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ABSTRACT: Ebb-tidal deltas are highly complex areas, influenced by both waves and currents.
The complex hydrodynamic situation creates an equally complex set of bedforms, varying in both
gpace and time. The present study explores the presence and characteristics of bedforms on the
Ameland ebb-tidal delta, which is located along the north coast of the Netherlands. Spatially exten-
sive patterns were determined with a multibeam echosounder, whereas the development of bedforms
through time in a limited spatial area was measured with a 3D profiling Sonar. It was found that the
area seaward of the shoal consisted of a megaripple field, which disappeared after a storm. Within
this area, 3D small-scale wave-current ripples were also found, which recovered within a few days
after the storm.

1 INTRODUCTION

Ebb-tidal deltas are sand bodies located
seaward of tidal inlets, and are therefore
affected by both waves and currents, the
latter comprising cross- and longshore tidal
and wind-driven currents. The combined
action of waves and currents creates a wide
range of bedforms.

The largest bedforms on ebb-tidal deltas
are sandy shoals, which have been studied
thoroughly by, for example, FitzGerald
(1982) and Ridderinkhof et al. (2016). Inthe
Wadden Sea region, saw-tooth bars are often
present on the downdrift side of ebb-tidal
deltas, with heights up to 2 m and wave-
lengths (i.e. spacings) of about 700 m
(Brakenhoff et al., 2018). Smaller bedforms
like ripples and sand waves are also found
on ebb-tidal deltas, but previous studies
have only focused on these bedforms in
channels and tidal inlets (e.g. Buijsman and
Ridderinkhof, 2008). A more general over-
view of the presence and dynamics of these
smaller scale bedforms is still lacking. Nev-
ertheless, these bedforms affect bed rough-
ness and therefore also flow and sediment
transport. Thus, an accurate prediction of

bedform characteristics is vital to improve
the quality of sediment transport predictions,
for example those of models such as
Delft3D.

Ebb-tidal deltas are complex environ-
ments in both a hydrodynamic and a mor-
phodynamic sense. Forcing conditions vary
between wave- and current domination, and
waves and currents can interact at different
angles. Thus, traditional bedform predictors
for wave-only or current-only conditions
(e.g. Allen, 1968; Dingler and Inman, 1976)
cannot be used. Recently, formulas were
developed that incorporate both waves and
currents for prediction of bedformsin mixed
hydrodynamic environments (e.g. Klein-
hans, 2012; Soulsby et al., 2012). However,
these predictions have so far not been tested
under the complex field conditions of an
ebb-tidal delta

The present study aims to analyse the
gpatio-temporal  behaviour of small-scale
bedforms on an ebb-tidal delta and relate
these to the hydrodynamic forcing. The re-
search questions are:

1. Which small-scale bedforms are pre-

sent on the ebb-tidal delta?

2. How do the bedforms change through

time?
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Figure 1. Bathymetry of the Ameland ebb-tidal delta of 2017 (measured by Rijkswaterstaat), including the location of

multibeam measurements (red square). The measurement frames are indicated with black dots.

3. What is the relation between bedform
characteristics and local hydro-
dynamics?

2 METHODS

The ebb-tidal delta of the Ameland Inlet,
which is located in the Dutch part of the
Wadden Sea, was studied in two ways. On
August 29 and October 24, 2017, several
parts of the ebb-tidal delta were mapped
with a multibeam echo-sounder, giving an
overview of bedform presence in a spatially
extensive area, but a only two moments in
time (Figure 1). In addition, four frames
were installed in or near four of the
multibeam survey areas from August 29 to
September 27, 2017 (Figure 1). The frames
were each equipped with a pressure trans-
ducer, three Acoustic Doppler Velocity me-

ters (ADVs) and a Marine Electronics type
2001 3D profiling SONAR. The Sonar was
mounted at 1.9 m above the bed, and set to
scan the bed once per hour for approximate-
ly 15 minutes. This shows bedforms on a
small spatial scale of 2x2 m, but with a high
resolution in time. The measurement fre-
guency of the pressure transducer was 4 Hz,
and wave heights were calculated using the
spectral moment per 30 min. Current speeds
derived from the ADV's were averaged over
30 minute intervals. Grain size near frame 5
was 185.8 um, which was determined by a
box core sample.

2.1 Dataanalysis

The multibeam point clouds were inter-
polated onto a grid with 0.5x0.5 m cell size,
thus eliminating small-scale ripples but still
conserving the megaripples. The images
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Figure 2. Wave heights and current speeds as measured at frame 5.

were processed in two ways. First, each im-
age was divided into profiles along the x-
direction, which were detrended by a second
order fit. The bedform wave length L was
determined by a wavelet analysis of the
multibeam profiles using the method of
Grindsted et al. (2004), which was based on
Torrence and Compo (1998). This gives
wavelengths along the profile. Combining
all profiles results in a 2D image of wave-
lengths.

Also, the images were divided into mov-
ing windows of 25x25 m, after which the
bed level in each window was detrended.
Bedform heights were given by:

H =220 (1)

with ¢ being the standard deviation of a
window (Smith, 1997).

