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Summary

Sand waves can have a significant impact on offshore activities, and with the global push for sustain-
ability and more renewable energy sources, these negative impacts will become more prevalent. Sand
waves in the North Sea have a height up to a couple of meters and a wavelength between 100 and 1000
meters. The migration or change in asymmetry of sand waves can cause free spans in export cables
leading to buckling or vibration causing failure. The migration can also cause cables to be exposed on
the sea bed and in danger from offshore activities like anchors and fishing boats.

This research focuses on utilizing satellite data to determine sand wave characteristics. Satellites like
Sentinel-1 and Sentinel-2 which are used in this research have global availability of data over multiple
years at a 10 meter resolution. Sentinel-1 has a Synthetic Aperture Radar (SAR) which creates images
by sending out microwave signals and recording the strength and the time delay of the returning signals.
Sentinel-2 has an optical instrument which creates images by recording the reflected light from the sun
on the earth’s surface. Sand waves were detected through the change in Sea Surface Roughness due
to the current interaction with the sea bed as described in the Alpers-Hennings Model. The difference
in resulting sand wave characteristics between SAR and optical images were determined.

Three initial areas of interest off the coast of the Netherlands were chosen based on their different
characteristics. Hoek van Holland contains short irregular sand waves. Holland Kust Zuid contains
long regular sand waves. The third location is Alkmaar, which contains no sand waves and was used
to determine the results of the methodology when a location has no sand waves present. The first
step was to determine the environmental conditions necessary for sand waves to be visible in satellite
images. Image collections for an area of interest over a set period of time were filtered based on the
environmental parameters. These parameters include mean glint angle and cloud cover for optical
images, and wind and current speed for both optical and SAR images. Threshold values were deter-
mined through literature. The wind speed should be between 3 and 12m/s, the current speed should be
greater than 0.4 m/s, and the mean glint angle for the latitude of the North Sea is less than 56 degrees.
The image collection for the year 2021 for the three different areas of interest was filtered based on
these parameters. The final collection after filtering was then manually checked for the visibility of sand
waves. This number was lower than the initial filtered collection which means that there are additional
factors that need to be accounted for.

A methodology was created to determine the sand wave characteristics over an area by applying a
Fast Fourier Transformation (FFT) and calculating the sand wavelength and wave angle from the re-
sulting signal. This was first applied to the three different areas of interest within the North Sea, Hoek
van Holland, Holland Kust Zuid, and Alkmaar. Using the resulting image collection at these locations
the sand wave characteristics were calculated. Although there are no sand waves at Alkmaar, due to
the methodology, sand wave characteristics are still calculated. Also, the methodology works better at
Holland Kust Zuid with long regular sand waves compared to at Hoek van Holland where sand waves
are shorter and irregular.

To determine at which scale the satellite images should be viewed at to obtain information on the sand
wave characteristics, the data was split into different area sizes and a FFT performed. The resulting
average values and spread of the sand wavelength and wave angle were compared at different area
sizes for optical and SAR images, as well as Multi-Beam Sonar (MBES). This resulted in an area of 5 by
5 kilometers which allows for the correct signals to be read across different possible sand wavelengths.
Also, the effect of different sources of noise on the FFT and calculation of the sand wave character-
istics for optical and SAR images was determined. From this it was seen that ships within a satellite
image containing sand waves introduce a very strong signal within the FFT. This prevents the sand
wave characteristics from being calculated correctly. Wind farms within a satellite image affect SAR
images, and not optical images. Suspended sediment transport and clouds, which only occur within
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optical images, have different effects. Optical images are not affected by sediment transport because
the current direction will always be perpendicular to sand wave crests and therefore does not influence
the calculation of sand wave characteristics. Clouds, similarly to ships, introduce a strong signal within
the FFT which blocks the signal of the sand waves. Dark patches (like rain cells), which effect SAR
images, block the visibility of sand waves within satellite images and therefore there no signal corre-
sponding to sand waves within the FFT can be found.

Then, the area of interest was increased to the entire southern North Sea. Satellite images over the
North Sea were downloaded in 5 by 5 km tiles for a single satellite pass over per year where the envi-
ronmental parameters met the conditions necessary to view sand waves. As for the local scale cases,
a FFT was applied to each tile and the sand wave characteristics were calculated including sand wave-
length, wave angle, density, and spatial frequency. The differences in characteristics were compared
from year to year. Typically, the difference is less than 200 meters in sand wavelength, however there
are points where the difference is much larger. This is due to noise affecting the calculated value. Ad-
ditionally, the data for wind speed and current speed for the date and time of the satellite image was
determined. From this it is seen that optical images can contain sand waves at lower wind and current
speeds, at the lower end of the boundary conditions. Sand waves are only visible in SAR images when
the current speed is very high. Also, the results were compared to the water depth of the North Sea. At
depths less than 40 meters which occurs on the Dutch Continental Shelf sand waves are almost always
visible with the correct environmental parameters. At depths greater than 40 meters, which occurs on
the West side of the sand wave field, sand waves are not visible consistently. The calculated sand
wavelength over the North Sea was also compared to wavelength obtained from MBES. This resulted
in low correlation values for both optical and SAR. As a result, noise present in satellite images should
be taken into account.

By both applying the methodology to smaller scale cases and to the entire North Sea, it is possible
to detect sand waves in different environments. Using the change in sea surface roughness due to
sand waves it is possible to see sand waves in both optical and SAR satellite images. By applying
the Fourier transformation the average sand wave characteristics over an area can be calculated. The
methodology is limited by environmental parameters and noise that can be present in the satellite im-
ages. SAR and optical images require specific wind and current conditions, while optical images also
requires specific mean glint angles and a low cloud cover. Different sources of noise also have a
negative impact, adding signals to the FFT that do not correspond to the sand waves. Although the
methodology proposed in this thesis is successful in determining the average sand wave character-
istics over an area, more research for this topic would increase the possibilities. This includes using
additional conditions for filtering image collections for sand waves, removing sources of noise, utilizing
higher resolution satellite data, and testing the methodology on different sand wave fields that have
different characteristics, such as symmetry. There are still many possibilities that can be explored in
using satellite images to determine sand wave characteristics.
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1
Introduction

1.1. Motivation
1.1.1. Energy Transition
Climate change and the increase of global temperature effects many of the natural processes in the
world. To combat the negative impacts that this increase will cause, the Paris Agreement was intro-
duced in 2015. 194 countries, including the European Union, have entered a legally binding interna-
tional treaty to set the long-term goal of limiting the global temperature increase to 2 degrees Celsius
(UNFCCC, 2015). The Netherlands has taken this a step further and has committed to being carbon
neutral by 2050. Offshore wind farms are a desired source of sustainable energy, and the Netherlands
plans to increase the capacity from the current 4.5 GW to 11.5 GW in 2030, which will account for 40%
of the Dutch energy demand. The Netherlands eventually aims to have 70 GW capacity of offshore
wind energy in 2050 (Rijksoverheid, 2018). Figure 1.1 shows current and planned wind farms in the
North Sea. The North Sea is an ideal location due to its shallow waters, favorable wind climate, and a
much larger available sea area compared to land area. Important information necessary for determining
the location of offshore wind farms includes the seabed, wind speeds, and water data (Rijksoverheid,
2020).

Figure 1.1: Global Offshore Renewable Energy Map for North Sea. Wind farms shown in green are fully commissioned, in
orange/yellow are under constriction, blue has consent authorised, purple represents concept/early planning stage, and gray is

a development zone (4COffshore, n.d.)

1.1.2. Sand Waves
Knowledge of the seabed is important because of the possible presence of sand waves which can have
a negative impact on offshore wind farms, especially on the cables that connect the structures to land.
Sand waves are bed forms that have a height range of 1-10 meters, length range of 100-1000 meters,
and can migrate several meters per year. The North Sea has an extensive sand wave field that affect
current and possible future offshore activities in the area as seen in Figure 1.2.

1



1.1. Motivation 2

Figure 1.2: Observed sand wave occurrence in the southern part of the North Sea (Nemeth, 2003)

Sand waves form due to small variations in the seabed, eventually forming residual current cells from
tidal currents which causes the growth of sand waves. They only occur in shallow sandy seas when
there are strong tidal currents. Tidal sand waves have been found in the North Sea as well as the
coastal waters of Japan and Canada, the shelf off Argentina, the shelf near Cadiz, southwest Spain,
and the Irish Sea. Offshore sand waves are also observed in straits, such as Torres Straight north of
Australia, Taiwan Straight in the Chinese Sea, and Messina Strait in the Mediterranean, and in tidal
inlets in Denmark, and USA (van Santen et al., 2011). Sand waves are a global threat to offshore
activities such as wind farms.

1.1.3. Detection of Sand Waves
The most practiced method to map seabed topography and to detect sand waves is through Multi-
Beam Sonar (MBES). However, this method has a long measurement period, a limited range, specific
in-field conditions that must be met, and high costs. To supplement MBES data or provide information
in data poor areas remote sensing with satellite data can be used. Data from satellites is continuous,
covers a large area, and is freely available (He et al., 2014). Data captured from satellites can easily
be processed in Google Earth Engine, which has an expansive data catalog of remote sensing images
and strong computational capabilities that can be accessed through the platform (Gorelick et al., 2017).

There are two methods of remote sensing through satellites further explored in this thesis, Synthetic
Aperture Radar (SAR) and optical imagery. SAR is an active sensor which works by emitting microwave
pulses and creating images based on the strength and time delay of the returned signal (Gagliardini
et al., 2004). The first application of this method was by Alpers and Hennings in 1984 with a SAR
sensor mounted on an airplane (Alpers & Hennings, 1984). The second method, optical imagery, is
a passive sensor that takes the visible and near-visible part of the electromagnetic spectrum from re-
flected sun radiation from the surface. Although it is possible to use optical images in clear shallow
water to see sand waves, when the water is deeper or less clear sun glint is needed as a medium.
Sun glint is defined as “the specular reflection of light from water surfaces” and occurs when the water
surface orientation causes the sunlight to be reflected directly towards the sensor (Kay et al., 2009).
Both methods require strong tidal currents and moderate wind speeds.

Remote sensing offers another option in obtaining data over not only a large area but it also has the
ability to look back in time for decades. Sentinel 1 and 2 were launched in 2014 and 2015 respectively,
and Landsat 4 in 1984 with five additional Landsat satellites launched since. All these satellites have
global coverage allowing for large scale observation (Gorelick et al., 2017). Utilizing remote sensing
for the detection of sand waves will increase the amount of available data and allow for the further un-
derstanding of sand wave characteristics and migration at different locations, whether previously data
rich or poor.
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1.2. Problem Statement
1.2.1. Sand Wave effect on Cables
Sand waves are an important influencing factor on the construction and performance of offshore wind
farms over the lifetime. Seabed topography is needed to determine the ideal location for construction
and the threats posed by sand waves to cables. Cables when located in sand wave fields are in danger
when migration or changing asymmetry of sand waves occurs as seen in Figure 1.3. This can cause
free spans to form which can result in buckling due to gravity or vibration due to turbidity of flow around
the free span. Exposure of the cables also put it at risk of offshore activities such as fishing equipment
and anchors (Roetert et al., 2017). On the contrary, deep burial of the cable can lead to a temperature
increase causing thermal stresses.

Figure 1.3: Illustration of a free span pipeline along a cross section of the seabed, due to the migration and change in
asymmetry of sand waves. The solid line denotes the sand wave in which the pipeline, represented by the dotted line is buried.

Note the exaggeration of the vertical scale compared to the horizontal scale (Nemeth, 2003)

1.2.2. Remote Sensing of Sand Waves
Currently, the most common method of obtaining seabed topography is MBES, a sensor placed on a
ship that records information as it moves over the seabed. This method is expensive, is labour inten-
sive, takes time, is only a snapshot of what is occurring and covers a limited area (He et al., 2014).
Remote sensing using satellites offers an alternative method for the detection of sand waves by using
the relationship between bed forms and the sea surface roughness (SSR). This can provide higher fre-
quency data over a large area which is freely available. Methods for satellite remote sensing that can
be applied include SAR and optical imagery, however the methods are dependent on different sensors
and therefore might result in different outcomes.

Currently, remote satellite sensing has been used to detect sand waves in the North Sea (Jackson
& Alpers, 2010; Kras et al., 2022), San Matías Gulf in Argentina (Gagliardini et al., 2004), and in the
Taiwan Banks (He et al., 2014; Li et al., 2010; Shao et al., 2011, 2014; Zhang et al., 2014; Zhang, Yang,
et al., 2015; Zhang et al., 2018). As stated before, there are two methods to remotely sense sand
waves, SAR and optical imagery. Both methods rely on the same underlying mechanism off measur-
ing sea surface roughness (SSR) however SAR directly measures SSR while optical imagery uses the
amount of sun glint in relation to SSR to detect sand waves. Due to the differences outlined below both
methods are dependent on different factors. Optical imagery with sun glint requires images to be taken
during the day and cloud free as well as optimal current and wind conditions, it also is dependent on the
imaging geometry which includes solar azimuth and zenith angle (Shao et al., 2011). While SAR is not
dependent on cloud free daylight conditions it is still dependent on optimal current and wind conditions
and can miss low frequency features due to noise speckling (Gagliardini et al., 2004).

To best detect sand waves through remote sensing the two different methods, SAR and optical im-
agery, should be compared for accuracy and the limitations of each method when applied to different
sand wave fields needs to be assessed. By comparing crest location and wavelength of sand waves
detected from satellite data compared to MB data, the accuracy of each method can be determined
and the limitations in the temporal and spatial scale can be compared. Also, at this point in time there
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is no automatic process available that takes satellite images from an area of interest and can detect
the presence of sand waves in different sand wave fields around the world, which is the obvious next
step in remote sensing of sand waves.

