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Abstract Suspended particulate matter (SPM) fluxes
and dynamics are investigated in the East Frisian Wad-
den Sea using a coupled modeling system based on a hy-
drodynamical model [the General Estuarine Transport
Model (GETM)], a third-generation wave model [Sim-
ulating Waves Nearshore (SWAN)], and a SPM mod-
ule attached to GETM. Sedimentological observations
document that, over longer time periods, finer sediment
fractions disappear from the Wadden Sea Region. In
order to understand this phenomenon, a series of nu-
merical scenarios were formulated to discriminate pos-
sible influences such as tidal currents, wind-enhanced
currents, and wind-generated surface waves. Starting
with a simple tidal forcing, the considered scenarios are
designed to increase the realism step by step to include
moderate and strong winds and waves and, finally, to
encompass the full effects of one of the strongest storm
surges affecting the region in the last hundred years
(Storm Britta in November 2006). The results presented
here indicate that moderate weather conditions with
wind speeds up to 7.5 m/s and small waves lead to
a net import of SPM into the East Frisian Wadden
Sea. Waves play only a negligible role during these
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conditions. However, for stronger wind conditions with
speeds above 13 m/s, wind-generated surface waves
have a significant impact on SPM dynamics. Under
storm conditions, the numerical results demonstrate
that sediments are eroded in front of the barrier islands
by enhanced wave action and are transported into the
back-barrier basins by the currents. Furthermore, sedi-
ment erosion due to waves is significantly enhanced on
the tidal flats. Finally, fine sediments are flushed out of
the tidal basins due to the combined effect of strong
erosion by wind-generated waves and a longer resi-
dence time in the water column because of their smaller
settling velocities compared to coarser sediments.

Keywords Suspended particulate matter fluxes -
Wadden Sea - Tidal flat - Surface gravity waves -
Storm surges - Numerical modeling

1 Introduction

Long-term sedimentological observations have demon-
strated that the sediment size distribution in the East
Frisian Wadden Sea (see Fig. 1) has shifted towards
coarser sediment fractions (Flemming and Nyandwi
1994). These observations are in conflict with the
common assumption that fine-grained sediments ac-
cumulate in tidal flat systems due to effects like the
settling/scour lag effect (van Straaten and Kuenen
1957) or density-driven effects (Burchard et al. 2008).
The observed deficit of fine-grained sediments in the
East Frisian Wadden Sea must therefore be based on
other mechanisms or a combination of mechanisms that
overcome the accumulation tendency. Possible can-
didates influencing the suspended particulate matter
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Fig. 1 Location of the study
site and the model area. The
model topography (positive
downward, units in meters) of
the Wadden Sea Model is
depicted in ¢. The red triangle
in that panel marks the
position of the time-series
station where wave
parameters, sediment
concentrations, and current
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velocities in the Wadden Sea

area were measured. The blue
box (a) denotes the extension
of the model domain used for
wave modeling in the North
Sea area, whereas the green
box outlines the extension of
the model domain used for
wave modeling in the
German Bight. The red
triangles in b denote the
positions of the wave buoys
used for validation of the
model data

(SPM) budget are wind-generated surface waves, the
influence of which might have been underestimated in
the past, and storm surges, which may export large
amounts of sediment out of the tidal basins to the North
Sea (Bartholdy and Anthony 1998).

Wind-generated surface gravity waves can influence
SPM dynamics and fluxes on continental shelves and
tidal flat systems. Due to an enhanced bottom shear
stress during repeated cycles, waves significantly con-
tribute to the erosion of sediments in coastal zones and
over tidal flats. Once suspended, SPM can be trans-
ported by wind-driven, density-driven, or tide-induced
currents to other locations. The study of Santamarina
Cuneo and Flemming (2000) gives observational ev-
idence of the importance of waves. They measured
the import and export of SPM through the tidal inlet
between two barrier islands located in the southern
North Sea. In the presence of enhanced wind-generated
surface waves, a net import of sediment into the tidal
basin was observed. This net import was explained by
an increased erosion of sediments in front of the barrier
islands, where high waves from the North Sea reach the
coasts of the islands. Once suspended, sediments are
transported into the tidal basin by inward-flowing tidal
currents.

Other field studies (see, e.g., Bassoullet et al. 2000)
and modeling studies of different model complexity
have demonstrated the influence and significance of
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wave effects on the sedimentary system of coasts and
continental shelves (see, e.g., Blaas et al. 2007; Condie
and Sherwood 2006; Liang et al. 2007; Roberts et al.
2000).

Storm surges also significantly influence the sedi-
ment budget of tidal flat systems. During these events,
the bottom shear stress is enhanced due to increased
current speeds and dramatically increased wave activ-
ity. Bartholdy and Anthony (1998) investigated the sed-
iment budget of a tidal system in the Danish Wadden
Sea and demonstrated the importance of storm activity
to export fine sediments from the tidal flat system
towards the open ocean (North Sea). This impact of
storms and storm-generated surface waves was also
demonstrated by Warner et al. (2008) for sediment dy-
namics in Massachusetts Bay, USA, using the Regional
Ocean Modeling System (ROMS).

A first attempt to investigate the influence of wind-
generated surface gravity waves on suspended sediment
dynamics in the study area was performed by Stanev
et al. (2006). They used a simple analytical wave para-
meterization based on a formulation of Roberts et al.
(2000), which accounted for wave breaking and which
related wave-induced bottom shear stress to signifi-
cant wave height. With this parameterization, Stanev
et al. (20060) generated realistic dynamical features for
suspended sediments. However, this parameterization
did not account for growing or shoaling of waves near
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the coast, which might lead to increased bottom shear
stresses close to the shoreline.

The aim of this modeling study is to better un-
derstand the influences of storm surges and wind-
generated surface waves on SPM dynamics in the East
Frisian Wadden Sea. In order to increase the realism
of the numerical model, the simple wave shear stress
approach of Stanev et al. (2006) was extended by mod-
eling the generation and dissipation of wind-generated
surface waves with the third-generation wave model
SWAN (Simulating Waves Nearshore) of Booij et al.
(1999). The numerical modeling system is completed
by the hydrodynamical General Estuarine Transport
Model (GETM) (of Burchard and Bolding 2002) and a
SPM module attached to the GETM.

With this modeling system, the wave and sediment
dynamics during two ship cruises, one in October 2007
and the other in February 2008, was modeled for
validation purposes. Furthermore, different scenarios
with artificial wind forcing and tide-driven sea surface
elevation with and without wind-enhanced sea level
were considered. Finally, the effect of storm Britta,
which was one of the most severe storm events in the
North Sea region in the last hundred years, on sediment
dynamic was simulated.

2 The study site

The study site (see Fig. 1c) is part of the East Frisian
Wadden Sea, which is located in the southern part of
the North Sea along the northwest coast of Germany. It
consists of several barrier islands and tidal basins with
large tidal flats between the islands and the mainland
coast. The tidal basins are connected via tidal inlets with
the North Sea.

2.1 Hydrodynamics

The tidal amplitude in this area is about 1.5 m dur-
ing spring tides and about 1.0 m during neap tides.
This places the tidal variability in the upper meso-tidal
range. Figure 2 displays a time series of surface water
level showing the spring to neap tide variability near
the island of Spiekeroog in August 2007.

Under normal weather conditions, tidal current ve-
locities can reach values of up to 1.5 m/s in these inlets
and up to 0.3 m/s on the tidal flats (see, e.g., Chang
et al. 2006; Santamarina Cuneo and Flemming 2000;
Stanev et al. 2003). During one tidal period, water
exchange between the North Sea and individual back-
barrier basins through the tidal inlets varies from 40 to
170 -10° m? according to model simulations of Stanev

et al. (2003). These variations in tidal prisms deviate
to some extent from the simple product of the tidal
range and the mean areas of the different tidal basins
because the flooded areas of the tidal basins change in
the course of a tidal cycle (Stanev et al. 2003b).

