Acoustic analysis of seabed at the Ten Noorden van de Waddeneilanden wind
farm zone
Author: Timo Constantin Gaida
April 2020

Abstract
In this project the seabed of the Ten Noorden van de Waddeneilanden (TNW) wind farm
zone (North Sea, Netherlands Continental Shelf) has been investigated towards indicators for
presence of biogenic reef structures and the distribution of sediments based on acoustic
data. The area is located about 60 km north from the Wadden Sea Islands and covers an area
of around 25 km by 6 km with a relatively constant water depth ranging between 34 and 37
m (LAT). This area of TNW has been indicated as area for offshore wind. The actual wind
farm is not built yet and the project aims for an analysis of the seabed state before the wind
farm will be operational. This provides a reference of the seabed state for future studies.
The multibeam echosounder (MBES) bathymetry and backscatter data as well as the sidescan sonar (SSS) backscatter data were acquired between July and November 2019 by the
company MMT Sweden AB. In addition, Van-Veen grab samples were taken in August 2019
to ground truth the seabed sediments. This has been executed by order of RVO.
The MBES bathymetry data revealed in general a flat seabed with a gentle decrease in the
water depth from the west towards the east. The slope gradients are pre-dominantly below
1°. The majority of the seabed possess no bedforms and only in the most eastern part
widely-spaced sediment banks and mega ripples on the western flanks of the banks are
observed. The banks have widths of approximately 400 m and ranges in height between 0.3
to 0.8 m. They are situated unevenly across the area with distances between 400 and 1800
m (MMT 2020). On the broad banks in the south-east of the study area, small valleys are
present reaching depths of around 40 cm. These valleys are also the most interesting
location in terms of biogenic reefs. The MBES and SSS backscatter data show high
backscatter within the valleys. In addition, the high-resolution SSS images present an
alternating pattern of high and low backscatter values, which could be an indicator for the
presence of reefs. Another possible cause for the alternating pattern could be small ripples.
However, angular response curves (ARC) calculated from the MBES backscatter indicate very
rough material, for example the accumulation of shells, gravel or even biogenic reefs. That
means, it would be rather unusual that ripples are formed extensively on such a seabed. In
order to proof the presence of biogenic reefs located within the valleys on the broad banks
and eventually verify the acoustic indicators, a ground truthing campaign with video
recordings is recommended. Another interesting observation west of the sand banks, are
small patches of high acoustic classes surrounded by low acoustic classes. This is an acoustic
indication for the accumulation of coarser material within an area of finer material. It is likely
that the coarser material corresponds to an increased accumulation of shell fragments.

However, the presence of reef-building species could also be a possible explanation. Ground
truthing is recommend to prove.
The majority of the seabed samples were classified as clayey to silty fine to medium sand
with predominantly sand as the major constitute. However, at two locations clay was found
as the major constitute and at one location medium to coarse sand was observed. The d50value of the samples range from 80 to 400 µm. A general observation is that the seabed
samples are coarser and contain less mud in the west of the study area. Considering the
MBES backscatter range of 13 dB and backscatter models, showing a difference of 10 dB
between clay and coarse sand (APL (1994), Gaida (2020)), the measured MBES backscatter
reflects the variation observed in the sediment samples very well. Based on the MBES
measurements at the sample locations, the MBES backscatter allows to distinguish medium
to coarse sand from fine to medium sand, but does not clearly distinguish between clay and
fine to medium sand. The MBES bathymetry has in general a better correlation with the
sediment samples. Undetected shell fragments in the sample, or the small content of gravel
in the fine sediment samples, can have a high influence on the backscatter, and could results
in the low correlation between backscatter and the fine sediment samples. Therefore, we
still argue that the MBES backscatter and the acoustic classification maps are still suitable as
an indicator for the sediment distribution.
In general, two distinctive areas can be distinguished in the TNW wind farm zone. The east
and middle part consist of finer sediments (clay to fine, medium sand) indicated by low to
medium backscatter and the broad banks covered with coarser sand indicated by the high
backscatter. As mentioned above the valleys on the broad banks contain even coarser
sediments, where a chance of the presence of biogenic reefs exists. Based purely on the
backscatter based classification, the western part of the study area is further divided into a
circular patch of low acoustic backscatter, indicative for more clayish sediments, and the
area surrounding the circular patch with medium backscatter, indicating more finer sands.
Since the bathymetry showed a better correlation with the sediment samples, we further
used both layers as an input in the acoustic classification. Based on the resulting map, the
circular patch in the west is much smaller and the entire area appears to be even more
homogeneous. To finally assess the accuracy of both maps, more grab samples would be
needed.

