analysis

revealed that in this case additional vorticity

(besides the vorticity discussed above) is generated

in the outer sea due to cross-shore shear of the

longshore velocity component (i.e., qv=qx). Con-
sider the situation during flood and distinguish

between two stages: one during which v > 0 at the

southern side of the outer sea and one during

which vo0 at the northern side. Then during the

first flood stage negative vorticity, generated at the

southern side of the outer area, is imported into

the basin. During the second flood stage import

takes place of additional positive vorticity which is

produced at the northern side. The asymmetrical

distribution of the tidal current properties and

vorticity production over the outer area results in a

net transport of negative vorticity into the basin.

During ebb the same mechanism causes a net

additional export of positive vorticity towards

the outer area. This explains why in Fig. 5(b)

the southern (northern) residual circulation cells in

both the outer area and in the basin are

strengthened (weakened) when they are compared

with those shown in Fig. 5(a). The production of

vorticity by the Coriolis force itself is not large

enough to be important here. Bottom frictional

torques due to the sloping bottom were also found

to be of minor importance: the same results were

obtained for a flat bottom topography.

If a weak phase difference over the open

boundary is imposed (time lag Dt ¼ 1500 s, not

shown here) and earth rotation excluded, the mean

flow field is dominated by a large southern basin

cell and a smaller northern basin cell. A strong

phase difference over the open boundary

(Dt ¼ 3000 s, Fig. 5(c)) results in an even more

dominant southern basin cell and a disappearing

northern one. In the outer area a remnant of the

southern cell can still be seen. The flow in the

seaward part is now too strong for the cells in the

outer delta to develop (compare the maximum

velocities in Figs. 5(b) and (c)). The pattern shown

in Fig. 5(c) can be understood as follows. As the

flow in the outer area now has a travelling wave

character the shore-parallel tidal current and the

current in the strait have a phase difference.

Process analysis showed that also in this case the

governing mechanism is related to the generation

of tidal velocity shear due to sidewall friction. Still

the mechanism resulting in the headland eddies of

Fig. 5(a) is active. Since the first part of flood is

now much longer in duration than the second part

of flood, the result is a stronger net import of

negative vorticity than in the previous case. This

causes the negative residual circulation cell inside

the basin to be strengthened while the positive one

is weakened. Again, the same results were found

for a flat bottom topography, indicating the minor

importance of bottom frictional torques here.

Including both Coriolis and the progressive tidal

wave results in the same pattern as in Fig. 5(c).

Thus, the model results seem to indicate that in

systems like the Western Dutch Wadden Sea the

Kelvin wave following the coast has a much

stronger symmetry breaking effect than the Cor-

iolis force. However, they do not explain the

residual flow pattern shown in Fig. 1(b). This is

because the residual circulation cells in the

Wadden Sea are largely the result of tidal

rectification related to bottom frictional torques

induced by a laterally sloping bottom (Ridderin-

khof, 1988).

3.3. Mean sea level

Fig. 6 shows the mean sea level for the three

cases presented above.

In the default case a symmetrical pattern around

the inlet axis is found, consisting of a set-up in the

basin and in the northern and southern part of the
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outer area and a set-down in the inlet. A mean sea

level set-down in the inlet and set-up in the basin

were also found by Ridderinkhof (1988) and are

considered to be general features in inlet systems.

They can be understood from Bernoulli’s princi-

ple: as the flow accelerates and decelerates along a

streamline during both entering and exiting the

inlet, the divergence of tidal stress is balanced by

the water-level gradient. This gradient will be

negative when entering the inlet and positive when

exiting the inlet (because velocities are larger in the

strait than in the outer area and basin), causing a

set-down over the inlet in the direction of the flow.

In the cross-inlet direction the set-down at the

headlands is the result of the balance between

centrifugal acceleration and the water-level gradi-

ent (Ridderinkhof, 1988).

With only Coriolis force to break the symmetry,

a stronger set-down is found near the northern

headland than near the southern headland

(Fig. 6(b)). In the cross-inlet direction the balance

is now between centrifugal acceleration, Coriolis

acceleration and the water-level gradient (Ridder-

inkhof, 1988). As the first of these does not change

sign between ebb and flood (as the Coriolis

acceleration does), the water-level gradient will

be stronger during flood (negative gradient) than

during ebb (positive gradient), resulting in a

stronger mean water-level minimum on the side

of the northern headland.

