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1 ABSTRACT

1 Abstract

The Marsdiep inlet is a part of the Wadden Sea, located between Den Helder and Texel in the Netherlands. It
is four kilometers wide, has a depth of maximally 27 meter and is dominated by semi-diurnal tidal currents.
Sand waves are present on the sea bed of the Marsdiep, and they migrate under the influence of tidal currents.
It is important to investigate these bed form features, to gain better understanding in their characteristics
and migration. Two Acoustic Current Doppler Profilers (ADCPs) are mounted under a ferry, which crosses
the inlet up to 32 times a day. The ADCPs measure the depth of the sea at 8 different locations per second
when the ferry is crossing the inlet, this data was collected from 2010 to 2021. The data was corrected for
tides and geometry, placed in grid cells and averaged over one month. The study area was divided into
3 parts, where subsequent sand waves were clearly visible. The sand wave characteristics were analyzed
and tracked over time. The most northern area has symmetrical sand waves with an average height and
wavelength of 2.16 m and 144 m, respectively. The sand waves did not migrate in the direction of the
currents, probably because the area is deep, and currents are weaker at deeper levels. This was not observed
by previous research. A seasonal cycle was found in the first four years of the data, with higher sand waves
during summer with respect to winter months, which was also observed by previous research. The second
area was located in the south of the inlet, but was hard to analyze because one large anomaly was present
during the first 6 years of the analysis. The sand waves had a height and wavelength of 3.64 m and 187 m,
respectively, and they migrated about 70 m per year, on average. The most southern part analysed in this
research was the most stable during the 11 years. It had a sand wave height and length of 2.9 m and 114
m, respectively, and the sand waves migrated on average 80 m per year. The methods for determining the
sand wave heights worked quite good, but the methods to find the other characteristics can be improved, for
example by cross-correlation techniques.
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2 Introduction

2.1 Barrier coast systems

Barrier coast systems consist of barrier islands separated by tidal inlets and backbarrier basins. They are
found in for example North America and Europe, and make up approximately 15% of the coastline in the
entire world. The barrier islands are formed, deceased and mostly maintained by tidal currents and wind
waves. Features that are often found within tidal-inlet/backbarrier basin systems include ebb-tidal deltas,
(bifurcating) channels, flood deltas and salt marshes (De Swart et al., 2009). Currents in tidal basins are
caused by tidal forces, wind driven forces and density currents (Ridderinkhof, 1990).

2.2 The (Dutch) Wadden Sea

The Wadden Sea (1) is a shallow sea along the North Sea coast of The Netherlands, Germany and Denmark
and is a typical tidal-inlet/backbarrier system. It has an unique ecosystem and is therefore an UNESCO
world heritage site. The Dutch part of the Wadden Sea has an area of roughly 3000 square kilometers and is
separated from the North Sea by barrier islands. The barrier islands are separated by tidal inlets, in which
water and sediments are exchanged with the North Sea due to tidal cycles. The area is highly dynamic
due to tides, fresh water flows and human interventions. The tides in the Wadden Sea are semi-diurnal and
driven by tides incoming from the North Sea, moving from the south west to north east (Oost et al., 1995).
The North Sea water is a mixture of saline ocean water coming from the English Channel and fresh river
water from the Rhine (Ridderinkhof, 1990). The Wadden Sea is an estuarine environment due to fresh water
flowing in from rivers, lakes and the residual flow current along the Dutch coast. Human interventions include
dredging, land reclamation and constructing dikes, for example the closure of the Zuiderzee (De Jonge et al.,
1993) (Eriksson et al., 2010).

2.3 The Marsdiep tidal basin

The Marsdiep inlet is located between Den Helder and Texel, at the southern west of the Dutch Wadden
Sea, see figure 1. The inlet is about 4 km wide and maximal 27 m deep at the location where the ferry
crosses (Buijsman et al., 2008a). In the southwestern Wadden Sea, the vertical salinity gradient is only slight
and the transport of fresh water is therefore mainly the result of tidal mixing, while transport as a result of
differences in density plays only a minor part (Postma, 1954). Only in regions close to larger water bodies
like the Lake IJssel, density driven currents will be comparable to tidal currents (Ridderinkhof, 1990). The
tidal prism is 990 * 10° m3 and the tidal currents are dominated by semi-diurnal tidal components with
surface velocities up to 2 m/s. The tidal asymmetry in the southern two thirds of the inlet is flood dominant,
which results in a flood dominated sediment transport (Oost et al., 1995). The tides enter the Marsdiep
channel from the south, with a tidal range of 1.4 m, and splits in two channels, the Texelstroom towards the
north and the Malzwin channel towards the south (Buijsman et al., 2007). On the sea bed of the Marsdiep
inlet, sand waves are present, as analyzed before by Buijsman et al. (2008a) from 1998 to 2005. These sand
waves play a crucial role in the sediment transport, which will be explained in the next two sections.
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Figure 1: The first figure shows the location of the western Wadden Sea in the Netherlands and the lower
figure indicates the Marsdiep. The thin dashed lines in the western Wadden Sea indicate the locations of the
watersheds , the tidal channels are marked by isobaths of -5 m relative to mean sea level. The thick dashed
lines in the Marsdiep indicate the location where the ferry crosses. The bathymetry is contoured in intervals
of 10 meters. The lower figure shows where the Marsdiep inlet is located within the Wadden Sea and the
upper right figure shows the Wadden Sea located in the Netherlands (Buijsman et al., 2007).

