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Abstract The German Wadden Sea (southern North Sea)
sediments are composed of both cohesive and non-cohesive
deposits. The spatial distribution patterns are mainly driven
by wind-induced waves and tidal currents. Transport
intensity and duration depend on the hydrodynamic con-
ditions, which vary over time. In this paper, the transport of
suspended sediment was investigated on seasonal, tidal and
hourly time scales in the back-barrier system of Spiekeroog
Island. Long- and short-term data of fair weather periods
and two storm events were investigated based on stationary
and mobile measurements of currents and waves by
Acoustic Doppler Current Profiler (ADCP), in situ particle
size and suspended sediment concentration (SSC) measure-
ments by laser in situ scattering and transmissometry
(LISST) as well as wind records. The ADCP backscatter
intensities were calibrated by means of LISST volume con-
centration data in order to quantify longer term SSCs and
fluxes in the back-barrier system. Values up to 120 mg l−1

were recorded, but concentrations more commonly were
below 60 mg l−1. The long-term results confirm former
observations of a balanced budget during low-energy (fair
weather) conditions in the study area. In general, SSCs
were higher during spring tides than during neap tides. The
data also clearly show the remobilisation of sediment by

tidal current entrainment. The records include two severe
storm events, “Britta” (1st November 2006) and “Kyrill”
(18th January 2007). The data reveal very complex
temporal flow and transport patterns. During both storm
events, the export of material was mainly controlled by the
interaction of wind, waves and tidal phase. The typical ebb-
dominance occurring during fair-weather conditions was
temporarily neutralised and even reversed to a flood-
dominated situation. During “Kyrill”, the wind and high-
waves setup in conjunction with the tidal phase was even
able to compress the duration of two successive ebb cycles
by over 70%. Although SSCs increased during both storms
and higher turbulence lifted particle clouds upwards, an
export of suspended matter towards the North Sea was only
observed under the conditions taking place during “Britta”.
Such fluxes, however, are currently still difficult to quantify
because the backscatter intensity during high energy events
includes a substantial amount of noise produced by the high
turbulence, especially near the water surface.
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1 Introduction

The spatial distribution pattern of German Wadden Sea
sediments is mainly driven by wind-induced waves and
tidal currents. In the back-barrier area, grain sizes range
from clay to medium sand (see e.g. Flemming and Ziegler
1995). The general sediment distribution pattern shows a
relatively steady shore-parallel zonation, but seasonally,
grain-size composition and spatial patterns show significant
variations (e.g. Mai and Bartholomä 2000; Bartholomä and
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Flemming 2007; Chang et al. 2007). It was postulated by
Flemming (2002) that higher water levels due to sea-level
rise will produce an increasing sediment deficit in the tidal
basins and that the expected morphodynamic response will
result in an accelerated shoreward migration of the barrier
islands. As a consequence, the increase in hydrodynamic
energy should result in an increasing export of fine-grained
sediments towards the North Sea. In general, sediment flux
and model studies so far did not show any significant
export or import of sediment out of or into the tidal basins
during calm-weather conditions (Santamarina Cuneo and
Flemming 2000; Stanev et al. 2007). It was found that non-
cohesive coarse silt-fine sand particles and aggregates are
transported in suspension during all weather conditions,
whereas sand transport is restricted to high energy condi-
tions when wind speeds exceed 6 Bft and wave heights
reach 1 m or more along the Wadden Sea coast (Santamarina
Cuneo and Flemming 2000).

The spatial range of transport is mainly controlled by the
tidal currents. During the flood phase, water from the open
sea enters the tidal inlet with speeds >1 m s−1. In the back-
barrier tidal basins, the flood water mixes with water from
the preceding ebb phase. During the ebb phase, water
enriched in suspended sediment flows out at generally
higher flow velocities than during the flood phase, and the
tidal basins are therefore characterised as being ebb-
dominated (Stanev et al. 2003a, b). These tide-related
processes play an important role in controlling the sediment
budget of the tidal basins. In dependence of the seasonal
variations in wind, waves and water level changes, the
suspended sediment varies in its grain-size composition and
concentration. These periodical variations can be temporar-
ily overprinted by the effects of superimposed extreme
high-energy events, which can evidently change the
sediment budget temporally or even permanently (e.g.
Bartholdy and Aagard 2001; Lumborg and Pejrup 2005;
Talke and Stacey 2008; Badewien et al. 2009).

