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Abstract
A coupled 3D-baroclinic hydrodynamic and cohesive sediment transport model
applied to the Western Scheldt estuary is presented. The use of the two-fold
sigma coordinate considerably improves the results on intertidal zones. The
simulations provide an insight into the effetcs of stratification and its tidal
asymmetry into the sediment transport. The calculated density current show an
intensity two order of magnitute lower than the residual barotropic currents. The
turbidity maximum is not directly associate to the density currents but mainly
with the variation of estuarine horizontal area. Numerical results are compared
with field measurements at several locations.
1 Introduction
Estuaries are transitional areas that trap significant quantities of paniculate and
dissolved matter, originating a wide variety of biogeochemical processes and thus
acting as filters between the land and the sea. The filtering efficiency for
particulate matter is strongly conditioned by the general circulation pattern, the
flocculation and sedimentation processes and the activities of filter-feeders in the
bottom and in the water column. This filtering role makes them crucial systems
for the study of global change phenomena and subject to particularly strong
human influence. Among the many problems related to antropogenic activities in
estuarine environments those related to sediment dynamics assume great
importance for direct monitoring because of their implication in morphological
evolution due to engineering activities and urban development, and also indirectly
due to water quality problems.
Influence of the sediments in an estuary is not limited to its role on material
transport and deposition. Dense cohesive sediment suspensions (cohesive
sediments are particles smaller than 63mja), inhibiting light penetration, affect
photosynthesis causing a decrease in phytoplankton production and consequently
conditioning the whole food chain.
Mathematical modelling has been extensively applied since it is an important
contribution for the understanding and prediction of estuarine problems allowing
the establishment of effective monitoring programmes, the prediction of how
vulnerable to contamination can certain areas be and rational contingency
planning.
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2 Main Features of the Western Scheldt Estuary
The Western Scheldt estuary, located on the southwest Netherlands, west
Belgium, is constituted by the confluence of several rivers. The total drainage
basin has an extent of 21600 km^ covering one of the most heavily populated
regions of Europe.