2.4 Importance of understanding bed forms

Bedform sizes and shapes are indicators of sedimentological and hydro-dynamic conditions and are of great
importance for social and scientific reasons (Groeskamp et al., 2011)(Lefebvre et al., 2022). Understanding
the mechanisms behind the transport of sand is important for management and budget of sediment in the
region. Bed forms can be a hazard for navigation of offshore construction (Bellec et al., 2019). Bed form
structures migrate, which constantly alters the water depth. This can be a problem for ships with deeper
drafts that are not able to navigate in shallow areas. Offshore structures like oil platforms or wind farms,
are dependent on stable foundations. The shifting of bed forms may lead to instability. The local sediment
transport can also increase erosion of the offshore structures.

Relevant problems related to sea bed morphology are dredging of the navigation channel and coastal erosion
(Barnard et al., 2006). The crests of sand banks or sand waves can be reduce the local water depths, which
can cause the stranding of ships. The sand in the crests of the bed form features can be removed by dredging,
but they can reform rapidly because the underlying mechanisms that drive sand wave formation are still
exist (Veen, 1935) (Besio et al., 2008).
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Another possible complication is the safety of pipelines, communication cables and offshore constructions,
that can be exposed to the seawater by the movement of the sand. This is avoided by burying the cables
deep enough or avoiding sand waves at all, but this is expensive, for example because longer lines are needed.
With the understanding of sand wave evolution, this can be avoided (Besio et al., 2008).

There can be made a distinction based on wave length between four different types of bed forms; sandbanks
with wavelengths of kilometers, sand waves with wavelengths of hundreds of meters, mega ripples with
wavelengths of tens of meters and ripples with wavelengths of centimeters. These bed forms occur on coastal
seas when currents are strong enough to move sediment. Dyer et al. (1999) The strength of the currents
reflect the rate of sediment transport (Allen, 1980). The characters of bottom profiles are dependent on the
materials, the size of sand grains, the velocity of the currents and the width and depth of the water (Veen,
1935).

2.5 Sand waves

Sand waves are flow-transverse bedforms with a typical wavelength of hundreds of meters that are generated
by tides (Hulscher, 1996). Sand waves are observed in tide-dominated sandy shallow shelf seas (Borsje et al.,
2014). Tidal waves are generated by gravitational forces of earth, moon and sun on the water and can have
very long periods (44700 s for a semi-diurnal tide) and wavelengths of more than hundreds of meters. On the
contrary, wind waves have periods of seconds and wavelengths up to 200 meter. The motion of fluids traveling
over a surface may result in rhythmic surface forms (Veen, 1935) (Allen, 1980). Sand waves are not static,
they migrate under residual currents or tidal asymmetry. Sand waves tend to develop more asymmetrical
with increasing current asymmetry. Current asymmetry in the direction of the flood flow occurs when the
maximum flood velocity exceeds the ebb maximum (Allen, 1980). Sand waves can grow due to a residual
vertical circulation caused by tidal flow. The size of sand grain is also important, the larger the grains,
the higher the sand waves. This is due to the fact that finer grains are more easily taken into suspension.
(Damen et al., 2018)

Whether sediment is transported in the form of bed-load and suspended load, is dependent on the grain
size of the bed materials and the current conditions. The bed-load transport is due to the effect of gravity,
while in suspended load, the weight of the particle is supported by turbulence (Van Rijn, 1984). Sand wave
migration is governed by bed load transport, and when the suspended load transport gets too large, thus
when the grain size is small, sand waves are washed out (Buijsman et al., 2008b) (Borsje et al., 2014). Bed
load transport is determined based on sand wave parameters, the migration rate, the wave length and the
wave height (Buijsman et al., 2008b). The wavelength and sand wave height correlate very poorly with
water depth according to Bge et al. (2009), strong surface geostrophic currents and tidal currents have big
influence on the sand wave formation.

Submarine sand waves can be divided into two main classes; symmetric (trochoidal) and asymmetric (pro-
gressive). Progressive waves have currents from one direction, in which the sand grains are pushed up the
upcurrent slope and dropped by their own weight after having past the crest 3. In a trochoidal wave, the ebb
falls in from one side and the flood from each other, resulting in a high wave with a sharp crest 2. When the
flood and ebb are of unequal strength, the wave is asymmetrical trochoidal 4. Crests are generally oriented
perpendicular to the flow (Hulscher, 1996). Rounded crests indicate that they are presently inactive, their
presence may indicate older stronger oceanographic conditions when currents were stronger. Sharp crests in
smaller sand waves indicate active but reduced sediment transport in the region (Bellec et al., 2019).
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Figure 3: Progressive sand waves (Veen, 1935).

Figure 4: Asymmetrical-trochoidal sand waves (Veen, 1935).

2.6 Sand waves in the Marsdiep inlet

The sand waves in the Marsdiep inlet was observed before by Buijsman et al. (2008a). According to Buijsman
et al. (2008a) the Marsdiep inlet can be divided into two areas, the southern area, which is dominated
by progressive sand waves, and the northern area, which is dominated by asymmetrical-trochoidal sand
waves. Table 1 shows the height, wavelength, crest orientation, migration direction and migration rate of
the sandwaves in different areas, which can be found surrounded by the dashed lines in figure 5. Now, twelve
more years of data is present, which results in the questions below.
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Area | height (m) | length (m) | crest orientation | migration direction | migration rate (m y 1)
I 3.1 184 NtoS E in flood direction 52
II 3.1 184 Nto S E in flood direction 60-90
11 2.8 171 NW to SW E to NE 31
v 1.9 162 Nto S E to NE 47

Table 1: Sand wave characteristics analyzed by Buijsman et al. (2008a).
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Figure 5: The variance around area-mean depth of the Marsdiep analyzed by Buijsman et al. (2008a). Lighter
grey indicates positive height, darker grey indicates negative heigth. The different areas, I, II, III and IV,
surrounded with a dashed line, represent areas I, II, III and IV in table 1. The units are in kilometers and
in RD-coordinates.

Main Question:

How did the migration, height, length, asymmetry and orientation of sand waves in the Marsdiep inlet
change?

