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ABSTRACT

The transport of suspended matter in the East Frisian Wadden Sea is investigated using satellite
observations and numerical simulations. Satellite data originate from the Medium Resolution Imag-
ing Spectrometer (MERIS) onboard the ESA satellite ENVISAT and have a spatial resolution of
300 m. The numerical model is based on the General Estuarine Transport Model (GETM); it has a
horizontal resolution of 200 m and ten depth layers and is coupled with a suspended matter trans-
port model. Numerically simulated and observed data sets have a comparable resolution. As it is
much higher than any known resolution of earlier investigations covering the entire area of the East
Frisian Wadden Sea, new patterns of suspended matter distribution could be discovered. They are
consistent in the two data sets and reveal an oscillatory behaviour of sediment pools northward of
the backbarrier basins and clear propagation patterns of tidal water outflow into the North Sea. The
agreement between observations and simulations gives a convincing proof that the model simu-
lates the basic dynamic processes, which motivates its further use for operational purposes in the
coastal zone.
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INTRODUCTION

The transport of suspended matter in seawater is an important part of coastal physical oceanogra-
phy. The recent progress in this research area is largely due to the new in situ instrumentation, e.g.
the Acoustic Doppler Current Profiler (ADCP) (1), transmissometry and radiometry (2) and ocean
colour sensors onboard satellites (3,4), which made it possible to observe temporal variability of
suspended sediment concentrations at different depths in the water column and over large areas.
Supported by results of numerical modelling, these new generation observations can reveal de-
tailed information on the near coastal hydro- and suspended matter dynamics. In this paper we
demonstrate the usefulness of combining remote sensing and numerical modelling when studying
the oceanographic processes in the Wadden Sea.

Traditionally, data from the Wadden Sea originate from ship surveys, as well as from tide gauges
and other time series stations. The former data do not resolve the complex dynamics spatially, the
latter give information about the temporal variability of the water level only, in some cases tempera-
ture and salinity data at several depths are also provided (5,6). Information on spatial patterns is
provided by numerical models. However, a detailed validation of numerical models against obser-
vations is needed not only at fixed locations but also over larger areas. It appears that satellite im-
ages with the capability of resolving small-scale structures far below 1 km can be efficiently used
for this purpose since they resolve the basic hydrodynamic features in the tidal flat areas.

A fundamental characteristic of the Wadden Sea (Figure 1) is the vigorous suspended matter dy-
namics. The Medium Resolution Imaging Spectrometer (MERIS) onboard the ESA satellite
ENVISAT with a 300 m ground resolution is able to detect total suspended matter (TSM) concen-
trations as well as yellow substance (YS) and chlorophyll (CHL) in the upper water layer. Since the
TSM signals measured with MERIS contain information on both, advection and turbulence, they
provide an important source of data for model validation. The spatial patterns associated with sus-
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pended sediment transport have recently been numerically simulated with a realistic (3-D) circula-
tion model, the General Estuarine Transport Model (GETM) coupled with a sediment transport
model (7). Our interest here is to use these simulations and to compare them with remote sensing
imagery of the East Frisian Wadden Sea, which is the first step on the route to a validation of our
model.

Ocean colour imagery in turbid coastal waters

An important application of remote sensing is the observation of ocean colour in coastal zones,
which facilitates the understanding of important hydrodynamic and suspended matter processes.

The large variations of the suspended matter concentration in tidal flat regions such as the Wad-
den Sea imply the need for multispectral measurements for the separation of the different water
constituents. This is important especially in the near infrared (NIR). Bands in the NIR are used for
the correction of atmospheric contributions to the visual bands (VIS), which is essential for a proper
detection of water constituents. The principal procedure, known as dark pixel method, is to meas-
ure the radiance in the near infrared and to assume that there is no contribution coming out of the
water column because of the strong absorption of water at these wavelengths (8). Therefore, the
signal should originate from scattering in the atmosphere only. However, this assumption is wrong
over turbid coastal waters (case-2 waters). Suspended matter is able to backscatter the radiation
near the surface before it is absorbed in the near-surface water layer. As a consequence, the at-
mospheric correction can lead to negative values of calculated reflectances in the visible bands.
There is thus a high demand for improvements of data processing regarding the atmospheric cor-
rection in coastal zones (9). Compared with all former satellites, MERIS, with its many spectral
bands, especially in the NIR region, provides the best possibilities for good atmospheric correction.
Therefore it gives a much better accuracy for water constituent determination compared with sen-
sors of higher spatial resolution, e.g. SPOT and LANDSAT (10,11), which are not specialised for
water constituents.