Figure 1: Bathymetry of the Western Scheldt estuary. Lighter grey indicates
intertidal areas.
It is a large and narrow mesotidal coastal plain estuary with strong curvature.
The upper estuary is characterized by a single and narrow channel with tidal
marshes and mudflats along the embankments. The lower estuary is composed
by extended sand banks along the axis forming well defined flood and ebb
channels with an artificial navigation channel about 20 m deep. The mean average
yearly combined discharge is about 100 irP s^ and the mean tidal prism is about
10^ nA Tides are semi-diurnal with mean tipical amplitudes of 2 m and extreme
amplitude of 4 m. The estuary can be considered well-mixed to partially-mixed.
The upstream limit of the mean position of the salinity intrusion is located at
about 160 km from Vlissingen. The pattern of sediment distribution (Looff^^)
with detailed information on the composition of the sediments, percentage of
sand, silt, organic content, calcium carbonate, and values of the median size of
particles, show a patched distribution along the estuary. The strong variability of
mineralogic and granulometric composition of the bottom sediments should
reflect a distinct behaviour on sediment dynamics, being the turbidity maximum
associated with the mobile stock of fine bed sediments. As in most partially
mixed and well-mixed estuaries, a turbidity maximum-fluid mud system can be
observed in the low salinity reaches (Antwerpen area) and migrates longitudinally
in the estuary in response to changing tidal range and river flow. The turbidity
zone is conditioned by a long residence time between 1-3 months in the brackish
water zone which extends over 100km (Wollast^). This implies a high rate of
accumulation of pollutants and significant modifications of the chemically active
substances, with an impact on microbiological (Fisher^) and on biological
processes at higher trophic levels (zooplankton, hyperbenthos, macrobenthos and
meiobenthos) in the estuary (Simenstad et al^).
3 Numerical Calculation of Hydrodynamics and Sediment
Transport
The sediment transport mechanisms in an estuary are mainly driven by tidal
dynamics and the correspondent energy levels. Hydrodynamics controls the
exchanges between the bottom and the water column as well as the horizontal
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transport. Following the primary works of Einstein^ and his collaborators, a
large number of mathematical models have been developed (Ariathurai & Krone?;
Hayter & Merita*; Sheng?; O'Connor & Nicholson™; Van Rijn^; Mulder &
UdinkiZ; Teisson^; Cancino & Neves^*^; Li et al^). The basic differences
between the various models arise from the number of dimensions considered, the
numerical technique adopted and the complexity of the description of bed
evolution. Nowadays numerical models are currently used for research and
engineering purposes.
The hydrodynamic model used (briefly described in Appendix A) is a fully
3D-baroclinic model.lt considers the hydrostatic and Boussinesq approximations,
uses the vertical double sigma coordinate with a staggered grid and a semiimplicit two-time level scheme (Santos & Nevesi?; Santos^). The model solves
the momentum and continuity equations, two transport equations for salt and
temperature and an equation of state to include the baroclinic effects. For the
baroclinic simulation oftidalflow and sediment transport a 600 m grid spacing, 6
vertical layers and a 30 s time step have been adopted. As boundary conditions
the 17 main tidal constituents were specified at the open sea and the river
discharge at the upstream end. Constant values of 30 psu and 0 psu (12^ C and
140 C) respectively, were imposed at the sea and river boundaries.
The simulation of cohesive sediment transport processes is performed
solving the 3D-advection-diffusion equation (Appendix A, eqn. 8), in the same
sigma coordinate grid used by the hydrodynamic model (Cancino & Neves^'^).
Considering a simple sigma coordinate the thickness of each layer is smaller in
shallower areas. A double sigma coordinate (Santos^) dividing the vertical
domain into two sub-domains by a horizontal plane will overcome the above
mentioned restrictions. A direct consequence of confining the intertidal zones to
the upper sub-domain is the increase of the time step used in numerical
calculations. In cases of strong vertical density gradients this can also increase the
accurancy of the numerical model (Dellersnijder & Beckers^). As open
boundary conditions constant values of 0.05 gH and 0.5 g H were imposed
respectively at the sea and river boundaries. A spatial distribution of dry density
of bed sediments has been imposed along the estuary conditioning the threshold
of erosion of the bed particles.The mass exchange with the bottom is accounted
for by the erosion and deposition fluxes considered as a source/sink term for the
layer closer to the bottom. Erosion occurs (eqn. 9) when the ambient shear stress
exceeds the threshold of erosion of the bed particles (eqn. 10). This relation is a
great simplification of reality, since the erodibility of a cohesive bed is a function
of its cohesive nature depending also, in a poorly understood way, on the
geochemistry, clay mineralogy and microbiology. The exchange of sediment
particles between the layers of the model is a function of vertical diffusion,
sediment settling velocity and vertical flow velocity. Relation (11) considers the
effect of flocculation in differential settling. The deposition algorithm is based on
the approach proposed by Krone 20 and later on modified by Odd & Owen^i. No
deposition occurs when the bottom shear stress is larger than a critical value for
deposition. Otherwise the deposition rate is computed from the concentration of
sediments and settling velocity at the water-bottom interface. Critical shear stress
for deposition is assumed a constant value of 0.2 kg m-i s-% based on tidal
experiments with natural mud from the Western Scheldt (Winterwerp22).
4 Results and Discussion
Results of the hydrodynamic and sediment transport model were validated using
data collected in a cruise on the 27th-28th April 1994. The results of the
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hydrodynamic model have been validated comparing calculated tidal levels with
measurements in different points along the estuary. Since the mixing of fresh and
salty water in the upper reaches of the estuary may produce density currents of
the same order of magnitude as the residual barotropic currents the importance of
these baroclinic effects were investigated.
A)

B)
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Figure 2: Comparison between the time variation of field salinity data (A) and
model results (B) at the surface, mid depth and bottom for a 24 hr period for a
station located in upper part of the estuary (27-28/04/94).
A comparison between the spatial distribution of salinity data and model
results at the surface, mid depth and bottom for a station located in the upper part
of the estuary (at 20 km from Bath) is presented in Figure 2. Model results (Fig.
2B) show a consistent pattern of salt behaviour through each tidal cycle. Higher
salinity values were obtained during high water (at 7 and 20hrs), and lower
values during low water (at 0 and 14hrs). Both figures show that during flood,
stratification is much larger than during ebb. A significant change in the vertical
profile is reached during ebb. During this period the tidal circulation leads to
strong vertical shear and advection of fresher upper-estuary water over much
slower saline water near the bed. Calculated 24hr time-series of velocity and
salinity near the surface, at mid depth and near the bottom at a station in the lower
part of the estuary (near Vlissingen) is shown in Figure 3. Maximum salinity
values are reached at HW (which occurs approximately at 3:30 and 16hrs) and
then fall rapidly before low water (which occurs aproximately at 10 and 22hrs).
Velocity is higher at the surface, as expected, but it reaches twice the intensity
during ebb at mid depth than at the surface. This occurrence seems to be
associated to the bottom topography variation, to the local reduction of the width
and to density effects. The simulation of cohesive sediment transport was
performed accounting for the baroclinic effects of density currents. The calculated
density current show an intensity two order of magnitute lower than the residual
barotropic currents. Calculated settling velocity indicates that the range of
intensity variation is between 0.5 mms^ and 1.9 mms-i. These values are in the