Question 1:

What are the sand wave characteristics in the Marsdiep inlet?

Question 2:
How did the sand wave characteristics change over time?

3 Methods

3.1 Depth maps
3.1.1 ADCP data collection

Depth measurements of two ADCPs were taken between 2009 and 2022. A ferry of the company TESO
(Texels eigen stoomboot onderneming) crosses this inlet up to 32 times a day. From 2005 until 2016, the
Dokter Wagemaker was crossing the inlet and since 2016, the Texelstroom is used. Measurements were taken
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every second when the ferry was sailing between Texel to Den Helder and back to Texel. It sailed daily and
twice per hour, from 6 am to 10 pm, without turning. The ferry started every day in Texel, and has an
average speed of 6 ms™1, with a slower speed at the start and the end, so a crossing takes about 15 minutes.
The ferry was in maintenance for most of January, so less data is available for the first month of each year,
and for some months no data. Before 2017, the dokter Wagemaker was in use, after 2017 till the present,
the Texelstroom is used.

3.1.2 Acoustic Doppler Current Profiler

At a depth of 4.3 m below water surface, two acoustic doppler current profilers (ADCPs), with each four
beams is mounted under the ferry. One on the Texel side and one on the Den Helder side. The ADCP at
the Texel side is denoted by tx and the ADCP at the Den Helder side is denoted by hd. The ADCP sends
four acoustic signals of a specific frequency every second in four directions, perpendicular to each other.
The ADCPs can measure water depths, by measuring the return signal. It also measures the velocities,
temperature, location and the errors. The accuracy of the ADCPs can be found in Buijsman et al. (2008a).

3.1.3 Corrections of the data

The depth measurements of the ADCPs were stored in netCDF files and loaded into python scripts. Depth
measurements of the four individual beams were stored, as well as an averaged depth, which is the sum of
the four depth measurements divided by four. The averaged depth is not corrected for the angle with the
vertical and the angle relative to the north, as explained later in section 3.2. The averaged depth as well as
the individual depth measurements from the ADCP needed to be corrected for the tides, which are caused
by the attraction of the sun and the moon. The tide data was obtained from Rijkswaterstaat (Department
of Waterways and Public Works in the Netherlands) and is saved in MET (Middle European Time) winter
time. The ADCP data was stored in UTC (Coordinated Universal Time), so the tide data was corrected
to UTC times by subtracting one hour. Rijkswaterstaat measured the the water level relatively to NAP
(Normaal Amsterdams Peil) once every ten minutes at the location called ”Den Helder Veerhaven”. The
water level measurements were interpolated to get a value for every second. The interpolated deviations of
the NAP due to tides were subtracted from the ADCP depth measurements, to obtain bottom depth relative
to NAP.

3.1.4 Depth map creation

The four individual depths measured by the ADCPs are corrected for the geometry and the orientation of the
ADCPs and the orientation of the ferry relatively to the north, like explained in section 3.2. The locations
of the depth measurements, obtained from the netCDF files, given in longitude and latitude, were converted
to x and y, the distance in kilometers from the prime meridian and the equator respectively. The Marsdiep
inlet is divided into a grid. The size of the grid cell has an influence on the number of data points in each
grid cell. The great advantage of a smaller grid cell size is that the depth maps have higher resolutions
than depth maps made with larger grid cells. However, the medians are less accurate because of a lower
number of measurements, resulting in noisier pictures. Moreover, it takes longer to run and the depth maps
contain more gaps (grid cells with no data). On the other side, when using larger grid cells, the risk is higher
that smaller bedforms are not visible because of averaging out. Using smaller grid cells gives more detailed
results. As can be seen in the figure, there are enough measurements using the four separate beams to fill the
majority of the grid cells properly. A grid size of 5 by 5 meter is chosen. It has 684 cells in the x direction
and 853 in the y direction, resulting in 583452 grid cells. Depth measurements from an entire month were
placed into a grid cell based on their location. The time span of a month was chosen, because it is a balance
between enough data that the grid cells are filled, but not too much that migrations are not visible anymore.
The median of all the depth measurements in a grid cell was calculated. A depth map was made for every
month, with every grid cell displaying their median depth value.
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3.1.5 Bedform visualization

The variance around the area-mean depth was calculated in order to analyze the different bed forms. Figure
6 shows how the running mean is computed. The dark blue square represents a grid cell and the light blue
square represents the grid cells over which the mean is computed. The window size must be chosen so that
no bed forms are visible in the moving average. This can be accomplished by choosing a window size larger
than at least twice an average sand wave length. According to Buijsman et al. (2008a), the length of a sand
wave is about 180 meter, so a window size of 45 grid cells is chosen. The third figure in figure 7 shows the
running mean for December 2021. No bed form elevation migrations are visible in the first and second panel,
which implies that the chosen grid size is large enough. The blue and red line represent vertical transects
over the running mean, and are plotted in the first en second figure for every month, from 2010 until 2021.
The running mean was subsequently subtracted from the depth map, resulting in more visible bedforms,
denoted by h’.