The spatial distribution of fine-grained sediment deposits
is well known from many locations of the Wadden Sea (e.g.
Pejrup 1988; Edelvang and Austen 1997; de Haas and
Eisma 1993; Xu 2000; Chang et al. 2006). General aspects
of the hydrodynamic processes involved have already been
discussed in several papers on hydrological modelling (e.g.
Stanev et al. 2003a, b, 2006). However, continuous time-
series and event-related field data are still needed to
understand the suspended sediment budget and to better
validate and parameterise sediment transport models. To
compensate this lack of in situ information, field measure-
ments were carried out in the back-barrier tidal basin of
Spiekeroog Island (East Frisian coast, Germany) on
different time scales, both at stationary sites and in mobile
configurations. The measuring programme focused on the
identification of typical seasonal conditions and extreme

events to work out mean suspended sediment concentra-
tions (SSC), in situ particle sizes and the influence of local
hydrodynamic conditions.

2 Physical setting and study site

The study site is situated south of Spiekeroog in the
GermanWadden Sea, southern North Sea (Fig. 1). Spiekeroog
is one of the barrier islands of the Wadden Sea stretching
from The Netherlands in the west to Denmark in the
northeast. The investigated area itself is located in the Otzum
Inlet, the main tidal channel linking the tidal catchment with
the North Sea. The tide is semidiurnal with a mean tidal
range of 2.8 m, thus belonging to the upper mesotidal regime
in the classification of Hayes (1979). The water exchange is
characterised by a tidal phase asymmetry (Fitzgerald and
Penland 1987), the ebbing tide being of shorter duration and
slightly higher velocity than the flooding tide. Former point
measurements show maximum current velocities of up to
1.3 m s−1 during calm weather conditions in the main
channels (Davis and Flemming 1991; Santamarina Cuneo
2000) and up to 0.3 m s−1 on the tidal flats (Bartholomä
1993). The maximum water exchange during spring tide
amounts to about 140×106m3 per ebb/flood and the residual
water body in the Otzum tidal basin at low tide amounts to
about 25% of this volume.

3 Materials and methods

Hourly or daily stationary field measurements were
carried out on several campaigns from the research vessel
“Senckenberg” along different locations in the Otzum
Inlet. Longer time series including seasonal variations and
extreme events were registered at the measurements pile
station (for details, see Reuter et al. 2009) where an
up-looking Acoustic Doppler Current Profiler (ADCP)
collected data from October 2006 to June 2007. The pile
is positioned along the northern margin of the Otzum
channel at the southwestern end of Spiekeroog Island (pile
in Fig. 1). Short-term current patterns along a tidal channel
cross-section over individual tidal cycles were acquired
with a small motorboat (transect in Fig. 1).

Time series measurements from R/V “Senckenberg”
included in situ particle-size data from a laser particle sizer
[laser in situ scattering and transmissometry (LISST)
100ST], water samples as well as current velocities and
directions from an ADCP (RDI-Teledyne Broadband,
1.2 MHz, 0.25 m bin size and 0.5 m blank spaces in the
near and far ranges) operating in the down-looking bottom-
tracking mode. The in situ particle size mostly reflects
aggregated very fine silt particles forming flocs (Chang et
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al. 2007). Stationary current and wave measurements were
done with an ADCP (RDI-Teledyne Workhorse, 1.2 MHz,
0.25 m bin size and corresponding 0.5 m blanks) installed
near the channel bed 8 m away from the pile looking
upward. The sensors were located about 0.75 m above the
channel bed, and therefore, a significant part of the near-
bed suspension information is missing.

The LISST 100 (Sequoia Scientific, Inc., USA) contin-
ually scans small volumes of water and records laser scat-
tering at 32 angles, which are subsequently converted into
particle-size distributions. Additionally, water depth, tem-
perature and the overall optical transmission are recorded.