For open ocean images (case-1 waters) a ground resolution of one kilometre may be sufficient.
However, the geometry of the islands cannot be well represented with this resolution. Furthermore,
the dominating patterns of the water constituents also reveal scales much finer than one kilometre
in the tidal basins.

Currently well established ocean colour sensors such as MODIS and SeaWiFS, having spatial
resolution of 1000 m and 1100 m respectively, do not satisfy this requirement. Beside this, the
swath width should be not less than 100 km for a good coverage of the whole area. Furthermore,
for direct applications automatic data processing and algorithms for reliable level-2 data in coastal
zones should be available. It is also of utmost importance that data should be delivered in near
real-time to enable follow-up activities such as event-controlled water sampling or optimisation of
ship cruise tracks during oceanic surveys by using the most actual satellite data.

At present, MERIS is only one sensor in space which is able to cope in principle with these needs.
All other sensors fail at least in one of the requirements. Most of the current ocean colour sensors
in space do not have a satisfying spatial resolution for this purpose. Other sensors fail in other
points. MMRS, for example, has a ground resolution of 175 m, but with only 5 broad bands (20 to
150 nm in width) it does not have the spectral qualities needed (12). Furthermore, a nine-day re-
peat cycle is far too long for our purpose, because the region is often covered by clouds. So, the
chance to get an adequate number of analysable images is very low. The only sensor that comes
close to MERIS in its properties is OCM, having a spatial resolution of 350 m, global coverage in
two days, with eight bands and 20 nm bandwidth for the first six bands (13).

MERIS is a hyperspectral sensor with a ground resolution of approx. 300 m for full resolution im-
ages. The images are taken by the so-called push-broom method. Five cameras cover the across-
track direction with a 68.5° field of view, corresponding to 1,150 km at nadir, and scan the earth’s
surface while the satellite moves along-track. The spectrometers create a bi-dimensional image on
the CCD arrays. One dimension is the spatial extension, the other is the spectrum, from 390 to
1040 nm in 15 programmable bands (14). The data run through several processing steps in the
onboard analogue and digital electronics systems before the signal is sent to a ground station,
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where the processing continues. The revisiting time of ENVISAT is two days for latitudes >50° (9).
Scenes of the research area, located around 53°43’N and 007°30’E, are taken regularly by ESA.
So on the average, one scene is available every second day. The data processing is based on an
artificial neural network, which uses eight visible bands. Improvements on the data processing are
planned to be made during the whole sensor lifetime. The only disadvantage is that the full-
resolution data are not available in near real-time yet, although work is ongoing to improve this.

With this sensor, it is possible for the first time to trace small-scale features in the near coastal dy-
namics and to validate simulations with numerical models having a similar spatial resolution.

Coastal waters suspended sediment transport models

With respect to physical oceanography, aspects of sediment dynamics are still in their infancy, al-
though much experience already exists in the field of theory of processes close to the seabed,
coastal engineering, stratigraphy, etc. Among the major problems is the lack of experience in
downscaling from regional to shelf (resolving the shelf boundary layer), parameterisation of unre-
solved processes, missing high quality data needed for validation of models over large areas.

Sediment transport capabilities need coastal forecasting models with improved forecast of ocean
turbulence, which control transport of matter (biological matter and sediment). The potential for
improving models is strongly related to the availability of new measurement techniques for resolv-
ing sediment dynamics (e. g. backscatter signals from ADCP and fine resolution satellite data, the
latter being the major subject of this paper).

In the models, resolving ocean regions next to the coast means resolving the coastal boundary
layer, which requires complex physics and very fine resolution. When approaching the coast, the
importance of sediment dynamics increases because it becomes coupled with water-and-morpho-
dynamics. However, sediment transport modelling capabilities are still limited with the exception of
some site-specific studies. We believe that the area of our investigation is such an exception. In a
recent study (7), where a sediment transport model has been presented for the same region, the
major interest was on the interaction between transport and turbulence. It is demonstrated that the
turbulent kinetic energy is one of the main drivers of the dynamics of suspended particulate matter.
Its absolute maxima are observed in the tidal inlets and their funnel-like extensions. The minima
are in the backbarrier area coinciding approximately with the watersheds separating the individual
basins. During most of the time, the entire water column shows a high level of turbulence. Only
during slack water (duration of ~1 hour) the velocity reduces drastically and the level of turbulence
diminishes, which enables the deposition of sediment.