(i + window, j + window)

i

(i - window, j - window)

Figure 6: Computing the running mean.
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Figure 7: a) and b) the transects with the average depth displayed in ¢) over time. Green is deep, light
brown is shallow. c) the locations at which the transects are taken.
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3.1.6 Mask creation

Not every grid cell has a depth value. The number of grid cells that do

have a value, is different for every month and is dependent on the sailing

route of the ferry and the number of times the ferry has sailed. If a grid 5860.0
cell does have a value, it means that the ferry has sailed at this location

at least once. Figure 7?7 shows the number of months that has a depth

value for each grid cell. Different masks were made to find the balance

between accuracy and sufficient amount of data to compare. It is ideal to _ 1
include only grid cells that are passed every month. If other grid cells are 5850.0 TR v
included for analyzing, for example, the standard deviation, the analyzed
area is not the same for every month. Unfortunately, the number of grid
cells that is passed every month is very low, as can be seen in figure
6. Therefore, different masks are made. Figure 16, 17, 18 and 19 show
mask100, mask95, mask90 and mask85. In mask100, all the grid cells are
passed at least once every month. The grid cells in mask95, mask90 and
are passed by the ferry for 95%, 90% and 85% of the months respectively. 5857.5
A lower percentage results in a higher number of passed grid cells, but

a higher percentage results in more accurate results. The mask with a 5857.0
coverage of 90% was chosen and multiplied with the depth maps for every
month for the analysis of the average sand wave height. Figure 13 shows
the number of filled grid cells for every months after multiplying with
mask90. Months that have less than seventy thousand filled grid cells are Figure 8: Number of months in
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Figure 13: Number of filled grid cells per month. Months that have a value below the red line are not further
analyzed.

3.2 Geometry

The distance that is measured by GPS at a certain location is marked with

'Beam 1’ in figure 14, this is not the distance between the bottom and the sea surface, so a few corrections
need to be done to get the right depth. The ADCP beam makes an angle of 20 ®with the vertical, as shown
in figure 14. Equation 1 was applied on the measured distance to obtain the correct depth value. The value
for ¢ used in this equation is 90 - 20 = 70.

Depthcorrected = Sln(¢) * beam (1)

The beam makes a 45 °angle with the front of the ferry (when the ferry is sailing towards Texel), as can be
seen in figure 15. The ferry has a certain angle with respect to the north, this is denoted by ¢ in figure 15.
This varies when the ferry is sailing. The corrected locations of the depth measurements are calculated by
formula 2. The value for ¢ is different for each of the four beams, and are calculated by the equations below.
H in these equations the heading of the ferry with respect to the north. The hd ADCP, at the rear of the
ferry, is oriented 180 °with respect to the front ADCP, so that beam 1 makes a 45 ®angle with the rear of
the ferry.

N, N cos(¢q)
= + depthmeasured * cos(70 ( . ) 2
(Ea)corrected (E>measured ¢ ( ) Sln(¢a) ( )
ér = H - 45
¢2 =H + 90 + 45
¢3 = H + 45

¢4 = H - (90+45)

3.3 Sand wave characteristics

To calculate the sand wave height, polygons were made. These polygons were chosen visually on areas
with more or less uniform sand waves. The standard deviations of the bed levels within the polygons were
calculated for every month and multiplied by /2, because the sand waves are most similar to sine waves
(Brakenhof, 2022). Different shapes were made and calculated, to check whether different shapes would
influence the calculations, but this was not the case, as long as most of the sand waves were captured in the
polygons.

12
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Figure 14: Schematic side view drawing.The ADCP beams make a 20°angle with the vertical.

Various transects were made to determine the wavelength, asymmetry and migration speed of the sand waves
in the three different areas. The transects are ideally perpendicular to sand waves and chosen visually. Noise
was reduced using a moving average with a window size of about 30 meter. Subsequently, the number of
crests and troughs in each transect were determined. This was done by peak detection, a function in Python.
To make sure as little as possible peaks caused by noise were detected, a threshold was used: a minimal
horizontal distance of 100 meter was required between two neighbouring peaks and a minimal prominence
of 0.15 m. These parameters were chosen by varying the width, height, prominence and threshold, plotting
the transects together with the detected peaks and troughs and visually determining the parameters for
which the least amount of false positives and false negatives were detected. The troughs were determined
by multiplying the moving average by -1 and continue the peak detection same manner as described above.
The sand wave length was calculated by averaging the distance between all the peaks on a transect for
every transect. For every month, the mean, the standard deviation and the number of the sand waves on a
transect were calculated, to check the data quality. The asymmetries were calculated by formula 3, in which
i is the crest number and j the trough number, the distance from trough to crest divided by the distance
from crest to crest. These distances are calculated from the start of the transect. The asymmetry has a
value between 0 and 1 and has no unit. If AS = 0.5, the sand wave is fully symmetric. If AS is between
0 and 0.5, the sand wave is asymmetric and migrating into the direction of the transect (Brakenhof, 2022).
The standard deviation of the asymmetry was also calculated. The transects were stacked on top of each
other in chronological order and plotted as a Hovmoller diagram. Lines were drawn along the crests in the
plots and the slope calculated, to determine the migration speed.

_ trough; — crest;

AS; =

3)

crest;y1 — crest;

4 Results and Discussion

4.1 Long term trends

The figures in appendix A show the averaged bathymetries of the Marsdiep inlet in July with the area-mean
depth subtracted. These bathymetries were made for every month, from January 2010 until December 2021.
The bathymetries of July of every year are presented next to each other to visualize the evolution of sand
waves in time steps of one year. The long term evolution is analyzed manually by tracking different bedform

13
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Den Helder [H]

Figure 15: Schematic top view of the Texel (north) side of the ferry with the four ADCP beams (denoted
with a number in a circle). Beam 1 (3) makes a negative (positive) 45°angle with the front of the ferry. The
heading (¢) with respect to the north is in this example 15°. At the Den Helder (south) side of the ferry,
beam 1 (3) makes a negative (positive) 45°angle with the rear of the ferry.
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features visually.

When looking at the depth map of July 2010, a very deep trench, indicated with dark blue, is visible at 320
km east and 5857.6 km north. This dark blue spot migrates to the east and is visible in every successive
year, up to 2016. From then, this deep through decreases in depth, until it eventually disappears.
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In three regions, a series of consecutive sand waves were found, these are analyzed further according to the

methods described in section 3.3.
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4.2 Sand wave characteristics

4.2.1 Sand wave height

Amplitude of sand waves in area 1, 2 and 3
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Figure 16: Amplitude of transects 1, 2 and 3.