Introduction
Offshore wind farms are expected to have a positive effect on the development of mature,
rich benthic communities and potentially biogenic reef habitats in the North Sea. Since
bottom contacting fishing gear, like beam trawling, is forbidden within and around the wind
farm, the pressure on benthic organisms will be reduced and the likelihood for the
maturation of certain species and the benthic community as a whole in that area is higher.
Also newly placed hard substrate, such as the monopile and the scour protection, can act as
an artificial reef habitat harboring reef building, reef associated and reef benefitting species.
In the North Sea reef habitats are largely lost over the last centuries due to overexploitation
and habitat destructing activities such as trawling.

To assess the impact of wind farms on the development of marine habitats, in particular
biogenic reefs, the seabed state at the time before the wind farm has been build need to be
quantified. This analysis provides the natural condition of the seabed and will be later used
as a reference. Acoustic measurements are highly suitable to quantify the seabed state over
a large area with high detail. MBES backscatter measurements allow to provide an acoustic
sediment map, thereby assessing the distribution of sediments in the wind farm zone, and
SSS backscatter measurements are suitable to provide indicators for the presence of
biogenic reefs, as shown in several scientific studies (e.g., Snellen et al. 2019, Draeger et al.
2008).
In this study, MBES backscatter and bathymetry measurements and SSS backscatter
measurements are analyzed. Ground truthing, conducted via a Van-Veen grab sampler,
supports the acoustic measurements. This work describes the seabed morphology and
dynamics, classifies the distribution of sediments, locates hard substrate within the TNW
wind farm area and searches indicators of the reef-building species (presumably Lanice
conchilega and Sabellaria spinulosa) through analysis of multibeam backscatter and
bathymetry and side scan sonar data. These reef forming species widely occur in the North
Sea. The Borkumer reef grounds, an area with an extensive distribution of hard substrate
and the confirmed presence of the species Lanice conchilega, is located only 40 km southeast of the TNW wind farm zone. Therefore, the TNW area can be considered as promising
location for the presence of hard substrate and biogenic reefs. Since the acoustic sensors
provide an extensive but only indirect measurement of the seabed properties, ideally ground
truthing on specific location should be added via a video camera or grab sample device to
verify species presence expected based on the acoustic results. However, in case that no
ground truthing data is available on specific locations, acoustic measurements still allow a
search for acoustic anomalies on the seabed. Such acoustic anomalies can indicate the
presence of hard substrate or biogenic reefs located in a clayey or sandy environment.

Research goals
Within this project we acoustically evaluate the seabed in the TNW area based on
multibeam echosounder (MBES), side-scan sonar (SSS) data and where possible ground truth
data. We aim to provide the following information about the seabed of the study area:
General goals:
1.

An indication on the possible presence of tubeworms (i.e. lanice conchilega or
Sabellaria spinulosa), shell material, gravel and
stones and the presence of benthic biodiversity.

2.

Tailored advice on where nature enhancement structures are most
optimal, considering the mapped spatial distribution of sediments and
biodiversity (hotspots)

3.

Information on locations which can be considered for future ground truthing
and biological research (validating data/results, e.g. via ROV/Dropcam) .

Based on the project goals, the following research questions are defined:

Research questions:
1.

Are reef-building tubeworms present in the TNW wind farm and can they acoustically
be discriminated from the surrounding sediments?

2.

What sediments and habitats do we identify and do we observe a homogenous or
heterogamous distribution?

3.

Can we based on acoustic date identify suitable locations for nature enhancement
structures?

Study area
The Ten Noorden van de Waddeneilanden (TDW) wind farm zone is located about 60 km
north from the Wadden Sea Islands in the North Sea (Figure 1). The area has an extent of
around 25 km by 6 km and a relatively constant water depth ranging between 34 and 37 m
(LAT). The area is about 40 km north-west from the Borkumer reef ground and connected to
the Gemini Zee-Energie wind farm in the east. The wind farm is not built yet and the
geophysical data was acquired for a first inspection of the area.