Although the temporal variability of turbulence is of utmost importance for the sediment dynamics,
it is not enough for correct predictions. As it has been demonstrated in (7), the combined impact of
transport and turbulence is very important, proving that local models, which do not sufficiently re-
solve advection, would hardly resolve the dominating temporal patterns. The relative role of turbu-
lent kinetic energy increases in the tidal channels where the response of sediment concentration to
tidal forcing shows two maxima associated with flood and ebb currents. North of the barrier-
islands, where the impact of transport is dominant, the variability pattern is uni-modal. Furthermore,
it has been demonstrated in (7) that the three-dimensional structure of transport and turbulence
has a very strong impact on the sediment dynamics, which proves that two-dimensional models
having been widely used in the past research could hardly resolve all important characteristics of
sediment dynamics. What has not been done in the previous studies is the validation of the nu-
merical model over the entire East Frisian Wadden Sea. This is one of the main subjects ad-
dressed in the present paper.

METHODS
Observational area

The EastFrisian Wadden Sea is characterised by a series of barrier-islands, each being a few
kilometres long in east-west direction and one or two kilometres broad (Figure 1). This is a highly
dynamic tidal area, where the conditions in the water column vary widely with season, tide, and
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meteorological conditions. A fundamental characteristic of the Wadden Sea is the vigorous sus-
pended matter dynamics. For example, up to 7200 tons of mud and 4300 tons of sand are moved
in and out of the tidal channel of Otzumer Balje (Figure 1) over one tidal cycle (1). Therefore the
water, especially in the backbarrier tidal flats, is characterised by high loads of suspended matter,
which often reach concentrations of about 100 mg/l. Typical Secchi depths in this flat area are 0.1
to 0.5 m, depending on water depth, tide current, ground material, and wind force. They increase
with increasing water depths. In the inlets they may reach a few metres at very clear water condi-
tions.
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Figure 1: Topography of the East Frisian Wadden Sea used in the numerical model. The coordi-
nates of the lower left corner are approximately 563°36°’N and 007°05°E. The isobaths are repre-
sented as negative numbers in units of metres below the mean sea-level. The arrow giving the
direction to the North demonstrates that the model area is rotated, which is done in order to reduce
the size of the model grid. The -1.5 m isobath is also plotted, revealing approximately the dry area
under low water.

MERIS data

MERIS scenes have been provided by ESA as level-2 products in full resolution. The delivered
data are geo-referenced and contain an atmospheric correction. There are over 90 usable scenes
for the research area by now, covering a time scale from June 2002 to April 2005. For the analysis
of data and their graphical presentation the freely available BEAM-VISAT (Version 3.4.1) software
(15) was used.

The operational data processor (IPF V4.06/4.07/4.10, (16,17) is based on a neural network (18),
which has three angles and eight reflectances as input. The output consists of the concentrations
of chlorophyll a (CHL) and total suspended matter (TSM), and of the absorption coefficient of yel-
low substance (YS) at 412 nm. Each pixel of the image has a quality indicator (flag) that informs
the user if the pixel is considered valid or not.

The calibration of MERIS is found to be very accurate, thanks to the onboard radiometric calibra-
tion (19). The quality improvements of the product algorithms have led to several new processors
with a newly trained neural network (20,21), but they are not operational yet. The processors pro-
duce good results especially in coastal areas. Compared with all sensors in the past, several
bands in the IR allow highest accuracy of atmospheric correction (9). Unfortunately, all full-
resolution (FR) data used in this paper are processed with the older processor version (up to IPF
V4.10). In the meantime the new processor 5.02 is operational. Its results are not considered to be
very satisfying (in terms of accurate concentrations) (e.g. 22,23). The radiometric accuracies for
the surface reflectance given in the MERIS Product Handbook over ocean are 2-10*, for chloro-
phyll and total suspended matter 15% each, and 30% for yellow substance (24).
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The flags for the validity of the water constituent concentrations are raised in the majority of cases
in the Wadden Sea. Nevertheless, the observed patterns are considered to reflect the real surface
distribution, which is sufficient for a validation of the model in the first step.

For the validation of MERIS derived suspended matter concentrations in the Wadden Sea, filtration
data of ship cruises from 2003 to 2005 have been used. Only few data match in time, and these
are data with low concentrations (Table 1). Only one point corresponds to a valid satellite pixel
(TSMyveris = 7.1mg/l), but all points are considered to be reliable due to valid neighbouring pixels
with consistent concentrations. The positions of the water sampling are always located inside the
corresponding satellite pixel. One data point has a time delay of two tidal cycles between satellite
data and sample filtration (TSMueris = 9.8mg/l), therefore it should be treated with caution.