Figure 16 shows the amplitude for area 1, 2 and 3 in blue, red and black respectively. The y axis still needs
to be multiplied by 2 to obtain the sand wave height, as described by Lefebvre et al. (2022). A few things
are noticeable when looking at the figure. Between June 2010 and July 2010, the amplitude increases with
about 20 centimeter for all the regions. The same increase can be found between May 2015 and June 2015.
When looking at the depth map figures in appendix A, it is indeed visible that the colors that represent the

sand waves, are more contrasting in July 2010 (June 2015), than in June 2010 (May 2015). This is especially
visible in area 3.

Another thing that is remarkable in figure 16, is a declining trend in area 3. This is especially from mid 2010
to begin 2015, and again from begin 2017 to end 2021.

Furthermore, it seems that a seasonal cycle can be found in area 3, with a higher amplitude during summer
months and a lower amplitude during winter months. This trend is visible from 2010 to 2014.

4.2.2 Sand wave asymmetry

Figure 17 shows the asymmetry for the sand waves in transect 1. The blue line represents the mean asym-
metry of the sand wave lengths and black line represents the number of sand wave crests in this transect.

The standard deviation is in light blue. The mean asymmetry of the sand waves in this transect is 0.43 with
a standard deviation of 0.07.
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Figure 17: Asymmetry transect 1.

Figure 18 shows the asymmetry for the sand waves in transect 2. The red line represents the mean asymmetry
of the sand wave lengths and black line represents the number of sand wave crests in this transect and the
pink line represent the number of sand wave troughs. The standard deviation is represented by the vertical
pink lines. The asymmetry is missing for a lot of months. This can be explained by a very large and deep
trench along the transect. This trench starts in 2010 and lasts until the end of 2015. This can be seen in
the depth map figures in the appendix, but even more clear in the lower left in figure 26. The cause of this
is unknown, and it is not observed by Buijsman et al. (2008a), so it is unknown when the depth started
to be that deep. It is not considered a sand wave, because the dimensions do not fall with in sand wave
ranges, therefore, it is hard to determine the mean asymmetry, because the numbers are not very represent.
However, the mean asymmetry and the standard deviation of the sand waves in this transect were still
calculated and were 0.44 and 0.07 respectively.
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Transect 2 Asymmetry
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Figure 18: Asymmetry transect 2.

Figure 19 shows the asymmetry for the sand waves in transect 3. The black line represents the mean
asymmetry of the sand wave lengths and green line represents the number of sand wave crests in this
transect. The standard deviation is in gray. The mean asymmetry of the sand waves in this transect is
0.5 with a standard deviation of 0.09, which indicates that the sand waves would be symmetric. However,
looking at the figure, a lot of variability is visible. This is not a result of poor peak detecting, as can be seen
in 26, the red peaks align quite good with the observable sand waves. It is rather due to problems with data
collection, which will be explained later.

Transect 3 Asymmetry

&

5
S 07 A
E ¥ g
= =
i il i
=] 0.6 -2 ;
- =
-
T 05 =
= Lo v
c g
m o
5 044 c
- F—2 L
C ﬂ
m 03 E

—
% =
E 0.2 -

T T T T T _E
Py Py Py Py
s 355
g 8 &8 8 ®
Tirne {months)

Figure 19: Asymmetry transect 3.
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4.2.3 Sand wave length

Figure 20 shows the average sand wave length for each month, in transect 1. The average sand wave length
is in blue and the number of sand wave crests is in black and te standard deviation in light blue. The sand
wave length in this transect is higher during 2015, 2016 and 2017. In the same years, we see a lower value
for asymmetry, which aligns with literature. The average sand wave length is 144 m and the mean standard
deviation of the wavelength 14 meter. This is much lower than any sand wave observed by Buijsman et al.
(2008a), but this part of the Marsdiep is not analyzed by them. The shorter sand waves are probably due
to the water depth, which is shallower than the rest of the inlet, as can be seen in figure 7 a) and b).
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Figure 20: The mean sand wave length in transect 1 for each month in blue and the number of sand wave
crests in transect 1 in black.

Figure 21 shows the average sand wave length for each month, in transect 2. The average sand wave length
is in red and the number of sand wave crests is in blue and the standard deviation in pink. The mean
wave length for this transect is 187 meter with a standard deviation of 7 meter. These numbers are probably
exaggerated, due to the long length in the years 2015 and 2016. As explained before, the sand waves observed
in these years are not representative, due to the big trench along the transect. The average wavelength from
2019 on is shorter, which is quite visible in the upper right corner in figure 25. The wave length between 2010
and 2013 is very variable, this is because a large number of false positives, which can be clearly observed in
the lower right corner of figure 26. The thresholds could be chosen differently, but this would result in false
negatives in the upper right corner. For future research, it is recommended to split this transect, either in
time or in space, so the sand wave peaks can be detected accurately.
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Figure 21: The mean sand wave length in transect 2 for each month in red and the number of sand wave
crests in transect 2 in blue.

Figure 22 shows the average sand wave length for each month, in transect 3. The average sand wave length
is in black and the number of sand wave crests is in green. The standard deviation is in grey. The average
sand wave length for this transect is 148 meter with a standard deviation of 2 meter. This is lower than
observed by Buijsman et al. (2008a) in this area. This can be caused by the high amount of suspended
sediment transport, instead of bed load transport, as described by Buijsman et al. (2008b). Figure 23 shows
the difference between suspended (right panel) and bed load (left panel) transport in the Marsdiep inlet,
and the suspended transport in the northern part is stronger than the bedload transport.
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Figure 22: The mean sand wave length in transect 1 for each month in black and the number of sand wave
crests in transect 1 in green.
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Figure 23: Comparison between mean ‘measured’ (grey vectors) and mean predicted bedload transport (left
panel; black vectors) and suspended load transport (right panel; black vectors) based on the depth-averaged
currents of data set I for the period 1999-2002. Note the difference in scales between the left and right panels
(Buijsman et al., 2008b).