1.3. Objective
The aim of this study is to further the research and to understand the spatial and temporal limitations
as well as the accuracy of the detection of offshore sand waves through remote sensing. The purpose
of this research is to answer the following research question:

To what extent can satellite data be used to detect sand waves in different environments?

Sub-questions:

1. What methods are there for detecting sand waves through satellite data and what are the different
processes they require?

2. How can these methods be applied to sand wave fields in different environments?
3. What is the accuracy of the methods and what are the limitations regarding spatial and temporal

scale?

1.4. Thesis Outline
The following chapter contains the background information on sand waves and how remote sensing can
be utilized in which the first sub-question is answered as part of the literature study. The third chapter
contains the methodology for obtaining satellite images containing sand waves in an area of interest as
well as the post processing to get sand wave characteristics. The fourth chapter will contain the results
from following the methodology in the previous chapter, comparing the results from the different remote
sensing methods and validation compared to MBES data along with the upscaling of the methodology.
Chapter five will contain the discussion of results while chapter six will contain conclusions about the
research. Finally, the last chapter will contain recommendations for further research.



2
Background Information

2.1. Sand Waves
Sand waves can be described by four characteristics: wavelength, wave angle, migration, and wave
skewness. Sand waves typically have a height range of 1-10 meters, wave length range of 100-1000
meters, and can migrate up to several meters per year (Hulscher, 1996). They only occur in shallow
sandy seas when there are strong tidal currents such as in the North Sea as well as the coastal waters
of Japan and Canada, the shelf off Argentina, the shelf near Cadiz, southwest Spain, and the Irish Sea.
Offshore sand waves are also observed in straits, such as Torres Straight north of Australia, Taiwan
Straight in the Chinese Sea, and Messina Strait in the Mediterranean, and in tidal inlets in Denmark,
USA, and the Netherlands” (van Santen et al., 2011).

Sand waves form due to small variations in the seabed, eventually forming residual current cells from
tidal currents as seen in Figure 2.1 which causes the growth of sand waves. The environmental pa-
rameters effecting sand waves includes water depth, median grain size, and amplitude and ellipticity
of the depth averaged tidal current. There exists an inverse relationship between sand wave length
and tidal current, where wavelength decreases as the tidal current increases, however the wavelength
increases when the water depth increases (van Santen et al., 2011). The timescale for the growth of
sand waves is between 5 and 10 years (Hulscher & Dohmen-Janssen, 2005).

Figure 2.1: Strong near-bed circulation which supports the growth of the bottom perturbation. The backward circulation in the
upper flow part uses a larger part of the water column and is weaker (Hulscher, 1996)

Migration, as pictured in Figure 2.2 (b), occurs due to residual currents which can be induced from tide,
wind, or wave currents, or due to tidal asymmetry and typically migrates downstream in the direction of
the residual current (Besio et al., 2008). The migration rate of sand waves also depends on the maturity
of wave, as a fully grown sand wave migrates slower than an infinitely small sand wave. Asymmetry
occurs when a steady current causes accumulation of sediment on one side of a sand wave and erosion
on the other, which can cause migration (Nemeth, 2003).

5



2.2. Detecting Sand Waves 6

Figure 2.2: Changes in sand wave profile: (a) growth, (b)migration, (c) change in horizontal asymmetry and (d) change in
vertical asymmetry (Nemeth, 2003)

2.2. Detecting Sand Waves
Historically, Single-Beam Sonar were used however data obtained through this method does not allow
for a full understanding of complicated three dimensional sand wave fields due to the limited horizontal
scale. The most common method currently used to map seabed topography and to detect sand waves
is through Multi-Beam Sonar (MBES) which can capture the full extent of sand wave characteristics
and migration.

However, there are downsides to utilizing sonar such as having a long measurement period, a lim-
ited range, specific in-field conditions that must be met, and high costs. To supplement MBES data or
provide information in data poor areas remote sensing with satellite data can be used. For example,
Sentinel 1 and 2 were launched in 2014 and 2015 respectively and have global coverage allowing
for large scale observation (Gorelick et al., 2017). In addition to covering a large area, the data pro-
vided is continuous and freely available (He et al., 2014). Data captured from satellites can easily be
processed in Google Earth Engine, which has an expansive data catalog of remote sensing images
and strong computational capabilities that can be accessed through the platform (Gorelick et al., 2017).

2.3. Remote Sensing of Sand Waves
Remote sensing can of sand waves can be performed in multiple ways, such as using the blue-green
band of optical satellite images in shallow, clear waters because it penetrates much further into the
ocean (Hennings et al., 1994). However this method is not applicable when water is turbid. Addition-
ally, the breaking of waves in optical images due to sand wave formations has also been to determine
seabed features (Zhang, Lou, et al., 2015). However, this research will focus on two remote sensing
methods that utilizes the Alpers-Hennings (AH) Model.

The AH Model allows for the observation of sand waves through remote sensing in three steps. The
first is that the current interacts with the bottom topography. Then, the surface current has variations
due to the bottom topography which causes variations in the surface short waves and is controlled by
a weak hydrodynamic interaction theory. The Sea Surface Roughness (SSR) is smoother on the fore
side of the sand wave and rougher on backside with respect to the direction of the current as seen in
Figure 2.3. SSR is then measured directly or indirectly through SAR or optical imagery respectively.
To have the necessary small gravity and capillary waves present for this method to work there needs
to be a low to moderate wind for the right SSR and a strong current speed (Gagliardini et al., 2004).
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Figure 2.3: A schematic diagram of the advection effect (phase modulation) due to submarine topographic variations when the
current is (a) in the same direction as and (b) opposite to the direction of the wave group velocity. ∆L1 is the distance from a
sand wave crest to the location of maximal surface current, ∆L2 is the distance from the sand wave crest to the location where

the modulation ratio of the action spectrum is equal to zero, and ∆L = ∆L2 - ∆L1 also know as the advection length for
determining relaxation rate (Shao et al., 2011)

2.3.1. Optical Imagery
Optical imagery is a passive sensor that takes the visible and near-visible part of the electromagnetic
spectrum from reflected sun radiation from the surface. As stated before, optical images can be directly
used to determine sand wave location in clear, shallow water, however when the water is deeper or
less clear, sand waves need to be indirectly measured.

When light travels through the atmosphere towards the sea surface there are multiple paths that can be
taken as seen in Figure 2.4. To detect sand waves through optical satellite images using the AH model,
sun glint is required to measure the amount of SSR. Sun glint is defined as “the specular reflection
of light from water surfaces” and occurs when the water surface orientation causes the sunlight to be
reflected directly towards the sensor (Kay et al., 2009). Typically, sun glint is undesirable in optical
images because it can contaminate images because sun glint measures as a much greater value than
the radiance from the water surface. However, the amount of reflectance measured by the sensor
directly relates to measure of SSR and can therefore determine the locations of sand waves within a
field. To determine whether the conditions to use sun glint for using satellite images is met, the mean
glint angle is used. The mean glint angle is the angle between the incident sunlight that reflects off the
sea surface and the sensor.
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Figure 2.4: Schematic diagram showing routes by which light can reach a remote sensing detector (Kay et al., 2009)

In addition to requiring low to moderate winds and a strong tidal current which is required for the pro-
cess in the AH model, optical imagery also requires cloud free conditions and daylight. Clouds can
block the view of sand waves in an image when the cloud cover is high or when cloud cover is low it
can introduce noise in the image, blocking other signals. Other sources of noise are ships, wind farms,
and suspended sediment transport.

To decrease the amount of noise in an optical satellite image a Gaussian filter is used. This primarily
smooths the image based on the Gaussian distribution in two dimensions and removes high frequency
noise. It is useful in this case because it preserves the edges of an image while removing noise (Basu,
2002). The sand waves in optical satellite image are presented as edges and it is important to maintain
these features after smoothing away other noise.

2.3.2. SAR
Synthetic Aperture Radar, or SAR, is an active sensor which works by emitting microwave pulses and
creating images based on the strength and time delay of the returned signal (Gagliardini et al., 2004).
Using the AH model, SAR is a direct measurement of the SSR and can detect sand waves this way.
SAR requires the same wind and current conditions as optical images do, however has no such re-
quirements for low cloud cover, daylight, high solar azimuth, and high zenith angle months (Shao et
al., 2011). A disadvantage of using SAR is that images can contain error due to speckle noise which
optical images do not have (Agrawal & Khairnar, 2019). SAR experiences speckle noise due to the
back-scatter or interference of the returning microwave signals. Speckle noise can hide weaker signals
of sand waves present in SAR images.

To mitigate the effects of speckle noise within a SAR image a filter can be applied. Common filters
include Lee, Frost, and GMAP filters. In this case the Lee filter will be used because it smooths speckle
noise and retains edges and textures (Painam & Manikandan, 2021). The texture of an image is the
information about the spatial arrangement of intensity in an image which is how the SSR due to sand
waves is presented ins satellite images. The Lee filter works by using a small window size where the
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value of the center pixel is based on the mean value of all the pixels and the weight based on variance
of the pixels and the variance of the speckle noise (Taskesen, 2020).

2.4. Fourier Transformation
To determine sand wave characteristics from satellite images, a Fourier transformation is used. A
Fourier transformation is a technique used to decompose complex signals into the different sinusoidal
components of the different frequencies. This is done by transforming the spatial domain into the fre-
quency domain. In a Fourier transformation the low frequency components shows coarser signals while
high frequency components shows more details. To determine the different signals derived from sand
waves present in satellite images a two-dimensional Fourier transformation was applied using the Fast
Fourier Transformation (FFT) algorithm.

Sand waves are assumed to have a sinusoidal shape and therefore represent a sinusoidal signal in a
satellite image. Therefore, the aim of applying the FFT to the satellite image is to decompose the image
into the different signals and identify the signal due to the sand waves present. Sinusoidal signals are
represented in a two-dimensional Fourier transformation by two points that are equidistant from the
center of the image as seen in Figure 2.5. By determining the distance d of the point from the center

Figure 2.5: Fourier transformation performed on image containing sinusoidal grating in spatial domain (left) to the spectral
domain (right) (Gruppetta, 2021)

of the figure, the wavelength can be determined by taking 1/d to get the value from the frequency to
the spatial domain and is visualized in Figure 3.9. Similarly, the wave angle of the sand waves can be
determined by taking the angle between the x-axis and the point.

2.5. Data Sources
This section will discuss the origin of the data that is used in order to detect sand waves. This data
includes satellite data from Sentinel 1 and 2, MBES data for validation, wind and current speed data
necessary for filtering, and lastly sand wave characteristic data for the Dutch Continental Shelf.

Satellite Data
The Google Earth Engine (GEE) database and API is used to process the image collections from satel-
lites Sentinel 1 and Sentinel 2. The Sentinel 1 satellite has a synthetic aperture radar that sends out
microwave pulses and then captures the returning signal. The satellite was launched in April of 2014
by the European Space Agency and since then has been monitoring the Earth’s surface. The vertical
transmit/vertical receive (VV) band with a 10 meter resolution was used for SAR because it is the best
method to determine height variation in the ocean surface compared to vertical transmit/horizontal re-
ceive (VH) band. Sentinel 2 was launched in 2015 and since then has been monitoring the Earth’s
surface. Bands two through four corresponding to the blue, green and red band with a 10 meter reso-
lution each was used.
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MBES Data
Two sets of Multi-Beam Survey data is obtained for the Dutch Exclusive Economic Zone which covers
the Dutch Continental Shelf. The first is from 2018 and the second from 2019. The resolution for both
data sets is 25 meters, which is lower than the resolution of satellite data.

Wind Speed Data
The wind speed time series is obtained from ERA5 hourly data on single levels from 1940 to present.
ERA5 is a European Centre for Medium-Range Weather Forecasts reanalysis of global climate and
weather since 1940. The data is a combination of model data and global weather and climate obser-
vations. The resolution is 0.25 degrees. The 10 meter u and v components of wind were downloaded
and composed into a time series for a point within the AOI.

Current Speed Data
The current speed data is obtained from the results of the Dutch Continental Shelf Model (DCSM). It
is a depth-averaged hydrodynamic model based on Delft3D Flexible mesh software with coverage for
the extent of the North Sea. It contains hourly measurements for the u and v component of the current
to the from the year 1978 to 2022.

Sand Wave Characteristics North Sea
To compare the resulting sand wave characteristics over a large area in the North Sea, the results from
Damen et al., 2018 were used to compare. The sand wave characteristics were obtained by applying a
2-D Fourier transform on bathymetry data of the Dutch Continental Shelf from the Bathymetric Archive
System of the Netherlands Hydrographic Office with a spatial resolution of 5 by 5 m or 25 by 25 m.



3
Methodology

The overall methodology needed to answer all the sub-questions is shown in 3.1. Each of the following
subsections will go into further detail about the locations that are used for each of the case studies, the
filtering of satellite image collections, and post processing of the resulting images to determine sand
wave characteristics.

Figure 3.1: Framework for answering research question through sub-questions split into two main phases, where the first
phase will compare the methods of remote sensing sand waves and the second phase will be the automation and upscaling of

the process.

To answer the first research question, to determine which methods there are for detecting sand
waves through satellite data and what are the different processes they require, is answered with a lit-
erature study found within the Background Information in Chapter 2. The methodology for the second
research question, to determine how these methods can be used to determine sand wave characteris-
tics, is looped through twice. The first time through the process, the area of interest the methodology
is applied to is three smaller areas within the North Sea. The results for the local case are used to
perform a sensitivity analysis for the effects of different area sizes considered and different sources of
noise. The second time it is looped through the area of interest is up-scaled to the entire North Sea.
The third research question, determining the accuracy as well as the spatial and temporal limitations, is
answered using the results from the second research question, including filtering of the image collection
and the calculated sand wave characteristics.