Figure 1(Left) Bathymetry of the North Sea (EMODnet, 2018). Grid cell size is 178 m. (Right) Bathymetry map of TNW wind
farm zone. Black polygon indicates location of “high resolution survey”. Grid cell size is 50 cm.

Data
Within this project MBES bathymetry and backscatter measurements and SSS backscatter
measurements were analyzed. The MBES data was acquired between the 26 th of July and
20th of August 2019 for the entire TNW area. An additional MBES survey campaign to acquire
MBES data with higher data overlap (20 m compared to about 60 spacing between track
lines) in a confined small area was carried out between the 29th of October and 7th of
November 2019. This survey is called “high resolution survey” by the company MMT. The

SSS data was acquired between the 19th of July and 25th of August 2019. The surveys have
been carried out by the company MMT Sweden AB. A Kongsberg EM2040 with a center
frequency of 400 kHz and 3 transmit sectors were employed. The nominal pulse length was
145 µs for the majority of the area, however, in a small area in the south the nominal pulse
length was changed to 73 µs. The 3 transmit sector yielded to a frequency range between
290 and 380 kHz for the long pulse length and 300 to 380 kHz for the short pulse length
between the sectors. SSS data were acquired using an Edgetech 2200 system with two
transducers mounted on either side of the EdgeTech 2200-CSS towfish. A frequency of 600
(high frequency channel) and 300 kHz (low frequency channel) were used.
Ground truthing was carried out via a Van-Veen grab sampler on the 19th and 25th of August
2019. 12 samples were taken across the wind farm zone (see Figure 1). The samples were
described and photographed on the vessel and send to lab for a grain-size analysis. The
majority of the seabed samples were classified as clayey to silty sand with predominantly
sand as the major constitute. However, at two locations clay was found as the major
constitute. The d50-value of the samples range from 80 to 400 µm (Figure 1). A general
observation is that the seabed samples are coarser and contain less mud in the west of the
study area.
A more detailed description of the sediment samples is following: 1 sample was classified as
sandy silty CLAY, 1 sample as slightly gravelly very sandy silty CLAY, 1 sample as Silty clayey
fine SAND, 4 samples as silty fine to medium SAND, 4 samples as slightly gravelly silty fine to
medium SAND and 1 sample as slightly silty slightly gravelly medium to coarse SAND.

Figure 2 Sediment sample acquired with a van-veen grab sampler. (Left) sandy silty CLAY, d50 = 80µm, clay = 13%, silt=31%,
sand=56%; (middle) silty fine to medium SAND, d50 = 80µm, clay = 5%, silt=12%, sand=83%; (right) slightly silty slightly
gravelly medium to coarse SAND, d50 = 400µm, silt=3%, sand=95%, gravel=2%.

Results
Seabed morphology
The TNW wind farm zone possesses a relatively flat seabed with bedforms only formed in
the very east. The seabed morphology can be described by the length, height, steepness and
asymmetry of the bedforms and the seabed dynamic by the growth and migration of the
bedforms.
The MBES bathymetry data revealed in general a flat seabed with a gentle decrease in the
water depth from the west towards the east, as demonstrated via the bathymetry cross

profile and the slope map (Figure 3). The slope gradients are predominantly below 1° for the
majority of the area and reaches only in the east of the wind farm a few degrees. The
majority of the seabed possess no bedforms and only in the most eastern part widely-spaced
sediment banks and mega ripples are visible. The banks have widths of approximately 400 m
and ranges in height between 0.3 m to 0.8 m. They are spaced unevenly across the area with
distances between 400 and 1800 m. The crest of the broad banks change orientation, being
typically north-south orientated towards the north of the study area and then curving to
become northwest-southeast towards the south and east of the area (MMT, 2020). On the
western banks irregular mega ripples are present as shown in the cross profile of Figure 3
and Figure 4. To some extent, the mega ripples are that small that the height is around the
uncertainty of the MBES measurements. Otherwise mega ripples are also found with heights
up to 15 cm as shown in Figure 4. The wavelength of the mega ripples varies quiet a lot with
a maximum wavelength of around 20 m. Furthermore, small valleys, reaching depth of
around 40 cm, are located on the banks in the very south-east of the TNW zone (Figure 11).
Since for the majority of the area no bedforms were observed, the seabed dynamic is
assumed to be negligible and migration of bedforms do not exist in these areas. Based on
the survey report of the company MMT Sweden (MMT, 2020), in which repeated occupation
lines were analyses, also the broad banks do not show migration and appear to be
temporally stable.