2.2 Wind and wave climatology

The North Sea is located in the northern hemisphere
latitudinal belt of the atmospheric westerlies. There-
fore, winds predominantly come from westerly direc-
tions, and according to the Nordsee Report of the
Federal Maritime and Hydrographic Agency (BSH)
(Loewe et al. 2000), this was the case for 65% of the
North Sea winds in 2003, and even for 75% in 2004.
In 2004 (which was a normal year concerning wind
statistics), mean wind speeds ranged from about 7 m/s
(4 Bft) in the summer season to about 10 m/s (5-6 Bft)
in the autumn season (Loewe et al. 2006).

To quantify the wave climatology at the study site,
Fig. 3 shows joint distributions of significant wave
height and peak period at the FINO wave buoy in the
North Sea and at the time-series station in the back-
barrier tidal channel close to the island of Spiekeroog.
The joint distribution was defined by:

number in spec. bin(Hyg, Tpeak) 100

(1)

The FINO data cover the period from January 2006
to August 2007 and show a dominant wave height of
about 1.25 m. Behind the islands at the time-series

JD(Hg,, T, =
(Hsig: Tpear) total number of measurements
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Fig. 2 Anomalies of sea surface elevation at the time series

station near the island of Spiekeroog in August 2007 (for the
position of the time-series station, see Fig. 1)
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Fig. 3 Joint distribution (defined in Eq. 1) of significant wave
height (Hgg) and peak period (Tpeak) at the FINO wave buoy
(left) and the time-series station (right). The FINO data were
measured during January 2006 and July 2007 and are binned
with AHgjy = 0.25m and ATpeac = 1s, with a total number of

station (period between December 2006 and June
2007), the significant wave height decreases to about
0.35 m. These data demonstrate the protective influ-
ence of the barrier islands for the tidal flats against the
incoming waves from the North Sea.

These results are consistent with wave observations
reported by Krogel and Flemming (1998), who esti-
mated wave heights between the island of Langeoog
and the main coast. According to their study, in the
winter season with their stronger winds, significant
wave heights can exceed 0.8 m, whereas in the calmer
summer season, wave heights barely reach 0.4 m.
Therefore, due to increased wave heights, winter sea-
sons will be more effective in eroding sediments than
summer seasons.

2.3 Sedimentary system and observed SPM fluxes

The size distribution of the sedimentary system ranges
from fine-grained muddy sediments with diameters <
63 pm to medium sands with mean grain sizes around
300 um. Several authors have documented that the
intertidal sediments in that region are arranged in well-
defined shore-parallel belts showing a general shore-
ward fining trend (see top left panel in Fig. 13 and, e.g.,
Flemming and Nyandwi 1994; Flemming and Ziegler
1995). Besides muddy areas along the mainland coasts,
sand flats with mud contents below 2% dry weight, e.g.,
the Swinnplate south of the island of Spiekeroog, are
common.
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11,797 measurements. Wave data at the time series station cover
a period from December 2006 to June 2007 and are binned with
A Hgig = 0.20m and ATpeak = 15, with a total of 2,201 measure-
ments. Note the different gray shading scales of the two figures

To get an impression of the amount of SPM trans-
ported in the water column through the tidal inlets,
measurements of Santamarina Cuneo and Flemming
(2000) based on ADCP data are referred to. They
found that, under fair-weather conditions [wind speeds
below 6.0 m/s (4 Bft)], maximum concentrations of
suspended matter were relatively low (about 60 mg/l),
with no significant net import or export. Under windier
conditions [wind speeds about 10 m/s (5-6 Bft)], mea-
sured SPM concentrations increased to 130 mg/l. In this
case, a net import of sediment of up to 2,950 tons into
the tidal basin was estimated over one tidal cycle, of
which 1,640 tons was contributed by the sand fraction
and 1,310 tons by the mud fraction (Santamarina Cuneo
and Flemming 2000).

In order to quantify the effect of currents and waves
on the sedimentary system, the critical shear stress,
which must be overcome to erode the sediment, is im-
portant. Austen and Witte (2000) measured the critical
bottom shear stress for sediments at a study site close
to the island of Baltrum. Their measured values vary
from 0.15 to 1.0 N/m? for muddy and sandy sediments,
respectively. These values agree with the critical shear
stresses used in this modeling study.

3 Model description

The numerical experiments were based on a coupled
system of models comprising a hydrodynamic core
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Fig. 4 Coupling of the hydrodynamic model (GETM) with the
wave model (SWAN)

model, a wave model, and a SPM module attached to
the hydrodynamical core model (see Fig. 4). The mod-
els are briefly described in the next subsections with
references to more detailed discussions in the literature
where appropriate.

3.1 Hydrodynamic core model

The hydrodynamic computations were performed
with GETM, the General Estuarine Transport Model
(Burchard and Bolding 2002). A recent model docu-
mentation is given by Burchard et al. (2007).

GETM is a prognostic three-dimensional hydrody-
namical model especially suited for shallow coastal
regions under the influence of tidal currents where sub-
stantial areas are prone to drying and flooding during a
normal tidal cycle. The model is based on the horizon-
tal momentum equations and the continuity equation
with two prognostic equations for the turbulent kinetic
energy and its dissipation rate influencing the verti-
cal eddy viscosity coefficient. In horizontal directions,
GETM uses a constant momentum diffusivity (viscos-
ity, A,,), and in order to increase numerical stability,
GETM provides a constant horizontal diffusivity, A,,
to smooth surface elevation. This hydrodynamic core
model has been applied and validated in various recent
studies (see, e.g., Burchard et al. 2004; Stanev et al.
2003, 2006, 2007).

As mentioned before, this study is concerned with
the effects of storms on the sedimentary system. To
account for the effect of increased ocean surface rough-
ness due to higher waves during storms, a wind-speed-
dependent drag coefficient Cp was implemented to
calculate the surface wind stress from wind speeds. The

following formula provided by Holthuijsen (2007) was
taken:

for Uy < 7.5m/s
for Ujg > 7.5m/s
(2)

Here, Ujy denotes the wind speed at a 10-m height
above the sea surface.

128751073
"7 10.8+0.065U,) - 102

3.2 Wave model

Surface gravity wave propagation and generation by
atmospheric winds were simulated with the two-
dimensional wave model SWAN (Booij et al. 1999).
SWAN was operated in nonstationary mode using
its default methods and parameter values to model
wave growth, wave propagation, and dissipation. In
detail, the processes of wave generation, quadruplet
wave-wave interactions, white capping, bottom friction,
depth-induced breaking, and triad wave—-wave interac-
tions were activated. In coastal waters, the processes of
wave reflection and diffraction were neglected.

The waves in the East Frisian Wadden Sea during
the two ship cruises and the real storm surge event
were modeled using a one-way nested system of dif-
ferent model domains with increasing spatial resolu-
tion. The largest area with the coarsest resolution of
20-km grid spacing covers the whole North Atlantic.
This enlarged area was needed to determine the wind-
generated waves in the Atlantic, which would reach the
North Sea, e.g., in the form of swell.

Embedded into this large domain was a model do-
main of the North Sea area (see blue box in Fig. 1a)
with a 5-km grid resolution. The wave boundary con-
ditions for this model domain were obtained from the
Atlantic domain. Finally, the third nested domain cov-
ered the area of the German Bight with a resolution of
2 km (see green box in Fig. 1a). From this third model
area, the wave boundary conditions were obtained for
the wave simulations in the Wadden Sea with a grid
resolution of 200 m. As time step for nonstationary
computations, 60 min was taken for the large Atlantic
domain, 30 min for the North Sea and the German
Bight domain, and 15 min for the Wadden Sea model
domain.

3.3 SPM module
Coupled to GETM was a SPM module (see Fig. 4),

which was based on a diffusion—-advection equation
with an additional settling velocity. Five noncohesive
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sediment fractions with diameters between 40 and
200 um were considered. This module accounted for
suspended sediment concentrations in the water col-
umn and the amount of sediment fractions at the bot-
tom (which are termed bottom sediment pools in the
following). Sediments were eroded from the bottom
once a critical bottom shear stress was exceeded, and
sediments were deposited when the bottom shear stress
was below a critical value. The current-induced bottom
shear stress was obtained from the hydrodynamic core
model, GETM, and was calculated via an iterative pro-
cedure using a prescribed bottom roughness length z,.
This bottom roughness length was set constant over the
whole model domain and did not change during the
model integration.