Particle distributions can be mathematically converted
into volume concentrations given in units of millilitre per
litre, which the manufacturer considers a relatively “reli-
able” quantification of sediment in suspension (Agrawal
and Pottsmith 2000). However, the uncertainty in particle
density may cause errors of 10% (Fettweis 2008), whereas
the lack of knowledge of particle shapes will produce even
greater errors (Agrawal et al. 2008). To estimate the density
of suspended matter, the volume concentrations given by
the LISST 100 were compared with those obtained from
water samples. For this purpose, volumes of seawater
between 72 and 277 l were pumped simultaneously at a
water depth of about 3 m. Particle volume concentrations
were compared with grain size analysis of collected
sediments. These were obtained after centrifuging the water
samples. In addition, equations provided by Agrawal and

Pottsmith (2000), which simplify SSC calculations in cor-
relation with optical transmission values, were utilised.

The ADCP simultaneously emits four acoustic pulses
into the water column and records their backscatter from
suspended organic and inorganic particles as well as from
air bubbles. The 1.2 MHz system is limited to depths up to
25 m registering in cells 0.25 m thick. The relatively strong
signals backscattered from the seabed in the down-looking
configuration allow bottom tracking and hence water depth
determination. In the up-looking configuration, on the other
hand, ADCPs fitted additionally with pressure sensors are
able to track the water surface and thereby analyse wave
spectra. Moreover, the amount of scatterers in the water
controls the strength of the returning signals to the ADCP
sensors. In this way the backscatter intensity carries informa-
tion about SSC, which can then be estimated after appropriate
calibration. A number of approaches have been proposed for
the conversion of ADCP signals into SSC values based on
signal calibration against simultaneous water sampling (e.g.
Kawanisi and Yokosi 1997; Holdaway et al. 1999; Fugate
and Friedrichs 2002; Nikora and Goring 2002; Voulgaris and
Meyers 2004; Hoitink and Hoekstra 2005; Merckelbach
2006; Trevethan et al. 2007). Experiments performed in the
laboratory usually produced good correlations, whereas
unpredictable dynamics of the natural system still limits the
accuracy of conversions of in situ data sets into SSC.

In this paper, we used a LISST device for calibrating the
ADCP signals. Good quality in situ data sets for both

Fig. 1 Study sites on the topographic map of the back barrier tidal
flats (inter-tidal section marked green) of Spiekeroog Island. The red
dot shows the position of the research pile in the main drainage
channel Otzum Inlet and the red line represents an approximate

transect orientation for the across channel mobile ADCP profiles. The
stationary vessel measurements were taken at the southwestern end of
the transect
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devices were acquired simultaneously in a 2-day measuring
campaign (27–28 July 2004). SSC values recorded by
LISST were compared with ADCP backscatter signal
strength from 7475 corresponding depth cells (Fig. 2c).
Samples analysed from depths larger than 1 m are shown in
dark green, those near the surface in light green. The scatter
plot shows that the largest discrepancies are observed in the
near-surface volume. Here, the higher concentrations
represent the superimposition of the signals produced by
particle scatters and noise produced by turbulence and air
bubbles. Unfortunately, the ADCP working principle does
not allow to filter out these noise values. Because the near-
surface volume also contains significant information on
suspended sediment, the statistically best-fitting curve was
obtained for all investigated sample points, in spite of the
superimposed noise. Until a method for the elimination of
noise components is available, Eq. 1 is currently treated as
a universal algorithm for direct conversion of ADCP signals
into SSC values.

C ¼ 0:2382 e0:0437BS ð1Þ
C is SSC given in milligram per litre and BS is acoustic

backscatter given in dB. This equation was subsequently
also applied to the data from the pile-mounted upward-
looking ADCP.

4 Results

4.1 Volume and mass concentration (ADCP and LISST)

The data set of an almost 21-h long time period on 27–28
July 2004 recorded maximum backscatter values of nearly

100 dB and SSC values reaching 35 mg l−1 for near-surface
pixels (Fig. 2). The regression curve with a correlation
coefficient of R=0.67 is considered valid only for concen-
trations of less than 25 mg l−1. Because of this limitation,
the absolute concentrations in suspended matter are pre-
sumably underestimated.