Table 1: MERIS derived TSM concentrations and TSM filtration data. Positions see Figure 1:
OB = Otzumer Balje near Spiekeroog, SS = south of Spiekeroog, NWW = north-west of Wange-
rooge; A = temporally weighted values, calculated out of a series of samples, B = 1 day difference,
but same tide phase.

Date Position [TSMyeris / mg/ll TSMEijtration / mg/l|Remarks
23. Apr 03 OB 71 71
11. Aug 03 OB 9.13 6.9 A
13. Aug 03 SS 19.56 17.9 A
9/10 Aug 2003 | NWW 9.8 8.37 B
26. Apr 05 OB 9.82 13.2 A

The water samples were cooled and filtered on the same day or on the next day. Annealed glass
fibre filters with 0.7 um porewidth were used for the filtration. At the end of the filtration they were
rinsed with purified water to wash out the salt remaining in the filter, and then dried for two to three
days at 60°C before the second weighing.
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Figure 2: MERIS derived TSM concentrations versus TSM filtration data, taken at different times
and locations in the Wadden Sea, see Table 1.

A direct comparison between these in situ point measurements and the 300 m x 300 m MERIS
pixels is naturally difficult, especially when having big concentration gradients near the coast. Sec-
ondly, the suspended sediment is cumulated in clouds ranging from centimetres to metres in size.
This results in an error when in situ data are compared with the satellite data, the latter being aver-
aged over an area much larger than the above-mentioned range. The fact that the two data types
give similar results (at least at low concentrations) is therefore surprising.

Although the neural network has been trained for TSM concentrations of up to 72 mg/I, the error for
concentrations of more than approx. 30 mg/l is much larger than for lower concentrations. For the
comparison of satellite and model data only TSM values of less than 30 mg/l have been used.
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TSM patterns derived from MERIS data

In summer, surface concentrations of TSM computed from satellite data (Figures 3-6) reveal three
different regimes that dominate the suspended matter patterns: (a) tidal flats, (b) tidal inlets and the
area northward of them, and (c) the open German Bight.

Regime “a” is characterised by extremely large concentrations of TSM. It is assumed that these
large concentrations are related to very shallow depths. It is noteworthy that this area is also well
pronounced on the north coasts of the backbarrier islands (Figure 6a).

The second regime (b) is dominated by transport and is traced by large suspended matter concen-
trations in the tidal inlets and the area just in front of them. These high concentrations are due to
sediment “clouds” originating from the tidal basins and propagating northwards. It is noteworthy
that under regime “b” relatively low concentrations are observed in the deepest parts of the inlets
(Figures 4a, 6a). This result supports the theoretical concept that although the velocity is very high
(~1 m/s), the concentration remains small because of large depths. This is a common feature of
many estuaries and is due to the weaker tidal mixing in the core of the estuary.

TSM concentrations depend on the tidal phase, with maximum values during the time of highest
current velocities. The shape of the area where regime “b” is dominating (extending towards the
North Sea in front of tidal channels) reveals the major mechanisms dominating the sediment dy-
namics: back-and-forth propagation of suspended matter between tidal flats and North Sea, and
lateral transport of sediment “clouds” ensuring high concentrations on the shallows up to the 20 m
isobath (Figure 1).

Regime “c” may be called open North Sea regime. During summer, TSM concentrations are very
low beyond the 20 m isobath (the concentration in the German Bight is ~1 mg/l or less).

The TSM patterns change not only with tide but also with the time of the year, and depend on wind
and biological activity. Figures 3 and 4 are examples of typical summer situations. The TSM con-
centrations show a strong gradient in front of the islands. The water originating from the inlets does
not transport the suspended matter very far. Due to the biological processes in summer, the parti-
cles are glued together to aggregates and sink faster than normally (25,26). They vanish from the
surface as soon as the current slows down after passing the inlet.
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Figure 3: MERIS derived full-resolution TSM concentration image for 03 Jun 2004, taken during
high water. An east/north-east wind was blowing over the area at 3.5 m/s for at least 12 hours be-
fore the image was taken. As in the following images, grey pixels are the land mask, white pixels
are clouds. The left image shows all pixels as valid data, while in the right one all pixels considered
by the algorithm to be invalid are dark grey.
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Figure 4: MERIS derived full-resolution TSM concentration image for 09 Sep 2004, taken 1.5 hours
before low water. An east wind was blowing over the area at 5.5 m/s for at least 12 hours before
the image was taken.
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Figure 5: MERIS derived full-resolution TSM concentration image for 19 Feb 2005, during ebb cur-
rent (3 hours after high tide). A south-west wind was blowing at 5.2 m/s for the last 12 hours, with
peak velocity of about 10 m/s the day before. White areas are clouds, the blue parts next to them
are their shadows.