11
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3.1. Areas of Interest
The framework of this research is set up to understand the limitations of the two remote sensingmethods
that are based on the Alpers Hennings model. Multiple case studies will be investigated due to unique
properties in the sand wave fields and the surrounding environment that causes noise. These difference
are described in the following confusion matrix shown in Figure 3.2. The matrix contains four categories
which includes detecting sand waves through remote sensing when they are present in MBES, not
detecting sand waves when they are not present in MBES, detecting sand waves when there are none
present or not detecting sand waves when they are present in MBES.

Figure 3.2: Confusion matrix with corresponding locations

Hoek van Holland, Netherlands
The first case study is located off the coast of the Netherlands by the Hoek van Holland (HvH). The area
has a width of 0.2 degrees and a height of 0.1 degrees, centered around the point (3.54, 52.07). The
sand waves found here are highly irregular with shorter wave lengths as seen in Figure 3.3 The depth
ranges from 25 to 30 meters at this AOI. The median cloud coverage for the Netherlands in Sentinel-2
images is about 60% annually (Bergsma & Almar, 2020).

Figure 3.3: Area of Interest Hoek van Holland from MBES

Holland Kust Zuid, Netherlands
The second case study is located at Holland Kust Zuid (HKZ) off the coast of the Netherlands. The
sand wave field here is highly regular with longer wave length as seen in Figure 3.4 The average depth
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at this location is about 20 meters. The area has a width of 0.2 degrees and a height of 0.1 degrees
and is centered around the point (4.15, 52.3).

Figure 3.4: Area of Interest Holland Kust Zuid from MBES

Alkmaar, Netherlands
A location without the presence of sand waves as seen in Figure 3.5 was chosen off the coast of the
Netherlands by Alkmaar. The water depth is about 20 meters at this location, equivalent to the depths
found at Holland Kust Zuid, and is centered round the point (4.4, 52.54) with the same dimensions as
the other areas.

Figure 3.5: Area of Interest Alkmaar from MBES

3.2. Filtering Image Collection
This section will describe the filtering process for the image collections for mean glint angle and cloud
cover for optical, and for environmental parameters for both optical and SAR images as seen in Figure
3.1. Unlike SAR satellite images, to determine if sand waves are visible in optical satellite images there
are additional filtering steps needed as discussed in Subsection 2.3.1. The first is mean glint angle,
or the angle between the receiving satellite, the sea surface, and the sun which is determined by the
following equation (Giglio et al., 2003).

cosθg = cosθvcosθs − sinθvsinθscosϕ

θg represents the mean glint angle, θv is the view angle while θs is the solar zenith angle, and Δϕ is
the relative azimuth angle as seen in Figure 3.6. The mean glint angle is calculated by getting the
necessary values from the meta data of the satellite image, calculating using the formula, and adding
the result back as meta data.
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Figure 3.6: Coordinate system and definition of the relevant geometry parameters: θs and θv are the solar and the viewing
angles, respectively, Δφ is the relative azimuth angle (Harmel et al., 2018)

In Kras et al., 2022 the relationship between the latitude and mean glint angle was determined for
Sentinel-2 over the year 2021 to as seen in Figure 3.7. The threshold value for filtering was set as the
minimum mean glint angle found during the winter months based on the assumption that no sun glint
images are found during this time period. This angle is 56 degrees for the latitudes of the North Sea
which is a higher angle value than what would be found near the equator at lower latitudes.

Figure 3.7: Relation between latitude and mean glint angle for Sentinel-2 collection based on the data between the 1st of
January 2021 and 1st of January 2022. The minimum mean glint angle found for any longitude and latitude combination (left)
and ranges of the mean glint angle as function of the latitude for each season (in the Northern Hemisphere) and for the whole

year (right) (Kras et al., 2022)

Clouds are only a pertinent factor for optical satellite images as SAR microwaves do not pick up on
clouds. For optical images clouds can range from completely blocking all available data to adding noise
to the image with clouds containing high reflectance values compared to the surrounding ocean sur-
face. Therefore, to remove satellite images that contain a significant number of clouds the collection
was filtered for a threshold of 20% cloud cover.

Wind and current speeds are added to the meta data of the satellite images in the image collection
based on the nearest hour of the date and time the satellite image is taken. As discussed in Section
2.3, for the Alpers-Hennings Model, to be able to detect sand waves in a satellite image the current
speed needs to be strong enough for the current moving over the bed form to effect the sea surface
roughness. Also, the wind speed needs to be strong enough that the sea surface is not flat, but not too
strong where the surface is too rough and the signals from the sand waves can no longer be detected.
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The initial thresholds set for wind speed is between 3 and 12 m/s and current speeds about 0.4 m/s
(Gagliardini et al., 2004). During the phase of obtaining an image collection containing only satellite
images with sand waves present the thresholds for wind speed and current speed will be determined
with more precision. Considering that sand waves should never be detected at Alkmaar, the collection
was filtered for the environmental parameters and then satellite images will be used for the same date
and time where sand waves are detected at the nearest area of interest, Holland Kust Zuid.

3.3. Post Processing for Sand Wave Characteristics
Figure 3.8 shows the expanded methodology for the post processing used to acquire the sand wave
characteristics from a satellite image. This methodology can also be applied to a MBES to determine
the sand wave characteristics over an area. The input images are obtained by following the filtering
process described in the previous Subsection 3.2.

Figure 3.8: Framework for post processing step in Figure 3.1. A resulting satellite image from filtering the image collection
containing sand waves is then filtered for noise. Then a 2D FFT is applied. The resulting image is split into four quadrants and

the quadrant containing the positive signal is taken. This is then smoothed for noise using a Gaussian Filter and the 99th
percentile of points is taken to get the center of the signal. From this point the sand wave characteristics can be calculated.

The output collection of both SAR and Optical images are filtered to remove noise. For SAR images,
the Lee filter is used and for optical images the Gaussian filter is used which is further discussed in
Subsection 2.3.2 and 2.3.1 respectively. A 2D Fast Fourier Transformation (FFT) is performed on the
entire satellite image as described in Subsection 2.4. From the signal in the FFT the wavelength and
wave angle can be determined by taking the 99th percentile of the data points of the quadrant contain-
ing the signal of the sand waves. The four quadrants are shown in Figure 3.9, and the second quadrant
is used which contains the positive part of the sand wave signal. This method was tested in Appendix
A to determine which parameters to use to most accurately determine the center of the signal. The
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wavelength is determined by converting the distance from the origin to the point from frequency back
into meters. The angle is defined as the angle formed between the positive x axis and a line drawn from
the origin to the point, and therefore with respect to due East. These values provide an average value
for wavelength and wave angle over the considered area. This method was create and tested for the
first area of interest, Hoek van Holland and then later applied to the other AOIs to test the limitations.

(a) Quadrants definition (b) Sand wave characteristics determination in quadrant 2

Figure 3.9: Splitting the FFT for MBES of Hoek van Holland into four quadrants then determining sand wavelength d is
frequency and wave angle α

Before the upscaling can occur, a sensitivity analysis was performed on the results for the local scale
areas of interest. This was done to determine the effect that different sources of noise that can be
present in satellite images such as ships and clouds, have on the FFT and calculated sand wave char-
acteristics. Also, the satellite images for each of the AOIs as well as the MBES, were split into smaller
area sizes with measurements of 1, 2, 3, 4, and 5 kilometers to determine which tile size is appropriate
for the upscaling. After splitting the images into tiles, a 2D FFT was applied and the wavelength and
wave angle were calculated for each tile. To understand the variance in data between the results from
SAR, optical, and MBES, the distribution of the tiles for each year is compared using box plots. The
area size that had the least amount of spread and the most accurate average value was then used
for the upscaling. Depending on the area size and the sand wave characteristics in an area, different
signals are present within the FFT which would alter the results.

To perform the upscaling of the methodology to obtain sand wave characteristics of a larger area a
single pass over of the satellite was used. A date is chosen on which sand waves are visible through
the filtering process. Then, using a grid created over the entire North Sea, the images were down-
loaded in tile size increments. Once all the tiles for a single pass were downloaded over the grid, the
wavelength and wave angle were calculated using the methodology in Figure 3.8. Additionally, a den-
sity map of each AOI was made by using the calculated sand wavelength and the distance within the
tile inline with the wave angle to calculate the number of sand waves per tile. The wind speed and
current speed data was added to the information for each point in the grid to better understand the
effects of each parameter on the visibility of sand waves. By comparing all the factors such as wind
speed, current speed, depth, and different sources of noise, the limitations of the methodology will be
understood.



4
Results

The results are split into two parts, based on which Area of Interest (AOI) is used as input. There are
the local scale cases: Hoek van Holland (HvH), Holland Kust Zuid(HKZ), and Alkmaar (ALK), and the
second AOI is the entire North Sea and is considered the upscaling of the methodology.

4.1. Areas of Interest
For each of the areas of interest discussed in Section 3.1, first, the image collection was filtered to
obtain images containing sand waves, then the post processing to obtain the sand wave characteristics.
Finally the effect of noise over an area for calculating sand wave characteristics was observed.

4.1.1. Filtering Image Collection
The processing of filtering the original image collection is performed for each AOI for the year 2021.
First, to determine the effect that each environmental parameter has, the image collection was filtered
for a single parameter which is shown in the following figures for the Hoek van Holland. Then, to deter-
mine the final amount of images per year containing sand waves, the image collection was filtered in
series for the environmental parameters. This order is: mean glint angle (applicable for optical images
only), wind speed, current speed, and cloud cover (applicable for optical images only).

Unlike SAR, the optical images also depend on the mean glint angle and the amount of cloud cover.
For both parameters the entire image collection for the year 2021 at HvH was filtered to determine
how many images per year meet these conditions as seen in Figure 4.1. The original image collection
for Sentinel-2 is 144 images and when filtered for mean glint angle, 82 images remain, about 57% of
the original collection. The remaining images in the collection are between the months of March and
August where the sun makes the correct angle between the sea surface and the satellite sensor. When
filtered for cloud cover threshold of 20%, the remaining number of images is 29 or 20% of the original
collection. Considering the typical weather found at the North Sea which consists of a lot of cloud cover,
a low number of images that pass the conditions is expected. The low threshold value for cloud cover
is necessary to apply the FFT, which is discussed later when looking at different examples of noise.

17
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(a) Mean Glint Angle Filtering OPT

(b) Cloud Cover Filtering OPT

Figure 4.1: The result of filtering the entire Sentinel-2 image collection for AOI Hoek van Holland over the year of 2021 for
mean glint angle (a) and cloud cover (b)

The image collection for SAR contains 290 images, which makes it seem as though the Sentinel-1
satellite passes over the North Sea about twice as often, however this is not always the case. The
higher amount is due to the splitting of the images in Google Earth Engine as a result of their size
which happens to be split over the Hoek van Holland for SAR and not for Optical, doubling the amount
of images. The probability density function for wind and current speed is shown in Figure 4.2. It is
observed that for the majority of time in 2021, the wind speed at this point falls within the minimum and
maximum thresholds of 3 to 12 m/s. The data for the current speed shows that the threshold condition
of 0.4 m/s is fulfilled more than half the time. This shows that the North Sea has relatively favorable
conditions based on these two environmental parameters.

(a) PDF Wind Speed (b) PDF Current Speed

Figure 4.2: The Probability Density Function for wind speed from ERA5 and current speed from DCSM with thresholds from
literature (Gagliardini et al., 2004) for filtering for a point within the AOI Hoek van Holland for the entire year of 2021.

When filtering the SAR and Optical image collections for wind speed as seen in Figure 4.3, the amount
of images left in the collections is 243 and 117, or 84% and 81% respectively. This corresponds to the
values in the Probability Density Function of wind speed seen in Figure 4.2, where a large amount of
the wind speed values fall between the thresholds. Wind direction has no impact on the results as the
wind direction for the passing images has no specific trend.
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(a)Wind Speed Filtering SAR

(b)Wind Speed Filtering OPT

Figure 4.3: The result of filtering the entire Sentinel-1 (a) and Sentinel-2 (b) Image Collections for AOI Hoek van Holland over
the year of 2021 for the wind speed thresholds

When filtering the image collections for current speed as seen in Figure 4.4 the remaining amount of
images in the collections for SAR and Optical is 192 and 98 images respectively, or 66% and 68%.
Like the results of wind speed filtering, the percentage of images left is comparable to the Probability
Density Function of the current speed seen in Figure 4.2 which satisfies the condition.

(a) Current Speed Filtering SAR

(b) Current Speed Filtering OPT

Figure 4.4: The result of filtering the entire Sentinel-1 (a) and Sentinel-2 (b) image collections for AOI Hoek van Holland over
the year of 2021 for the current speed thresholds

To find the resulting image collection containing sand waves, the collection was filtered for all the thresh-
olds. Table 4.1 shows the resulting number of images in an image collection after applying all the filters
in order. However, the final image collection after filtering based on the parameters has shown that
not all resulting images actually contain sand waves, and the true number of images containing sand
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waves is shown in the last column of the table. The values in the final column were found by manually
checking the final image collection for sand wave signals.

Table 4.1: The results for filtering image collections for optical and SAR for the three AOIs based on environmental parameters
in series for the year 2021. The Final total containing sand waves was determined manually. SAR does not need to be filtered

for mean glint angle or cloud cover

Location Image
Collection

Mean Glint
Angle Wind Speed Current

Speed Cloud Cover Final Total

Final Total
actually

containing
Sand Waves

OPT HvH 144 82 69 49 14 14 2
HKZ 288 161 136 97 30 15 1
ALK 144 79 67 48 16 16 -

SAR HvH 290 - 243 166 - 166 10
HKZ 236 - 202 132 - 132 10
ALK 266 - 228 150 - 150 -

The reason the true final total that actually contains sand waves has fewer images than what is the
result of the filtering process is due to multiple factors. One of these factors is that the parameters of
wind and current speed need to be adjusted to be stricter and can differ between optical and SAR. Also,
the speckle noise present in SAR will cover weaker signals such as sand waves if the conditions are
not exactly ideal.

