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Abstract

Estuaries act as sinks for fine-grained sediments and because of the cohesive properties of these sediments, heavy metals and
nutrients tend to accumulate in estuaries. In order to quantify the erosion, transport and deposition of these pollutants, modelling
of cohesive sediment dynamics is a very useful tool. However, the description of cohesive sediment dynamics through
numerical analysis is a difficult task since the physical properties of cohesive sediments are of complex nature.

In this paper, setup and calibration of a cohesive sediment transport model covering the period from October 20, 1999 to
December 13, 1999 are described and an interpretation of the results is carried out. Further, a comparison with measured
suspended sediment concentrations and bed level measurements from the modelling period is presented.

A detailed bathymetry is used. This is necessary in order to describe the water movements in a realistic way. A bottom
description is created in a way so that differences in erodibility of the sediment can be described. Further, a spatial differentiated
description of critical shear stress, both for erosion and deposition of the cohesive sediment bottom, is made in order to describe
the processes of settling and scour lag.

The hydrodynamic simulation is shown to be very reliable, and therefore, it has been possible to extract key values for the
area. Thus, the maximum current velocities for the Lister Dyb area are modelled to 1.2 and 0.93 m s~ ! for the flood and ebb
period, respectively. The tidal prism has likewise been computed to 620 X 10° m°.

The cohesive sediment transport modelling has shown that the highest sediment concentrations at a given site appear when
onshore winds are prevailing. Further, it can be recognized in the results that an inward sediment transport direction is
prevailing, especially after a windy period with waves has mobilized considerable amounts of sediment.

A detailed investigation of the cohesive sediment’s settling velocities collected in the area is used to give a site-specific
description. Since the description of the settling velocity changes with temperature, several simulations using different
descriptions have been carried out. These simulations have shown that this parameter is very influential for the net deposition
result. Thus, an increase of the settling velocity will increase the deposition rates considerably.

The modelling results and the comparisons to measured data presented in this paper show that it has been possible to
calibrate the hydrodynamic model in accordance with observed values. In continuation of this, the deformation of the tidal wave
has also been modelled satisfactorily. Modelling of the cohesive sediment dynamics has been more complicated and the
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modelling results show divergence from the measured results. However, the levels of the sediment concentrations and the
overall net sedimentation pattern show accordance with observed values.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The processes of flocculation, settling and scour
lag, and the asymmetry of the tidal currents make
cohesive sediment transport in estuaries difficult to
forecast (Dyer, 1989; Teisson, 1991; van Leussen,
1994; Parker, 1997; Van der Lee, 2000). Because of
the cohesive properties of the fine sediments,
nutrients, heavy metals and other pollutive substances
tend to bind to the sediment’s surface (Rae, 1997).
Consequently, pollutants can be concentrated in the
estuaries, thus being of great environmental interest.
In addition, the mudflats occurring in estuaries are
important biotopes for a large number of micro- and
macro-faunal species and act as feeding places for a
number of birds (Eisma, 1998). This makes forecast of
erosion, transport and deposition of cohesive sediment
of great interest in estuaries.

Because of this, modelling of the dispersion of
cohesive sediments will be of major importance in the
future, and numerical simulation models will have a
great potential when it comes to estimation of the
effects of dredging of ports, building of dams, dis-
charge of environmental pollutants and the global
eustatic sea level rise. These simulation models can
make it possible to quantify the sediment erosion,
transport and deposition over a large area during a
given period. The results can be investigated at time
scales down to e.g. 5-min intervals. This combination
of features can hardly be obtained by the use of
traditional in situ measurements. Still, the fieldwork
is the basis for the development of the model and
fieldwork is required in order to calibrate and validate
the model. The use of fieldwork and modelling can
therefore be an extremely profitable combination.

The now-existing cohesive sediment transport
models all use an advection—dispersion equation to
simulate the cohesive sediment transport in the water
column (e.g. Teisson, 1997). The advection—disper-
sion equation requires current velocity components

and water levels that are normally provided from a
decoupled hydrodynamic model. The models have
further incorporated a variety of equations that
describe the cohesive sediment erosion, flocculation
and deposition processes in different ways (e.g. Mehta
et al., 1989; Teisson, 1991). However, most papers
that describe setups of cohesive sediment transport
models (e.g. Cancino and Neves, 1999; Le Normant,
2000) only present very short time series (hours or
few days). If a realistic extrapolation of modelling
results in time and space should be carried out, longer
time series with a high degree of truthfulness needs to
be obtained. This first requires a very well-calibrated
hydrodynamic model. Hereafter, a profound calibra-
tion of the cohesive sediment transport model going
thoroughly through each of the calibration parameters
must be carried out.

In the future, there will be a need for comprehen-
sible sediment transport models and the demand for
reliability will further increase.