In summer, the patterns always show a straight transition of backbarrier water to water of the Ger-
man Bight, as long as the wind speed is low or moderate. Figure 4 shows the typical “wave-like”
patterns evolving during ebb current. During winter, the sharp gradient breaks up and the sus-
pended matter patterns reach deep into the German Bight (examples are given in Figures 5 and 6).
Although the wind speed is normally higher in wintertime, these patterns of high suspended matter
concentration reaching deeply into the German Bight may not be explained solely by the wind im-
pact. The satellite observations support the hypothesis of a strong dependence of settling velocity
on kinematic viscosity, the latter depending on temperature (27,28). As settling velocities are
smaller in winter the suspended matter remains in the water column for a longer time, which results
in a larger extension of areas with high concentrations. The largest measured value was 300 mg/I
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in the Spiekeroog inlet on 20 Jan 2004 (filtration data), during ebb tide, with wind speeds of 5 to 15
m/s the days before.

While the above described patterns are already known from observations and numerical simula-
tions, the pattern shown in Figure 6 seems new. This pattern is characterised by several strips of
high concentration originating from the tidal channels and penetrating deep into the German Bight.
It seems that these strips with high TSM concentration are not directly connected with tidal fronts,
which is justified by the lack of correlation of these patterns and topography. A more plausible ex-
planation is that these high-concentration zones are transport patterns from the tidal flats into the
North Sea, which are subject to east-west oscillations, the latter modulating the spatial properties
of TSM.

20 3/ 72 mgd

Figure 6: MERIS derived full-resolution TSM concentration image for 29 Mar 2004, showing low
water. Wind was blowing at 6.3 m/s and from a direction of 227° for at least the last 12 hours. Most
areas in the back barrier have fallen dry (dark grey pixels are invalid). The concentrations in the
German Bight are high, which is typical for a winter situation. A special feature of this scene is the
absence of clouds and the very well developed TSM structures, penetrating deeply into the Ger-
man Bight.

NUMERICAL SIMULATIONS
Model area, discretisation and forcing

The present work uses results of numerical simulations with the General Estuarine Transport
Model (GETM), which is a 3-D primitive equation numerical model (29), shortly presented in the
Appendix (Figure 7). In this model the equations for the three velocity components, u, v, and w and
sea-surface height £, as well as equations for the turbulent kinetic energy (TKE) k and the eddy
dissipation rate (EDR) due to viscosity ¢ are solved. The numerical model is coupled with a sedi-
ment transport model, in which mud particles of a grain size of d =63 ym are considered. The
model uses a standard diffusion-advection equation for the concentration of suspended sediment.

The first application of this model to the area of our study is described by (30) and we refer to this
paper for more details. The model uses terrain-following equidistant vertical coordinates (o~
coordinates). The vertical column extending from the bottom —H(x,y) to the surface {(x,y,t) is
divided into ten non-intersecting layers. With a horizontal resolution of 200 m the area in Figure 1 is
resolved with 324x88 grid-points in the zonal and meridional direction, respectively.

The forcing at the open boundaries is taken from the simulations with the operational model of the
German Bight provided by the Bundesamt flir Seeschiffahrt und Hydrographie, Hamburg, Germany
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(BSH) (30). The sea-level data (one value every 15 minutes) have been interpolated in time and
space onto the grid points along the boundaries of our regional model. Lateral boundary conditions
for concentration are taken to be zero for inflowing water. This agrees with satellite and direct ob-
servations demonstrating that concentrations along the northern model boundary are small (at
least 5 times smaller than in the tidal basins). Outflowing water results in a suspended matter flux
of u,c out of the model area, where uj, is the velocity normal to the boundary.

Here we will discuss only the results of simulations for the period 16 to 18 October 2000, which are
representative for the general conditions during spring tide (see (30) for more details about the
results of simulations).

Fresh water
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Bir-zea exchange

Figure 7: Schematic presentation of the model.

Circulation

Most of the present study is based on the same simulations as reported in the study of (30) and
(31) where an extensive validation has been carried out using continuous measurements (ten-
minute records) of sea-level and currents (ADCP transects along and across the tidal channels).