When comparing the amount of satellite images containing sand waves for SAR and optical, there
is a higher percentage of images left for SAR at about 3.5% and 7.6% compared to 1.4% and 0.7%
for optical. This is due to the additional parameters required, the mean glint angle and cloud cover
percentage, to detect sand waves in optical images. SAR has viable satellite images containing sand
waves throughout the year as seen in Figure 4.5. The resulting optical images for 2021 is in April and
June only. For multiple years it was observed that optical images fall between the months of April and
July due to the mean glint angle and the favorable weather conditions.

(a) Hoek van Holland (b) Holland Kust Zuid

Figure 4.5: Distribution of dates per motnh that satellite images where taken containing sand waves in the year 2021

4.1.2. Post Processing for Sand Wave Characteristics
Results for the Three AOI
After the process of filtering the original image collection to a smaller collection containing images
with sand waves an image was chosen at each of the AOIs. First, the AOI of Hoek van Holland was
considered and was used to create and test the methodology to calculate sand wave characteristics.
A Gaussian filter was applied to the optical image and a Lee filter to the SAR image to remove noise
in the images. In both images in Figure 4.6, ships, which are labeled with A, are present which is a
common occurrence for images at this location due to traffic. The sand waves are very distinct in the
optical image and the irregularity of the waves can be seen. In the SAR image there is speckle noise
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present which gives the image a grainy appearance. Also, the sand waves are clearer in the southwest
of the image and not very visible in the northeast of the image.

(a) Optical Satellite Image with Gaussian Filter (b) SAR Satellite Image with Lee Filter

Figure 4.6: Optical and SAR Satellite Images at Hoek van Holland 2021 with Gaussian and Lee Filter Respectively. Effect of
filter visually is very small so only the filtered image is shown.

The signal derived from the sand waves present in each of the images is shown in Figure 4.7. In
the FFT from SAR image the only distinct signal is that from the sand waves marked by the letter A.
However, in the optical image in addition to the signal due to sand waves marked by the letter B, there
is evidence of a larger signal on top of the signal of the sand wave labeled with A. The source of this
additional signal will be further explored in Section 4.1.3 and is due to the ship. The signal from the
sand waves is also larger and more spread out for the optical image than the SAR image.

(a) FFT of Hoek van Holland Optical Image (b) FFT of Hoek van Holland SAR Image

Figure 4.7: Comparison of FFT results between Optical and SAR satellite images

The overall FFT was split into four quadrants and the quadrant containing one of the pair of points
resulting from the sand waves was used to calculate the characteristics as seen in Figure 3.9. First,
the resulting quadrant was smoothed using a Gaussian Filter the peak values are less extreme with
less outliers and the methodology to get the center of the signal is more accurate as seen in figure
4.8. The peak location detected visually matches the center of the signal from the sand waves. The
wavelength and wave angle calculated is an average value over the entire area, and the wave angle
is calculated with respect to due East. The use of a low/high pass filter from 100 to 1000 meters was
explored. However, due to the amount of noise in the FFT signal for the sand waves it was chosen not
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to use a low/high pass filter. The reason to ignore this filter is that the filter often cuts out parts of the
FFT signal. This leads to a shift in the calculated center of the signal, which does not visually agree
with the location of the center of the signal. However, to make sure that only the correct signal is read,
the bright signal at the origin of the FFT is removed when calculating the center of the signal.

The resulting wavelength and wave angle for optical is 533.2 meters and 49.6 degrees, and for SAR
is 561.9 meters and 29.1 degrees. The wavelength from the optical image is about 30 meters smaller
than the from the SAR image. Also, the angle calculated from the SAR image is 20 degrees smaller
than the optical image. This is because the optical image has more visible sand waves than the SAR
image when comparing visibility in Figure 4.6. With more waves present, including smaller waves be-
tween larger waves, the resulting FFT signal will be shorter. The waves are also very irregular and due
to wind and current conditions the angle angle the sand waves make in the image changes.

(a) FFT Optical Image 2nd Quadrant (b) FFT SAR Image 2nd Quadrant

(c) FFT Optical Image 2nd Quadrant with Smoothing Filter (d) FFT SAR Image 2nd Quadrant with Smoothing Filter

Figure 4.8: Comparison of FFT results between Optical and SAR satellite images for the 2nd quadrant only containing the
signal along with the smoothed image used to determine the sand wave characteristics as discussed in Section 3.3 by taking

the 99th percentile of values present.

The process was repeated for the MBES for the same AOI as seen in Figure 4.9. The horizontal and
vertical lines present in the FFT of the MBES are due to the distinct lines in the data due to the merging
of the datasets where it does not line up. Compared to the FFT from the optical and SAR images, the
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signal is much more distinct because there are no other sources of noise such as clouds, ships, and
speckle noise. However, the FFT does resemble that of the optical image seen in Figure 4.8 (c). A
reason why the signal is spread out is because all the irregular sand waves are visible so the signal
is the average of all these angles. The resulting wavelength is 427.4 meters and an angle of 34.6
degrees.

(a) MBES of Hoek van Holland

(b) FFT of MBES (c) FFT MBES 2nd Quadrant with Smoothing
Filter

Figure 4.9: Process of getting sand wave characteristics from MBES at Hoek van Holland

The second AOI to be looked at was at Holland Kust Zuid and the satellite images are shown in Figure
4.10. The sand waves at HKZ have a longer wavelength and aremore regular than at HvH. In the optical
image the sand waves that can be seen do not follow the entire crest line of the sand wave because the
signal is not visible. In addition to visible sand wave signals, the optical image also contains smaller
clouds as well as a Cirrus cloud which looks like a streak across the image and is labeled with the
letter A. The SAR image has much more distinct sand waves than what is visible in optical. This is the
opposite case compared to HvH, where the sand waves were much more visible in the optical image
compared to SAR. Also, while in the optical image, the sand waves are presented as a solid line of
lower reflectance, in the SAR image, both the smoother and rougher sea surface can be seen for each
sand wave. In the SAR image a small ship is labeled with A, and an area where there are no sand
waves visible in the northwest is labeled with B.

(a) Holland Kust Zuid Optical Satellite Image 2021 (b) Holland Kust Zuid SAR Satellite Image 2021

Figure 4.10: Optical and SAR satellite images at Holland Kust Zuid

The sand wave characteristic calculation by finding the center of the signal is shown in Figure 4.11. The
signal in the FFT for SAR is very clear and results in a sand wavelength of 843.9 meters and angle of
38.1 degrees. The signal for the optical image is affected by by clouds, and the effect clouds has is
further discussed in Section 4.1.3. The calculated wavelength is 895.3 meters and the angle is 27.7
degrees.
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(a) FFT Optical Image at HKZ 2nd Quadrant with Smoothing Filter (b) FFT SAR Image at HKZ 2nd Quadrant with Smoothing Filter

Figure 4.11: Comparison of Optical and SAR FFT for 2nd quartile at Holland Kust Zuid used to determine the sand wave
characteristics

Once again, the process is repeated over the same AOI for a MBES. Seen in the FFT for the MBES
is the ideal situation in which there is a very clear and defined signal. This clear signal comes from
the strong pattern found in the regular sand waves at Holland Kust Zuid. The resulting wavelength
is 738 meters and angle is 45.9 degrees. Unfortunately, the quality of data derived from the satellite
images is lower than from MBES and the sand wave signals are much less distinct and there are more
sources of noise. Also, irregular sand waves are common in the North Sea like at HvH, which means
the conditions to have as clear of a signal as the FFT of the MBES is not always met.

(a) Holland Kust Zuid MBES

(b) FFT MBES Image 2nd Quadrant with Smoothing Filter

Figure 4.12: MBES at Holland Kust Zuid and FFT results for the 2nd quadrant only containing the signal along with the
smoothed image used to determine the sand wave characteristics

The last AOI discussed is Alkmaar. When a location contains no sand waves such as Alkmaar seen in
Figure 4.13, there should be no distinct signal present in the FFT. However, as a result of the method-
ology to calculate the location of the 99th percentile point, the sand wave characteristics can still be
calculated and have a resulting wavelength and wave angle. In this thesis the method to differentiate
whether or not an area contains sand waves has not been determined and is mentioned in the Recom-
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mendations in Chapter 7. The optical images contains two instances of clouds labeled A and B. The
SAR image contains ships labeled with A, and a less distinct unknown signal labeled with B.

(a) Alkmaar Optical Satellite Image 2021 (b) Alkmaar SAR Satellite Image 2021

Figure 4.13: Optical and SAR satellite images at Alkmaar

Unlike what was expected, there is a signal present in the FFT for the optical image as seen in Figure
4.14. This is due to the clouds present in the optical image. The clouds show up as a signal around
the origin and when looking at the second quadrant the signal looks like that of a sand wave. At the
same location for the year 2022, the FFT looks very similar to that of SAR. The FFT for the SAR image
contains no distinct signals and the calculated point does not match and spots of brightness. The
calculated wavelength and wave angle for optical is 1134.6 meters and 33.8 degrees and for SAR is
329.2 meters and 44.1 degrees. While the sand wave angle does not differ much, there is a significant
difference in the calculated wavelength of over 800 meters. This could be in part because of the
additional signals in the optical FFT due to clouds, or a difference in the distribution of values between
the optical and SAR FFT.

(a) FFT Optical Image at Alkmaar 2nd Quadrant with Smoothing Filter (b) FFT SAR Image at Alkmaar 2nd Quadrant with Smoothing Filter

Figure 4.14: Comparison of Optical and SAR FFT for 2nd quartile at Alkmaar used to determine the sand wave characteristics

Once again, the process was repeated for the MBES. The water depth at Alkmaar is shallower than the
two other cases. The FFT for Alkmaar contains a bright signal at the origin but no other distinct signals
from sand waves. The calculated wavelength is 719 meters and sand wave angle is 71.7 degrees.
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(a) Alkmaar MBES

(b) FFT MBES Image 2nd Quadrant with Smoothing Filter

Figure 4.15: MBES at Alkmaar and FFT results for the 2nd quadrant only containing the signal along with the smoothed image
used to determine the sand wave characteristics

The results for the sand wave calculations at Hoek van Holland, Holland Kust Zuid, and Alkmaar are
compiled in Table 4.2. The wavelength calculated through all three methods is lower at HvH than
at HKZ as expected. At HvH, the sand waves are shorter and more irregular while at HKZ they are
longer and more regular. The difference in the signal due to regular and irregular sand waves is further
discussed in Appendix C. At both HvH and HKZ, the wavelength calculated using an optical and SAR
image differs by about 30-50 meters, while by MBES is 100 meters less for both locations. Therefore,
the remote sensing methods tends to overestimate the wavelength compared to MBES. Alkmaar is the
unique case because there are no sand waves present here. The sand wavelengths calculated here
vary the most, where the optical image is 400 meters greater than the MBES, and SAR is 400 meters
less than the MBES. The greatest distance between wave angles also occurs at Alkmaar, where the
optical and MBES wave angle varies by 40 degrees.

Table 4.2: Resulting sand wave characteristics

Location Type Wavelength [m] Wave Angle [deg]
Hoek van Holland Optical 533.2 49.6

SAR 561.9 29.1
MBES 427.4 34.6

Holland Kust Zuid Optical 895.3 27.7
SAR 843.9 38.1
MBES 738.0 45.9

Alkmaar Optical 1134.6 33.8
SAR 329.2 44.1
MBES 719.0 71.7

To get more detailed information the average wavelength and the standard deviation were determined
for Hoek van Holland and Holland Kust Zuid. This was done by determining the wavelength between
each sand wave along a trajectory in QGIS. At HvH the average wavelength is 340 meters and the
standard deviation is 119 meters. For all three methods, optical, SAR, and MBES, the wavelength
calculated over the area is larger than the average value. The optical and SAR image are within one
standard deviation of the MBES wavelength value. The overestimation of the wavelengths for the re-
mote sensing methods can be due to wind and current conditions for the AH model. It is possible
that only the sand waves with the largest heights within an area will be visible, and the smaller sand
waves are not visible. This will lead to longer wavelengths. However, if the conditions are ideal, it is
possible to have all sand waves visible within an area which would lead to a lower wavelength if all the
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signals are captured. At HKZ, the average wavelength is 700 meters and the standard deviation is 208
meters. At HKZ, all three remote sensing methods are within one standard deviation of the average
wavelength. The longer sand wavelength and the regularity of the sand waves allows for clearer visi-
bility in the satellite images and the FFT to get a more concentrated signal for the calculation of sand
wave characteristics.

The results in Table 4.2 lead to another finding, the signals in the resulting FFT from sand waves is
very important. Many factors can impact the value of the sand wave characteristics. Different sources
of noise can change the signals in the FFT in different ways. The quality, like the amount of speckle
noise in a SAR image, of the image is also a very important factor. The visibility of sand waves within
an image will change the clarity of the signal in the FFT and also where the signal is located. Also, the
size of the area used for the FFT can have an impact.

4.1.3. Sensitivity Analysis
Comparison for different Tile Sizes
The overall image was split into smaller tiles of different sizes to investigate if a smaller area will still
read the correct signals in the FFT and allows for a finer data grid. To determine the best size, the
images were split into tiles of 1, 2, 3, 4 and 5 kilometers and for each tile the wavelength and wave
angle of the sand waves were calculated and the results compared to each other. This is shown in
Figure 4.16 for both an Optical Image and a SAR Image at HvH for the sand wave length and angle
characteristics. Since both the optical and SAR image at HvH contain a ship, the tile containing the
ship will be the largest outlier as discussed later in Section 4.1.3. The results for the comparison for
different area sizes for HKZ is in Figure B.1.