4.2.4 Sand wave migration

Figure 24, 25 and 26 show the migration of the sand waves of transect 1, 2 and 3 respectively. The x-
axis in each figure represents the transect, on which the colors represent the sand wave height in meters.
Brown/white indicate positive sand wave heights, which represent crests, and green/blue indicate negative
sand wave heights, which represent troughs, as can be seen in the color bars found right next to the figures.
The location of transect 1 (2,3) can be found in blue (red, black) in the figures in appendix A. The y-axis is
the time in months. A few white spaces are visible in the figures, these white lines represent the months for
which it was not possible to make a depth plot, due to a low amount of data.

Figure 24 shows the migration of the sand waves in transect 1. The red dots indicate the sand wave peaks
detected, to check if they are aligning with the sand waves. In 2010, 4 sand wave crests were present in this
transect. In 2011, two of these sand wave (last two) crests merged into one, and the first crest splits into two
separate sand waves. In 2020, the first sand wave splits into two sand waves. The sand waves are moving
north east with an average speed of 80 m per year, perpendicular to the direction of the chosen transect.
This is because the maximum flood in this area, which is to the east, is higher than the maximum ebb, which
was observed by Buijsman et al. (2008b) and can be seen in figure 27.

The migration of the sand waves along transect 2 are visualized in figure 25. The sand wave are migrating
to the north east as well, but with an average migration speed of 70 m per year. The difference with the
more southern area in transect 1, is due to the deeper laying bed forms and the smaller difference between
the maximum flood and the maximum ebb.
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Figure 24: Timestack transect 1.
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Figure 25: Timestack transect 2.
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Figure 26 shows the Hovmoller plot for the third transect. Due to the delay in data storage, which will be
explained later in the methodological limitations section, the sand waves aligned are not along a nice line.
Therefore, it was not possible to calculate the sand wave migration. When looking at the individual depth
maps, no sand wave migration is visible. This can be explained by the water depth, which is deeper in this
area than for the other areas, because deeper waters have lower tidal currents compared to shallower areas.
Also, the maximum flood is of similar strenght as the maximum ebb in this area.
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Figure 26: Timestack transect 3.
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Figure 27: Left and second panel: measured depth-averaged maximum spring flood and ebb currents on
May 6, 2000. Numbers refer to the stations. Third panel: tidal-mean currents determined with a harmonic
analysis for the year 2000 (Buijsman et al., 2008b).

4.3 Research methods limitations

A delay between the position and the direction of the ferry can occur, but they are saved at the same
timestamp. This delay can be up to 19 seconds and is differs between days. This is related to the number
of fixed shore stations that the differential GPS can contact and calculate the positions with. Looking at
the migration plot of transect 3, figure 26, the sand waves seem to ’jump’ a few meters in January 2017.
This can be the result of the change of the ferries. Before 2017, 1 GPS in the middle of the ferry saved the
location for both ADCPs and corrected for it. After 2017, both ADCPs had their own GPS, but one was
broken for a while, so the GPS of the other ADCP location was used, which was not corrected for. Water
depth data from Rijkswaterstaat is measured every 10 minutes at Den Helder Veerhaven. Water depth from
ADCP is measured every second at location between Den Helder and Texel. The Rijkswaterstaat data was
interpolated to do the tide correction.

To test whether the correction of the geometry was proper, the locations of the beams of several depth
measurements were calculated using equation 2. It is expected that beam 1 (3) and 2 (4) are at opposite
sides and that beam 1 and 2 are perpendicular to beam 3 and 4, as can be seen in figure 15. As can be seen
in figures 29 and 28, the locations of the depth measurements are corrected as expected. The pink, orange,
blue and green dots represent the locations of the depth measurements of beam 1, beam 2, beam 3 and beam
4 respectively. The white dot represents the GPS location and the white line respects the direction in which
the ferry is sailing. Figure 30 shows the depth measurements of the Den Helder ADCP and the Texel ADCP
in the same figure at the same moment. The heading is the same for both ADCPs, but it was expected that
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the two GPS locations were located on the same line, which is not the case. Because of this, measurements
could be placed into the wrong grid cell, which could interfere with further analysis.
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Figure 28: The ADCP at the north of the ferry (Texel Figure 29: The ADCP at the south of the ferry (Den
side). Helder side).
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Figure 30: Locations of the depth measurements.

The method to detect the sand wave crests and troughs is not perfect. Both false positives and false negatives
were observed, which may result in inaccurate calculations. A lot of different methods were tried to improve
the peak detection, but the data is too variable to fit a universal method. A better way would be to do 2D
peak detection. The method to calculate the migration speeds was also not perfect, since it was only the
average for 10+ years. For example, in figure 26, the left sand wave in 2019 splits into two sand waves, so the
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migration speed can not be the same for the two separate sand waves. For future research, cross correlation
techniques like described in Buijsman et al. (2008a) could be used to improve the tracking of sand wave
migration. This was also tried, but turned out to be very challenging.

5 Conclusion

5.1 What are the sand wave characteristics?

Table 2 shows the sand wave characteristics in the three different areas (amplitude) and the different transects
(wavelength, asymmetry, migration).

Area 1 Area 2 Area 3
Mean Standard deviation | Mean Standard deviation | Mean Standard deviation
Amplitude (m) 2.9 0.22 3.64 0.11 2.16 0.11
Wave length (km) | 0.144 0.14 0.187 0.07 0.148 0.02
Asymmetry 0.43 0.07 0.44 0.07 0.5 0.09
Migration (m y=1) | 80 70

Table 2: Mean sand wave characteristics between 2010 and 2021.