The progressive tidal wave generates a higher

set-up at the end of the basin as well as a set-up in

the northern part of the outer delta (Fig. 6(c)).

This increase in mean water-level values is strongly

dependent upon the imposed phase difference: in

case of the progressive wave with Dt ¼ 1500 s the

maximum set-up is 0.97 cm and the maximum set-

down �1.82 cm. The results shown here indicate a

strong dependence on the phase difference im-

posed on the open boundary of the outer delta.

Thus, the influence of the time lag of the tidal wave

travelling along the shore on the mean sea surface

level is much larger than that of earth rotation

effects.

4. Mean sediment transport

In the second series of experiments the emphasis

is on tidally averaged sediment transport. It will

(a) (b) (c)

Fig. 6. Mean surface elevation results for a sloping bottom in the inner basin and (a) default case, (b) default case with Coriolis and (c)

with progressive tidal wave travelling from south to north, time lag between southern and northern boundary Dt ¼ 3000 s. Contour

lines are drawn for each 0.1 cm, dashed lines represent negative surface elevation. The thicker solid line is the zero line. Grey area is

land.
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be studied whether the present numerical model

confirms the earlier obtained results of 1D

idealised models (Schuttelaars and De Swart,

1996, 1999). The latter suggest that sediment

transport in a basin tends to zero if the depth

decreases in the landward direction with a

constant slope. The idealised models also assume

that, if there is no connecting strait, then at the

transition embayment-sea a zero divergence of the

net sediment flux occurs.

To check and extend these findings with the

present model, the geometry is simplified to a

rectangular embayment (see Fig. 2, with

L2 ¼ L3 ¼ 0 km, L1 ¼ 20 km and B2 ¼ 10 km).

The default case now includes a uniform M2

amplitude of 1.5m at the open boundary and

linear bottom friction, in accordance with the

formulations used in the idealised model. Results

are discussed for a horizontal flat bed and for a

sloping bottom profile (Fig. 2).

4.1. Comparison with 1D idealised results

Fig. 7 shows the advective and diffusive sedi-

ment flux (see Eq. (3)) along the central axis of the

embayment computed with the intermediate model

and the idealised model for both a horizontal

bottom and a constantly sloping bottom. The

fluxes have been scaled with their maximum

values.

The profiles of the mean fluxes calculated with

the two models show good comparison. The

maximum values of the mean fluxes are shown in

Table 1.

In case of a flat bottom the magnitudes of the

fluxes agree as well. However, the results from the

intermediate model show an increase in mean

sediment transports in the case of a sloping

topography, whilst in the idealised model sediment

fluxes decrease when the bottom approaches the

equilibrium profile (the constantly sloping bottom

h ¼ x in which the separate sediment fluxes

become zero). This is because in the idealised

model a degenerated version of the momentum

equations is solved, in which the effect of bottom

friction is ignored. The latter causes additional

phase differences between velocity and concentra-

tion (apart from those generated by settling lag

effects) and thus induces additional mean sediment

transport. Thus, the present intermediate model

results indicate that bottom friction should be

accounted for when computing mean sediment

transport.

The resemblance between the models appears to

hold as long as the forcing is not too strong

(causing larger water-level set-up, larger velocity

values) and as long as no partial drying and

flooding of shoals occurs. Since the latter process

is essential to reach morphodynamic equilibrium

in the idealised models, the conclusion is that the

intermediate model is not yet suitable for simulat-

ing morphodynamic equilibria. However, it can be

used to study the influence of physical processes

that cannot be incorporated in the idealised model

in the non-equilibrium conditions considered in

this paper.

4.2. Effect of earth rotation

The influence of earth rotation on the mean flow

field and mean sediment transport is investigated

by slowly increasing the Coriolis parameter f :
Results are shown in Fig. 8 for 301 North and 521

North. Without Coriolis a symmetrical outflow

of water and inflow of sediment is found. The

HAMSOM model allows for a Stokes drift into

Table 1

Flat bottom Sloping bottom

%Fadv (kg/ms) %Fdiff (kg/ms) %Fadv

%Fdiff

(kg/ms)
%Fadv (kg/ms) %Fdiff (kg/ms) %Fadv

%Fdiff

(kg/ms)

Intermediate model 1.45 E�5 2.08 E�4 0.070 6.08 E�5 2.33 E�4 0.26

Idealised model 2.25 E�5 4.11 E�4 0.055 7.60 E�6 3.81 E�4 0.020
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the basin (due to frictional effects), which results in

a small outward directed mean flow component.