The full area represents the results for the entire area that is considered in Subsection 4.1.2. At this
larger area size the calculation for the sand wavelength and wave angle is averaged over a large area
and the influence of noise or weaker signals becomes less significant. Although at an area of 1 km,
the range for the wavelength for the optical and SAR image is the smallest with the lowest standard
deviation of 72.7 and 125.1 meters respectively, the angle at this area size has inversely has the largest
range and greatest stand deviation of 20.5 and 23.6 degrees respectively. The value of the sand wave
angle also reaches 0 degrees which is not wrong for this location. Another reason that 1 km is too
small of an area is that the sand wavelength can be up to 1000 meters, or 1 km. At this wavelength
it is possible that only a single wave will be present within a tile area, causing there to be no clear
sinusoidal signal within the image to calculate the FFT for. The whiskers for each box plot indicates
the variability outside the upper and lower quartile which is contained within the box. The length of the
whiskers decreases as the area size increases for the wavelength of both optical and SAR. The range
of the wave angle data becomes smaller starting at an area of 3 km for optical and 4 km for SAR.
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(a)Wavelength Optical (b)Wave Angle Optical

(c)Wavelength SAR (d)Wave Angle SAR

Figure 4.16: Comparison of different tile sizes and the effect on sand wave characteristics at Hoek van Holland for an Optical
and a SAR Image

As a benchmark, the same process was repeated for MBES for the same area as seen in Figure 4.17.
Compared to the results for optical and SAR, the average value for wavelength is closer to that of the
full image and has less overall spread in the data with less outliers. This is due to quality of data of
the MBES compared to that of the optical and SAR images. Not only is there more noise present such
as speckle noise or clouds, the signal present in satellite images is weaker and less distinct than in
MBES. It is also expected to have low variability in the wavelength because the area of interest is not
large enough to contain significant change in the sand wave characteristics. The greater spread of the
wave angle data at the lower area size is due the MBES capturing the entirety of the signal from the
very irregular sand waves present at HvH. This spread in the data is not present in the results for the
tile comparison at HKZ which has much more regular waves as seen in Appendix B Figure B.1.



4.1. Areas of Interest 29

(a)Wave Length (b)Wave Angle

Figure 4.17: Comparison of different tile sizes and affect on sand wave characteristics at Hoek van Holland for MBES

The tile size comparison was also performed for the optical and SAR images and MBES at HKZ as
seen in Figure B.1 with similar results to that of HvH. It was decided to move forward with a tile size of
5 by 5 km. This area was the smallest area that was still in relative agreement with the results over the
full image, along with a lower amount of variance in the data and less outliers. Low variance is wanted
because the sand waves are all present in a single area and have similar characteristics. The full area
is not large enough to contain significantly different sand waves. At HvH, all the sand waves have a
shorter wavelength and are irregular. Also, there is no significant change in depth or environmental
parameters either so the conditions are expected to stay the same. Depending on the area size that
is considered for the FFT, different signals are detected. This explains why the wavelength tends to
increase as the area size increases. Also, it is important to note that at small area sizes such as 1 and
2 kilometers, the signal that is read is not always the sand wavelength, which is further explained in
Chapter 5

Effect of Noise
The ideal FFT signal for sand waves is a pair of dots as seen in Figure 2.5, however due to the natural
characteristics of sand waves like irregularity, speckle noise due to the remote sensing method, and
other sources of noise, additional signals are present. To determine the effect that different sources
of noise (like ships and wind farms) have on the FFT, 5 by 5 km areas were found containing both
sand waves and a noise source. The FFT was performed on the area to determine the sand wave
characteristics as well as to analyze how the FFT signal has changed due to noise.

In Figure 4.18, an optical and a SAR image are shown for the same location containing a wind farm.
The sand wave signals are very distinct in the optical image and less distinctive in the SAR image. How-
ever, the turbines of the wind farm are presented as small points in the optical image and are much
larger signal points in the SAR image.
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(a) Optical Image Wind Farm (b) SAR Image Wind Farm

(c) FFT Optical Image (d) FFT SAR Image

Figure 4.18: Optical and SAR image containing a wind farm with the resulting FFT

The FFT for both images contain what looks like a grid of points near the origin which can be seen in
Figure 4.19. The Gaussian filter applied to the FFT smooths the effect of the additional signals. The
wavelength calculated for optical is 516 m and for SAR is 392 m, which is both lower than what is
expected in this area. The wave angle seen for the signal in the FFT for optical matches better with
the angle the sand waves make in the satellite image, while the angle seen in the SAR image is much
lower. Comparing the effect on the FFT between optical and SAR, optical imagery seems less affected
by the presence of the wind farm, especially for the wave angle. The strong impact of wind turbines in
the SAR image causes the sand waves to be less visible in the image and therefore weaker in the FFT.
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(a) FFT Optical Image Quadrant 2 (b) FFT SAR Image Quadrant 2

Figure 4.19: Optical and SAR image FFT smoothed quadrant 2 containing a wind farm

The next source of noise observed is that of a ship. Both images in Figure 4.20, contain a ship. In
the optical image it was observed that the ship is traveling towards the southwest evident by the wake
behind the ship. Also, the ship is more distinct in the optical image compared to the SAR image where
the ship is brighter, with less sharp lines and no visible wake. The ship in the optical image has a
significant effect on the FFT by adding an ellipse with a very strong signal tends to cover that of the
sand wave signal. The SAR FFT contains no strong signals.
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(a) Optical Image Ship (b) SAR Image Ship

(c) FFT Optical Image (d) FFT SAR Image

Figure 4.20: Optical and SAR image containing a ship with the resulting FFT

The optical image results in a wavelength of 1074 m. However, where the signal of the sand waves
should be, the signal due to the ship overshadows it in quadrant 2 of the FFT as seen in Figure 4.21.
So the sand wavelength that is calculated is due to the signal from the ship instead. The SAR image
results in a wavelength of 1154 m with a signal that is strongest around the origin. Both these values
are significantly larger than what is expected at this location and it can be concluded that ships have
a strong effect on the calculation of the sand wave characteristics. The signal of the ship in the FFT
covers that of the sand wave in both methods. A recommendation on how to remove tiles affected by
ships is given in Chapter 7.



4.1. Areas of Interest 33

(a) FFT Optical Image Quadrant 2 (b) FFT SAR Image Quadrant 2

Figure 4.21: Optical and SAR image FFT smoothed quadrant 2 containing a ship

Another example of how a ship can affect the sand wave characteristic is seen in Figure 4.22. For
optical, the calculated wavelength is 621 meters which is a reasonable value, however, the calculated
sand wave angle is 3.6 degrees which is very low. This very low wave angle value is another indicator
that noise is present. This is the same for the SAR image which contains three ships. The calculated
sand wavelength is 1002 meters and the wave angle is 17.4 degrees. While the angle is not as low
as that in the optical image, it is lower than expected. Also, the effect on the FFT is very different
between the optical and SAR image. For the optical image it has created a very strong pattern that
occurs throughout the FFT while in the case of SAR, it has caused a bright signal around the origin.
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(a) Optical Image Ship (b) SAR Image Ship

(c) FFT Optical Image (d) FFT SAR Image

Figure 4.22: Additional example for Optical and SAR image containing a ship with the resulting FFT

Due to the nature of optical images, they are affected by clouds while SAR is not. An image with a
small amount of clouds is chosen because the overall time step the satellite pass is chosen for should
already have little to no clouds present. When looking at the corresponding FFT image in Figure 4.23
(b), the resulting signal is strongest around the origin, but the signal due to sand waves can still be
observed. The strong signal at the origin would cause a shift in the location of the calculated center of
the point to be closer to the origin than it actually is.
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(a) Optical Image Clouds (b) FFT Optical Image

Figure 4.23: Optical image containing clouds with the resulting FFT

Due to the shift in signal due to the bright signal at the origin from the clouds present the wavelength
calculated was 714 m as seen in Figure 4.24 and larger than what is expected at this location. This is
confirmation that when filtering the collection and choosing images clouds should avoided as much as
possible for optical satellite images.

Figure 4.24: Optical image FFT smoothed quadrant 2 containing clouds

Suspended sediment in the water column (turbidity plume), like clouds, is also visible in optical images
like the one seen in Figure 4.25. The sediment moves in the direction of the current which is perpen-
dicular to that of the sand wave crests. The FFT also shows the typical signal of the sand wave from
the bottom left to the right quadrants, while there is a fainter signal from the sediment in the top left and
bottom right quadrants.
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(a) Optical Image Sediment (b) FFT Optical Image

Figure 4.25: Optical and SAR image containing suspended sediment transport with the resulting FFT

The calculated wavelength is 611 m. The only signal visible in quadrant 2 in Figure 4.26 is due to the
sand waves. As a result, suspended sediment in optical images does not have much affect on the
calculation of the sand wave characteristics because the quadrant used to make the calculations will
never contain the signal.

Figure 4.26: Optical image FFT smoothed quadrant 2 containing suspended sediment transport

Areas of lower reflectance values can occur in SAR images as seen in Figure 4.30 on the west side
(dark colored patch). Multiple phenomena present themselves as dark patches, such as rain cells,
upwellings, internal waves, and oil spills (Liu et al., 2022). The benefit of SAR compared to optical
imagery is that it is dependent upon less environmental parameters like the mean glint angle and cloud
cover, yet weather patterns are still indirectly visible. The dark patch blocks the visibility of sand waves
within the satellite image, and therefore there is no strong signal visible within the FFT seen in Figure
4.27, however it is very faint.
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(a) SAR Image Low Reflectance (b) FFT SAR Image

Figure 4.27: SAR image at a low reflectance area with the resulting FFT

The resulting wavelength from Figure 4.28 is 793 meters which is about twice as large as expected.
The second quadrant of the FFT shows that the signal in the FFT is very indistinct and does not actually
look like the signal of a sand wave. Therefore, if the dark patches are visible in a SAR image, this area
should be disregarded for calculation of sand wave characteristics.

Figure 4.28: SAR image FFT smoothed quadrant 2 at location of low reflectance

The resulting wavelength, wave angle, and wave density was compiled into Table 4.3. In addition to
the sand wave characteristics calculated through remote sensing, a column was added containing the
wavelength measured manually using the MBES and averaged over the same area as each tile. Due
to different sources of noise, the sand wavelength and wave angle can vary largely from the expected
characteristics in an area. This is most strongly seen for optical and SAR images containing ships with
a wavelength 700 meters greater than expected. On the other hand, the calculated wavelength for the
optical image at the wind farm is not very affected by the source of noise and the wavelength is only
75 meters smaller. Therefore, as stated earlier, sand wave characteristics can be calculated at wind
farms when using optical satellite images only. There are two examples shown for the case where the
source for noise is from a ship for optical images, because the location of the ship within the image
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and the shape affected the sand wave characteristics differently. In one case, the sand wavelength is
significantly larger than expected but the angle is reasonable, while in the other case the wavelength is
reasonable and the sand wave angle is very low in value. For both examples of ships for SAR, a very
high wavelength was calculated. While sediment has little effect on the sand wavelength and angle,
clouds have a large effect and should be avoided for optical images. Dark patches in SAR images
should also be avoided because it blocks the visibility of sand waves within the satellite image and the
resulting calculated sand wave characteristics do not correspond to the actual sand waves present.

Table 4.3: Sand Wave Characteristics derived from 5km tiles containing different sources of noise. The actual wavelength was
determined using the MBES in QGIS and manually measuring the distance of wavelengths

Source of
Noise

Satellite
Type

Wavelength
[m]

Wavelength
QGIS [m]

Wave Angle
[deg]

Wave
Density [-]

Wind Farm OPT 515.8 590 82.4 9.8
SAR 392.2 590 36.2 15.8

Ship OPT 1074.0 295 70.2 5.0
OPT 621.0 422 3.6 1.6
SAR 1154.4 315 58.7 5.1
SAR 1002.2 426 17.4 1.0

Sediment OPT 611.1 740 86.1 8.2
Clouds OPT 713.8 386 79.5 7.1

Dark Patch SAR 793.4 416 74.7 6.6

Due to noise it is important to determine whether or not a source of noise is present within an image.
This is because it can cause a false value for sand wave characteristics, such as in the case of the
ships in satellite images or the dark patch in the SAR image. A reasonable value for wavelength can
be calculated, however it is due to the signal of the noise in the FFT, and not due to visible sand waves.

4.2. Upscaling
The next section considers the upscaling of the methodology for the North Sea. The samemethodology
that was used to calculate the sand wave characteristics in Section 4.1.2 for 5 km areas is used to create
a grid of data. A single satellite pass-over was used by assuming similar environmental conditions
across the larger area of interest and therefore visibility of sand waves. The dates for the images for
the pass-over were chosen from the results obtained by filtering the image collection with the process
seen in Section 4.1.1, where sand waves were visible at both HvH and HKZ.

4.2.1. Post Processing for Sand Wave Characteristics
Seen in Figure 4.29 is the grid at which optical and SAR satellite images are downloaded. This gives
a coverage of the North Sea between the Netherlands and England, the primary location of the sand
wave field defined in Figure 1.2, at 5 km intervals.
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Figure 4.29: Grid points to download satellite data every 5 km in the North Sea between the West coast of the Netherlands
and East of England

To better understand where the sand waves occur, the outline of the sand wave field as defined by
Nemeth seen in Figure 1.2 was added to the figures. Only the solid area where the sand wave field is
uninterrupted and not scattered was taken into account. Due to the satellite trajectory over the North
Sea (and its swath width) there is not always complete coverage in a single pass as seen in the south-
west of the SAR image in Figure 4.30. Additionally, due to the variability in weather it is possible that
the North Sea is partially covered by clouds, impacting the usefulness of optical images. Images for
the year 2021 are further analysed below while the analyses for the years 2020 and 2022 are reported
in Appendix B, both these years contain an incomplete pass over of the North Sea for SAR.