Transactions on the Built Environment vol 9, © 1995 WIT Press, www.witpress.com, ISSN 1743-3509

Computer Modelling of Seas and Coastal Regions 357
same range of the intensities obtained in laboratorial experiments with natural
sediment suspensions collected during the campaign (unpublished data).
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Figure 3: Calculated salinity and velocity near the surface, mid depth and bottom
in Vlissingen the lower part of the estuary for a 24 hr period (27-28/04/94).
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Figure 4: Comparison between calculated (solid lines) and observed (dashed
lines) suspended sediment concentration (gH) along a longitudinal transect
during a 24 hr period (27-28/04/94 ). Distance (in km) measured upstream from
Vlissingen.
A comparison of calculated and observed suspended sediment concentration
along a longitudinal transect (from Hansweert till Temse, respectivelly 35, 98 km
from Vlissingen) during a 24 hr period (Fig.4) show that the results in the main
lower estuary are in better agreement with data than in the narrow upper estuary.
It can be seen that the concentration near Zandvliev (62 km) is too much high.
These measurements were taken during ebb maximum velocity period. Since
erosion occurs mainly during this period and the deviation is larger near the
surface, the obtained results suggest that in these area the vertical turbulent
diffusivity should be decreased. Results at Rupelmonde (89 km) are refered to
the period of maximum flood. The increase of the concentration in the model is
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smaller than data values which suggest that ressuspension is also stronger in the
nature. Nevertheless the available field data is not sufficient to fully support these
conclusions.
Concluding Remarks
Results of 3-D baroclinic hydrodynamic and cohesive sediment transport model
applied to the Western Scheldt estuary have been presented. The hydrodynamic
simulation are in good agreement with the field data and provide an insight into
the effetcs of stratification and its ebb-flood asymmetry. Since calculated density
current show an intensity two order of magnitute lower than the residual
barotropic currents the density effects on sediment transport are, on average, of
less importance. The turbidity maximum zone should be associate directly with
the geometry of the estuary, the advective transport and ressuspension processes.
At the lower part of the estuary the sediment results are in considerable good
agreement with the field data. In the upper reaches, the narrow part of the
estuary, a different parametrization should be considered since the strong
variability of bottom sediments reflect a distinct behaviour on sediment dynamics.
Appendix A
The momentum and continuity equations in cartesian coordinates are:
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where t is time, u, v, w are velocity components in ;c, y, z directions, /is
Coriolis parameter, p pressure, p water density; i shear stress, g acceleration of
gravity, and £ elevation of water surface.
As boundary condition at the bottom, the friction shear stress is imposed:

(5,6)
4
where u+ is horizontal velocity vector in x,y direction at some distance z+ above
the bottom, Q is bottom drag coefficient, k von Karman constant and z+ is
physical roughness height.
The governing transport equations can be written as:
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where S,T,C ,are the salt, temperature and suspended sediment concentration, t
is time, x,y are the horizontal coordinates, z is the vertical coordinate, 6%, £y, c,
are salinity, heat and sediment mass diffusion coefficients, W$ the sediment fall
velocity and u, v, w the flow velocity components in %, v, z directions.
The sediment erosion algorithm is based on the classical approach of
Partheniades^.
dM£/dt = E(r/ fg-l.O)
dMe /dt = Q

: T> TE
: T < T£

(9a)
(9b)

where the left hand sides of Eqs. 9a and 9b are the erosion fluxes; T is bed shear
stress ; % is critical shear stress for erosion and E is the erosion constant (in kg
nrVi). Critical shear stress for erosion is calculated as a function of the dry
density of bed sediments based on the formulations proposed by Delo^:
?E=4W^

(10)

where % is critical erosive stress (in N m-%); pa is dry density of bed sediments
(in kg m-3) and represents the ratio of dry mud mass and wet mud volume;
Ai=0.0012 m^ s-2, #1=1.2 and are coefficients depending on mud type.
Sediment settling velocity depends on flocculation processes and is
calculated as a function of the concentration (Dyer^):

(lla)
(lib)
where Ws is sediment particles fall velocity (in m s^); WQ is fall velocity of a
single particle (m s~*); CHS is sediment concentration above which hindered
settling occurs (kg m"3); the constant of proportionality ATi=6.0 x 1Q-3 (kg nr^ s)
depends on the mineralogy of the muds; exponents m and m\ depend on particle
size and shape with m=1.0; m\=4.65 for small particles, wi=2.32 and for large
particles (Dyer^).
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