Fig. 8 shows that with increasing Coriolis a

residual cell with anti-cyclonic rotation occurs in

the inlet entrance. Its presence is clear for f values

representing latitudes of 201 and more. The same

pattern was found for a flat bottom topography.

The presence of this residual circulation cell

(a) (b)

(c) (d)

Fig. 8. Mean flow field (top) and mean sediment flux field (bottom) for default settings and Coriolis: (a, c) 301 North; (b, d) 521 North.

The drawn line is zero convergence of sediment flux, the grey signs indicate deposition (plus) and erosion (minus) areas.

(a) (b) (c) (d)

Fig. 7. Profiles of tidally averaged fluxes along the central axis of the basin, computed with the 1D analytical model and with the

intermediate numerical model: (a) advective sediment flux, horizontal bottom; (b) diffusive sediment flux, horizontal bottom; (c)

advective sediment flux, sloping bottom and (d) diffusive sediment flux, sloping bottom.
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appears to be a consequence of the imposed

boundary condition at the entrance (prescribed

water level without cross-channel variation). For

non-zero values of f this induces a cross-channel

velocity component at this location of which the

amplitude increases with f : In combination with

the presence of along-channel water depth gradi-

ents a bottom frictional torque occurs at the

entrance. Process analysis revealed that this

frictional torque dominates over the one induced

by planetary vortex stretching. The result is that

during flood negative vorticity is produced which

is transported into the basin. During ebb, positive

vorticity is produced which is transported out of

the basin, causing a net build up of negative

vorticity in the basin. The length of the cell is

determined by the tidal excursion length, which

can be estimated at UTB6 km. A sloping bottom

enhances the strength of the cell since the current,

deflected by earth rotation, experiences a cross-

current slope. The residual circulation cell is,

therefore, a result of the imposed boundary

condition, but can also be interpreted as the result

of an outside source of negative vorticity during

flood, e.g. caused by outer delta topography.

The tidally averaged sediment transport is

inward directed (purely landward directed for

f ¼ 0) and curves to the right as Coriolis increases.

Figs. 8(c) and (d) show a convergence of the

sediment flux near the seaward and landward

boundary of the embayment, resulting in deposi-

tion of sediment in those areas. The erosion in the

central area is weaker and extends further into the

basin as Coriolis effects become smaller. At the

same time, the magnitude of the sediment fluxes

decreases. This is mainly due to the decrease of the

advective flux in the landward direction, caused by

the decrease in the landward-directed velocity.

(a) (b)

(c) (d)

Fig. 9. Mean advective sediment flux field (top) and mean diffusive sediment flux field (bottom) for default settings and Coriolis: (a, c)

301 North; (b, d) 521 North. The drawn line is zero convergence of the plotted sediment flux, the grey signs indicate deposition (plus)

and erosion (minus) areas.
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Fig. 9 shows the advective and diffusive (see

Eq. (3)) mean sediment transport patterns for the

two cases. Fig. 9(a) shows that advection of

sediment in the water column causes erosion on

the south-western side of the basin, while sediment

deposition occurs in the northern part and at the

end of the basin. Sediment transported by diffu-

sion (Fig. 9(c)) is deposited in small areas near the

seaward and landward boundary, whilst in the rest

of the basin erosion takes place. The combined

effect shown in Fig. 8(c) can, therefore, be inter-

preted as being largely determined by diffusive

fluxes, although advective fluxes are not negligible.

When the Coriolis parameter is increased to

represent 521 North, the mean advective sediment

flux in the landward direction (Fig. 9(b)) experi-

ences a stronger decrease than the diffusive mean

sediment flux (Fig. 9(d)) in that direction. This

causes the region of dominance of the diffusive

mean sediment flux to extend, leading to an

enlargement of the erosion area. Finally, we

remark that the pattern of the mean advective

sediment flux and that of the mean flow field are

clearly different. This implies that the mean

advective sediment flux is largely determined by

correlations between the fluctuating (rather than

by the steady) components in velocity and

concentration fields. In other words, the mean

advective flux is determined by tidal asymmetry

rather than by residual currents.