In this research project, it was attempted to set up
and calibrate a numerical model so that the sediment
transport is described satisfactorily, and further, to
model cohesive sediment transport in a Danish estuary
over a period of several weeks.

This paper describes the setup of a state-of-the-art
sediment transport model (MIKE 21 MT) for the
Reomg Dyb tidal area in the Danish Wadden Sea.
The model is used for hindcast of sediment transport.
The paper includes an analysis of the results and a
comparison to previously published research from the
area and theoretical aspects of cohesive sediment
transport.

2. Study area
The Lister Dyb tidal area is situated in the north-

ern part of the European Wadden Sea. The barrier
islands Remg and Sylt protect it from the North Sea
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Fig. 1. Map of study area. Positions for sea truth data and positions for further analysis of hydrodynamic and sediment key values are indicated. The
map is based on Pejrup etal. (1997). Legend: black = mud flat; dark grey = salt marsh; grey = mixed mud flat; light grey = sand flat; white = subtidal.
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(Fig. 1). Lister Dyb tidal compartment covers an area
of approximately 400 km? and the tide is semi-
diurnal with a mean range of 1.8 m (Pejrup et al.,
1997). To the north, the area is restricted by the
Rome Dam and to the south by the Hindenburg
Dam. The only connection to the North Sea is
through Lister Dyb, having a mean depth varying
between 20 and 30 m.

Dynamically, the Lister Dyb tidal area is micro-
tidal (Davies, 1964) or lower meso-tidal (Hayes,
1979) with two small fresh-water sources, the rivers
Brede Aa and Vidaa. After the physiographic classi-
fication (Pritchard, 1960), the area can be classified as
a bar built estuary, and from the morphogenetic
classification, it is a choked coastal lagoon (Perillo,
1995).

The Lister Dyb tidal area is drained by three minor
tidal channels Lister Ley, Hejer Dyb and Remg Dyb.
The main tidal channel Lister Dyb collects the three
minor tidal channels. A minor part of the Lister Dyb
tidal area consists of tidal mud flats that are inundated
nearly every flood tide. Under normal weather con-
ditions, the tidal flats are covered with water for a
period of 4.5—-8 h during each tidal period (Andersen,
1999).

The distribution of the bottom sediment on the
intertidal flats in the Lister Dyb tidal area has been
investigated both by Bayerl et al. (1998) and Pejrup
et al. (1997) (Fig. 1). These investigations define the
intertidal flats into three groups: sand flats (>95%
sand), mixed mud flats (10-50% sediment <63 um)
and mud flats (>50% sediment<63 pm). Further,
Pejrup et al. (1997) have estimated the accumulation
of fine-grained sediment (<63 um) on the basis of
219pp_dating. This accumulation amounts to 58000
ton year '. In the same study, a sediment budget has
been calculated, where the inputs of fine-grained
sediment are fluvial input, 14%; biological produc-
tion, 15%; erosion of salt marsh, 5%; atmospheric
sedimentation, 2%. The input from the North Sea is
then estimated to 64% of the total sedimentation in
the Lister Dyb tidal area. Postma (1981) has esti-
mated that only about 5% of the input of fine-grained
sediment from the North Sea to the Wadden Sea is
actually deposited. If this remains true, it means that
about 740000 tons of suspended sediment is circu-
lated to and from the area each year. The fine-
grained cohesive sediment has a median primary

grain size of about 10 pm consisting of about 50%
montmorillonite, 30% illite and 20% kaolinite (Edel-
vang, 1996).

3. Methods

The MIKE 21 modelling system (DHI, 1999a) has
been set up for the Lister Dyb tidal area for the period
from October 20, 1999 to December 13, 1999. This 7-
week period thus covers a typical Danish autumn
situation with both windy and calm periods. Further,
an extreme storm situation occurred on December 3,
1999.

In the first place, a hydrodynamic modelling of
the Lister Dyb tidal area and a part of the North Sea
(Fig. 1) has been made using the model MIKE 21
HydroDynamic (HD module) (DHI, 1999a). After-
wards, another hydrodynamic model has been made
covering only the Reme Dyb tidal area. This area
was used for further studies including modelling of
the fine-grained sediment erosion, transport and dep-
osition. The sediment transport has been modelled
using the model MIKE 21 Mud Transport (MT
module). Furthermore, because of the very important
influence the waves have on the erosion of the
sediment (e.g. Janssen-Stelder, 2000), a number of
wave fields, each having unique values of water
level, wind direction and wind velocity, have been
modelled using the model MIKE 21 Near Shore
Waves (NSW module) (DHI, 1999b). These wave
fields are incorporated into a three-dimensional wave
database. At each time step in the model, an inter-
polation in this database is made in order to obtain a
time-specific wave field, and in this way, the effect of
wind waves is simulated.