In addition to the bottom shear stress produced by
the current field, sediments are also eroded by wave-
induced shear stresses. These wave-induced bottom
shear stresses were calculated in this study on the basis
of a parameterization proposed by Soulsby (1997),
which employed the wave field parameters delivered
by SWAN. This wave shear stress parameterization was
also used by Pleskachevsky et al. (2005) and Gayer et al.
(2006) to study sediment dynamics in the North Sea.
More details about the sediment module are presented
in the Appendix.

3.4 Coupling of modeling system components

The interaction of the different modeling system com-
ponents is described in Fig. 4. The sediment module was
part of the GETM model and received horizontal and
vertical velocities from the hydrodynamical component
of GETM. Wave parameters for calculating the wave-
induced bottom shear stress were delivered by the wave
model SWAN.

The wave model SWAN was operated in a nonsta-
tionary mode and was coupled to GETM in a very
simple way. GETM delivered only the horizontal sur-
face elevation to SWAN when the modeling system
was used in coastal areas (in the Wadden Sea). In the
case of the deeper North Sea or the Atlantic Ocean,
SWAN was used in a stand-alone mode and was forced
only by the wind field. In general, the wave model
SWAN can also be forced by current speeds from the
hydrodynamic component in addition to prescribing
sea surface elevation. This may be important in the tidal
inlets of the Wadden Sea region, where strong tidal
currents can change the incoming wave field (Doppler
shift in frequency, energy bunching changing the am-
plitude of the waves). Although possible, we decided
not to include current speeds for calculating the wave
field parameters with SWAN, as we encountered some
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problems in matching observed wave parameters when
we included the current speeds. Here, future tests are
needed to identify and eliminate the reasons for these
problems.

In the other direction, GETM did not see the wave
fields calculated by SWAN, as we did not include wave-
induced effects like radiation-stresses, which could
influence current speeds. This interaction will be imple-
mented in the future.

3.5 Model topography and surface wind forcing

The model topography for the Wadden Sea domain
was generated from high-resolution bathymetric data
provided by the German BSH (Hamburg and Rostock)
and from the Niedersdichsischer Landesbetrieb fiir
Wasserwirtschaft, Kiisten- und Naturschutz (NLWKN,
Norden). The topography data for the large model
domains used for wave modeling were taken from the
ETOPO?2 (2006) data set.

The wind velocities were obtained from several
sources. For the large model domains of the Atlantic
Ocean and the whole North Sea, NCEP reanalysis data
provided by the NOAA/OAR/ESRL PSD, Boulder,
CO, USA (Kalnay et al. 1996), were taken. For the
local modeling of waves and currents during the two
ship cruises, wind speeds from the time-series station in
the Wadden Sea were used.

In the case of the storm Britta, we found that the
temporal and spatial resolution of the NCEP data were
not sufficient to match the observed wave or current
velocity conditions. Therefore, wind data with a higher
temporal and spatial resolution were taken from the
German Weather Service (DWD) for the North Sea
and the Wadden Sea. For modeling of waves in the
Atlantic Ocean during storm Britta, we used NCEP
data for the forcing, as data with a higher temporal and
spatial resolution were not at our disposal.

3.6 Surface elevation at open boundaries

The hydrodynamical model, GETM, needs boundary
conditions for the surface elevation at the open bound-
aries. For the simulation of the time periods of the two
ship cruises in October 2007 and February 2008, sea sur-
face elevation at the open boundaries was constructed
from the measured surface elevation data at the time-
series station. These data were extrapolated to the open
western, northern, and eastern boundary points with a
time shift from west to east to account for the travelling
of the tidal surface Kelvin wave along the coasts of the
North Sea.
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Fig. 5 Top row: Comparison of significant wave height (m) in
October 2007 and February 2008 at the positions of the wave
buoys (Elbe, Helgoland, and FINO) in the German Bight. The
gray shaded areas denote the time interval where measurements
of SPM concentrations and current velocities are available from
the two ship cruises in the Wadden Sea. Bottom row: Time-depth

This procedure was also used to provide the sur-
face elevation for the scenarios with artificial forcing
functions. In this case, the artificial water level of the
M,-tide or an artificial storm-surge water level was
prescribed at the open boundaries with a time lag to
account for Kelvin wave propagation.

For the numerical simulations of storm Britta, the
sea-level boundary data were extracted from an ex-
ternal modeling system operated by Joanna Staneva
(Staneva et al. 2008). With this modeling system, sea
surface elevation was modeled for the whole area of
the German Bight on the basis of realistic surface wind
speeds and atmospheric pressure conditions.

comparison of significant wave height in February 2008 [m]
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plots of measured and modeled current velocity (m/s) at the
location of buoy OB9 (the approximate location of the anchored
ship) in the tidal inlet between the islands of Langeoog and
Spiekeroog. The left figure shows the situation in October 2007,
the right one in February 2008

4 Model validation experiments

The numerical modeling system was validated by com-
paring modeled and measured concentrations of SPM
and current velocities obtained by the two ship cruises
with the research vessel “FK Senckenberg” in October
2007 and February 2008. During these cruises, vertical
profiles of current velocity were measured with a hull-
mounted ADCP at a particular position in the tidal inlet
between the islands of Langeoog and Spiekeroog (at
buoy OBY, 53°44.87'/7°40.30/, i.e., close to the time-
series station, see Fig. 1). Furthermore, suspended sed-
iment content at about 1.5 m below the sea surface was
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obtained from water samples and filtering. In addition,
vertical profiles of SPM were estimated via an optical
method, which is described in more detail in Badewien
et al. (2009). On the basis of these observations, some
free model parameters of the sediment and the hydro-
dynamic module were slightly changed. These parame-
ters were then used in hindcasting storm Britta and for
the idealized test cases.

Unfortunately, the wave measurement system at
the time-series station was out of order during these
cruises. Therefore, the modeled wave heights in the
Wadden Sea region could not be validated. Instead,
wave data recorded by wave buoys in the German Bight
(see Fig. 1) were taken and compared with the modeled
wave heights obtained from SWAN.

During these cruises, weather conditions were calm
in October 2007 and windy in February 2008. This
can also be seen from Fig. 5, where the measured
and modeled wave heights at the German Bight wave
buoys during these cruises are depicted. Whereas the
significant wave height was around 1 m in October 2007,
it was between 1.5 and 2.5 m in February 2008. This
is an indication that wave effects in the East Frisian
Wadden Sea were more dominant during the cruise in
February 2008 compared to that in October 2007.

Figure 5 demonstrates that the model captures wave
heights and current velocities during the cruises in the
right order of magnitude. Concerning wave heights,
the observed high-frequency variability in the order of

17th Oct. 2007

—— filte; data | E
40\
g —— MST data
— model data

w
(=]

total spm [mg/l]
Ny N
(=] (%3]

3:00 6:00 9:00 12:00

Fig. 6 Measured and modeled suspended sediment concentra-
tions 1.5 m below the water surface at a fixed position in the tidal
inlet between the islands of Langeoog and Spiekeroog (position
of buoy OB9). The figure on the left shows the situation on 17
October 2007 with calm winds, the figure on the right on 26

February 2008 with stronger winds (note the difference in scale
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several hours is not reproduced. The reason for this
might be the used NCEP wind data with their coarser
temporal resolution of 6 h. The modeled fluid velocities
are in the right order as well. However, the maxima of
current velocity are underestimated, especially during
falling water. This might lead to an underestimation of
the exported amount of sediment out of the tidal basin
to the North Sea.

Figure 6 shows modeled and measured SPM
concentrations during the cruises in October 2007 and
February 2008. As can be seen from these graphs, the
modeled SPM concentrations are of the right order of
magnitude. However, in October the sediment concen-
trations are somewhat overestimated, especially at the
start of the time series for October 2007. In February
2008, for the situation with stronger winds, SPM con-
centrations compare very well in magnitude and timing
(phase) with the observations during flood (rising wa-
ter), whereas for ebb (falling water, the second peak),
the model underestimates the sediment concentration.