In contrast to single-point measurements of the LISST
system, the ADCP data covers the entire water column.
LISST SSC values were also correlated with SSC data of
water pump samples with time-averaged volumes of 230 l
(Fig. 3, red dots). The good fit between these two data sets
shows maximum SSC of up to almost 17 mg l−1 in the
water samples and exceeding 50 mg l−1 in the ADCP data
set. These values are compatible with the observations at
low energy conditions in the case study of Santamarina
Cuneo (2000). However, at high energy conditions, the
concentrations of coarser grain sizes differ significantly in
the two studies. The relative differences reflect the wider
spectrum of particle sizes and concentrations at the different
time scales characterising the two studies.

4.2 In situ floc sizes and SSC variability on different
time scales

4.2.1 Short-term period: tidal cycles

Floc sizes and SSC are strongly controlled by the variable
energy conditions in the course of individual tidal cycles.
Maximum concentrations exceeding 30 mg l−1 are observed
during the initial ebb phase after slack high water, whereas
during flooding, they only reach 20 mg l−1. At slack low
water, SSC falls below 10 mg l−1. At the same time, the floc
size reaches its highest values exceeding 400 µm, whereas

Fig. 2 a Acoustic backscatter recorded during a 21-h experiment on
27–28 July 2004; b suspended sediment concentration (SSC values)
derived from LISST volume concentration during the same experi-
ment; c correlation of acoustic backscatter vs SSC values selected
from corresponding water depths. The plot contains 7475 sample

pixels collected in the vicinity of the research pile. Note a significant
deviation from the best-fitting curve, especially for sample points
located in the near-surface, 1 m deep volume (light green), which is
fairly characteristic for turbulent environments

216 Ocean Dynamics (2009) 59:213–225



during the flooding and ebbing tides, the floc size decreases
to below 200 µm (Fig. 3). In general the mean floc size
ranges from 100 to 305 μm depending on hydrodynamic
conditions (Table 1).

Floc sizes and SSC are strongly limited by the tidal
flow velocity (Fig. 4). Above a critical velocity of about
0.8 m s−1 the SSC remains stable, and transport conditions
appear to arrive at a “steady state” for the floc sizes at both
ends of the energy gradient during tidal cycles. The floc
sizes vary between 350 μm for low current speed to
250 μm for maximum current speed.

This example from May 2002 demonstrates that, during
the tidal flow phase, all easily erodible material is resus-
pended after slack water and that more consolidated cohesive
sediments or sand remain on the bed. The quasi-stable floc
size at high flow velocities appears to be resistant to the
current shear, probably due to high internal binding forces.

Apart from the current velocity, the particle remobilisa-
tion in the tidal basin strongly depends on wave action.
Even under relatively quiet weather conditions, small
waves in shallow water are already able to entrain loose
flocs and aggregates. For instance, the occurrence of small
waves during the flooding/ebbing tide will generate higher

Table 1 LISST and water sampling results of SSC and mean floc sizes from stationary vessel measurements in the vicinity of the pile

DATE LISST FLOC SIZE CALCULATED SSC WATER

SAMPLES
MEASURED SSC

LONGEST

CONTINUOUS

DURATION

[h]

MIN

[µm]
MAX

[µm]
MEAN

[µm]
MIN

[mg/l]
MAX

[mg/l]
MEAN

[mg/l] AMOUNT
MIN

[mg/l]
MAX

[mg/l]

W 05-06.XII.2001 10 57 239 122 34 49 41 3 30.5 48.3

W 08-09.I.2002 17 74 307 149 2 43 25 1 11.7 11.7

W 07.II.2002 0.2 34 120 105 30 54 48 2 41.8 65.5

S 26-27.III.2002 6 71 289 164 12 48 37 - - -

S 08.V.2002 7 197 346 293 12 47 36 8 5.8 27.2

S 03-04.VI.2002 17 169 387 279 13 41 21 2 1.5 2.9

W 12-13.XI.2002 7 149 360 203 5 51 32 11 12 51.9

W 20-21.I.2003 4 119 272 194 3 49 34 - - -

W 17-20.II.2003 9 70 295 190 1 36 21 - - -

S 13-14.V.2003 23 62 397 237 0 33 12 - - -

S 17-18.VI.2003 20 31 418 147 0.3 16 8 - - -

S 22-23.VII.2003 19 68 360 151 0.1 8 3 - - -

S 26-28.VIII.2003 9 32 277 100 0 9 3 - - -

W 29.X.2003 1 185 331 213 1 10 6 6 8.7 54.3

S 8.VI.2004 4.5 88 375 239 8 37 18 - - -

S 27-29.VII.2004 46 117 433 305 6 36 9 6 5.5 16.7

S 17-21.IX.2004 101 121 359 228 15 35 25 - - -

W 15-16.XI.2004 15 79 365 217 22 38 32 8 64.2 120.5

Measurements were divided into winter (W) and summer (S); and according to the Moon phase into neap (in blue) and spring tide ones.
Arithmetic mean values are given for all recorded data samples