Figure 3 (Bottom) Slope map of TNW wind farm zone. (Middle) Bathymetry cross profiles over a sediment bank indicated by
the blue line in the slope map. (Top) Bathymetry cross profiles along the entire area indicated by the black line in the slope
map.

Figure 4 Cross profile and bathymetry map show irregular mega ripples on the western flanks of the broad sediment banks.

MBES backscatter
The MBES backscatter mosaic shows a backscatter variation between -28 and -15 dB,
whereas the relatively large variation results from the increased backscatter (lighter colors)
along the sandbank in the East of the study area. As can be seen from the Figure 5 (black
triangle) and the correlation plot in Figure 6, the increased backscatter on the sandbanks
corresponds to a high d50 value of 400 µm (further classified as slightly silty slightly gravelly
medium to coarse SAND). Based on backscatter models, we can expect a variation of 10 dB
between clay and coarse sand and 12 dB between clay and sandy gravel (APL 1995, Gaida
2020). That means the measured backscatter variation of 13 dB in the TNW area, where the
sediments range from clay to coarse sand, match quite well with the model expectations.
Excluding the sandbanks, the backscatter range is smaller (around 8 dB) indicating a
relatively homogeneous seabed, similar to the Hollandse Kust Zuid where a backscatter
range of 8 dB was found as well (Gaida(2) 2020). However, according to the measured
backscatter at the sample location no clear correlation can be found for the samples ranging
from clay to fine to medium sand (i.e, 80 to 200 µm) (see Figure 6), even though the
backscatter model expects a range of around 8 dB between clay and medium sand (APL
2020, Gaida 2020). A few reasons could hamper the correlation between samples and
backscatter for the finer grain sizes. Shell fragments are quiet widely distributed in the North
Sea and only small amounts can already alter the backscatter quite significant. That means a
small contribution of shell fragments in a muddy sediment can results in a backscatter value
which is similar to medium sand. In particular with a Van Veen grab sampler, as used in this
study, the assessment of the real distribution of shell fragments on the surficial sediment is
not feasible. That means, even though we do not find a clear separation in backscatter
between clay and sandy sediments, we can still use the backscatter map and later the
classification map as an indicator for the distribution of the clay to coarse sand sediments. As
shown, in Figure 6 the d50 value and the mud content has a moderate correlation with the
water depth in the TNW area. Therefore, we also apply in addition to the unsupervised
Bayesian method developed by TU Delft using only backscatter as an input, an unsupervised

classification method from ARC GIS, called ISO clustering, which incorporates both
backscatter and bathymetry into the classification.

Figure 5 MBES backscatter (Grid cell size 50 cm). Green, red and blue polygons indicate areas used for the calculation of the
Angular Response curves in Figure 13.

Figure 6 Correlation plot between (top left) backscatter and d50 value, (top right) backscatter and mud content, (bottom
left) depth and d50 value and (bottom right) depth and mud content. The backscatter was averaged (median) in a radius of
3 m around the sample location and the water depth was averaged (mean) in a radius of 50 cm around the sample location.

MBES backscatter based sediment classification
Since the correlation between backscatter and grain size parameter is low, an unsupervised
is superior to a supervised classification. Therefore, the unsupervised ISO cluster algorithm,
implemented in ARC GIS, and the Bayesian classification method (Simons & Snellen 2009)
were applied to MBES backscatter. Furthermore, the ISO cluster algorithm also allows to
incorporate MBES bathymetry as a second input layer. In total three classification maps are
obtained (Figure 7 to Figure 9). As we can see from Figure 7, Figure 8 and Figure 9, the
separation between the classes is better when using bathymetry as an additional input
variable. Based on the d50 correlation plot, we can separate 3 classes: (1) 80 to 140 µm, (2)
180 to 200 µm and (3) >190 µm when using MBES backscatter and bathymetry, whereas we