The hydrodynamic model in MIKE 21 is a
numerical modelling system for the simulation of
water levels and flows in estuaries, bays and coastal
areas. It simulates unsteady two-dimensional flows in
one-layer (vertically homogeneous) fluids. The hydro-
dynamic simulations are used as a basis for the add-
on modules like the mud transport module MIKE 21
MT.

The near shore waves module MIKE 21 NSW is a
wind-wave model which describes the propagation,
growth and decay of short-period waves in near shore
areas. The model includes the effects of refraction and
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shoaling due to varying depth, wave generation due to
wind and energy dissipation due to bottom friction
and wave breaking. The effects of currents on these
phenomena are included by using the equations from
Holthuijsen et al. (1989) from the conservation equa-
tion for the spectral wave action density. The assump-
tions of using the module as well as a detailed
description of the governing equations are presented
in Johnson (1998).

The mud transport module used is essentially based
on the formulas given in Mehta et al. (1989) and
includes description of sediment settling with different
settling velocities (flocculation), hindered settling and
a combination of currents and waves to calculate the
bottom shear stress. The module can be applied in
areas where a large part of the sediment has cohesive
properties like in many estuaries. A brief description
of the formulas is given in the following and a flow
chart is presented in Fig. 2.

Transport of the suspended sediment is calculated
using the advection—dispersion equation which is
classically written (e.g. Teisson, 1991):

ac dc dc 10 dc
—tVx—+Ww—= —(hDX—)

ot ox ay

d dc 1 S,‘
i () + 20
(1)
where ¢ is the depth averaged suspended sediment
concentration (g m™°), Vx and V are depth averaged
flow velocities (m s~ ') (calculated in the hydrody-
namic module), Dx and Dy are dispersion coefficients
(m* s, & is water depth (m) (calculated in the
hydrodynamic module) and S; is the source/sink term
(gm~?s™ ). This term accounts for the deposition or
erosion that is calculated in Egs. (4) and (6), respec-

tively (see below).
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Fig. 2. Flow chart showing all MT variables and their interdependencies. See text for explanations on each parameter.
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The bottom shear stress (1, in N m™ %) is calculated
with respect to currents and waves using the following
equation:

1
Ty = EprW(Uf + UZ + 2Uy Uscosp) (2)

where p,, is the density of water (kg m™ %), U is the
horizontal mean wave orbital velocity at the bed (m
s~ 1), Uy is the current velocity at the top of wave
boundary layer (m s~ '), f is the angle between the
mean current direction and the direction of wave
propagation and f,, is a wave friction factor. The wave
friction factor is approximated by:

g\ 0194
f = exp (5.213 () 5.977) 3)
ky

where a is the horizontal mean wave orbital motion at
the bed (m) and 4, is the bed roughness (m). U, Us, a
and f are calculated by the near shore waves module.
The model derives Uy from depth averaged current
velocities calculated in the hydrodynamic module.

The formula of deposition (Eq. (4)) is originally
proposed by Krone (1962) and has a stochastic
element incorporated, since the py part is the proba-
bility of deposition which is dependent on the ratio
between the bottom shear stress (t,) and the critical
shear stress of deposition (7.4) (see Fig. 2). The near
bottom concentration (cy, in g m~ °) is dependent on
the depth averaged sediment concentrations as
described in Teeter (1986) (see Fig. 2).

Sp = WsCoPd (4)

where Sp, is the deposition rate in g m™ 2 and wy is the
sediment’s settling velocity in m s~ '
The settling velocity in m s~ ' (wy) is described by

the well-known exponential relationship with the

Table 1
Inputs for bottom layers in MIKE 21 MT

suspended sediment concentration as shown by Burt
(1986) and Pejrup (1988).

ws = k™ (5)

where k and m are site-specific constants that have to
be determined empirically.

Erosion from the sediment bed is described using
an expression originally proposed by Parchure and
Mehta (1985). The expression for erosion is as fol-
lows:

Sg = Eel*vil (6)

where Sg is the erosion rate in g m™ 2, E is the
erodibility of the bed (g m™ % s~ 1), 1. is the critical
shear stress for erosion (N m~ ?) and « is the erosion
coefficient (m N~ %)

The model setup has been focused on estimating
the different site-specific parameters required. For the
description of the vertical variation of the bottom’s
physical characteristics, a model consisting of six
unique layers was chosen. Further, the characteristics
of these layers have been varied horizontally in order
to describe the different erosion and deposition char-
acteristics that occur in the area.

Additionally, a number of parameters describing
the settling velocity, the deposition and the erosion
processes were measured in the area or estimated
based on literature. The most important parameters
are presented in the following and a complete over-
view of the input parameters is shown in Tables 1
and 2.