In any case, the dashed blue curve in Fig. 6, which
shows the model results with no wave activity allowed
in the SPM module, demonstrates clearly the impor-
tance of considering waves in SPM dynamics of the
East Frisian Wadden Sea. Without wave activity in the
SPM module, the magnitude of the SPM concentration
is dramatically underestimated.

In comparison to the measurements, the model
underestimates current velocities during the falling

26th Feb. 2008
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for the SPM concentrations). The green and the red curves denote
concentrations measured by two different methods. The blue
curves denotes model results. In addition, the lowest dashed blue
curve in the right-hand figure denotes the model result with wave

action switched off
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tide. This may be due to the fact that the external
forcing parameters are rather crude and the model
resolution is low. In the case of SPM, these spot mea-
surements may not be representative for the respective
model domain.

As demonstrated, the modeling system had some
problems in matching current velocities and SPM
concentrations during the ship cruise on the 26" of
February 2008. To test whether the modeling system
at least captures the right order of magnitude and
direction of SPM transport, the measured and modeled
SPM concentrations were multiplied with the measured
and modeled current velocities at 1.5-m water depth at
the measurement position in the tidal channel between
the islands of Langeoog and Spiekeroog. In the period
between 8:30 a.m. and 8:30 p.m., there was an observed
net import of SPM into the tidal basin in the order
of 1,200 kg/m?. The numerical model produced a net
import of 590 kg/m?. Although the absolute values
deviate by a factor of two, the modeling system got at
least the right direction of sediment transport for this
specific location and time period.

In Table 1, the selected model parameters and res-
olutions are presented. As mentioned above, for the
SWAN wave model, default parameter values of the
different processes of wave generation and dissipation
were taken from the standard set of parameters pro-
vided in the SWAN manual.

5 Idealized test cases

Numerical models are unique in that they allow changes
in the values of certain physical parameters to study
the effects of different forcings or, indeed, to simulate
situations without such forcings. In order to discrimi-
nate between the effects of various physical influences
on circulation and SPM transport, tests with artificial
forcing functions were conducted in which different
combinations of surface elevation (water depth), wind
speeds, and wave parameters were considered.

In these five artificial scenarios (see Table 2), normal
weather conditions are characterized by a prescribed
surface elevation at the open boundaries dominated by

Table 1 Model parameters GETM
used for the hydrodynamic
core model GETM, the wave

model SWAN, and the SPM
module

Grid resolution, Ax = Ay (m) 200

Horizontal viscosity A, (m?/s) 1.0

Horizontal numerical sea-surface elevation diffusivity A, (m?/s) 1.0

Vertical background viscosity (m?/s) 1.0-107°

Constant bottom roughness length zo (m) 0.001

Critical depth (m) 0.5

Minimal depth (m) 0.1
SWAN

Atlantic model domain

Spatial grid size Ax = Ay (km) 20

Logarithmically scaled frequency bins
Directional bins between 0° — 360°
Time step (min)
German Bight model domain
Spatial grid size Ax = Ay (km)
Logarithmically scaled frequency bins
Directional bins between 0° — 360°
Time step (min)
Wadden Sea model domain
Spatial grid size Ax = Ay (km)
Logarithmically scaled frequency bins
Directional bins between 0° — 360°
Time step (min)
SPM module
Sediment density pgs (kg/m?)
Erosion constant M, [kg/(m? s)]
Vertical background diffusivity A” v (m?/s)
Constant horizontal diffusivity A;, (m?/s)
Constant water temperature, artificial cases (°C)
Constant water temperature, storm Britta (°C)

50/0.02-1.0 (Hz)
24
60

5
50/0.02 — 1.0 (Hz)
24
30

0.2
50/0.02 — 1.0 (Hz)
24
15

2650
2.5-1074
1.0-107°
1.0-1073
4

8
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Table 2 Overview over the different idealized scenarios and the
corresponding forcing conditions

Scenario Surface Wind Waves

elevation speed / Hiig | Tpeak /

direction direction

S1 M2 - -
S2 M2 - 1.25m/5.5s/SE
S3 M2 7.5 m/s /| NW 1.25m/5.5s/SE
S4 M2 + storm storm -
S5 M2 + storm storm /NW storm / SE

Surface elevation denotes the prescribed sea surface elevations at
the open boundaries. Wind denotes the used wind speed and di-
rection (coming from) in 10-m height. Finally, waves denotes the
prescribed wave boundary conditions at the northern boundary
with the meaning significant wave height Hyig / peak period Tpeak
/ direction (going to). The boundary forcing functions of storm
surge scenarios S4 and S5 are plotted in Fig. 7.

the M, tidal component with an amplitude of 1.25 m.
Furthermore, if present (scenario S3), winds came from
the northwest with a constant wind speed of 7.5 m/s.
For storm surge conditions, the water elevation is
simulated by adding a Gaussian elevation peak to the
M, tidal signal. Similarly, the normal wind speeds and
wave parameters to simulate the effects of a storm
surge are enhanced in the whole model domain. These
forcing functions have realistic magnitudes, which can
be seen in Fig. 7, where these artificial forcing func-
tions are compared with the corresponding properties
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Fig. 7 Forcing functions for artificial storm-surge scenarios S4
and S5 (blue curves). To relate their magnitude to real data, the
respective properties measured during storm Britta in November
2006 (red curves) were plotted. The anomaly of surface elevation
and wind speed were recorded at the time-series station, and
significant wave height and peak period were measured at the
FINO wave buoy. The gray shaded areas denote the time interval
T, which is identified with the storm-surge period
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measured during storm Britta in 2006. The anomaly of
sea-surface elevation and wind speed presented in this
figure were recorded at the time-series station close to
the island of Spiekeroog and significant wave height
and peak period were measured at the FINO wave
buoy (see Fig. 1).

To model the wave influence for normal and stormy
weather conditions, the wave spectrum at the north-
ern boundary of the Wadden Sea model domain was
prescribed. For the moderate weather scenarios S2
and S3, a stationary JONSWAP spectrum with the
parameters presented in Table 2 was used. For the
storm surge scenario S5, the prescribed JONSWAP
spectrum was changed to account for different peak
period and significant wave height according to the
functions presented in Fig. 7; only wave direction was
held constant. If wind was present in scenarios as S3
and S5, waves were additionally generated in the model
domain via linear growth according to equations by
Cavaleri and Malanotte-Rizzoli (1981) already imple-
mented in SWAN. Once present, waves could grow
further according to Komen et al. (1984).

The sediment pools at the sea floor were initial-
ized with a uniform distribution over the whole model
domain. The initial amount of sediment for each frac-
tion (100 kg/m?) was chosen to assure that there would
be no lack of sediment in any bottom grid cell during
the model integration.

5.1 Erosion potential

The five scenarios mentioned above have different
ways to potentially erode sediment. To estimate the
effectiveness of sediment erosion under different phys-
ical forcing conditions, a parameter K, is defined as
follows:

1 T
Kero = T/ M(zp, 7.) dt
0

(TB—7)
M. = e .
0 if g < 7.

©)

if tg > 1.

Here, tp denotes bottom shear stress, which is calcu-
lated from current velocity and wave conditions after
Eq. 15 (see Appendix). Furthermore, 7, denotes a crit-
ical bottom shear stress for which sediment erosion
starts, and T denotes the time interval over which the
erosion potential is measured. This parameter, Ko, is
high in regions where bottom shear stress is frequently
above the critical value and low in regions with very
low bottom shear stresses. For these numerical exper-
iments, a value of 7, = 0.15 N/m?> was taken, which
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corresponds to the critical shear stress of noncohesive
sand with a grain size of 120 pum.

From the simulated wave climate and current veloci-
ties in the Wadden Sea model domain, the bottom shear
stress, 75, was calculated using Eq. 15 for each scenario
over a time interval 7 of three tidal cycles. This time
interval is depicted as the gray shaded area in Fig. 7
and includes the storm surge conditions of the forcing
functions.

In Fig. 8, this measure of erosion is shown for the five
different scenarios. In the case with only the M, tide
forcing (scenario S1), the potential of sediment erosion
is mostly dominant in front of and in the tidal inlets
between the barrier islands due to the high current
speeds.