Fig. 3 Suspended sediment concentration measurements (b) and in
situ floc sizes (c) over tidal cycles from 27 to 29 July 2004 (a). The
red dots on the SSC plots mark the concentrations of in situ pump-
water samples
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turbulence. This additional wave impact of course depends
on the water depth as well as current directions and hence
varies over the tidal cycle. This means that, mostly, the tidal
flats and the shallower parts of tidal channels are affected.

The duration of resuspension is time and energy limited.
ADCP measurements over individual tidal cycles along
cross-channel transects by means of a ship-mounted in-
strument track the sediment transport characteristics within
the channel (Fig. 5).

During slack water at 08:00 hours (Fig. 5a), SSC dis-
tribution in the water column is quite uniform at 7–8 mg l−1.

At 10:00 hours, when the ebbing flow accelerates, a cloud
of sediment with a SSC close to 15 mg l−1 is being lifted
from the bed of the channel. At 12:00 hours, when the
current is fully developed, the sediment cloud reaches the
surface, and SSC values close to the bed now exceed
20 mg l−1. Two hours later at 14:00 hours, just before slack
water, concentrations are again uniformly distributed at
concentrations close to 10 mg l−1. During the onset of the
subsequent flooding phase (Fig. 5e), the overall SSC again
rises but now shows a pattern different from that during the
initial ebbing phase. The spatial distinction of these

Fig. 5 a–e Vessel-mounted
ADCP transects during a
9-h experiment on 28 July 2004
(see Fig. 1 for location). SSC
scale is common for all images.
Current speed isolines (in white)
are given in metre per second.
The tidal phase is shown by red
dots in left subwindows, where-
as velocity vectors are presented
in blue on the right side. A true
ship path is delineated there in
red over a 100-m grid and is
geographically aligned. Note
lifting of sediment from the
seabed during increasing current
speeds

Fig. 4 a Correlation of
suspended sediment concentra-
tion (SSC values) vs tidal cur-
rent speed and b mean floc sizes
vs current speed. Note changes
in trend for current speeds larger
than 0.8 m/s. Data from May
2002: water depth 2 m, 5.5 h
of data
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different SSC patterns is caused by the bidirectional flow
in the course of a tidal cycle (Santamarina Cueno and
Flemming 2000).

4.2.2 Medium-term period: spring–neap cycles

With the changing tidal range from neap tide to spring tide,
the ebb dominance is emphasised (Fig. 6). Increased water
level and current speed results in higher SSC values.
During spring tide, depth-integrated concentrations exceed-
ing 15 mg l−1 are observed, whereas during neap tide, the
values barely reach 12 mg l−1. The flood flow, on the other
hand, is not significantly affected by the moon phase and
depth-averaged SSCs range between 10 and 12 mg l−1.

4.2.3 Longer term periods: seasonal variations

Over longer time intervals, e.g. several seasons, one would
intuitively expect to observe significant changes in SSCs
and their distribution in the water column. However, the
daily to two-daily vessel-based stationary time-series
measurements of in situ particle sizes and water sample
analyses in the period from December 2001 to November
2004 do not show a significant seasonal dependence of
SSC variations (Table 1). Only in November 2004, clearly
higher concentrations of up to 120 mg l−1 were recorded.

In contrast to the almost steady SSC values, the floc size
does vary over the seasons. The in situ particle-size mea-
surements of the LISST showed a maximum floc size of
433 µm in July 2004, a value that appears to be limited by
the hydrodynamics of the study area or by device
sensitivity. The minimum and maximum floc sizes during

the winter period reach 32 and 217 μm, respectively,
whereas for the summer period values between 31 and
433 μm were recorded (Table 1).