5.2 How did the sand wave characteristics change over time?

When looking at figure 24, the sand wave crests in 2020 and 2021 seem to have a more gentle slope than
the years before. This can indicate a faster migration into the direction of the east. The increases in sand
wave height, described in 4.2.1, can be due to storms, however, according to the The Royal Netherlands
Meteorological Institute (KNMI), there were no heavy storms during the months where the increases hap-
pened. The cause of these increases remains unknown. Buijsman et al. (2008a) analyzed the sea bed of the
Marsdiep inlet using 1 ADCP with three depth measures every second. This research collected the data by
using 2 ADCPs with both four depth measurements every second, so more data was present. This results
in more detailed depth maps. Area 2 corresponds to area I in 1 and area 3 corresponds to area III and IV
in 1. The crest orientation did not change significantly. The sand wave length, height and asymmetry were
smaller than observed before, this can be a result of more suspended sediment transport, instead of bed load
transport via sand waves.
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Depth profiles of every month between May 2010 and December 2021.
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B Appendix

Script used to make the depth profiles:

#!/usr/bin/env python3

# —+— coding: utf—8 —x—

Created on Mon Sep 5 14:42:23 2022
@author: lgeessinck

# T

import netCDF4 as nc

import numpy as np

import matplotlib.pyplot as plt
import requests

from netCDF4 import Dataset
import glob

import imageio

; from pathlib

from os.path import exists
from scipy import stats
import pandas as pd

from scipy.stats import binned_statistic-2d
from datetime import date
import datetime

import scipy as sp

import numpy.ma as ma
import matplotlib

import Path
import warnings

import csv

import os

from os import path

r_earth = 6371.000

H%
#7% convert date to number of days since 1—1—2000
def convert_date (dates):

format_str = "%d-%m-%Y’;

200 3205
X flm)

f_date= datetime.datetime.strptime(’1—-1—-2000",format_str);

l_date=
delta =
number_of_days =

datetime.datetime.strptime (dates , format_str);
l_date—f_date;
delta .days;

40
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return number_of_days

2 # %% convert time to number of seconds since begin of day

def convert_time (dates,times):
format_str = "WLIM:%S

pt = datetime.datetime.strptime (times, format_str);
seconds = pt.second 4+ pt.minute*x60 + pt.hourx3600;
total_seconds = seconds —3600

return total_seconds

#7% open adcp adata
def open_data(data,filename):
fnheading = filename.replace(” .nc”,” _.GPS-Gyro.nc”)
print (fnheading)
if path.exists(fnheading):
dataheading = Dataset (fnheading)
heading = dataheading.variables [ "HEADING’ ]
heading=heading [:]
course = dataheading. variables [ COURSE’ ]
course = course [:|
depth = data.variables [ 'DEPTH’ |;
depth = depth [:];
heading=heading [depth >0]
course =course [depth >0]
depth = depth[depth >0];

lon
lon
lat
lat

lon
lat
time
time
time
day
day
day

data.variables [ 'LONGITUDE’ |;
lon [:];

data.variables [ 'LATITUDE’ | ;
lat [:];

lon [lon >0];
lat [lat >0];

= data.variables [ 'TIME’] ;#time since beginning of day
= time [:];
= time [time >0];

beam1
beam1
beam1
beam?2
beam?2
beam?2
beam3
beam3
beam3
beam4
beam4
beam4

return

data.variables [ 'DAY’]; #time elapsed in days form 00:00 on January 1st 2000
day [:] ;

day [day >0];

= data.variables [ D1’ ]
= beaml [:]

= beaml [beam1>0]

= data.variables [ 'D2’]
= beam?2 [:]

= beam2 [beam2>0]

= data.variables [ 'D3’]
= beam3 [ :]

= beam3 [beam3>0]

= data.variables [ ’'D4’]
= beam4 [:]

= beam4 [beam4 >0]

lon, lat, time, day, beaml, beam2, beam3, beam4, heading, fnheading

;s # %%open rws data

def open_rws_data(file):
file = file .to_numpy () ;
dates = file [:,0];
times
rws_depth = file [:,3]/100;
=

days
for

for

i

= file [:,1];

in dates:

delta = convert_date(i);
days.append(delta);
seconds = |[]

i,j in zip(dates,times):
delta = convert_-time(i,j);
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delta —= 3600
seconds .append (delta);

return days,seconds ,rws_depth

#% goeie tides

def correct_for_tides (days,rws_depth ,seconds,time,day,depth):

indices

[l

for i in range(len(days)):
real_depth = [];
depth_goeie = [];
if days[i] = day[0]:
indices .append (i) ;

if days[i] != day[0]:
continue
indices #each index is one day

return

# %o

def tides_correction (indices ,time,depth):
real_depth

X_-min =
X_max =

values
points
points

X = ma.
f = sp.

= [1;

indices [0] #first

= rws_depth [x_min:x_max];
= seconds [x_min:x_max|;
= np.array (points);

getdata (time) ;

interpolate.interpld (points ,values ,bounds_error=False);
£(x);
real_depth = depth—y; #subtracting the tide data

real_depth

def moving_-average (depth, window_size):

y =
return
2 # %%
i=20
j=20

moving_averages= np.empty (shape=np.shape(np.transpose (depth)));

for j in range(len(depth[j])):

for i in range(len(depth[:,1])):
if depth[i,j] != np.nan:
with warnings.catch_warnings () :

warnings. simplefilter (7ignore” ,category=RuntimeWarning) ;
window_average = np.nanmean (window) ;
moving_averages|[j,i] = window_average;
i4+=1

j+=1

print (j)

return moving_averages

# %

measurement of the day
indices[—1] #last measurement of the day

window= depth[i—window_size: i+window_size ,j—window_size: j+window_size |;

def convert_lat (lat ,lon):
lat = 110.574%1at ;