The settling velocity of the suspended sediment is
shown to be dependent on the suspended sediment
concentration and the shear stress in the water column
(Dyer, 1989). However, no significant relationship
that relates to both the concentration and the shear

Layer Density of bottom Tee T; E o Initial thickness
no. sediment (g m™ %) (N m™? (g m 2s ) (gm™ 257 (m N~ %%) (mm)*

1 90000 0.2 0.001 0.005 6.5 0-5

2 129000 0.3 0.001 0.005 6.5 0-50

3 225000 0.4 0.001 0.005 6.5 0-20

4 300000 0.5 0.0001 0.005 6.5 0-50

5 450000 0.7 0.0001 0.005 6.5 2-50

6 600000 1.5 0.005 6.5 400

# The thicknesses vary spatially over the area.
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Table 2
Overview of other input data in MIKE 21 MT

Parameter Value

Initial parameters and bottom description

Background concentration 30 mg 1!

Boundary concentration 30mg 1!

Suspended sediment concentration 20mg 17!
at the source (Brede Aa)

Bed roughness (zq) 0.001 m

Critical bottom shear stress for 0.0002—1 N m™?

deposition (t.q)*

Settling velocity (wg)

0<c<6mgl ' 310 ms™!
6<c<400 mg 1~ ' 3.96 x 107 ¢ x ¢"’m s~ !
¢>400 mg 1! 0.005ms '

Dispersion coefficients (proportional to the current)

Dy 15ms™ !
Dy 15ms!
Dinin Ims™ '
Diax 16 ms !

 Varies spatially over the area.

stress has been obtained in the Reme Dyb tidal area
(Mikkelsen and Pejrup, submitted for publication).
Therefore, a large set of data collected in the study
area during the last 10 years has been analyzed. The
settling velocity has been measured and analyzed
using a Braystroke SK-110 settling tube (e.g. Pejrup
and Edelvang, 1996). The measurements relate the
settling velocity to suspended sediment concentration.
For a typical autumn situation, these data suggest the
relationship ws=3.96 x 10~ ¢ x ¢"!? with an R? value
of 0.80.

The critical shear stress for erosion (7..) is a
required value for setting up the model. The parameter
has been measured in the study area by Austen et al.
(1999) who found values in the interval 0.16—3 N
m~ 2. The greater part of the explanation for the
variations is the inundation length of the intertidal
flats. Therefore, the model setup has concentrated on
choosing the t..-values controlled by the bottom
elevation, inundation time and the sediment character-
istics. The values applied in this study vary from 0.1
t0 0.7 N m~ 2. A value of 1.5 N m~ ? is applied to the
lowest bottom layer in order to artificially prevent
erosion from this layer.

The critical shear stress for deposition (t.4) has not
been measured in the Reme Dyb tidal area, so this

parameter has been used as a calibration factor. How-
ever, literature values originating from laboratory
studies have been found to support the calibration.
Krone (1962) found t.4-values at 0.06—0.078 N m™~ >
and Mehta and Partheniades (1975) found values at
0.18—1.1 N m~ 2. The values applied in this context
vary in the study area from 0.002 to 1.0 N m~ 2. The
variations in 7.4 are due to the different sediment
characteristics in the area (see Fig. 1).

The erosion coefficient (E) is a calibration factor
used to control the overall level of the erosion (Eq.
(6)). The erosion coefficient has been calibrated to
0.005 g m~ % s~ ' for all six bottom layers. Parchure
and Mehta (1985) state values of 0.0067—0.3 g m™~?
s~ ' and van Rijn (1989) has values varying from
0.0005 to 0.005 gm~ 2 s~ .

The o coefficient is a calibration coefficient that
steers the exponential rise in erosion when 1y, rises.
The coefficient has been calibrated to 6.5 m N~ ° for
all six bottom layers. Parchure and Mehta (1985) state
values of the o coefficient from different studies to be
between 4.2 and 25.6 m N~ % and van Rijn (1989)
estimates values from 10 to 20 m N~ %2,

The parameters that were measured in the area
(settling velocity and critical shear stress for erosion)
have not been changed during the model set-up.
However, the calibration factors critical shear stress
for deposition, erosion coefficient and o coefficient
have been varied in different combinations until a
realistic erosion pattern was obtained.

Consolidation of the bottom sediment is not di-
rectly included in the model. However, a transition
coefficient (7}) can be used to determine a rate at
which the sediment from upper layers is transformed
to sediment at lower layers. As the layers have differ-
ent characteristics as critical shear stress for erosion,
the sediment will have a higher critical bottom shear
stress for erosion after successively longer residence
times.