4.2.4 Extreme events: storms “Britta” and “Kyrill”

During the recording period of the pile-mounted ADCP,
several significant storm events were captured. On 1st
November 2006 storm “Britta” crossed the German North
Sea, inducing rarely recorded high-water levels of 3.3 m
above the mean sea level. At that time, most of the small
harbours along the East Frisian coast were submerged. The
storm surge and wave activity resulted in damage to
harbour constructions and vessels. Storm “Britta” occurred
during the flood phase with waves from westerly directions.
The superimposition of the flood flow and waves resulted
in higher backscatter intensity, indicating greater turbulence
and intensified resuspension over the entire water column
(Fig. 7a). During this high-wave period, substantial sus-
pended sediment clouds were lifted from the channel bed,
concentrations at 8 m above the bed reaching over 15 mg l−1.
Depth-averaged SSC values considerably exceeded 15 mg l−1

during this surge as compared to 10 mg l−1 observed during
pre-storm flood phases (Fig. 7b), but it must be remem-
bered that these values are underestimations due to the lack
of near-bed backscatter information. The flood current
speeded up to 1.8 m s−1, and the recorded significant wave
height exceeded 1.25 m.

The situation changed rapidly during the next slack
water when the wind direction rotated quasi-simultaneously
with the upcoming slack water. With a significant wave
height of still almost 1 m, the change in wind direction

Fig. 6 a SSC values at different water depths and b depth-integrated
SSC values during calm weather conditions between 22nd February
and 8th March 2007. Note the difference of concentration during
neap- and spring-tide periods observed as the increase of SSC values

in the centre and upper section of the water column. The depth-
integrated SSCs are most probably underestimated due to lack of near-
bed information
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from WNW to NNW prolonged the next ebb phase. In spite
of this and the fact that the ebb current reached a peak flow
velocity of nearly 1.5 m s−1, the SSC decreased rapidly.

Almost 3 months later, on 18th January 2007, the storm
“Kyrill” passed the German North Sea coast. In contrast to
storm “Britta”, this storm hit the coast during the ebbing
tide (Fig. 8). In spite of this, the wind was nevertheless able
to push substantial amounts of water into the back-barrier
basin against the ebb current. This is well documented in
the water-level record as well as in the depth-averaged
current speed and direction. The subsequent “unusually”

extended flood period was characterised by waves with
significant heights just below 1 m (Fig. 8).

In this specific situation, the change in wind direction
and tidal current speed squeezed the ebb phase to nearly
30% of its normal duration. In consequence, the ebb flow
speed was reduced to less than 0.5 m s−1, i.e. less the half of
the usual speed (black circle Fig. 8f). This effect also
influenced the next flood phase, which was prolonged by
around 20% of its normal duration. However, with the rapid
change in wind direction and decelerating wind speed, the
system was “reset” in a single ebb phase, which was

Fig. 7 Storm surge “Britta” on 1st November 2006 shown as a
backscatter-related SSC; b depth-averaged backscatter-related SSC; c
water flow direction; d significant wave height; e depth-integrated

flow direction and wave propagation direction; f depth-averaged flow
velocity; g wind velocity; and h wind blowing direction. The
maximum storm intensity took place during the flood phase

220 Ocean Dynamics (2009) 59:213–225



significantly longer in duration and characterised by flow
speeds reaching almost 1.5 m s−1, i.e. values up to 50%
higher than usual (Fig. 8f). The remobilisation of sediment
was less pronounced than during storm “Britta”.

5 Discussion

The results of this study, which are based on measurements
on different time scales, confirm the general trend of ebb-

dominated transport of suspended sediment during low
energy conditions in the Spiekeroog back-barrier tidal
system. Net transport takes place predominantly in the
lower part of the water column, as was previously
demonstrated by field data as well as model reconstructions
(e.g. Pejrup 1988; Santamarina Cuneo and Flemming,
2000; Brink-Spalink 2005; Stanev et al. 2003a, b, 2006;
Lettman et al. 2009). One should be aware that SSC values
differ significantly depending on the calibration methods
and adopted measurement strategies. The measured con-