The optical image was taken on April 23rd, 2021 and the SAR image was taken on June 5th, 2021.
There is some evidence of clouds in the optical image as seen in Figure 4.30 (a) in the upper right as
bright spots. labeled with A The dark patch in the left of the SAR image labeled with A in Figure 4.30 is
most likely due to a rain cell since rain is a typical weather condition in the North Sea region. The effect
that the dark patch has on the visibility of sand waves is discussed for Figure 4.27. The SAR image is
also not a complete pass of the North Sea and is missing coverage in the Southwest of the image. The
optical image has fuller coverage but is missing some data along the East side close to the Dutch coast.

(a) Optical Image 04/23/2021 (b) SAR Image 06/06/2021

Figure 4.30: Optical and SAR satellite image for the entire North Sea using a single pass-over
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The wavelength of sand waves in the North Sea is considered to be in the range from 100 to 1000
meters, the data points that do not meet these requirements were removed. The majority of points re-
moved for the optical results were greater than 1000 meters which is understandable when looking at
the resulting wavelength for Alkmaar in Table 4.2, where there are no sand waves present. The optical
method calculated a large wavelength. The SAR method at Alkmaar resulted in a lower wavelength
of 330 meters, which will not be removed by the filter, and is consequently the reason why more data
points are still visible in Figure 4.31 (d).

The distribution of data points for the optical image as seen in Figure 4.31 (c) when filtered on wave-
length matches the sand wave field boundaries on the west, east, and north boundaries. This is also
consistent for the years 2020 and 2022 for the optical images as seen in Figure B.4.The scattering of
points with data along the northwest is in the location where there are inconsistent sand waves present.
For the resulting wavelengths for the optical image, the wavelength is lower towards the south and
increases moving towards the north, with points of high wavelength values scattered throughout the
area. The resulting wavelengths for the SAR image is larger in the south and smaller in the north. The
high wavelength area in the south corresponds to where the area with lower reflection occurs in Figure
4.30 (b). Both wavelength images, but especially SAR, exhibit higher wavelengths along the eastern
border of the sand wave field.

(a) Optical Image Wavelength (b) SAR Image Wavelength

(c) Optical Image Wavelength Filtered (d) SAR Image Wavelength Filtered

Figure 4.31: Optical and SAR results for sand wavelength for 2021 in (a) and (b) and with filtering for a wavelength between
100 and 1000 meters in (c) and (d)

In Damen et al., 2018 the sand wave characteristics were calculated using a 2D FFT for a MBES of
the Dutch Continental Shelf. The wavelength is around 100 to 200 meters in the South and gradually
increases moving North. The largest wavelength at around 900 to 1000 meters occurs around the
North and Eastern borders. The MBES dataset used in Damen et al., 2018 does not have complete
coverage over the entire sand wave field in the North Sea as defined by Nemeth, 2003. To compare the
results the wavelength data from Damen et al., 2018 was re-sampled to the grid used for both optical
and SAR and shown in Figure 4.32. The wavelengths from Damen et al., 2018, looks like it has a lower
value of wavelengths in general across the entire area. This is because it measures the wavelength of
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each individual waves which can have shorter wavelengths. All three figures show a higher value for
wavelength in the Northeast and a lower value in the Northwest. In the South the wavelength calculated
from the satellite images has a higher wavelength around 1000 meters. These high values could be
due to a high number of ships in this area due to a popular shipping route leaving from Rotterdam.

(a)Wavelength Optical 2021 (b)Wavelength SAR 2021

(c)Wavelength Damen et al., 2018

Figure 4.32: Comparison of wavelengths obtained from Optical Image, SAR Image, and Damen et al., 2018 for 2021

Correlation for the optical image resulting wavelength and Damen et al., 2018 wavelength is 0.156 and
for SAR is 0.015. The data is visualized in Figure 4.33 with the wavelength from the satellite data on the
x-axis and wavelength from Damen et al., 2018 data in the y-axis. A positive trend is seen for the optical
image and a negative trend for the SAR image. The wavelength from Damen et al., 2018 tends to have
a low value of around 100 to 400 meters with fewer values greater than 400 meters. Both the optical
and SAR wavelengths has data from 100 to 1000 meters, however SAR is more densely populated at
lower wavelength values and optical at higher values, which causes the negative correlation for SAR
and positive correlation for optical. The negative correlation should theoretically not occur. However,
when no sand waves are present in a SAR image, the calculated wavelength from the FFT signal
is around 200 to 300 meters. Although the correlation is still low for the optical image, it has better
agreement than SAR does with the wavelength data.
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(a) Optical (b) SAR

Figure 4.33: Optical and SAR wavelength results correlation with wavelength data from Damen et al., 2018

On average, the wave angle determined from the optical satellite image is about 10 to 20 degrees
higher than that from SAR. This means that the sand waves determined in SAR is more in the northeast
direction while in the optical image is north-northeast. In both images in Figure 4.34, the wave angle
smoothly transitions from one point to the next in value with the exception of outliers with values close
to zero degrees. Seen in Figure B.2, the sand wave angles for the optical image that were removed
because the wavelengths were not between 100 and 1000 meters were very small, between 0 and
20 degrees which is another method to differentiate areas containing sand waves compared to areas
containing no sand waves or sources of noise.

(a) Optical (b) SAR

Figure 4.34: Optical and SAR results for sand wave angle 2021. Wave angle is measured with respect to due East.

The wave density is calculated by dividing the length of the tile by the sand wavelength for every tile.
When wavelengths are short, the sand wave density is high, and when wavelengths are long, the
density is low. The wave density ranges mostly between 10 and 15 within the defined sand wave field.
However, in the SAR image results there is a large area in the North with a very high density. This is
the same location where the sand wavelength is around 100 to 200 meters. This could be because
the way SAR calculates wavelength when there are no sand waves present as seen for the case of
Alkmaar in Subsection 4.1.2. SAR tends to have very lower wavelength results when there is no clear
signal in the FFT.
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(a) Optical (b) SAR

Figure 4.35: Optical and SAR results for sand wave density over the area of the 5 by 5 km tile for 2021

The spatial frequency takes the wave density and divides it by length of the tile which in this case is
5 kilometers. The resampled results to match that of optical and SAR from Damen et al., 2018 can
be seen in Figure 4.36. There is higher sand wave frequency in the South around 4 to 5 km−1 and
decrease to between 3 to 4 km−1 moving North. The lowest frequency occurs on the Eastern border
of the sand wave field at around 1 to 2 km−1. The optical image has a relatively low spatial frequency
of about 1 to 2 km−1 across the entire area considered with occasional location with higher values.
The results from the SAR image has a similar frequency to that of the optical image, however in the
Northwest corner there is an area of spatial frequency greater than 4 km−1. All three figures have a
low frequency of around 1 km−1 in the Northeast corner starting at about 52 degrees latitude. This is
in agreement with the sand wavelength in this region as seen in Figure 4.31.

(a) Optical Spatial Frequency (b) SAR Spatial Frequency

(c) Spatial Frequency from Damen et al., 2018

Figure 4.36: Optical and SAR results for sand wave frequency for 2021 with the spatial frequency from Damen et al., 2018
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The requirements for wind speed is between 3 and 12 m/s. If the sea surface is completely smooth due
to low wind speeds, the sea surface roughness will not change due to the current interaction with bed
forms, and if the wind speed is too high, it causes too much noise. As seen in Figure 4.37, the date
and time for the SAR image meets these requirements across the entire area. However, at the date
and time of the optical image the values are on the boundary of the lower threshold.

(a) Optical (b) SAR

Figure 4.37: Wind Speed for the same time as Optical and SAR image

The required current speed to detect sand waves according to the Alpers Hennings (AH) model as
discussed in Section 2.3 is greater than 0.4 m/s. As seen in Figure 4.38 the current speed at the date
and time the SAR image was taken satisfies this condition over the entire North Sea. However, the
optical image has current speeds very close in value to the threshold or slightly below, however sand
waves are still visible at this time. Therefore, there is a balance between the sand wave characteristics
such as height and wavelength, and the environmental parameters of wind and current speed that
make them visible in satellite images. It could also be that the thresholds are different for optical and
SAR, because sand waves are visible in both methods for 2020 to 2022, however the current speed is
always much greater at the point of time for SAR as seen in both Figure 4.38 and Figure B.8.

(a) Optical (b) SAR

Figure 4.38: Wind Speed for the same time as Optical and SAR image

In addition to wind and current speed, the depth also has impact on the visibility of sand waves in
satellite imagery. The depth of the North Sea is shown in Figure 4.39. Along the East half of the sand
wave field (on the Dutch Continental Shelf) the water depth ranges from 20 to 30 meters and in the
West half the depth ranges from 40 to 50 meters. The western half is significantly deeper which makes
it less likely to be able to detect sand waves here. This is explained by the AH model, which states that
the sea surface roughness is affected by the current over the sand waves. If the water is too deep and
the current not strong enough the bed forms will no longer have an effect on the surface roughness. It is
possible that more sand waves were visible for SAR in 2021 because in the deeper channel in the West
the current speed for that date and time was significantly higher, ranging from 0.8 to 1.0 m/s. A very
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strong current will allow the sand waves to be visible at deeper depths which is also shown in Li et al.,
2010, where bathymetric features at a depth greater tan 500 meters were visible in SAR due to the Gulf
Stream with a current greater than 2 m/s. However, these bathymetric features had a wavelength of
2.3 kilometers which is significantly larger than the wavelengths of the sand waves found in the North
Sea.

Figure 4.39: North Sea depth from the European Marine Observation and Data Network (EMODnet).

Difference in Sand Wave Characteristics between Years
The absolute difference between each year for every sand wave characteristic (sand wave angle, length
and density) was calculated per tile. The difference between 2021 and 2022 for optical images is shown
in Figure 4.40. For the wavelength the difference within the sand wave field is largely around 200meters
with some areas around 400 to 600 meters difference. The average difference in wavelength within the
sand wave field is 329 meters and a standard deviation of 233 meters. The large difference in values
can be due to noise occurring within an area like ships or clouds which are not constant over time. The
average sand wave angle in the sand wave field in 2021 is 53.3 degrees and in 2022 is 58.7 degrees.
The sand wave angle can be averaged over the entire sand wave field unlike wavelength and wave
density because it typically does not vary as much since the direction is due to the current direction.
Within the sand wave field the sand wave angle mostly varies up to 10 degrees, however there are
scattered points where the difference is much larger, most likely also due to noise. This causes the
average difference in wave angle to be 21 degrees and a standard deviation of 16.5 degrees. The
average difference in wave density is 4.2 and with a standard deviation of 4.2.
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(a)Wavelength (b)Wave Angle

(c)Wave Density

Figure 4.40: Difference between results from year 2021 and 2022 Optical Images

The resulting difference between 2021 and 2022 for SAR images does not cover the entire sand wave
field due to the SAR image from 2022 in Figure B.4 not being a complete pass-over of the North Sea
for that date. However, it is the most complete image for that year. The difference in wavelength is
mostly less than 200 meters, and occasionally up to 600 meters. The average value of the difference
of the wavelength for the points within the sand wave field is 225 meters with a standard deviation of
203 meters. Just like for optical images, this could be due to sources of noise that are not constant in
time such as ships or dark patches. The average wave angle for the sand wave field for 2021 is 43.8
degrees and for 2022 is 56.1 degrees. The difference in wave angle between years tends to be 10
degrees but can be up to 50 degrees. The average difference for the sand wave angle is 18 degrees,
lower than that of optical, and a standard deviation of 14 degrees. The average wave density is 4.6
and the standard deviation is 4.5.
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(a)Wavelength (b)Wave Angle

(c)Wave Density

Figure 4.41: Difference between results from year 2021 and 2022 SAR Images

Time Series of Sand Wave Characteristics
To find a different way to visualize the change in value of sand wave characteristics, for 10 points across
the sand wave field as seen in Figure 4.42, the sand wave characteristics were extracted for the years
2020, 2021, and 2022. The points along the Eastern border of the Polygon (like Point 3 and 7) are
expected to perform better in terms of derivation of the sand wave characteristics due to the water
depth being shallower.

Figure 4.42: Locations within sand wave field for which time series of sand wave characteristics are computed
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Dashed lines in Figure 4.43 indicate the points that are at deeper locations off of the Dutch Continental
Shelf and come with more uncertainty. For the time series for the optical results, only points 1 and 5
have values greater than 1000 meters which is considered the upper limit for sand waves within the
North Sea and both are on the West side of the sand wave field. For SAR, this is points 4, 5 and 7.
Point 7 for SAR lies within the East half of the sand wave field and it is expected accurately calculate
the sand wavelength at this location. This is true for the year 2020 and 2022, however in 2021 the value
is just above 1000 meters which is unexpected. The tile for point 7 is seen in Figure 4.22 and contains
three ships within the image which is the reason for the high value for the calculated wavelength.

(a) Optical Images Time Series Wavelength (b) SAR Images Time Series Wavelength

Figure 4.43: Optical and SAR time series of wavelength over years 2020, 2021, and 2022

The sand wave angle is shown in Figure 4.44. Although the wavelength for Point 7 in optical only varied
about 100 meters over all three years, the wave angle experienced a drastic decrease in 2021 to 20
degrees while in 2020 and 2022 the angle is close to 70 degrees. Such a change can also be due to a
ship within the area of the image. The resulting angle can be very low in value as seen in Figure 4.22.
This also hold true for the value of the wave angle at Point 7 for SAR which changes drastically in 2021,
like what happened for the wavelength during this year as well. This is also due to ships acting as a
source of noise. However, another time when a wave angle has a low value is when no sand waves
are visible in an image.