In scenario S2, only incoming waves from the North
Sea are considered without any wave growth in the
model domain. These incoming waves have an in-
creased net effect on sediment erosion compared to
scenario S1 in front of the barrier islands. Behind the
islands, i.e., in the tidal basins, the waves are of small
amplitude and do not contribute very much to sediment
erosion. This situation changes somewhat if waves are
also generated in the tidal basins by moderate winds
from the northwest (scenario S3). In contrast to sce-
nario S2, there is a small increase in sediment erosion
on the tidal flats and a stronger increase of erosion in
front of the barrier islands.

Fig. 8 Measure of sediment
erosion due to currents and
wind-generated surface
gravity waves according to
Eq. 3 for the five artificial
scenarios listed in Table 2

Km for scenario S1

It is evident from scenarios S1 to S3 that, in the
presence of moderate winds, the potential of erosion
due to waves on the tidal flats is still much smaller
than the potential of erosion in the tidal channels and
tidal inlets due to the currents. However, in front of the
barrier islands, moderate winds can lead to enhanced
erosion of sediments via wind-generated surface gravity
waves, which is of the same magnitude as the erosion
due to tidal currents.

The storm surge scenarios with and without waves
are discussed in the following. The situation of a storm
surge with an additional surface elevation and en-
hanced wind speeds, but no waves (scenario S4), differs
only from the other scenarios by enhanced erosion
in the eastern part of the model domain. The reason
for this might be a stronger eastward-flowing current
component due to the increased wind stress in the tidal
basins that are present in the whole tidal basin area.
These enhanced currents have a stronger potential for
sediment erosion than waves generated in the tidal
basin region by moderate winds.

The situation changes drastically when wave effects
are included (scenario S5). The waves lead to a huge
erosion potential in front of the barrier islands, whereas
the tidal flats are again protected to some extent by the
barrier islands. However, there is also much stronger
sediment erosion on the tidal flats compared to the case
without waves (scenario S4).

K it for scenario S2

Kem for scenario S4
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Fig. 9 The yellow shading denotes the area for which changes
in bottom sediments due to the different scenarios over the time
interval of three tidal cycles were calculated. Furthermore, the
blue numbers denote the sections for which suspended sediment
transports were determined

From scenarios S4 and S5, it is also evident that
the modeling system suffers to a certain degree from
somewhat artificial and unrealistic boundary condi-
tions. At the western and eastern model boundaries,
the calculated sediment erosion rates are clearly too
high. One reason for this might be the way the sea-
surface elevation boundary conditions were prescribed.
To overcome these problems, the open boundaries will
be placed at a greater distance from the area of interest
in future studies. In addition, for scenario S5, there
appears to be a progressive increase in erosion potential
from west to east behind the barrier islands. This trend
might be due to the procedure of calculating wind-
generated surface gravity waves. In this scenario (S5),
the winds dominantly came from the west. It therefore
seems likely that, in the western parts of the model do-
main, the generation of waves is fetch-limited, whereas
the waves might be fully developed in the eastern part
of the model domain. Again, this problem may be
solved by shifting the model boundaries to more remote
locations.

In summary, one can conclude from the consid-
ered potential of sediment erosion that tidal currents
are very effective in eroding sediments during normal
weather conditions with low to moderate wind speeds
(scenarios S1-S3). The main areas of erosion are situ-
ated in front of the tidal inlets and in the tidal channels.
Waves play a definite role in front of the barrier islands
where they have an erosion potential similar to that of
the tidal currents. However, on the tidal flats, waves
are not very important for sediment erosion if wind
speeds are small. It will be demonstrated below that
this additional erosion due to waves in front of the
barrier islands under moderate wind speeds leads to an
enhanced import of sediment into the tidal basins. Dur-
ing storm-surge conditions, waves become increasingly
dominant in the Wadden Sea region.

@ Springer

5.2 Budgets of SPM

In this section, patterns of sediment erosion/deposition
on the tidal flats and sediment transport from the North
Sea into the tidal basins and vice versa are presented.
The yellow area in Fig. 9 denotes the region for which
net sediment changes were determined for each of the
five scenarios over the time interval of three tidal cycles,
which includes the storm surge conditions for scenarios
S4 and S5. In addition, the four inlets (2-5) and the
open boundaries along the western (1) and eastern (6)
model domain are shown for further reference.

The cumulative transport of suspended sediment
across any of the six sections depicted in Fig. 9 was
calculated as follows, where A and B represent the end
points of each section:

¢ B pC
Teum(f) = / f / SPM(?,s,2) - v, (t,s,z2)dzdsdf
0Ja Jon
4)

SPM denotes SPM concentration along that section, v
the velocity perpendicular to the section, s the horizon-
tal coordinate along that considered section between
the end points A and B, and z the water depth.

The cumulative transport T¢ym,(f) across section 4
(between the islands of Langeoog and Spiekeroog) for
scenario S1 (tidal forcing only) is shown in Fig. 10. This
figure clearly illustrates that all sediment fractions show
anet import into the tidal system through this inlet. The
largest variability is observed for the smallest sediment
fraction. The gray shaded area in this figure denotes

cum. SPM transport [kg]

6 6.5 7 7.5 8 85 9
(d]

Fig. 10 This figure shows the cumulative SPM transport through
the Otzumer Balje tidal inlet (section 4) for scenario S1 calcu-
lated on the basis of Eq. 4
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the time interval of the three tidal cycles for which the
net sediment transports through all inlets and bottom
sediment change in the tidal basins were calculated.

A different view of the relationships between import
and export of SPM through the inlets and open bound-
aries to the west and east is given in Fig. 11. In the
case of the normal weather scenario, S1, it is evident
that there is a substantial net import of SPM into the
tidal basins in the case of inlets 3 and 4, but small net
exports through inlets 2 and 5 as well as across the open
boundaries 1 and 6. This net import of SPM results in
an accumulation of bottom sediments for all sediment
fractions in the Wadden Sea, as can be seen in Fig. 12.

When waves are added to the tidal forcing (scenario
S2), the SPM import into the tidal basin area increases
significantly (see Fig. 11). The net import through the
Otzumer Balje (section 4) over one tidal cycle is about
10,000 tons for scenario S2 and 1,000 tons for scenario
S1 (the values in Fig. 11 are valid for three tidal cycles).
For scenario S2, the modeled value is three times larger
than the measured value of 2,950 tons provided by
Santamarina Cuneo and Flemming (2000). However,
for scenario S1, the modeled value is three times
smaller, which demonstrates that our modeling sys-
tem can actually reproduce the observed transport of

Santamarina Cuneo and Flemming (2000) by tuning the
considered wave spectrum at the northern boundary.

Even if the net import of SPM for scenario S2 seems
to be overestimated with respect to measured values,
the comparison between scenario S1 and S2 demon-
strates that the mechanism proposed by Santamarina
Cuneo and Flemming (2000), namely that sediment
erosion due to waves in front of the barrier islands
should lead to an enhanced import of suspended sed-
iment into the tidal basins, is correct.