Fig. 8 Storm surge “Kyrill” on 18th January 2007 shown as a
backscatter-related SSC; b depth-averaged backscatter-related SSC; c
water flow direction; d significant wave height; e depth-integrated

flow direction and wave propagation direction; f depth-averaged flow
velocity; g wind velocity; and h wind blowing direction. The storm
took place during the ebb phase
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centration values used in this study, which are based on in
situ pump samples and LISST optical transmission, were
mainly recorded during relatively low energy conditions.
This explains the good correspondence with other data sets
collected during similar weather conditions. The good fit
between in situ SSC derived from LISST and time-averaged
pump samples shows that maximum SSCs of up to almost
60 mg l−1 are the rule in this area under such conditions
(see Table 1), a conclusion supported by the findings of
Santamarina Cuneo and Flemming (2000), which were
related to similar energy situations. Although the concen-
trations of sandy material recorded under higher energy
conditions differ significantly in the two studies, the
discrepancy between absolute values is of secondary
importance when discussing the interaction of waves, tidal
currents and sediment transport. Unfortunately, it was not
possible to track sediment transport in the lower 1 m of the
water column where, as demonstrated in many studies,
most of the remobilisation takes place. We observed no
significant increase of the ADCP backscatter intensity of
sample bins during high-energy events, but the distribution
of high-intensity bins in the ADCP profile shows that large
clouds of suspended sediment were lifted towards the water
surface.

On different time scales, substantial variations in SSCs
and floc sizes were observed. Thus, concentrations during
low-energy conditions varied between 10 and 30 mg l−1,
and the maxima in SSC were slightly phase-shifted to 30–
40 min after slack water. The mean floc sizes over a tidal
cycle varied from nearly 180 µm at maximum current to
almost 380 µm shortly after slack high water. The range of
floc sizes is limited by parameters such as current velocity,
turbulence intensity, SSC, tidal period and the amount of
organic matter (e.g. Edelvang and Austen 1997; Fettweis et
al. 2006). The variation in floc size was mostly controlled
by the flocculation/floc break-up behaviour of the sus-
pended material. This explains why in our case floc size is
mainly correlated with current velocity.

As shown by the example during calm-weather con-
ditions with minor influence of wind and waves, SSC varies
over spring–neap cycles. Highest SSCs are observed near
the seabed during spring tide. This is due to the higher
current velocities in the tidal basin, which can generate
more turbulence. During such conditions, the turbulent
kinetic energy increases by a factor of 10, and this, in turn,
allows high remobilisation rates (Ridderinkhof et al. 2000;
Bartholomä et al. 2008; Karle 2008). In the longer term,
one would expect a significant seasonal signal in SSCs. The
in situ SSC data from LISST and from pump samples,
however, reveal neither tidal-phase- nor season-related
changes (see Table 1). The seasonal signal is also not
clearly reflected in the mean floc size of our data-sets, but
the maximum floc size was only observed in summer. This

may be explained by a higher organic input into the system
(Jördel et al. 2004; Lunau et al. 2006).

When the wave height increases, the remobilisation rate
increases subsequently. Dependent on the wind and wave
direction, the net sediment transport direction is very vari-
able in contrast to the net transport of water (Ridderinkhof
et al. 2000). The results of modelled suspended sediment
transport for the East Frisian part of the Wadden Sea
(Stanev et al. 2006) show that the concentration of
suspended particulate matter (SPM) in the water column
is relatively high in the presence of high water levels and/or
strong wind waves. This especially applies to cases with
high wind waves, which result in increased bottom shear
stress, higher erosion and hence higher SSCs (Stanev et al.
2006). Above all, this has been assumed to be the case
during short-term extreme events such as the storm in
November 2006 (Britta) and January 2007 (Kyrill), where
higher SSCs were indeed registered throughout the water
column. While a significant wave height of around 0.4 m
(Krögel and Flemming 1998) appears to be representative
for fair weather conditions, significant wave heights of
almost 1.5 m were measured at the pile during the storms.
Such wave heights are also twice as large as those
measured under usual high-energy conditions during winter
seasons (Krögel & Flemming, 1998).