The bathymetry used for the simulations has been
provided from the Danish Coastal Authorities. Meas-
urements have been made with a spatial interval of 2
m and the accuracy has been estimated to + 5 cm
(Danish Coastal Authorities). The grid for the setup
concerning the Lister Dyb tidal area was 150 m. For
the Remo Dyb tidal area, the grid size was chosen to
be 50 m in order to give a more detailed description of
the hydrodynamics and sediment transport processes.
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Wind data needed to simulate the hydrodynamics
and the wave fields were provided by the Danish
Meteorological Institute, who measures wind speed,
wind direction and pressure at the village Juvre on
Reme every hour.

During the period, two self-recording Aanderaa
RCM 9 current meters were used, measuring water
depth, current velocity, current direction and sus-
pended sediment concentration. One RCM 9 meter
was located in a tidal channel and the other one was
located on an intertidal flat near the village Kongs-
mark on Reme. The positions for the two current
meters are indicated in Fig. 1. Unfortunately, the
current meter placed on the tidal flat was malfunction-
ing and therefore only provided data for the first 2
weeks of the simulation period. The data from these
current meters were used for calibration and validation
of the model. Data from the first month were used for
calibration while data from the last 3 weeks were used
for validation of the modelled results.

4. Results and discussion
4.1. Hydrographic conditions
When it comes to the modelling of cohesive sedi-

ment transport, it is a prerequisite that the hydro-
dynamic conditions in the area are representative for

Water level (m DNN)

Table 3
Hydrodynamic values for the Lister Dyb tidal compartment
(including the Reme Dyb tidal area)

Parameter Lister Dyb Reme Dyb Tidal flats
(point 1) (point 2) (point A)

Vinax (€bb) 120 ms ! 1.15ms™ ! 03-04ms !

Vinax (flood) ~ 0.93 m s~ ! 096 ms ! 03-04ms™!

Vso (ebb) 059ms ! 0.56ms ! -

Vso (flood) 050ms ! 046 ms ! -

Onmax (€bb) 57600 m®>s~' 6600 m® s~ ! -

Omax (flood) 61000 m®> s™' 6100 m* s~ ! -

the actual occurring water currents in the area (Teis-
son, 1991). This part of the paper demonstrates the
quality of the hydrodynamic simulation. A compar-
ison of measured and simulated water levels for a
typical period is shown in Fig. 3.

Results relating to the hydrodynamic modelling in
the Lister Dyb tidal compartment (including Reme
Dyb tidal area) will be presented in following. The
values are based on numerical simulations with MIKE
21 HD, representing a period of 7 weeks. In Fig. 3,
observed and simulated water levels are shown for a
typical period and some key average values from the
model simulations are presented in Table 3. These
values should be seen as typical values for the area.
The values are in the same order as the previously
reported results from the area (Andersen, 1999;
Andersen and Pejrup, 2001; Backhaus et al., 1998;

2 T T T T T
7o) © ~ © (o] o
o o o o o —
> > > > > >
o o o (o] o o
=z =z =z =z =z =z

1999

Fig. 3. Comparison of measured and observed water levels at calibration point B. Legend: (—) observed water levels; (----) simulated water

levels.
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Moller and Mikkelsen, 1997). It is believed that the
hydrodynamic model is well calibrated and that the
modelled results are very close to the actually occur-
ring water movements. The locations and the cross-
sections for the hydrodynamic values in Table 3 are
indicated in Fig. 1.

Based on the model simulations, the tidal height at
Havneby is 1.8 m. The highest water elevation was
3.53 m DNN (Danish Ordnance Datum) during the
storm of December 3, 1999 and the lowest modelled
water elevation is —2.12 m DNN. This low water
level is connected to a longer period with easterly
winds. These values are in good accordance with
measured water levels from the same period.

In Reme Dyb, the mean current velocities are
calculated to 0.46 m s~ ' for the flood current and
0.56 m s~ ' for the ebb current. The maximum flood
current velocity is found to be 0.96 m s~ ! while the

corresponding value for the ebb current is 1.15ms™ '

295

Moller and Mikkelsen (1997) report maximum current
velocities at 0.67 and 0.56 m s~ ' for the flood and
ebb period, respectively. In Lister Dyb, the mean
current velocity for the flood period amounts to 0.5
m s~ ! and the parallel value for the ebb period is
found to be 0.59 m s~ '. The maximum current
velocities for Lister Dyb are found to be 1.2 m s~ '
for the flood period and 0.93 m s~ ' for the ebb
period. Backhaus et al. (1998) report a maximum
current velocity of 1.3 ms™ '

One of the most characteristic hydrodynamic
features in estuaries is the deformation of the tidal
wave, and consequently, the asymmetry of the cur-
rent velocities. This is illustrated for the Lister Dyb
tidal area in Fig. 4, where modelled results of water
elevation and current velocity are shown for three
points in the area. It can be seen that the high water
at the Kongsmark site is appearing 20—30 min after
it has appeared in Lister Dyb. Further, the low water

Water elevation (m DNN)

Current velocity (m s)

Nov 11 0:00 Nov 11 12:00

T

Nov 12 0:00

I L D L
Nov 12 12:00 Nov 13 0:00

Fig. 4. Simulated water levels and current velocities illustrating the deformation of the tidal wave through the study area. Legend: (—) Lister
Dyb (main tidal channel; point 1); (----) Fuglegroft (tidal channel; point 2); (:----) Kongsmark (outer tidal flat; point A).
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at Kongsmark is appearing 1-1.5 h after the low
water in Lister Dyb.