4.3. The progressive tidal wave

The effect of a progressive tidal wave travelling

from south to north is again investigated, now

with an amplitude of 0.5m and a time lag over the

open boundary of 1500 s. This is done in order to

reduce the dominating effect of the progressive

Kelvin wave on the mean flow field found in the

previous experiments. Fig. 10 shows the results for

(a) (b)

(c) (d)

Fig. 10. Mean flow field (above) and mean sediment flux field (below) for: (a, c) only a progressive tidal wave; (b, d) progressive tidal

wave with Coriolis effects (521 North). The drawn line is zero convergence of sediment flux, the grey signs indicate deposition (plus)

and erosion (minus) areas. The values indicate maximum sediment transport in each direction. Dark grey area is land.
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the mean flow and mean sediment flux in case of a

progressive tidal wave for two cases: no Coriolis

effects (Figs. 10(a) and (c)) and with Coriolis

effects (521 North, Figs. 10(b) and (d)).

The flow field is in both cases characterised

by an inflow point on the northern side of the

entrance, with northern and southern deflection.

Maximum velocity values are increased by a factor

of 10 compared to those obtained with only

Coriolis effects (Fig. 8(b)). Including both earth

rotation effects and a progressive tidal wave results

in a northward shift of the point of inflow and

smaller maximum velocities (Fig. 10(b)). Again,

the imposed boundary condition of constant

water-level amplitude at the open boundary is

not natural: in Fig. 6(c) a strong mean water-level

gradient was found across the inlet. Therefore, the

boundary condition at the entrance will affect the

mean flow field near the inlet. The results can,

therefore, be interpreted as being representative

for the situation with a source of vorticity outside

the basin during flood.

The mean sediment flux field in Fig. 10(c) is

convergent in large parts of the embayment,

indicating the formation of shoals in these areas.

If also earth rotation is incorporated, then the

effects of both the progressive tidal wave and earth

rotation on the erosion-deposition pattern (see

Fig. 10(d)) can be recognised. Compared to

Fig. 10(c) the area of erosion has clearly extended,

in particular towards the southern part of the

embayment. Fig. 11 shows the separate effects of

the advective and diffusive mean sediment flux for

the two cases.

From this it can be seen that in case of no

Coriolis effects the net erosion-deposition pattern

(see Fig. 10(c)) is determined by diffusive and

advective contributions which have a similar

(a) (b)

(c) (d)

Fig. 11. Mean advective sediment flux field (top) and mean diffusive sediment flux field (bottom) for default settings: (a, c) progressive

wave (Dt ¼ 1500 s); (b, d) Coriolis force (521 North) and progressive wave (Dt ¼ 1500 s). The drawn line is zero convergence of the

plotted sediment flux, the grey signs indicate deposition (plus) and erosion (minus) areas.
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magnitude. Including earth rotation effects causes

the advective mean sediment flux to decrease and

the basin becomes more diffusively dominated.

Note that in case of a progressive tidal wave the

pattern of the mean advective sediment transport

resembles that of the mean flow field. This means

that the mean advective fluxes are now largely

determined by the residual current (rather than by

tidal asymmetry).

5. Conclusions and discussion

The experiments with the numerical model have

indicated that for tidal basins, resembling those

located in the western part of the Wadden Sea,

the asymmetry in the flow field can be mostly

attributed to phase differences of the large-scale

tidal wave along the coast, rather than to the direct

effect of earth rotation. Residual circulation cells

were found which depend on the prescribed

boundary conditions at open sea. In the present

experiments (no lateral slopes in the bottom

topography) residual circulation cells were found

to be mainly caused by advection of tidal vorticity

by tidal currents, generated by velocity shear due

to sidewall friction. Vorticity production due to

Coriolis torques and bottom frictional torques

appears to play only a minor role. In case of no

Coriolis effects and a standing tidal wave the main

source of vorticity is the lateral shear of the along-

channel velocity component. However, with earth

rotation included and a progressive tidal wave the

cross-shore shear of the shore-parallel tidal current

is the main source of vorticity production.

The mean sea level patterns were also analysed.

It was found that with increasing phase differences

of the tidal wave over the open sea boundary an

increase of the mean set-up in the basin occurs.

Near the seaward entrance it also causes an

increase of the cross-channel sea surface gradient

with a large set-down at the southern tip.