Following the bed detection procedure
described in Ruessink et al. (2015), the SO-
NAR point clouds were processed to a grid
with 0.01x0.01 m cell size. Smoothing was
performed with a loess filter to reveal the
ripples. After a first visual inspection re-
vealed that the ripples had length scales be-
tween 0.10 and 0.25 m, all bedforms with
length scales larger than 0.42 m or smaller

than 0.07 m were removed. After this, the
image was detrended by subtracting a sec-
ond order surface fit.

Bedform steepness was calculated as:

s=H/L 2
where H = bedform height and L = bedform
wave length.

To determine bed shear stresses, wave
and current related Shields parameters were
calculated  following Kleinhans and
Grasmeijer (2006).

3 PRELIMINARY RESULTS

3.1 Hydrodynamic conditions

The wave height and current speed
through time at frame 5 can be found in Fig-
ure 2. The average water depth at this frame
was 6.5 m. Fair-weather conditions included
wave heights between 0 and 1 m, and max-
imum current speeds of approximately 0.5
m/s. A storm occurred around September 13
(the maximum wave height was reached on
September 13 at 13:30 hours), with wave
heights up to 3 m and current speeds of
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more than 1 m/s in both the u and v direc-
tion. Waves during the peak of the storm
presumably broke at the frame location.

Figure 3 shows the bed shear stresses re-
lated to waves and currents, illustrating that
during most of the campaign, the conditions
were dominated by both waves and currents
(‘mixed’).

3.2 Multibeam

Figure 4 shows the depth as measured by
the multibeam on August 29 and October
24, together with the associated wave
lengths. On August 29, bedforms with north-
south oriented crests were present. These
bedforms had wavelengths of 15-25 m and
heights of 0.05-0.4 m, resulting in steepness
values of 0.01-0.02. These megaripples
(classification according to Ashley, 1990)
were asymmetric, with the steeper slope
pointing to the east. In contrast, no bedforms
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Figure 3. Nondimensional wave- (6w) and current-
(6c) related Shields parameters throughout the meas-
urement period. Red dots indicate the moments visu-
alized in Figure 5. Black lines indicate trangtion
between wave-, wave-current, and current-dominated
ripples. Red line indicates threshold for ripples vs flat
bed. (Linesreproduced after Amos et al., 1988.)
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Figure 4. Depths as measured by the multibeam at August 29 (upper left) and October 24 (upper right), and the bed-
form wave lengths determined with wavelet analysis (bottom). Blank areas indicate that the significance was bel ow
the 95% confidence level. Circle shows the location of the frame.
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It is highly likely that the storm of Sep-
tember 13 washed out the megaripples and
also removed sand from the shoal (note the
larger water depths on October 24 compared
to August 29 in the lower right corner).
While the storm lasted for only a few days,
the megaripples were still absent six weeks
later.

3.3 3D Profiling Sonar

Some typical examples of the 3D Profil-
ing Sonar are given in Figure 5. Before and
after the storm, ripples were clearly present,
but no ripple crests could be defined as the
images consist of disconnected three-
dimensional ripples (Figure 5A and C). Rip-
ple heights were approximately 0.05 m, and
length scales were in the order of 0.1 m. In
both cases, the bed state was dominated by
both waves and currents, but tending to-
wards current-dominance (6, = 6; = 0.05-
0.06). Ripples were active, i.e. their shape
and position changed with time.

During the storm, the distinct ripples dis-
appeared, but the bed never flattened out
entirely (Figure 5B). The ripple marks de-
creased in height to less than 0.01 m. The
values for the wave- and current- related
Shields parameters were both 0.62, indicat-
ing that both waves and currents were highly
influential (Figure 3).

Finally, it is noteworthy that the image in
Figure 5C was measured just a few days
after the storm and, contrary to the megarip-
ples, clear small-scale ripples were already
present again.

4 DISCUSSION

The difference between the presence of
ripples and megaripples in space and time
emphasizes the need of time-dependent bed-
form predictors for megaripples. The study
area is highly dynamic and dominated by
both waves and currents, which will be the
basis of further research. First, ripple wave
lengths and heights will be calculated, which
will then be related to the wave- and current

related bed shear stresses. A similar analysis
will be conducted with the orientation and
migration direction of all bedforms.

Future work will focus on comparing the
results that were shown above to the data of
the other measurement locations in Figure 1.
In addition, the prediction of ripples and
megaripples in both space and time will be
studied.
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Figure 5. Bed levels as measured by the Sonar on
September 10 (upper plot), 13 (middle plot) and 19
(lower plat).
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5 CONCLUSIONS

At the Ameland ebb-tidal delta, small-
scale 3D ripples are present most of the
time, which respond quickly to changes in
hydrodynamic conditions. Megaripples are
not always found, suggesting that they are
not only influenced by wave height and cur-
rent speed, but also by the time that has
passed since a storm event has taken place.
Further analysis on this topic will provide
more insight into the relation between hy-
drodynamic forcing and bedform presence
and dynamics.
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