(a) Optical Images Time Series Wave Angle (b) SAR Images Time Series Wave Angle

Figure 4.44: Optical and SAR time series of wave angle over years 2020, 2021, and 2022

The change in wave density year to year is expected to stay very small. The migration rate of sand
waves in the North Sea is not high enough to expect any significant change within a 3 year time period
considering the area of the tiles is 5 by 5 km, unless there is an outside source of noise. Over the
time series, the density for the majority of the points remains mostly constant. The largest difference in
value occurs for point 9, which is in the Northwest of the sand wave field. This is mostly due to the way
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density is calculated and that there is more significant change when wavelength is short, which ranges
from 200 to 400 meters at this location.

(a) Optical Images Time Series Wave Density (b) SAR Images Time Series Wave Density

Figure 4.45: Optical and SAR time series of wave density over years 2020, 2021, and 2022

4.3. Summary of Results
In this section the results for Chapter 4 are summarized. Section 4.1 applies the methodology to three
areas of interest, Hoek van Holland, Holland Kust Zuid, and Alkmaar. Each area has different sand
wave properties, shorter irregular sand waves, long regular sand waves, and no sand waves, respec-
tively. First, in Subsection 4.1.1 the filtering process was applied to each of the areas for the year 2021
for an optical image collection and a SAR image collection. The results of the filtering indicated that
even if the conditions set for the environmental parameters are met, the results do not always contain
sand waves. The lack of visibility of sand waves even though the conditions are met can be because
of stricter thresholds necessary or due to additional parameters that are not considered in this thesis.
Also, there are fewer optical satellite images that contain sand waves compared to SAR, and they occur
between April and July, while SAR images containing sand waves can occur year-round. This acts as a
temporal limitation because there is no guarantee that an image will be taken when the right conditions
are met, Also, This means for optical images that there is no data availability during autumn and winter.

Then in Subsection 4.1.2 a FFT was performed for an optical and SAR image in 2021, as well as
a MBES of the same area, to calculate the sand wave characteristics of wavelength and wave angle.
The calculated sand wavelength between MBES and the remote sensing methods was within a range
of 150 meters, and the wave angle within about 15 degrees for the locations containing sand waves.
When comparing to the manually calculated average wavelength for these locations, the wavelength
is better captured at Holland Kust Zuid where the sand waves have a longer wavelength and are more
regular. A comparison of the calculated sand wave characteristics depending on area size was per-
formed to determine which area size to apply for the upscaling. The area size decided on was 5 by 5 km.
In Subsection 4.1.3, the effect of different sources of noise was explored to understand how the sand
wave characteristics change in response. Wind farms have a significant effect on SAR images, and
less of an effect optical images, making it a viable choice to use optical images at locations with wind
farms. Ships have a strong effect on both optical and SAR images and should be avoided, or a method
to successfully remove them from images is required. Optical images can also contain suspended sed-
iment transport which does not affect the results because the resulting signal is always perpendicular
to that of sand waves. Clouds, which also only affect optical images have a similar effect to ships in
optical images and should be avoided. Dark patches in SAR images, due to rain cells in the North Sea,
cover the signals of sand waves in satellite images, and therefore there is no resulting signal in the FFT.

Once the area size and the effect of noise was established an upscaling of the methodology over
the North Sea was performed in Section 4.2. The results for a pass-over of the North Sea for a date in
2021 are shown in Subsection 4.2.1. This includes the calculated sand wave characteristics for sand
wavelength, wave angle, and wave density. A comparison to results for sand wavelength and spatial
frequency from Damen et al., 2018 was done to calculate the correlation. The environmental parame-
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ters of wind and current speed for the same date and time were found to determine their effect in the
visibility of sand waves. This process was repeated for 2020 and 2022 and the results are shown in
Appendix B, and the difference in sand wave characteristics between 2021 and 2022 are compared
for optical and SAR. Additionally, the time series of the sand wave characteristics for multiple points
within the sand wave field were calculated. The entire process of upscaling to the North Sea shows
that noise has a very strong effect on the results.



5
Discussion

This chapter discusses the different limitations in spatial and temporal scale that affect both remote
sensing methods. The limitations of the methodology are important to understand because it affects
the filtering process for satellite images to obtain sand waves and the results for the calculated sand
wave characteristics. Also, a comparison between the availability of data and the process of calculating
sand wave characteristics between optical and SAR images is discussed.

5.1. Spatial Limitations
5.1.1. Pixel Resolution
The resolution of satellite images has an effect on how the data can be worked with. The resolution
of 10 meters for both Sentinel-1 and Sentinel-2 means that a high/low pass filter on the FFT for the
specific wavelengths leaves few discernible features left in the passing image. Also, for very short
sand waves of around 100 meters in wavelength, lower resolution would be an even larger problem for
different satellites such as the Landsat Satellites which have a resolution of 30 meters. A satellite with
higher resolution such as the Planet Dove satellites with a resolution of 3 meters will allow for satellite
images with more information in it. A high/low pass filter could be applied with more success than for
the current satellite images with a 10-meter resolution.

5.1.2. Noise
The amount of speckle noise present in SAR images carries over to the FFT of the image as seen in
Figure 4.8 when comparing the resulting FFT for optical and SAR. Speckle noise is a strong limiting
factor for SAR, especially when the goal of remote sensing of sand waves is to detect weaker signals
within an image. A filter, like the Lee Filter that was applied to SAR images, smooths the effect of
speckle noise to make sand wave signals clearer, especially for the FFT. However, the noise can be
too strong to see the signals in the first place.

5.1.3. Area Size of Interest
Another spatial limitation is the difference in calculated sand wave characteristics due to the area size.
As seen in Figure 4.16 the detected wavelength is different depending on the tile size. The size of the
tile is important to which signals are most prominent in the FFT of the image. When the area is small,
the signal that gets picked up is the width of the rougher or smoother patch of the ocean due to the
sand wave’s effect on the current based on the Alpers Hennings Model. The distance from the crest
line to where the signal changes from rough to smooth is shown in Figure 2.3 as∆L2. This signal does
not give the distance between sand waves which is needed for the wavelength. When the area consid-
ered is larger, the number of sand waves typically increases and the pattern created from the signals
becomes more prominent. Then instead of the FFT taking the width of the signal, it instead represents
the distance between signals, equating to the wavelength. This is why the wavelength measurement
increases as the area increases and the average is a better match to the full area calculation. However,
the area can also not be too large. This is because a large area is less homogeneous compared to a
smaller area in sand wave characteristics, water depth, and environmental parameters.

5.1.4. Environmental Conditions
The most prominent spatial limitation is perhaps the water depth in conjunction with the environmental
parameters. As discussed in Chapter 2, the method for detecting sand waves in satellite images works
through the Alpers Hennings Model where the current interacts with the bed form which eventually
in turn affects the sea surface roughness. For the sea surface roughness to change enough to be
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discernible in satellite images, the current speed needs to be strong enough. As the depth increases
so does the necessary current speed required for viewing sand waves. On the Dutch Continental Shelf
where the depth ranges from 20 to 30 meters, the satellite images can capture sand waves present
here. However, in deeper waters of the channel as seen in Figure 4.39, there are no sand waves seen.
To be able to see sand waves, the threshold for current speed should be set higher. It was possible to
observe bed forms with a wavelength of 2.3 kilometers at over 500 meter depth in SAR images with a
strong current speed of 2 m/s (Li et al., 2010). Therefore, if the conditions of the other environmental
parameters are met and a high enough threshold for the current speed is set it should be possible to
view sand waves at deeper locations.

5.2. Temporal Limitations
5.2.1. Environmental Conditions
Remote sensing using optical images has limitations imposed by the environmental parameters, most
significantly the mean glint angle and cloud cover. Due to these conditions, optical images containing
sand waves typically only occur between April and August. Either the mean glint angle is too low, or the
weather conditions during specific times of year means there is significant cloud cover making the FFT
unsuitable. These factors limit the amount of available data containing sand waves for optical images.

Another temporal limitation is due to the data used for the environmental parameters when filtering
the image collection for the correct conditions where sand waves should be visible. The source of
data that was used for the environmental parameters of wind and current are both gained from models.
Both datasets provide hourly data and the time at which the satellite image is taken and rounded to the
nearest hour to get the corresponding wind and current speed values. This means that there can exist
a difference of up to half an hour between the model results and the time at which an image is taken.
Current speeds experience less significant variability compared to wind speed in this time frame. The
wind speed resulting from ERA5 can vary significantly in small space and time scales. One reason for
this is that wind gusts sustained over a 3 second time period can cause higher wind speeds over a
specific area at the time the satellite image is taken and not be taken into account by the model data.

An additional limitation is due to the satellites themselves. The pass over time for Sentinel-1 over
the North Sea is every 6 days and for Sentinel-2 is every 5 days. The perfect environmental conditions
can occur at any given time at high frequency, however the chances that the satellite image is captured
at this exact time is low. The use of additional satellites over a location would increase the amount of
data available and the chances of a satellite image taken a time where the environmental conditions
are met and sand waves are visible.

5.3. Comparison of Remote Sensing Methods
When comparing the two remote sensing methods of sand waves there are multiple factors to con-
sider. First, the number of images that contain sand waves after filtering based on the environmental
parameters. SAR is less limited by the parameters and has more available images year-round, while
there only tends to be one or two usable optical images for areas within the North Sea. However, SAR,
while more numerous, tends to have lower quality in images due to speckle noise, which tends to mask
weaker signals such as sand waves, which does not affect optical images.

Secondly, optical and SAR images are affected differently by sources of noise which changes the
resulting FFT and affects the calculations in sand wave characteristics. This means that there are
different situations for which one method is more suitable than the other. For wind farms, the optical
image handles the noise better than the SAR image does. The FFT for optical is less affected by the
additional signals caused by the turbines leading to a better result. On the other hand, both methods
do not handle ships well, with a ship having a strong signal and causing a drastic change in the value
of wavelength and wave angle at a 5 kilometer scale. It is better to not include data when a ship is
present at this scale. Unlike SAR, optical images can visually contain suspended sediment in the wa-
ter column and therefore be affected by sediment. Sediment has little impact on the calculation of the
sand wave characteristics because the signal created in the FFT is perpendicular to that of sand waves
because of the direction of the current. Optical images are also the only ones to be affected by clouds,
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which do have a larger impact on the FFT and need to be minimized by filtering data for a low cloud
cover percentage. This makes it difficult to find suitable images in general, but especially difficult to
find a single pass over of the North Sea with minimal clouds. A source of noise unique to SAR is dark
patches where the reflectance is especially low compared to the surroundings which can be caused by
multiple sources such as internal waves or rain cells. Themost likely cause in the North Sea is rain cells.

Either remote sensing method can be used for any location worldwide that contains sand waves but
multiple factors would change which method is best used. For example, an area of interest at latitude
would likely also have weather patterns with a lot of clouds. This typically means that the amount of
available optical images containing sand waves will be less than SAR because of the mean glint angle
and cloud cover conditions not being satisfied. Also, as seen in Figure 4.31, the results for the optical
image can be used to define the sand wave field to some extent. When removing points where the
sand waves are either smaller than 100 meters or larger than 1000 meters, the results were relatively
within the bounds of the sand wave field. Another difference is the effect of noise as explained in the
paragraph above. Optical images can be used to determine sand wave characteristics in locations with
wind farms while SAR cannot. However, SAR is not affected by clouds as a source of noise. When
there are smaller and more irregular sand waves present, they are more likely to be seen in an optical
image compared to a SAR image as seen in Figure 4.6 due to speckle noise.

5.4. Applications of Remote Sensing
Remote sensing of sand waves through satellite images from both SAR and Optical can be used to
detect sand wave characteristics including wavelength, wave angle and density. Between Optical and
SAR, there are differences for how effective it will be. For example, optical images can be used to
supplement MBES data for wind farms because it is less affected by the source of noise. Remote
sensing provides an alternative method to get a preliminary assumption on sand wave characteristics
within an area. It can also be used to look back in time at an area before surveys were performed or
to supplement data poor areas, especially if there were only single-beam sonar surveys available at a
location, since the data provided by the methodology is two dimensional.

Another option to get better quality data for a time frame is to combine the results from different satellite
images. This allows for a easy way to remove data points that either do not capture sand waves due to
the environmental conditions, or calculate wrong due to additional signals in the FFT from noise. The
mosaic of the results for the North Sea can be created from multiple years because of low migration
rates compared to the area size of 5 by 5 kilometer considered.



6
Conclusions

Sand waves impact offshore activities such as offshore wind farms and therefore having knowledge of
what is happening on the seabed is important. The purpose of this thesis was to develop a method-
ology to calculate sand wave characteristics using satellite data and understand the limitations of this
process. This led to the following research question:

To what extent can satellite data be used to detect sand waves in different environments?

This research question was answered through three sub-questions. The first step was to determine
which existing methods there are for utilizing satellite data. Then, a method to filter satellite image
collections over a period of time and area of interest for Sentinel-1 and Sentinel-2, SAR and optical
images respectively, was developed. The filtering depends on four environmental parameters, mean
glint angle, cloud cover, wind speed, and current speed, where the first two parameters only pertain to
optical image collections. Then, a Fourier Transformation is applied to the resulting images containing
sand waves. A process to determine sand wave characteristics including the sand wavelength, sand
wave angle, and density, from the resulting signal in the FFT. The results were used to answer the
following questions:

1. What methods are there for detecting sand waves through satellite data and what are the
different processes they require?

The different methods of detecting sand waves through remote sensing with satellites was discussed
in Chapter 2. These methods include directly viewing sand waves through the blue band of optical
images and measuring the sea surface roughness directly through SAR Images, or indirectly using
sun glint through Optical Images. The sea surface roughness change can be explained through the
Alpers-Hennings Model which works in three steps. The first is that a current will be affected by seabed
forms such as sand waves, and this current variation will in turn affect the surface currents, which will
then change the sea surface roughness.