The water exchange during one tidal period between open-ocean and backbarrier basin of Spieke-
roog amounts to ~100-10° m® and ~140-10° m* during neap and spring tide respectively (7). It is
noteworthy that the simulated wet area (Figure 8) varies with time demonstrating that the model
resolves one of the most characteristic features of the Wadden Sea, which is the process of flood-
ing and drying.

The circulation (Figure 8) is dominated by a westward transport during ebb and eastward transport
during flood. The simulated magnitudes compare well with the observations of (1). It has been
demonstrated by (30) and (32) that, while the transport through the inlets is mainly controlled by
the up-and-down tidal oscillations, the along-shore circulation, as well as the circulation in the inter-
tidal areas, are controlled by the spatial properties (back-and-forth propagation) of the tidal signal.
The maximum ebb velocity is observed in the tidal channels shortly before the rate of sea-level fall
reaches its maximum. However, the maximum flood velocity is delayed in the tidal channels by
approx. 2 hours with respect to the maximum rate of sea-level rise, which is due to the hypsometric
control of basins with time-variable horizontal area. This asymmetry is also known as "shorter-
falling" asymmetry (in the terminology of (33)). As asymmetries in the tidal response are indicative
for the transports during flood and ebb (34), shorter-falling and shorter-rising asymmetries are used
sometimes as synonymous for an ebb and flood dominated regime, correspondingly.
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Figure 8: Vertically integrated velocity simulated during high water (a), ebb (b), low water (c), and
flood (d) phases of spring tidal cycle. These four stages are identified by the position of tide at the
northern boundary, which explains why the largest drying of tidal flats is delayed with respect to the
low water.

Sediment dynamics

The surface concentration of fine suspended matter (Figure 9) reveals two distinct areas with high
values: in the tidal inlets and north of the back barrier islands. In both areas the depth is relatively
large (see Figure 1), which could partially explain the large mass of suspended matter fractions
there.

During flood the "sediment clouds" north of the islands are displaced slightly southwards. However,
instead of “entering” the back barrier basin (being its origin) through the tidal inlet, part of the sus-
pended matter moves eastwards, the "sediment clouds" reaching their easternmost displacement
during high water (Figures 8a and 9a), which is in the middle of the northern coast of the islands.

These results indicate that the strongest signal in the sediment dynamics is associated with the
oscillation of sediment pools in east-west direction. In this signal the dominating period is the tidal
one, not the semi-tidal one, the latter being associated with vigorous erosion/deposition (7).
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Figure 9: Model results of TSM surface concentrations in arbitrary units. The consecutive plots

correspond to the times of flood, high water, ebb, and low water.
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Figure 10: Numerically simulated vertical TSM profiles (in relative units), north of Otzumer Balje.
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The fine TSM concentrations during high water are only half as large as during flood and ebb (Fig-
ure 10). The concentrations during low water reveal absolute maxima north of the barrier islands.
These large concentrations are due to the fact that during ebb the waters in the channels (and
north of them) are replaced by relatively particle-rich water from the tidal flats.

COMPARISON OF NUMERICAL SIMULATIONS WITH MERIS DATA

In the following, we provide a short demonstration of consistence between the two data types ana-
lysed in the present study. We are using a cloud-free MERIS scene (Figure 12) with valid pixels
over nearly the whole area. For this period the wind velocity was low for at least the last 12 hours
(3.5 m/s) and had an east/north-east direction. The influence of the wind is considered negligible at
such low wind velocities. The chosen scene is a high water scene ensuring a water coverage of
the whole area. The high water situation together with the above-mentioned low Secchi depths
also ensures that MERIS does not see any seafloor shining through the water column, except per-
haps at locations very close to the coasts (compare Figure 1).

The corresponding TSM distribution calculated by the numerical model is shown in Figure 11. For
this first test, the TSM concentrations were not calibrated yet, because the main issue was to com-
pare the TSM distribution between the simulation and the MERIS data.

5 %9 15 28 25 3 35 40 45 50 55 BO km

0 30 60 90 120 150 180 210 240 270 300

Figure 11: TSM distribution in arbitrary units at the sea surface at high water, simulated by the
sediment transport model.

Figure 12: MERIS image of the 3 Jun 2004, TSM in mg/Il. Only values of less than 30 mg/l are con-
sidered due to the uncertainties of the present algorithm at higher concentrations.