Comparing scenarios S2 and S3, it is evident from
Fig. 12 that there is a net accumulation of sediment
in the tidal basin area for both scenarios. However,
in the case of scenario S3, where additional westerly
winds generate surface gravity waves over the tidal flats
and a net eastward current, the accumulation of the
finest sediment fraction is reduced compared to the
coarser sediment fractions. This can be explained by the
stronger erosion of the finest sediment fraction by wave
action and the longer suspension times in the water
column. Therefore, the accumulation of finer sediment
fractions is reduced relative to the coarser sediment
fractions, which results in a net reduction of fine sed-
iments in the tidal basin area. In summary, stronger
surface waves over the tidal flats and a particular net
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Fig. 11 Suspended sediment transports through all openings (1-
6) to the back-barrier tidal flat system for the five different ar-
tificial scenarios. The transports were calculated over three tidal

section number
cycles, which correspond to the storm surge period for scenarios

S4 and S5. Positive values denote an import of sediment into the
tidal basin area (yellow shading in Fig. 9)
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Fig. 12 Change of bottom sediment fractions over three tidal cycles (storm-surge period for scenarios S4 and S5) in the tidal basin
area. Positive values denote an accumulation of sediment in the tidal basin area (yellow shading in Fig. 9)

current direction can lead to a relative export of fine  (1999). The measured distribution demonstrates two
sediments from the tidal basin area. points. The first point is the accumulation of finer sedi-
Considering the storm-surge scenarios, especially  ments close to the mainland coast and the nearly shore-
scenario S5, Figs. 11 and 12 show that there is a net  parallel facies belts with increasing grain size from the
loss of all sediment fractions from the tidal basins, = mainland coast to the barrier island of Spiekeroog. The
although sediments are imported into the tidal basins  second point is the accumulation of coarser sediments
via the tidal inlets. This net loss can be explained by an  in the tidal channels between the barrier islands where
eastward drift of suspended sediment across the eastern ~ stronger tidal currents and incoming waves from the
boundary (Section 6) due to eastward residual currents  open North Sea are present. This is evident in the top
that are caused by the strong northwesterly winds. This  left and top right corners of that figure where the mean
eastward drift is also visible in scenario S3, where the  grain size is larger than 350 pum.
constant westerly winds also lead to an enhanced sedi- The other three graphs in Fig. 13 show the change
ment export through section 6. Similar to scenario S3,  in mean grain size for scenarios S1, S2, and S3. At
storm surges cause fine sediments to disappear from the  the beginning of the model integration, the mean grain
tidal basins because, compared to coarser sediments, size was spatially uniform with a mean diameter of

these are preferentially exported from the tidal basin. 120 um in the whole model area. These figures display
the deviation from this initial mean particle size after
5.3 Change in sediment particle-size distribution 9 days of model integration. Obviously, 9 days of model

integration is a very short period of time and it cannot
To evaluate the effect of tidal currents and wind-  be expected that the model results match the obser-
generated waves on the sea bed sediments, the change  vations. On the other hand, an evolutionary trend is
in sediment grain size for scenarios S1, S2, and S3 is  evident from these figures. For all three scenarios, an
compared in Fig. 13 with measured data in the tidal  accumulation of coarser sediment can be observed in
basin of the island of Spiekeroog. The top left map in  the main tidal channels close to the openings between
that figure depicts the distribution of mean grain size  the barrier islands. Furthermore, especially in scenario
in that basin obtained from Umweltatlas Wattenmeer ~ S3, an accumulation of finer sediment begins along the
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Fig. 13 Spatial distribution of mean grain sizes in the tidal basin
of the island of Spiekeroog. The fop left map depicts measured
data displayed in Umweltatlas Wattenmeer (1999). The other
three graphs show the distribution of the change in mean grain
size for scenarios S1, S2, and S3. At the beginning of integration,

mainland coast. These trends suggest that the model
results capture the right trends. On the other hand,
as expected, nine days of model integration is defi-
nitely too short to reproduce the measured grain size
distributions.

With these sediment size distributions in mind, it
is reasonable to add a remark about the calculated
budgets of sediment import and export to and from
the tidal basins. As stated before, in these modeling
studies, there was no lack of any sediment class in the
bottom sediment layers during the model integration.
This, for example, means that, even in places where fine
sediments are rare in nature, e.g., the tidal channels and
some regions in front of the barrier islands with high
wave activity, they are nevertheless constantly available
in the model. Therefore, the import of fine sediments
into the tidal basins might be overpredicted in this
modeling study, as the model might erode more fine
sediments in front of the barrier islands than is actually
available there.

On the other hand, the modeling studies show situa-
tions where all sediment classes are constantly available

scenario S1

T — 0.5
| P e
g
:' /" 5 Spiekeroog i =
| o
|
-0.5
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s — — = : 0.5
3
Spiekeroog
4]
-0.5

the mean grain size was 120 um in the whole model area. These
figures display the deviation from this initial mean particle size
after 9 days of model integration. The thin black lines denote
topographic contours and show the main tidal channels and tidal
flats in that region

at each location. Given the process study character of
the modeling efforts reported here, it is obvious that
physical effects such as wave erosion and tidal current
energy determine whether sediment is imported into
the tidal basins or not. The availability of different
sediment classes in the bottom layers is therefore of
minor concern in these studies, but it will be considered
in the future.

6 Modeling of a strong storm surge

The storm surge on 1 November 2006 caused a sea-
level rise that ranges among the three highest sea lev-
els ever recorded along the Lower-Saxionian coastline
over the last 100 years (1906, 1962, and 2006). Further-
more, storm Britta caused extremely high waves in the
German Bight, as evidenced by structural damage to
the FINO1 wind farm research platform (45 km off-
shore) at heights up to 20 m above the mean sea level
(see e.g. Emeis and Tiirk 2009, and references therein).
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The upper two panels in Fig. 14 depict the modeled
distribution of significant wave height for the North
Sea basin and the East Frisian Wadden Sea for the
conditions on 1 November 2006, 01:00 UTC. The lower
panels show time series of measured (red) and modeled
(blue) significant wave heights at the FINO1 wave buoy
in the German Bight (left panel) and at the time-series
station in the Wadden Sea (right panel).

As can be seen from these figures, the right order of
magnitude and the dynamics of significant wave heights
in the Wadden Sea and the German Bight are well cap-
tured by the model. However, during storm Britta, the
model underestimates the maximum significant wave
heights in the German Bight and also overestimates
the maximum in the Wadden Sea by approximately
20 cm. This would produce greater sediment erosion
in the model on the tidal flats during that storm. The

modelled H_ . [m]
sig

Nov. 1st 2006 |
o100 UTC |
- B
W o g 0%

comparison of Hsig at FINO buoy during storm Britta 2006

10 : :
— SWAN model
9|/ — FINO wave buoy data

24th Oct. 26th Oct. 28th Oct. 30th Oct. 1st Nov. 3rd Nov.

Fig. 14 Comparison of significant wave height (m) during storm
Britta in November 2006. The upper graphs present the modeled
spatial distribution on 1 November 2006, 01:00 UTC. The lower
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computation of the significant wave heights could cer-
tainly be improved by higher-resolution wind data from
the German Weather Service (DWD). The temporal
resolution of 6 h of the NCEP/NCAR wind speeds
(Kalnay et al. 1996), which were used at the beginning
of the numerical experiments, was too coarse to get the
right short-term variability in the range of a few hours.
Furthermore, the protective influence of the barrier
islands with respect to the incoming waves from the
North Sea is evident from these graphs.

Measured (top left panel) and modeled (bottom left
panel) vertical profiles of current speed at time-series
station are presented in Fig. 15 (see Fig. 1 for the
position of this station). Compared to the ADCP data,
the modeled current speeds show the right magnitude
and phase, but there is a notable underestimation of the
current speeds during falling water. Especially after the

modelled HSig [m] at Nov. 1st 2006 01:00 UTC

comparison of H sg at time series station during storm Britta 2006
1.5 T e

— SWAN model
—— ADCP data

25111001'11. 06

28th Oct. 06 30th Oct. 06 1st Nov. 06
graphs show time series of measured and modeled significant
wave height at the FINO wave buoy in the German Bight and

at the time-series station in the Wadden Sea
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Fig. 15 Left column: time-depth plots of current speeds at the
time-series station during storm surge Britta in 2006. The upper
graph shows current speeds from ADCP data, the lower graph
modeled current speeds. Right column: modeled and measured
concentrations of suspended matter at the time-series station

storm surge, when the water is leaving the tidal basins,
this discrepancy is unexpectedly large. Obviously, these
smaller velocities have an impact on the dynamics of
SPM in the model and might lead to an underestimation
of the exchange of SPM with the North Sea. Future
numerical experiments with improved horizontal res-
olution and better boundary conditions will help to
discriminate between model and observational errors.
Figure 15 also shows suspended sediment concentra-
tions at the time-series station in a fixed water depth
during storm Britta. The top graph shows modeled
absolute values of SPM concentration with and without
the inclusion of wave effects. It is evident from this
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during storm Britta in November 2006. In the lower graph, the
data were normalized to visualize the temporal dynamics. Fur-
thermore, measured data (optical method using a multispectral
transmissiometer, Badewien et al. 2009) are also depicted

graph that wave effects had a tremendous effect on
sediment erosion during this storm surge.