Analysis of the tidal velocity field revealed no

presence of an overshoot of the flood current

entering the basin. Stronger tidal ellipticity on the

northern part of the outer delta was found only in

a very small region attached to the northern

headland. The conceptual model of Sha (1989) is,

therefore, only partly supported by these experi-

ments. The field data results for the Marsdiep inlet

system (Fig. 1(a)), in particular the large area with

elliptical tidal currents, are expected to be caused

by two effects. One is the geometry of the basin: its

length is much larger than that of the basins

considered in this study, resulting in different tidal

characteristics. The second is the complex mor-

phology of the outer delta of the Marsdiep, in

particular the presence of the large sandy shoal

‘Noorder Haaks’. Future experiments with the

model will include more realistic outer area

topography (shoal, channel, slope) to check this

hypothesis.

With regard to sediment transport and mor-

phology, the present intermediate model only

partly confirms the results previously obtained

with idealised morphodynamic models. In parti-

cular, it was found that in case of a sloping bed,

bottom frictional forces cannot be neglected in the

momentum balance, as is done in the idealised

model. Nevertheless, the present model is a

convenient tool to study the influences of addi-

tional physical processes which cannot be easily

realised in the idealised model. Here, the role of

earth rotation and a progressive tidal wave

following the coast were investigated in this

respect. It turned out that both the Coriolis force

and the tidal wave characteristics cause significant

and different patterns of sediment erosion and

deposition. An interesting result is that, in the

studied short embayment (its length being much

smaller than the tidal wavelength) the mean

sediment flux caused by the joint effect of earth

rotation and a progressive tidal wave is diffusively

dominated. With decreasing influence of the

Coriolis force advective fluxes become more

important and the latter appear to be mainly

determined by the steady components of the

velocity and sediment concentration. On the

contrary, advective fluxes in case of a standing

tidal wave are controlled by the fluctuating

components of velocity and concentration.

Results of the present model indicate that it is a

helpful tool to gain further understanding about

the hydrodynamic and morphodynamic processes

in tidal inlet systems. In this sense it serves as a link

between quasi-realistic models, conceptual models
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and idealised models. However, its application is

as yet limited because a number of processes are

not accounted for. The effect of waves plays an

important role on the outer delta (Sha, 1989).

Drying and flooding of shoals (hypsometric

effects, see Friedrichs and Aubrey, 1994) have to

be properly accounted for. In this respect the work

of Delfina (2000) offers a possible solution. Also a

more sophisticated sediment transport formula-

tion is necessary. In the case of a rectangular basin

without outer delta the water level at the entrance

is not adjusted for loss of amplitude due to bottom

friction or cross-inlet gradients. This obvious lack

should be corrected by either a different analytical

definition of the water level at the entrance or by

including an outer delta in the geometry. The latter

would involve an extension which cannot be

incorporated in the idealised model, hampering

comparison with the idealised model results.

Further research will include combined M2; M4

forcing, analysis of tidal components contributing

to the advective sediment transport and the

influence of the outer delta morphology on the

tidal motion and mean sediment transport pat-

terns.
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Appendix A. Equations for water motion in the

HAMSOM model

The HAMSOM-code used in the present paper

solves the one-layer version of the shallow water

equations

q~uu

qt
þ ð~uu � ~rrÞ~uu þ f~eez �~uu

¼ �g~rrz�
~ttb

rðH þ zÞ
þ Ahr

2~uu; ðA:1Þ

qz

qt
þ ~rr � ½ðH þ zÞ~uu
 ¼ 0: ðA:2Þ

Here ~uu ¼ ðu; vÞ is the depth-averaged velocity

vector, z is the elevation of the free surface with

respect to the undisturbed level, H is the un-

disturbed water depth, t is the time and ~rr ¼

ðq=qx; q=qyÞ: Furthermore, f is the Coriolis para-

meter, ~eez is a unity vector in the vertical, g is the

acceleration due to gravity, r is the water density

and Ah is the diffusion coefficient. For the bed

shear stress two different formulations are used

~ttb ¼ rr~uu or ~ttb ¼ rcd j~uuj~uu: ðA:3Þ

Here r is a linear friction coefficient (rB10�3ms�1)

and cd is a drag coefficient, which is assumed to be

constant (cdB0:002).
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