The asymmetry of the tidal wave appears because
the tidal wave crest due to bottom friction moves
faster than the trough. This leads to a shorter flood
period and a longer ebb period. Because of the law of
mass conversation, the flood current velocities
become greater than the ebb current velocities and
thus favoring an inward sediment transport. This
transport direction is further emphasized by the set-
tling/scour lag processes (van Straaten and Kuenen,
1958).

The water discharge has been calculated in Lister
Dyb. The highest modelled water discharges have
been found to be 61000 m* s~ ' for the flood current
and 57500 m® s~ ' for the ebb current. These dis-
charges are slightly higher than earlier findings from
the area (Fanger et al., 1998), but can be explained by
the extreme storm occurring on December 3, 1999.
When results from the storm are omitted from the
calculations, the maximum discharges are found to be
approximately 40000 m® s~ ', which is in agreement
with the values reported in Fanger et al. (1998).

The tidal prism for the Lister Dyb tidal area has
been calculated in two ways. The first one has been
calculated from the model simulations of water fluxes.
The other one has been calculated from a hypsographic
curve (Fig. 5), where the used mean sea level was 0.22
m DNN as reported by the Danish Coastal Authorities.

The two methods have given about the same results,
respectively, 622 x 10° m® (model simulations) and
621 x 10° m* (hypsographic curve; Fig. 5).

The size of the tidal prism is quite different from
earlier findings, where the tidal prism is found to be
530 x 10° (Lundbak, 1945) and 520 x 10 m? (Fanger
et al., 1998). The explanations for the discrepancy
between the earlier findings and the here-presented
result are described in following.

The value 520 x 10° m® reported in Fanger et al.
(1998) is made by extrapolating a water discharge of
23000 m® s~ ' measured in the middle of the tidal
period. This water discharge was measured on 2 days
of fieldwork. The large difference from the result
presented in this study may relate to the position of
the measurements and to the meteorological circum-
stances on the 2 days of fieldwork; therefore, the
method applied by Fanger et al. (1998) is not well
suited for measuring tidal prisms.

Lundbak (1945) denotes a value of 530 x 10° m?
from 1 day of fieldwork and postulates that the
weather conditions that day were representative as a
normal day. Further, he presents data for producing a
hypsographic curve. The difference comes from that
he uses a mean water level at 0.075 m DNN. The
mean water level measured during the last 30 years is
0.22 m DNN as reported by the Danish Coastal
Authorities. Thus, the water level rise accounts for
61.5 x 10° m®. The remaining difference may be due

2x10°

6.21*108 m?

1x10°

8x10°

Cummulated water volume (m3)

1.34*10° m3- 6.92*108 m?®

4x10° T

0
Water depth (m)

Fig. 5. Hypsographic curve used to determine the tidal prism for the Lister Dyb tidal area.
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to export of sediment (Reise, 1998) or (more likely)
that the techniques have been improved (e.g. more
reliable bathymetry).

The fact that the current velocities and the defor-
mation of the tidal wave are modelled satisfactorily
makes the hydrodynamic simulation a good basis for
the fine-grained sediment modelling.

4.2. Sedimentological conditions

In Fig. 6, matrix plots from the area are presented.
The plots show suspended sediment concentrations at
2 days just before high water slack. Fig. 6A shows a
typical situation under influence of wind blowing
from east resulting in braking waves in the western
part of the area, while Fig. 6B shows a situation with
wind from the west with waves in the eastern part of
the area. In Fig. 6A, it is seen that a relatively narrow
band of concentrations around 500—700 mg 1~ ' at the
western part of the area is forming due to wave
erosion. The broader band at the Jutland (eastern)
side (Fig. 6B) is forming due to a lower bottom
gradient, so that erosion due to breaking waves can
take place over a larger area. A similar erosion pattern
is also observed during field campaigns in the area
where sediment concentrations at the tidal flats around
high water can exceed 1000 mg 1™ ' (Andersen, 1999).
The suspended sediment concentrations measured
during this study also show the highest values during
onshore winds.