During the storm event “Tilo” on 9th November 2007,
maximum SSCs exceeding 120 mg l−1 were measured in
the water column of Otzum Inlet (Badewien et al. 2009).
Concentrations of up to 140 mg l−1 during strong winds
were reported by Santamarina Cuneo (2000), but these
included the sand fraction. Such high values are probably
caused by the higher turbulence in the water column.
Exceptionally during severe storms, the entire water
column is characterised by high backscatter values, sug-
gesting a homogeneous distribution of high SSC. During
such events the remobilisation phenomena can be compared
to the tidal flats situation where any increase in energy
generates higher remobilisation of deposited material. This
documents the importance of waves in shallow water with
turbulence affecting the entire water column. In deeper
channels, by contrast, wave-generated turbulence is largest
near the surface where it adds noise to the backscatter
intensity produced by scatterers in the water column. This
aspect requires attention in the future because the ambient
noise adversely affects the accuracy of the conversion of
backscatter intensity into SSC.

During extreme events, the common situation observed
on tidal flats appears to be transferred to the tidal channels.
During both storm events, higher SSC values were
registered throughout the entire water column. However,
duration and impact intensity are strictly dependent on how
the tidal phase and wind/wave direction interact. The
coastal damage caused by the two storm events varied
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along the East Frisian coast line. During the November
2006 storm “Britta”, the combination of flood phase and
wind together with waves from northwestern direction
accelerated the flood current dramatically, eventually
resulting in a storm surge with water levels exceeding
those of the disastrous storm event of 1962. The unprece-
dented water volume drained rapidly during the subsequent,
substantially prolonged ebb phase that was accompanied by
a rapid change in wind direction, followed by a distinct net
export of suspended material. Only one ebb phase later, the
system had almost returned to “normal”.

The second storm “Kyrill”, which struck the coast in
January 2007, showed a similar rapid change in wind speed
and direction but with other basic parameters. During this
event, winds from southwesterly directions generated
waves, which propagated against the ebb flow at that time.
During the storm maximum, the wind direction rotated
more then 40° towards the northwest. In this case, the next
upcoming flood phase was also prolonged in a similar
manner as during the “Britta” event. However, in contrast
to the storm surge of November 2006, the January 2007
storm shortened the duration of two successive ebb phases
by almost 70% of the “normal” ebb flow durations. This
means that, even if at that time more suspended matter was
present in the water column, only a small amount would
have been exported during the strongly compressed ebb
phases, which, in addition, had greatly reduced flow
velocities. This implies that increased turbulence in the
water column associated with increased wave heights does
not automatically mean more export of material. It is now
quite clear that, during extreme events when wind and wave
impact operate in conjunction over short time scales only,
transport budgets can change in both directions.

6 Conclusions

This paper presents time series of stationary and mobile
measurements of SSC, in situ particle sizes, wind, wave and
current data on different time scales. The data were collected
from mobile and stationary platforms in the tidal catchment
area of the mesotidal back-barrier tidal flat of Spiekeroog
Island on the East Frisian coast in the Southern North Sea.
The following conclusions can be drawn from this study:

– Over individual tidal cycles, depth-averaged SSCs
derived from ADCP can reach up to 20 mg l−1, but
water sample data yield values larger than 60 mg l−1,
keeping in mind that ADCP-based SCCs are likely to
be underestimated. The mean particle size is tide-
dependent and varies between 180 µm at maximum
flow and 380 µm shortly after slack water. The
variation in size results from differences in aggregation

and disaggregation behaviour of individual particles,
which, in turn, is controlled by the current velocity. On
a time scale of weeks, SSC increases during the spring
tide period.

– Contrary to expectations, a seasonal signal in the SSC
data was not detected. This is in contradiction to
observations reported for other case studies in the North
Sea region. Floc size, by contrast, follows the seasonal
signal, reaching twice the size during the organically
enriched spring–summer period.

– During low-energy conditions, the ebb-dominated
system suggests net export, although SSCs are gener-
ally low. During high-energy conditions, when waves
also affect deeper channels, the export of material due
to extreme events is mainly controlled by the interfer-
ence of wind/wave and tidal phase. In such cases, the
basic ebb dominance can be temporarily counteracted
or even completely eliminated by flood-dominant
conditions. Sudden dynamic changes of wind force
and/or direction can squeeze the ebb phase duration by
over 70%, resulting in distinctly reduced or even
neutralised export of suspended material. The higher
backscatter intensity does not automatically imply
higher concentrations of SSC over the entire water
column and therefore does not automatically imply
higher export rates.
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