The investigation shown here considers the main cross-shore distribution pattern of TSM. In Fig-
ure 13 we compare the satellite and model data of the mean concentrations along transects paral-
lel to the coast. The distances from the coast are equivalent to the distances in Figures 11 and 12.

Although slightly shifted, all changes of the slope of curves seen in observations are replicated in
the numerical model. The detailed horizontal patterns match well in the two datasets (Figure 13).
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Figure 13: Comparison of MERIS image and model, mean TSM values of east-west transects par-
allel to the coast (normalised with respect to the maximum).

CONCLUSIONS

The simulations with a 3-D hydrodynamic model coupled with a sediment transport model help to
further understand the dominant patterns. It has been shown that "sediment clouds" north of the
barrier islands represent one of the most important elements of the sediment dynamics in the re-
gion. Their oscillation in the east-west direction is dominated by tidal periodicity (not a semi-tidal
one, the latter being associated with vigorous erosion/deposition). By circulating around the islands
fine TSM undergoes complicated transformations resulting from erosion and deposition in quite
different areas during different parts of the tidal cycle.

This first comparison is a preliminary one. Further and more detailed investigations are necessary.
Nevertheless, with this result we show that the numerical model has been validated with the ob-
served concentrations of MERIS in principle. The good qualitative consistence of observed to
model data is encouraging further investigation.

The satellite images indicate a strong dependence of the suspended matter on seasonal factors
due to meteorological conditions. To investigate this behaviour in a more detailed way, the model
has to be run in a much larger area, as the winter satellite data prove. Secondly, for quantitative
comparisons of cases the model setups have to be prepared consistent with the realistic (individ-
ual) situations. This includes e.g. wind impact, which may be an important factor for the TSM con-
centrations particularly for special environmental situations such as storms. These aspects along
with others will be addressed in a future study.

APPENDIX: THE NUMERICAL MODEL
Circulation model

The present work uses results of numerical simulations with the General Estuarine Transport
Model (GETM) coupled with a sediment transport module. GETM is a 3-D primitive equation nu-
merical model (29), in which the momentum and continuity equations in Carthesian co-ordinates
read:

2
a_u+7/ M+M_fv+M :_g%+i(Ava—uj+AHv2u (1)
ot ox oy 0z ox 0z 0z
2
a_v+7 M.}.M.}.fu.}.M :_g%_}_i(Ava—vj AHVZV (2)
ot ox oy 0z oy oz 0z
ou ov ow _

—+—+—=0 (3)
ox oy oz
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where u, v, and w are the velocity components with respect to the x (east), y (north), and z (up-
ward) direction, f is the Coriolis parameter, g the acceleration due to gravity, ¢ the sea-surface
height, A/(k, & 7) a generalised form of the vertical eddy viscosity coefficient, k the turbulent kinetic
energy (TKE) per unit mass, and ¢ the eddy dissipation rate (EDR) due to viscosity. The lateral
eddy viscosity A4(x,y) has been introduced to suppress non-physical noise along the open bounda-
ries in a three grid-point wide sponge layer, where it changes exponentially from its boundary value
of 10® m?s™" to 1/e of this value. In the interior of the model domain the dissipation is dominated by
vertical friction.

The success of near coastal models in tidal basins depends largely on the capabilities of modelling
the process of drying and flooding adequately. In GETM, this process is incorporated in the hydro-
dynamical equations through a parameter y that equals unity in regions where a critical water
depth D, is exceeded and which approaches zero when the thickness of the water column
D = H+{ tends to a minimum value Dy

D_Dmin
T J (4)

crit — ~min

y = min(1,

where H is the local depth (constant in time), taken as the bottom depth below mean sea-level in
the model area. The minimum allowable thickness D,,;, of the water column is 2 cm and the critical
thickness D, is 10 cm (29,32). For a water depth greater than 10 cm (D > D, and y = 1), the full
physics is included. In the range between critical and minimal thickness (between 10 and 2 cm) the
model physics are gradually switched towards friction domination, i. e. by reducing the effects of
horizontal advection and Coriolis acceleration in Egs. (1) and (2) and varying the vertical eddy vis-
cosity coefficient Ay according to

A\/ =Vt +(1—)/)Vb (5)

where v, =102m?s™" is a constant background viscosity. The eddy viscosity v; is obtained from
the relation

K2
Vi =Cly— (6)
&
where c¢,= 0.56 (see e. g. (35)).