In the lower part of this figure, the data were nor-
malized to emphasize the temporal dynamics. In addi-
tion, data from a multispectral transmissiometer (see
Badewien et al. 2009, for more details) are shown, but
these optical data still need calibration to be represen-
tative for SPM concentration. However, it can been
seen that the basic SPM dynamics is captured by the
model, although the absolute magnitudes vary substan-
tially. Measurements of suspended sediments in areas
that are directly effected by waves, e.g., the shorelines
in front of the barrier islands, would be very important
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in the future to understand the effect of waves in this
region.

6.1 Budgets and transports of SPM through the inlets

In the following, SPM budgets and transports through
the inlets and openings of the Wadden Sea region are
presented. As mentioned before, the yellow color in
Fig. 9 denotes the area for which the change in bot-
tom sediments due to the storm surge was computed.
Furthermore, the numbering of the openings to the
tidal basins is shown. Sediment transports into the tidal
basins are assigned positive values, whereas transports

7 cumulative SPM transport through Otzumer Balje
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Fig. 16 Upper row: Cumulative transports of suspended sedi-
ment fractions through the Otzumer Balje (/eft) (section 4) and
across section 6 (right). Lower row: The left graph shows the
time-integrated suspended sediment transports through all open-
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out of the area are assigned negative values. The time
interval associated with the storm surge is from October
31, 12:00 UTC, to November 2, 01:30 UTC. This time
interval covers three tidal cycles and is shown as the
gray shaded area in the top graphs of Fig. 16.

The top graphs of Fig. 16 show cumulative transports
of suspended sediment through the tidal inlet between
the islands of Langeoog and Spiekeroog and across
section 6 (calculated after Eq. 4). These graphs show
that sediments are transported into the tidal basins
through the Otzumer Balje (section 4) and sediments
leave the area across section 6. This import and ex-
port of sediment through the different openings can be
seen more clearly in the lower left graph of Fig. 16.
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change in sediment height due to storm surge [cm]
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Fig. 17 Left: Modeled change of the elevation of bottom
sediment layer due to storm Britta in November 2006. A posi-
tive change (red color) indicates sediment accumulation. Right:

It illustrates the time-integrated transports across the
selected sections during the storm-surge period for the
smallest sediment fraction (40 um), the largest fraction
(200 pm), and the total sediment. From this figure,
three sections with net import and three sections with
net export can be identified. Section 1 is part of the
tidal basin area (the East Frisian Wadden Sea extends
to beyond this western boundary, see Fig. 1), and there-
fore, this sediment comes from tidal basins in the west.
Through section 6 (close to the eastern boundary), the
sediment leaves the Wadden Sea region. The lower
right graph of Fig. 16 shows the change of the bottom
sediment pools during the storm surge in the tidal basin
area (yellow area in Fig. 9). It is obvious that the coarser
sediments accumulate in the tidal basin region, whereas
the smallest sediment fraction is flushed out of the tidal
basins. Interestingly, the coarser sediments are brought
into the basins through openings 1-5 and deposit in
the tidal basin area. Only a small part leaves the tidal
basin across section 6. One reason for the eastward
drift of SPM is the northwesterly winds during the
storm surge, which result in a mainly eastward-directed
residual current field (see right graph of Fig. 17)

The loss of the fine bottom sediment fraction is of
the order of 4 - 107 kg in the tidal basin area, whereas
the accumulation of coarser sediments is 3.5 - 107 kg.
This results in a net loss of 0.5 - 107 kg of total sediment
mass from the considered area during the time period
of storm Britta.

6.2 Storm-surge induced change in bottom morphology

In Fig. 17, the change in the bottom sediment layer
thickness due to the storm surge is calculated (assuming

residual currents during storm surge [m/s]

0.6

0.5

0.4

0.3

10.2

0.1

0

Residual currents during the storm surge. The arrows denote the
direction of the current and the color its magnitude

a sediment porosity of 0.4).! Sediment erosion takes
place on the tidal flats and in front of the barrier islands
where the waves are very strong. A net accumulation in
the tidal channels and close to the shorelines can be ob-
served. At first sight, this net accumulation of sediments
in the tidal channels might be unrealistic if one consid-
ers the high erosion potential of tidal currents depicted
in Fig. 8. On the other hand, it was also demonstrated
that due to the storm surge, and especially due to the
high wave action in front of the barrier islands and over
the tidal flats, that there is a huge amount of suspended
sediment in the water column. These sediments are
transported to the tidal channels during falling water
and can deposit in these channels once the storm mod-
erates. Therefore, the model results suggest that storm
surges tend to smoothen the topography of tidal basins
by reworking and redistribution of sediments.

The modeled change in thickness of the bottom layer
is of the order of a few centimeters, which seems to be
very low. However, this change in elevation must be
viewed in the light of the relatively coarse horizontal
model resolution of 200 m used in these numerical
experiments.

7 Summary and conclusions

A numerical modeling system based on the hydrody-
namical model GETM of Burchard and Bolding (2002)
and the third-generation wave model SWAN of Booij

ITo transform the mass change of bottom sediment into a change
in the thickness of the bottom sediment layer, the porosity of
the sediment must be considered. With the mass change AM
measured in kilograms per square meter, the sediment density pg,
and sediment porosity ¢, the elevation change Az is calculated by
Az =AM/((1 =) ps).

@ Springer
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et al. (1999) was used to investigate the effects of
wind-generated surface gravity waves, tidal currents,
and storm surges on SPM dynamics in the East Frisian
Wadden Sea, southern North Sea.

Model results were compared with observations
of significant wave height, current speeds, and sus-
pended sediment concentration obtained during two
ship cruises, from a time-series station located in the
study area, and from wave buoys located in the German
Bight close to the study area. Artificial and idealized
forcing functions of wind speed, sea surface elevation,
and significant wave height were used to discriminate
the different effects of tidal currents, wind-generated
surface waves, and storm surges. Finally, the effect of
a real storm surge caused by storm Britta in November
2006 on the sedimentary system of the Wadden Sea was
hindcasted.

The artificial scenarios demonstrated that, under
normal and moderate weather conditions (scenarios
S1-S3), tidal currents are most effective in eroding
sediments in this region. The main locations of erosion
in these cases are the tidal inlets between the barrier
islands and the tidal channels. The influence of waves
is very important in front of the barrier islands and
(during high-wind scenarios) on the tidal flats.

For windy weather conditions, the artificial scenarios
S1 to S3 support the theory proposed by Santamarina
Cuneo and Flemming (2000) that erosion due to
waves in front of the barrier islands should lead to
an enhanced import of suspended sediment into the
tidal basins. Besides other mechanisms, e.g., the set-
tling/scour lag effect, which are usually proposed as
a cause for sediment accumulation in tidal basins,
it is demonstrated that this mechanism proposed by
Santamarina Cuneo and Flemming (2000) also con-
tributes to an accumulation of sediments in the consid-
ered tidal basins.

During storm-surge conditions, waves have the most
dominant effect on SPM dynamics. In front of the
barrier islands, sediments are eroded by wave action
and are transported into the tidal basins by the cur-
rents. Furthermore, sediment erosion due to waves is
significantly enhanced on the tidal flats. The eroded
sediments are transported out of the tidal basin area,
especially for the fine sediment fractions due to their
lower settling speeds. Therefore, during storm surges,
the Wadden Sea especially loses the smaller-sized frac-
tions, which supports the hypothesis of Santamarina
Cuneo and Flemming (2000).

The results of the numerical experiments with forc-
ing data for the situation during storm Britta are quite
similar to scenario S5. In this case, a net loss of sediment
from the tidal basins can be seen in the model results,

@ Springer

mainly due to enhanced sediment erosion by waves and
eastward residual currents transporting the sediments
through the eastern section. This net loss is highest
for the finest sediment fraction, whereas the coarser
sediment fractions show slight accumulations within the
tidal basins. During this storm, the coarser sediment
is imported into the tidal basins through the northern
tidal inlets, where they accumulate due to their higher
settling velocities.