can only separate two classes (1) <200 and (2) >190 µm and (1) < 180 and (2) 400 µm when
using only MBES backscatter as an input layer in the ISO clustering and Bayesian method,
respectively. As a remark, for the classification maps based on only backscatter, an
increasing class number means in general an increasing coarseness/roughness of the seabed
sediments, whereas for the map based on both input layers no physic-based relation exits.
Even though we do not find a clear separation between the acoustic classes based on the
sediment samples, we can still use, as already explained in the previous subsection, the
classification map as an indicator for the distribution of the sediments, which means the
distribution from clay to coarse sand sediments.
In general, two different areas can be distinguished in the TNW wind farm zone in all
classification maps. The east and middle part consist of finer sediments (clay to fine, medium
sand) indicated by low to medium backscatter (i.e, lower classes) and the broad banks
covered with coarser sands indicated by the high backscatter (i.e., higher classes) (Figure 7
to Figure 9). In all maps the broad banks, classified as an additional class, are well
differentiated from the surroundings. Based purely on the backscatter-based classification,
the western part of the study area is further divided into a circular patch of low acoustic
backscatter, indicative for more clayish sediments, and the area surrounding the circular
patch with medium backscatter, indicating more finer sands. In the Bayesian classification
map the circular patch appears to be smaller. Based on the classification map, incorporating
MBES backscatter and bathymetry, the circular patch in the west is much smaller and the
entire area appears to be even more homogeneous. To finally assess the accuracy of all
maps, more grab samples are needed.

Figure 7 ISO clustering map using only MBES backscatter as an input. (Top) Box plots of sediment samples that fall within
the same acoustic class. The bottom and top of the blue rectangle represent the 25 th and 75th percentiles, respectively,
whereas the red line indicates the median value. The whiskers extend to the minimum and maximum value of the d50 values
that are not considered outliers. Classes in a radius of 3 m around the sample location where averaged for the calculation of

the Box plot. (Bottom) Classification map with four classes smoothed over a radius of 10 m. Class assignment is based on
25th and 75th percentiles from the d50 Box plot. Red stripe in the middle of the figures represents an artifact.

Figure 8 Acoustic sediment classification map based on the application of the Bayesian method to MBES backscatter. (Top)
See Figure 7 for plot explanation. (Middle) Acoustic classification map with 5 classes smoothed over a radius of 10 m. The
classification map is limited in extent since the entire dataset could not fully be processed. (Bottom) Acoustic classification
map with 5 classes with the original resolution of 2 m. White stripes indicate the nadir region of the MBES track, in which the
acoustic data is not suitable for sediment classification. Class assignment is based on 25th and 75th percentiles from d50 Box
plot. Class 1 does not co-located with a sample, therefore class 1 is unassigned (uN). Since the entire dataset could not fully
be processed, three sediment samples do not co-locate with acoustic data.

Figure 9 ISO clustering map using MBES backscatter and bathymetry as an input. (Top) See Figure 7 for plot explanation.
(Bottom) Classification map with four classes. Class assignment is based on 25th and 75th percentiles from d50 Box plot. Class
1 does not co-located with a sample, therefore class 1 is unassigned (uN).

Biogenic reef indicators based on MBES and SSS backscatter
The acoustics delineate an area in the south-east of the study area as a possible location for
the presence of biogenic reefs structures (Figure 10). As can be seen from the bathymetry in
Figure 11, these locations are found in local valleys on an elevated area in a water depth of
34 m. The valleys are around 40 cm deep. The promising locations are sticking out from the
remaining study area with very high backscatter values in general (Figure 5 and Figure 11)
and a pattern of alternating high and low backscatter values (Figure 12). The high
backscatter can be found in both MBES and SSS data, whereas the pattern is only visible in
the SSS data. A further observation is that the alternating pattern of high and low
backscatter is only visible if the SSS track lines where sailed W-E- and not NNW-SSE (see
Figure 12). Figure 13 shows the angular response curves calculated in an area of a low d50
(green), intermediate d50 (red) and the location of the potential reefs (blue). An interesting
observation is that not only the backscatter is higher but also the shape of the curve is very
flat, indicating very rough material as for example gravel, boulders or biogenic reefs. The
alternating pattern could also be caused from small sand ripples but the classification results
and the ARC indicate very rough material in which ripples are unlikely to be formed. In the
study of Bos & Paijmans (2012) similar pattern in the SSS were found and first linked to very
rough material (see Figure 14). Via a truthing campaign a few years later these pattern could
be linked to Lanice conchilega reefs (Bos et al., 2014). Based on these findings, the marked
location in Figure 10 have a chance for the presence of biogenic reefs and therefore a
ground truthing campaign would be recommend to prove the acoustic results (see Figure
16).