In GETM, the momentum equations, Eqgs. (1) and (2), and the continuity equation, Eq. (3), are sup-
plemented by a pair of equations describing the time evolution of the TKE and EDR:

ok O v; ok
———| ——|=P-¢
ot o0z\o, oz (7)

z
(8)

where o, and o, are the turbulent Schmidt numbers, ¢ =1.44, and ¢z =1.92 (see (29,32,35)).

The vertical shear production P is a function of the shear frequency S:

P=v,S? (9)
2 2
with S? - (‘2-“) +(2—VJ (10)
V4 V4

There is clear observational evidence that the velocity profiles close to the bottom in the East Fri-
sian Wadden Sea may be adequately described by a logarithmic boundary layer (36,37):
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u(z) :1In[z'+zo) (1)

Uf K Zp

where u? = /T—b is the friction velocity at the sea floor, 7 = pwvtg—u is the bed shear-stress, Z' is
Pw z

the distance from the bed, z, is the bottom roughness length, x is the von Karman constant, and
p,, is the water density.

Furthermore, close to the bed, TKE and EDR are governed by the law of the wall with

k—("*j __ltf (12)

Y  k(z'+20)

Boundary conditions for Egs. (7) and (8) are described in detail by (29) and (32) along with the
parameterisations used. The parameter z,, which gives a general representation of the bottom
roughness, is taken constant over the whole area (32).

The impact of wind waves on the sedimentary system in the same area is addressed earlier by
(38), where it has been demonstrated that breaking wind waves affect suspended matter concen-
trations considerably, in particular on the shallows (usually in the backbarrier basins). Because in
the present study we focus on suspended matter patterns north of the barrier islands, and because
winds are relatively weak for most cases addressed here, we do not account for the effect of wind
waves, assuming that model forcing is dominated by moderate winds (magnitude of 5 m/s) in the
region of interest.

The sub-grid scale parameterisations are of utmost importance for the sediment transport, and the
analysis of simulations by (32) demonstrates that the general characteristics of turbulence in the
bottom boundary layer are consistent with the requirements formulated by (39) for correct predic-
tion of suspended matter transport rates. Two of them are the logarithmic velocity profile and the
parabolic-like distribution of A, .

Sediment transport model

In the sediment transport model, mud particles of a grain size of d = 63 um are considered. The
model uses a standard diffusion-advection equation for the concentration c:

ac oc 60+Wa_c:a_c A ae +i(wsc) (13)
ot oX oy 0z oz

Yoz
In the above equation, w; is the settling velocity of the sediment in suspension. For the cohesive
sediments, which include mud particles and parts of the silt fraction, the settling velocity is concen-
tration- dependent.

In the following, we present first the parameterisations associated with the cohesive sediments,
which we refer to as fine suspended particulate matter (SPM, d < 63 pm). Higher concentrations
result in a formation of larger aggregates, which in turn have a higher settling velocity. Experiments
reveal a strong increase of the settling velocity with the suspended matter concentration (40),
which is expressed by the relation

w, =kgC (14)

where cnq =c/cyn is a non-dimensional concentration of the grain size in question, ¢, =1 kg/m3,

and k, and mg are empirical constants. These are chosen to be kg =0.017ms ™" and mg =1.33
in agreement with the measurements summarised in (40).

The sediment flux at the sea bed
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[Ava—c+wscj =E-D (15)
0z z=—H

which is the bottom boundary condition of Eq. (13), is based on well-known parameterisations of
deposition and erosion rates D and E . The deposition rate given by Einstein and Krone (41) is

Dzwscb[1—r—bj (16)
Tq

where c, is the fine SPM concentration near the bottom, z, is the bed shear stress and 7, is the
critical shear stress for deposition.

The erosion rate is computed using the formula of (42):

E_ aMe[f_b_ j (17)
Te

where M, is an empirical constant giving the erosion rate at twice the critical shear stress for ero-

sion. The parameter « specifies the fraction of the grain size in the bottom sediment and is 0.5.

The value used for M, is 3.7 1078 kg m~2s~'. This is somewhat smaller than the values suggested

by other authors, e.g. (43,44,45), ranging between 6-10° and 4-1072 kgm2s™"

good results in initial model runs.

, but showed

The critical shear stress for erosion of fine SPM is set constant to 0.2 Nm™'. The critical shear

stress for deposition is chosen to be equal to that for erosion. That means that either deposition or
erosion occurs and no region of transition exists where none of the two processes are active.

The sediment source at the bottom is taken (as a first order approximation) to be inexhaustible
everywhere. If the water depth equals D,,, the location is considered dry and the sediment equa-

tions are not solved anymore until the water depth increases again.
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