The results of this study demonstrate that the mod-
eling system used in this study is capable of modeling
the dynamics of wave parameters, current speeds, and
sediment concentrations in the East Frisian Wadden
Sea. Future studies will have to include effects of co-
hesion in the sediment module and wave—current inter-
action in the coupled hydrodynamic-wave module.
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Appendix
SPM transport module

The SPM transport module used in this study is de-
scribed here in more detail. For each sediment fraction
¢!, the usual diffusion-advection equation can be writ-
ten as

¥ + B (uc') + dc(veh) + 3, (w — whc') = (5)
3 (Apdc’) + 3, (Apdyc') + ,(A, ;)

Here, u, v, and w denote current speeds in the three
cartesian directions; w! denotes the settling velocity of
the i" particle fraction; and A, and A, denote the
vertical and horizontal eddy diffusivity.
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Fig. 18 Left: settling velocity of sand grains as a function of grain diameter after Soulsby (1997) (see Eq. 9). Right: critical shear stress
as a function of grain diameter after Soulsby and Whitehouse (1997) (see Eq. 13)

While the horizontal diffusivity A, was set constant,
the vertical diffusivity A, was a combination of three
components:

Ay(2) = AL+ AV () + AD (6)

A!(z) accounted for the vertical turbulent diffusion
induced by the current field and was calculated by the
General Ocean Turbulence Model (GOTM, Burchard
et al. 1999), which is part of the GETM model. A®
denotes the constant background diffusivity, which, in
contrast to the turbulent diffusivity A’ (z), was also
present when there was no motion of the water column.
In this model study, a value of A2 = 1.0-107% m?%/s was
used.

To include the effect of surface gravity waves on
the vertical diffusion of SPM, a parameterization pro-
posed by Pleskachevsky et al. (2005) was implemented,
which is based on the wave induced-orbital velocity
field:

AV (2) = (k- Hgp)* - Uy (2)* - Tpeak (7)

Here, Hg, denotes the significant wave height, Tpeax
the peak period of the underlying wave spectrum, k
the corresponding wave number according to the dis-
persion relation of surface gravity waves (a formula to
calculate the wave number is given below in Eq. 18),
and U, (z) the amplitude of the wave-induced orbital
velocity, which is given by:

7 Hgg cosh(k (h + 2))
sinh(k h)

Uw (Z) = ’ (8)

Tpeak

where & denotes the water depth measured downward
from the surface (the bottom level is z = —h).

The settling velocity of the i" particle fraction was
calculated after a formula from Soulsby (1997), which
is valid for noncohesive irregular sand grains (Table 3):

wi = :_i {\/10.362 +1.049 D3 — 10.36}

1/3
SECRIK
Ve \ow

Here, g denotes the acceleration due to gravity, p; and
pw the sediment and water density in kilograms per
cubic meter, v the kinematic viscosity in square meters
per second, and d the sediment diameter in meters (see
left graph in Fig. 18).

The temperature dependency of the kinematic vis-
cosity v was calculated by:

1 b
V= TP <T+273.0> ’

)

(10)

with temperature T in °C, n = 1.9909 - 10~ kg/(ms),
and b = 1.8284-10°K.

In the vertical direction, sediment only entered and
left the water column through the bottom boundary

Table 3 Settling velocities at 4°C and critical shear stress for the
different sediment fractions after Eqs. 9 and 13

d[um] wy [em/s] 7. [N/m?]
40 0.09 0.10
80 0.35 0.13
120 0.77 0.15
160 1.32 0.17
200 1.95 0.18

@ Springer
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layer, for which the following sediment flux condition
was used:
(Avazci + w;Ci)z:_h = Féro - (iiep (11)
Here, Fero and Fgep, denote the sediment fluxes at the
bottom due to erosion and deposition.

According to Einstein and Krone (1962), the deposi-
tion flux was calculated with:

) wi el (T—‘f—l> 3 < T
F&pz{ s Ce=h T B ‘ (12)
0 3 > T/

Here, 7z denotes the bottom shear stress and rci a
critical shear stress, which had to be reached by the
fluid in order to erode sediment from the bottom into
the water column. If the bottom shear stress was below
that value, suspended sediment settled to the bottom.
Soulsby and Whitehouse (1997) provided an empirical
formula for that critical shear stress, which is given by
(Table 3):

Te = gd(pS_pW)ec

0.3 (13)
= —————+0.055 (1 - —-0.02D
<= 1312D. + (I —exp( 5))

In Fig. 18, the critical shear stress is depicted for
two different water temperatures. It is evident from
this figure that the critical shear stresses used in this
study are of the same order as those reported by Austen
and Witte (2000) for sandy sediments in the Wadden
Sea region. However, these values do not account for
muddy and cohesive sediments, which have higher crit-
ical shear stresses of about 0.5-1.0 N/m?. This effect will
be implemented in a future study.

Furthermore, to determine the critical shear stress
for a particular sediment fraction, the bottom sediments
were modeled as separate pools that did not interact
with each other. Therefore, the different sediment frac-
tions were eroded and deposited separately from each
other without accounting for mean grain size and mean
critical shear stress at a specific location.

The erosion flux was calculated according to the
formula of Partheniades (1965):

Fio {Me (TT—’; — 1) 5 > T! (14)

€ro .
L
0 g < T,

M, is a free parameter that can be adapted to measure-
ments of sediment concentration. For their studies in
the East Frisian Wadden Sea, Stanev et al. (2006) used
a value of M, = 3.7-107° kg/(m?s).

Total bottom shear stress responsible for sediment
erosion and deposition was modeled as a nonlinear
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combination of a current-induced component Teyrrent
and a wave-induced component Tyaye (Soulsby 1997).
This approach was also used by Pleskachevsky et al.
(2005) and Gayer et al. (2006):

8 = [(Tn + Twave COS($))* + (Twave sin(¢))*]"”?

Twave

32 (15)
Ty '= Teurrent | 1 + 1.2 (—>
Twave + Tcurrent

Here, ¢ denotes the angle between the direction of
wave propagation and current flow.

The current-induced bottom shear stress was cal-
culated in GETM via an iterative procedure with a
prescribed constant bottom roughness length z, (see
more details in Burchard and Bolding (2002)).

The wave-induced component was calculated after
an approach proposed by Soulsby (1997). This ap-
proach begins with a general relation for bottom shear
stress due to surface gravity waves:

1
Twave = szfw Uﬁ) (16)

Here, f,, denotes the wave friction factor, py the water
density, and U, the horizontal wave orbital velocity
near the bottom just above the wave boundary layer.
The bottom velocity was approximated by:

JTHsig

Uw = )
Tpeaxsinh(k h)

(17)

which is the bottom velocity expression of Airy-waves.
Here, h denotes the water depth, H;, the wave height,
Tpeax the wave period, and k the corresponding wave
number.

In general, the wave number is related to the peak
period by the dispersion relation of surface gravity
waves:

2
Tpeak

= gk tanh(k h)

However, as it is not straightforward to obtain the wave
number k from this dispersion relation if only Tpeax is
known, a simple estimation provided by Soulsby (1997)
was used in this study:

1 4n2n )" 472h 47%h
i\ 140.2 - 5 or — <1
k= Tpeakg Tpeakg Tpeakg
2 2 2
1 4; h [1+0.2~exp (2—2~ 4;[ h )i| for 7421 h > 1
h Tpeakg Tpeakg Tpeakg
(18)
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The wave friction factor f,, was calculated for f,, in
the case of smooth beds or f,, in the case of rough beds
by:

AN\ 052
fwr =1.39 (Z_0> ’ fws =B R;VN (19)
The bottom roughness was calculated by zo = dso/12
and the semiorbital excursion A was given by A =
Uy Tpeak/(2m). The parameters of the smooth bed
friction factor f,; were dependent on the turbulence
of the motion, which could be determined from the
wave Reynolds number R, = U, A/v. According to
this number, the parameters N and B were calculated
by:

B=2, N=05 if R, <5-10° (laminar) (20)
B =0.0521; N =0.187 if R,, > 5- 10° (smooth turbulent)
(21)

Finally, if sediments were deposited at or eroded
from the bottom, the mass of the available sediment
pools changed. Each bottom pool P was changed
according to the following equation:

3, Py — F! (22)

_ ri
— “dep ero
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