Figure 10 MBES bathymetry in TNW showing locations of indicators for possible presence of biogenic reefs. The grid cell size
is 1 m . Locations for ground truthing these areas are indicated in Figure 16.

Figure 11 (left) SSS backscatter mosaic and (middle) MBES bathymetry from the majority of the area with possible presence
of biogenic reefs. SSS backscatter shows an increased backscatter indicating hard substrate. MBES bathymetry shows that
these locations correlate with morphological depressions. These depressions or valleys are further visualized via the (right)
cross profiles.

Figure 12 Subset of SSS backscatter mosaic with a grid cell of 10 cm. Zoom-in into the area indicated by the red polygon in
Figure 11. SSS images indicate a pattern of alternating high and low backscatter values, which might be a hind for biogenic
reef structures Green arrow indicates the direction of the sailed track line.

Figure 13 Angular response curves (ARC) calculated from three different areas. Blue line represents the area with the
potential presence of biogenic reefs in the south-east, the red line corresponds to an area in the middle of the study area
classified as an area with intermediate d50 values and the green line is calculated from an area towards the west classified
as an area with low d50 values. The dashed ARCs highlight that they were calculated from data acquired on different track
lines but still from the same area.

Figure 14 SSS backscatter image from the Borkumer Stenen analysed by Bos & Paijmans (2012). During a first analysis
classified as an area with gravel and later linked to the presence of Lanice Conchilega reefs.

The application of the Bayesian method to the MBES backscatter data, acquired in a
confined area with an increased track line overlap and called high resolution survey by the
company MMT, revealed another interesting observation Figure 15. Small patches of high
acoustic classes surrounded by low acoustic classes are found across the area. This is an
indication for the accumulation of coarser material within an area of finer material. It is likely
that the coarser material corresponds to an increased accumulation of shell fragments.
However, the presence of reef-building species could also be a possible explanation. Ground
truthing could visually verify the observation made by the acoustic classification map, even
though the areas indicated in Figure 10 are evaluated as a higher priority. Ground truthing
lines are presented in Figure 16.

Figure 15 Bayesian classification map based on MBES backscatter from “high resolution survey”. Red stripes, aligned in W-E
direction, are sonar artifacts. Location of this area in TNW wind farm zone is indicated in Figure 1. Locations for ground
truthing are indicated in Figure 16.

Figure 16 Survey lines for ground truthing the most promising locations for the presence of biogenic reefs. (Left) Location of
small patches of high acoustic classes as indicated in Figure 15. (Right) Valleys on the broad banks in the south-east of the
TNW wind farm as indicated in Figure 10. Preference should be given to Line 1 to 7, right panel.

Acoustic detection of trawlmarks and other features
The results in this section are based on the MMT survey report (MMT, 2020). Figure 17
indicates the location of trawlmarks and SSS contacts. Trawlmarks are found predominantly
in the western and northern part of the TNW wind farm zone. These finding demonstrates
that this part have recently highly been fished with bottom trawling gear, which eventually
hampers the development of reef structures. Furthermore, MMT has identified 232 SSS
contacts, which were classified as boulders or debris. They are evenly distributed over the
entire area.

Figure 17 Bathymetry map and indications of SSS contacts, areas with trawlmarks and locations of potential reefs. The SSS
contacts and trawlmark areas are described in the survey report of MMT Sweden (MMT, 2020). SSS contacts are acoustic
indicators found by MMT in the SSS image, which indicate the presence of debris or boulders.

Figure 18 SSS images indicating the presence of (left) debris and (right) boulders after MMT 2020.
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