M

&

A 1999-22/10 14:30.00

Fig. 7 shows time series of the suspended sediment
concentrations at the two calibration sites for 7 days
during the calibration period. The simulated sediment
concentrations do not show a great similarity with the
measured concentrations. However, the patterns of the
modelled sediment concentrations are in accordance
with the measured and expected patterns, thus, the
highest concentrations are seen at low water slack and
the lowest appears just after high water slack. At the
intertidal parts of the area, it is seen that the character-
istic pattern of high sediment concentrations just after
and before drying of the flats appears.

An analysis comparing the sediment concentration
patterns and wind statistics from the area shows that
the sediment concentrations are very much dependent
on the local wind conditions. The largest part of the
area is showing the highest concentrations when the
wind comes from the west and southwest, only the
Kongsmark site is showing higher concentrations at
easterly winds, which is onshore at the site. This is
consistent with the findings of Andersen and Pejrup
(2001), who found concentrations above 400 mg 1~
during onshore winds, while the concentrations during
offshore winds were between 50 and 250 mg 1~ '. The
sediment concentrations in the tidal channels are
characterized by advection. Pejrup (1986) found that
the sediment concentration patterns in the tidal chan-
nels are mostly determined by the wind direction,
while the size of the concentrations is determined by
the wind velocity. This is also the case in this study.

N

SSC (mail)

Above 500
450 - 500
400 - 450
350 -400

[ 300 - 350
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200-250
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] ‘_ ] s
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Fig. 6. Matrix plots showing simulated suspended sediment concentrations during easterly and westerly winds, respectively.
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Fig. 7. Time series from the calibration phase showing measured and simulated suspended sediment concentrations and simulated current

velocities at the calibration sites.

When onshore winds are prevailing, high sediment
concentrations appear. This is related to wave activity,
and generally, strong winds will erode the highest
amount of sediment. However, during the investigated
period, wind speeds around 8—12 m s~ ! are generat-
ing the highest sediment concentrations. This is

speculated in a way so that strong winds are eroding
more sediment from the bottom, but in the investi-
gated period, these winds do not last long enough to
mobilize sediment (wind speeds between 5 and 10 m
s~ ! prevail 57% of the time while wind speeds over
15m s~ ' only last 3% of the time). Therefore, in the
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investigated area and period, the middle strong winds
(8-=12 m s ') are those which contribute to the
highest degree of erosion.

At the intertidal flats, a typical concentration pat-
tern with high concentrations just after inundation and
before drying of the flat is recognized in some parts of
the Remeo Dyb tidal area. This pattern is also observed
by other authors (e.g. Andersen, 1999) and is con-
nected to the low water depths and more influential
wave activity, leading to higher bottom shear stresses.

Net sedimentation results from the Kongsmark site
are shown in Fig. 8. It is seen that deposition in the
order of 15—-30 mm occurs in the beginning of the
period. This coincides with easterly (onshore) light
blowing winds, which gives import to the area. Then,
a period of about 4 weeks follows, in which the
sedimentation pattern shows a small export rate. This
comes from northerly (longshore) and westerly (off-
shore) winds with low speeds. In the end of the
simulation period, the wind is increasing to about 20
m s~ ! from the west. This results in a remarkably

40 *{
30

Wind speed (m s™)
n
o

Velocity

50 —j

Net sedimentation (mm)
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increase in the sedimentation, which may be due to
the sheltering of the site and high sediment concen-
trations due to heavy wave activity in other parts of
the area. In this area, mobilizing of sediment due to
wave activity results in import of sediment to the inner
areas.

Time series of the net sedimentation results show
that sediment is transported inwards and settled in the
tidal channels. When the next flood period appears,
the sediment is eroded and brought further landwards.
This makes an overall transport direction from the
tidal channels toward the intertidal flats.

Andersen and Pejrup (2001) have carried out bed
level measurements at three stations at Kongsmark
during a 3-year period, 1997-2000. Results from
these levellings, during the simulation period here
presented, show a minor accretion at the most land-
ward station and erosion in the order of a few
centimeters at stations 225 and 575 m from land.
Immediately after the simulation period has ended,
Andersen and Pejrup (2001) observe accretion in the

North
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Fig. 8. Net sedimentation results from the Kongsmark site.
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order of 2—10 cm. When these results are compared to
the modelled net sedimentation presented in this
paper, it is seen that the slight erosion occurring from
October 30, 1999 to December 1, 1999 fits well with
the bed level measurements from the period. Further-
more, the accretion measured after December 1, 1999
is also seen in the modelled results.

Generally, the simulations from the fine-grained
sediment transport module show that the lowest con-
centrations appear around high water, while the high-
est concentrations appear at low water slack. The high
concentrations at low water will tend to increase
flocculation and thus leading to higher deposition
rates. The newly deposited material will initially have
a high erodibility. When the next flood period appears,
the material will be moved landwards, resulting in an
inward net transport direction.