2. How can these methods be applied to sand wave fields in different environments?

Remote sensing of sand waves is a viable method to obtain sand wave characteristics, including wave-
length, wave angle, and density, by applying a Fourier Transformation to an image containing sand
waves. This can be done for both regular and irregular sand waves. Also for a range of wavelengths
as sand waves in the North Sea can range from 100 to 1000 meters in length. However it requires
very specific conditions for it to work and is still strongly impacted by the quality of the data. Different
sources of noise such as ships, clouds, and wind farms need to be accounted for because it affects the
calculation of sand wave characteristics.

3. What is the accuracy of the methods and what are the limitations regarding spatial and tem-
poral scale?

The accuracy of the sand wave characteristics is negatively impacted by different sources of noise
such as wind farms, ships, and clouds, that can be present within the satellite image. These different
sources of noise introduce additional signals within the FFT and cause the sand wave characteristics
to be calculated based on the signals created from the noise rather than the sand waves. When com-
paring the resulting sand wavelength for the North Sea to values determined by MBES data by Damen
et al., 2018, the correlation between datasets is low, indicating that there can still be improvements
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in calculating sand wave characteristics. Further research is required to determine whether this im-
provement can be achieved by removing sources of noise, better quality of satellite images, or another
reason.

There are multiple temporal and spatial limiting factors. Temporal limiting factors for both optical and
SAR images are the conditions necessary from the environmental parameters of wind speed, current
speed, mean glint angle, and cloud cover. Optical images are most affected by the mean glint angle
and the cloud cover. The mean glint angle for the North Sea is only satisfactory for a few months per
the year and optical images containing sand waves were found only between April and July, and only
one or two images per year. SAR images are more numerous considering these are only dependent
on wind and current speed and therefore images are found throughout the year. The spatial limitations
that affect the remote sensing methods is the resolution of the satellite images. Higher resolution allows
for more information to be captured including shorter sand waves. A limitation that only affects SAR
images is the speckle noise caused by the interference of the back scatter of the signal. This effect can
be stronger than the signal of sand waves, effectively covering them. The most limiting factor is the
depth in conjunction with the current speed. Although the upscaling of the methodology was applied to
the North Sea, sand waves were only reliably visible up to depths of 40 meters. Sand waves are only
visible with strong current speeds and to see sand waves in deeper waters it needs to be even stronger.

Final Conclusion

To answer the research question of this thesis, to what extent can satellite data be used to detect
sand waves in different environments, the answers to the three sub-questions are combined. Based
on the Alpers-Hennings Model, in which the sea surface roughness changes due to current interactions
with sand waves, they are visible in both optical and SAR satellite images. It is possible to determine
sand wave characteristics such as sand wavelength, wave angle, and wave density over an area by
using a Fourier transformation. This method is better suited for regular sand waves with a longer wave-
length. The irregularity of sand waves and a shorter wave length causes more deviation from the actual
sand wave characteristics. By upscaling the same methodology, it is possible to determine these sand
wave characteristics for the sand wave field in the North Sea for 5 by 5 kilometer areas. The method-
ology is limited by environmental parameters and noise that can be present in the satellite images. As
discussed, for SAR images to have visible sand waves there are specific current and wind speed con-
ditions, and while optical images also require these same conditions it is also dependent on the mean
glint angle and cloud cover. Sources of noise that can effect the resulting sand wave characteristics
includes ships, wind farms, dark patches for SAR images, and clouds for optical images. Therefore, it
is possible to apply the process for determining sand wave characteristics over an entire sand wave
field, like that of the North Sea, however, the results are dependent on the environmental conditions
and present noise. The process is not fully automated because there is still a need to manually check
the filtered image collection for whether or not it contains sand waves. To allow for further automation
of the process more conditions should be considered for filtering the image collections.



7
Recommendations

Recommendations for future research to expand on the results of this thesis are listed bellow. Addi-
tional research will allow for further understanding on the application of remote sensing for sand waves.

Additional Conditions
To improve the results from filtering of the original image collection, another environmental parameter
that could be filtered for is swell. Swell can have the same period as the sand waves at a location which
mimics the signal of a sand wave. Also, even if the swell has a different period it is typically a stronger
signal than that of sand waves and would prevent it from being seen. By removing dates when swell
is present this problem would be avoided, however it would be necessary to have another dataset as
input like that of current and wind speed. This could either be real world observations from buoys, or
model output.

As seen in Section 4.1.3, ships can have a strong effect on the resulting FFT, which is more preva-
lent for optical images compared to SAR. To remove this problem the tiles containing ships would be
flagged. Data on ship position can be obtained with the Automatic Identification System (AIS) required
for most vessels. Using the exact date and time for a satellite image pass over to get the exact locations
of ships within the area of interest, the data points can be removed. Another method to address noise
is to remove it from the satellite image before taking the Fourier transformation. This would mean that
there is more satellite data available rather than images containing sand waves being removed from
the collection for containing ships, and better able to use the methodology at wind farms. One method
to accomplish this Otsu’s method which splits pixels based on a threshold value.

Another important step is to be able to determine whether or not sand waves are detected. This could
be accomplished through machine learning or from the resulting FFT. The FFT for an area that contains
no sand waves presents differently than if there are sand waves. This visual difference means there
should be a method to discern a difference in the FFT containing sand waves from those without. It
would better define the limits of a sand wave field as well as give more information on the limitations
of the methodology, such as depth. It can also be used for a single pass over can be sorted based on
the presence of sand waves the methodology can be upscaled even more to apply to even larger areas.

Mosaic Data
As seen in Figures 4.30 and B.3, the satellite images can contain clouds or dark patches. Sometimes,
sand waves are not visible throughout an entire area due the environmental conditions. Other times,
sources of noise like ships are present that effect thee calculation of sand wave characteristics. To
overcome this, multiple satellite images over an area can be compiled together. An average image will
not suffice because the sources of noise will still be present. Also, the presentation of sand wave sig-
nals in the satellite image will change due the environmental parameters, for example, the location will
change if the wind and current are in the same direction compared to if they are in opposite directions.
The best option would be to mosaic the images, taking the best quality data for each tile.

Other Locations
As discussed in Chapter 2, there are multiple locations with sand wave fields containing sand waves
with different characteristics and environmental conditions. For example, in the Taiwan Banks, the sand
waves are very symmetrical unlike in the North Sea, which could make them more or less visible. Also,
the conditions for mean glint angle and the amount of expected cloud cover per year is going to be
different than the North Sea considering it is at a much lower latitude as different weather conditions
affecting cloud cover. Another location of interest would be the sand wave fields on the East Coast of

56



57

the United States of America by Connecticut, where the migration of sand waves is higher than in the
North Sea.

Satellites
The image collections for Sentinel-1 and Sentinel-2 are limited by a few factors. The first is that the
frequent pass over rate is about 6 days over Europe and lower elsewhere in the world. Also, it only
contains images dating back to 2014 and 2015 and has a resolution of 10 meters. Although a lower
pass over rate and lower resolution of 25 meters, Landsat-4 was launched in 1982, with multiple newer
Landsat satellites launched at later dates, having a total number of images that can be used to detect
satellites up to over 5 million. This would allow for the detection of sand waves into the past for locations
with a lack of data. Another option to improve the dataset is to use satellite with much higher resolution,
such as Planet Dove with an optical image resolution of three meters or TerraSAR with a SAR image
resolution of one to three meters. Higher resolution data will allow for more accuracy and the possibility
to use a high or low pass filter at a smaller scale without losing too much data to make it legible.

Determine Crest Location
As seen in Figure 4.10 (a), sand waves can be very easily identified. In this thesis the method of ex-
tracting sand wave characteristics like wavelength and wave angle was accomplished by applying a
2D FFT to the satellite images. However, another method of obtaining the sand wave characteristics
would be by identifying the locations of the sand wave crests. This would also result in knowing the
general location of sand waves. More research is needed into understanding the effect of current and
wind on the shift in location of the crest location as seen in Figure 2.3 with ∆L2, the distance from the
crest location to the point where the sea surface roughness changes from smooth to rough, which is
most prominent in satellite images.

Machine Learning
Another option for moving forward in the remote sensing of sand waves is by applying machine learning.
The method of obtaining images now is by setting threshold values based on environmental parameters
and then filtering an image collection. At this point, there are still factors unaccounted for when filtering
for images containing sand waves because the resulting collection after filtering contains a combination
of images containing sand waves and those without. A way to get around this is machine learning for
which the training data is satellite images containing sand waves. Then, the ideal model would be able
to determine the satellite images that contains sand waves.

Reflectance Model to Predict where Sand Waves should be
In Haakman, 2023 a reflectance model was used to recreate Kelvin wakes from ships. It is based on the
solar zenith and azimuth angles as well as surface slopes of wind waves necessary for the reflectance
to occur based on the wind speed. The expected reflectance of the Kelvin wake can be calculated from
these values. This model could be applied to satellite images to make the signals from sand waves
more clearer. This can be potentially used in the same way it was used in Haakman, 2023, to find the
ideal conditions to view sand waves, rather than a trial by error.
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A
Fourier Transformation Sensitivity

To determine which parameters will most accurately capture the center of the signal from the sand
waves presented within the FFT a sensitivity analysis was performed for a SAR and optical image from
June 2022 at Hoek van Holland. The FFT is split into four quadrants and the quadrant containing the
positive signal is used which in this case where the waves have an orientation from southwest to north-
east the second quadrant is used

The center of the signal is determined by taking the nth percentile of the remaining data and calcu-
lating the mean location of this point. A range of percentiles was used from 65th to 99th percentile as
seen in the following figure. In this figure the signal is visually best captured by the 99th percentile.

Figure A.1: FFT with calculated center of signal at for different percentile for optical image (left) and SAR image (right)

Another factor for determining the center of the signal is done by setting limits to the FFT to disregard
outliers that can occur. This is done by cutting off the array and then calculating the center of the signal
for the 99th percentile as seen in the following figure. At lower percentile values there was an increase
in visual matching to the center of the signal as the limit decreased, however for the 99th percentile the
change in the location of the center of the signal is very small. The limit decided on was 0.01 which
is equivalent to a wavelength of 1000 meters along the x or y axis which is the maximum expected
wavelength of sand waves in the North Sea.
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Figure A.2: FFT with calculated center of signal using the 99th percentile at different limits for optical image (left) and SAR
image (right)
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B
Additional Results

(a)Wave Length Optical (b)Wave Angle Optical

(c)Wave Length SAR (d)Wave Angle SAR

(e)Wave Length MBES (f)Wave Angle MBES

Figure B.1: Comparison of different tile sizes and effect on sand wave characteristics at Holland Kust Zuid for Optical and SAR
Image and MBES
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(a) Optical Image Wave Angle (b) SAR Image Wave Angle

Figure B.2: Optical and SAR results for sand wavelength 2021 without filtering for a wavelength between 100 and 1000 meters

(a) Optical Image 06/22/2020 (b) Optical Image 06/12/2022

(c) SAR Image 06/03/2020 (d) SAR Image 06/14/2022

Figure B.3: Optical and SAR satellite image over the entire North Sea using a single pass over
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(a) Optical Wavelength 2020 (b) SAR Wavelength 2020

(c) Optical Wavelength 2022 (d) SAR Wavelength 2022

Figure B.4: Optical and SAR results for sand wavelength for years 2020 and 2022

(a) Optical Wave Angle 2020 (b) SAR Wave Angle 2020

(c) Optical Wave Angle 2022 (d) SAR Wave Angle 2022

Figure B.5: Optical and SAR results for sand wave angle for years 2020 and 2022
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(a) Optical Wave Density 2020 (b) SAR Wave Density 2020

(c) Optical Wave Density 2022 (d) SAR Wave Density 2022

Figure B.6: Optical and SAR results for sand wave density over a length of 1 km for years 2020 and 2022
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(a) Optical Wind Speed 2020 (b) SAR Wind Speed 2020

(c) Optical Wind Speed 2022 (d) SAR Wind Speed 2022

Figure B.7: Wind Speed for the same time as Optical and SAR image for years 2020 and 2022
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(a) Optical Current Speed 2020 (b) SAR Current Speed 2020

(c) Optical Current Speed 2022 (d) SAR Current Speed 2022

Figure B.8: Wind Speed for the same time as Optical and SAR image for years 2020 and 2022

(a) Difference in Wavelength 2020 and 2022 (b) Difference in Wave Angle 2020 and 2022 (c) Difference in Wave Density 2020 and 2022

(d) Difference in Wavelength 2020 and 2021 (e) Difference in Wave Angle 2020 and 2021 (f) Difference in Wave Density 2020 and 2021

Figure B.9: Difference between results Optical Images
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(a) Difference in Wavelength 2020 and 2022 (b) Difference in Wave Angle 2020 and 2022 (c) Difference in Wave Density 2020 and 2022

(d) Difference in Wavelength 2020 and 2021 (e) Difference in Wave Angle 2020 and 2021 (f) Difference in Wave Density 2020 and 2021

Figure B.10: Difference between results SAR Images



C
Irregular and Regular Waves

When comparing the sand waves at Holland Kust Zuid (HKZ) and Hoek van Holland (HvH) there are
differences in the characteristics. The sand waves present HKZ are regular waves with long wave-
lengths and a similar wave angle while at HvH the sand waves are much more irregular with shorter
wavelengths and a larger range of wave angles. This can be seen in the resulting signal from the
Fourier Transformation in Figures 4.11 and 4.8 for HKZ and HvH respectively. The signal at HKZ is
much more concentrated at a single point while the signal for HvH is spread out more.

This is also reflected in the difference of the probability density function for the FFT between regular
and irregular waves as seen in Figure C.1. The difference is most visible for the optical images, where
the peak for regular sand waves is much higher, as more concentrated. Similarly, the distribution for
regular waves for SAR has a higher overall density compared to irregular waves.

(a) PDF OPT (b) PDF SAR

(c) PDF MBES

Figure C.1: Comparison between regular and irregular waves at Holland Kust Zuid and Hoek van Holland respectively for
optical images, SAR images, and MBES
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