The settling velocities of the sediments are a very
important parameter when it comes to estimating the
sedimentation in a specific estuary (Dyer, 1989; van
Leussen, 1994; Van der Lee, 2000). For this reason, it
has been tried to run several simulations using differ-
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Tidal channel

Net sedimentation (mm)

25 —
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ent settling velocities. The net sedimentation results
from these simulations are shown in Fig. 9. It is
remarkable that the description of settling velocities
proposed by Burt (1986) and recommended by other
authors (e.g. van Rijn, 1989) gives significantly lower
net deposition rates than the findings from the Lister
Dyb tidal area suggest.

Besides, the use of settling velocities collected
during cold seasons gives lower deposition rates than
using settling velocities collected during the summer-
time. This further emphasizes the importance of
collecting site-specific settling velocities from the
investigation area before setting up a cohesive sedi-
ment transport model or calculating deposition rates in
any other way.

5. Conclusions
This study has focused on calibrating a numerical

state-of-the-art model for computing water move-
ments and cohesive sediment dynamics. The model

”0 I w,=1.34*10"*SSC"?" (Burt, 1986)
w,=3.96"10¢*SSC"'° (Lister Dyb - autumn situation)
w,=1.31*10%*SSC°# (Lister Dyb - winter situation)

15 — r |~
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10/25/99 10/26/99 10/28/99 10/30/99 11/1/99  11/2/99  11/4/99  11/6/99  11/8/99  11/9/99

10/20/99 10/21/99 10/23/99

Fig. 9. Net sedimentation results from simulations using different settling velocities.
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MIKE 21 MT has been used and a site-specific setup
has been made with respect to sedimentological
parameters in the area.

The hydrodynamic model covering the entire Lis-
ter Dyb tidal area has been validated against collected
field data (Fig. 3). The model describes the actually
occurring water movements in the area well and the
deformation of the tidal wave is modelled satisfacto-
rily (Fig. 4). It is a prerequisite that the hydrodynamic
simulation is of high quality when cohesive sediment
dynamics are to be modelled. Further, the study has
established new and very reliable values for the tidal
prism and current velocities in the area.

The magnitude of the modelled suspended sedi-
ment concentrations is in the same order of magnitude
as reported in literature from the area (Pejrup et al.,
1997; Andersen, 1999). The highest concentrations at
a specific site appear when onshore winds are prevail-
ing. This is speculated to be due to the wave activity
in the area. The waves contribute with major influence
to the bottom shear stresses especially in areas with
low water levels like tidal mud flats. It is observed that
the sediment settles out at low water slack and is
eroded again at the flood tide. In accordance with the
general concepts of settling and scour lag (van
Straaten and Kuenen, 1958), the sediment will be
transported in the flood direction and thus leading
to an accretion of sediment in the inner parts of the
area.

The net deposition rates have been compared to
field measurements from the area (Andersen and
Pejrup, 2001). The overall pattern shows concordance
with the field measurements, but at some locations in
the area, the deposition rates are frequently too high or
occasionally too low. Using time series, it has been
observed that the sediment transport from the tidal
channels towards the intertidal flats is modelled sat-
isfactorily.

During simulations that describe different scenar-
ios for the settling velocity of the sediment, it has been
shown that this single parameter can account for
differences in accretion rates up to several centimetres
each day. This further addresses the need for a site-
specific model setup. A setup that is not site-specific
can lead to insignificant or even wrong results.

Through this study, it has been shown that it is
possible to model cohesive sediment transport in a
highly dynamic area like a tidal influenced estuary.

The properties of the fine-grained sediments are very
complex and difficult to describe theoretically. Al-
though modelling of cohesive sediment transport is a
complicated task, it is, through a site-specific setup,
possible to get right orders and patterns of suspended
sediment concentrations and net sedimentations.
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Appendix A

Nomenclature

o mN~—%° o coefficient

p Angle between the mean current direction
and the direction of wave propagation

Ty Nm™ 2 Shear stress at the bottom

Ted Nm™ 2 Critical bottom shear stress for deposition

Tee Nm 2 Critical bottom shear stress for erosion

a m The horizontal mean wave orbital motion
at the bed

c mg 1! Depth averaged suspended sediment
concentration

Dinax m?s ! Maximum dispersion coefficient

Dpin m?s! Minimum dispersion coefficient

Dx, Dy m?s™! Dispersion coefficient in X and Y
directions

E gm ?s” ' Bed erodibility

k Empirical constant in the settling velocity
equation

ky m Bed roughness

m Settling index

Omax m’s™! Maximum water transport

T; gm %5~ ' Transition coefficient

U, ms ! Horizontal mean wave orbital velocity at
the bed

Us ms ' Current velocity at the top of wave

boundary layer
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Vso ms™ ! Mean current velocity

Vinax ms ! Maximum current velocity
We ms ' Settling velocity of sediment
Zo m Bed resistance
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