return

# %

lat

def convert_lon (lat ,lon):

lon = (np.cos(np.deg2rad(lat))*r_earth % np.pi)/180 * lon;

return

lon

)y #%% Make depth

profile

def depth_profile(lon,lat ,depth):

lon_cat = np.concatenate(lon);
lat_cat = np.concatenate(lat);
lon_carth = convert_lon(lat_cat ,lon_cat);
lat_carth = convert_-lat(lat_cat ,lon_cat);
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depth = np.concatenate (depth)

bins = binned_statistic.2d (lon_carth ,lat_carth ,depth, statistic= ’median’, bins=[3462/
grid_size , 4257/grid_size],range= [[319.060791015625,322.5225830078125],
[5856.43017578125,5860.68701171875]]) ;

avg = (moving_average ((bins[0]) ,45));

return bins, avg

#% save data

def save_data(bins, avg):
depth=bins [0]
path = ’/home/lgeessinck /mscproject/depth_profile/data/depth_profile_{}.csv
)

np.savetxt (path, depth)

)

.format (date

x=bins [1]
path = ’/home/lgeessinck /mscproject/depth_profile/data/x_profile_{}.csv’.format (date)
np.savetxt (path, x)
y=bins [2]
path = ’/home/lgeessinck /mscproject/depth_profile/data/y_profile_{}.csv’.format (date)
np.savetxt (path, y)
path = ’/home/lgeessinck /mscproject/depth_profile/data/avg_profile_{}.csv’.format (date)
np.savetxt (path, avg)
#
days = []
7 seconds = []
. rws_depth = []
rws = pd.read_csv (’/home/lgeessinck /mscproject/waterstanden2.csv’, delimiter = ’;);
days_temp ,seconds_temp ,rws_depth_temp = open_rws_data(rws);

days.append (days_temp)
seconds . append (seconds_temp)
rws_depth .append(rws_depth_temp)

5

i rws = pd.read_csv(’/home/lgeessinck /mscproject /2019rws.csv’, delimiter = ’;7);

days_temp ,seconds_temp ,rws_depth_temp = open_rws_data(rws);

; days.append (days_temp)

seconds . append (seconds_temp)
rws_depth.append (rws_depth_temp)

#o
rws = pd.read_csv(’/home/lgeessinck /mscproject /2015rws.csv’, delimiter = 7;7);
days_-temp , seconds_temp ,rws_depth_temp = open_rws_data (rws);

days.append (days_temp)

seconds . append (seconds_temp)

rws_depth .append(rws_depth_temp)

rws = pd.read_csv(’/home/lgeessinck /mscproject /2018 rws.csv’, delimiter = ’;7);
days_-temp , seconds_temp ,rws_depth_temp = open_rws_data (rws);

days.append (days_temp)

seconds . append (seconds_temp)

rws_depth .append(rws_depth_temp)

rws = pd.read_csv(’/home/lgeessinck /mscproject /20162017rws.csv’, delimiter = 7;7);
days_temp ,seconds_temp ,rws_depth_temp = open_rws_data(rws);

days.append (days_temp)

seconds . append (seconds_temp)

rws_depth .append(rws_depth_temp)

rws = pd.read_csv (’/home/lgeessinck /mscproject /2016rws.csv’, delimiter = ’;7);
days_temp ,seconds_temp ,rws_depth_temp = open_rws_data (rws);

days.append (days_temp)

seconds . append (seconds_temp)

rws_depth .append (rws_depth_temp)

rws = pd.read_csv (’/home/lgeessinck /mscproject /20102012rws.csv’, delimiter = ’;7);
days_temp ,seconds_temp ,rws_depth_temp = open_rws_data (rws);

days.append (days_temp)

seconds . append (seconds_temp)

rws_depth .append(rws_depth_temp)

rws = pd.read_csv(’/home/lgeessinck /mscproject /2013rws.csv’, delimiter = 7;7);
days_-temp ,seconds_temp ,rws_depth_temp = open_rws_data (rws);

days.append (days_-temp)

seconds . append (seconds_temp)

rws_depth .append(rws_depth_temp)
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rws = pd.read_csv(’/home/lgeessinck /mscproject /2014rws.csv’, delimiter = ’;7);

days_temp ,seconds_temp ,rws_depth_temp = open_rws_data(rws);
days.append (days_temp)

seconds . append (seconds_temp)

rws_depth.append (rws_depth_temp)

days = np.concatenate (days)
seconds = np.concatenate (seconds)

rws_depth = np.concatenate(rws_depth)

rws_depth = np.delete(rws_depth, np.argwhere(rws_depth>2));

s # %% open heading data

def convert_-beams (lon ,lat ,beaml,beam2,beam3,beam4, heading):

for j in years:
for 1 in months:
date = str(j) + str(i);
print (date)
filenames = glob.glob(datadir + ’/x/%{}*.nc’.format (date));

for i, filename in enumerate(filenames):
if ’Gyro’ in filename:
del filenames [i]
gyro.append (filename)

if filenames != [] :
for i, filename in enumerate(filenames):
fnheading = filename.replace(”.nc”,” _GPS—Gyro.nc”)
print (fnheading)
if not os.path.isfile (fnheading):
del filenames [i]

44
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135))
135))

2019,

x = convert_lon(lat, lon)
y = convert_lat (lat ,lon)
x-beaml = x + np.cos(np.deg2rad(70))*beaml/1000*np.sin (np.deg2rad (heading —45))
y-beaml = y + np.cos(np.deg2rad(70))*beaml/1000*np.cos (np.deg2rad (heading —45))
x-beam2 = x + np.cos(np.deg2rad (70))=*beam2/1000*np. sin (np.deg2rad (heading
y-beam2 = y + np.cos(np.deg2rad (70))*beam2/1000*np. cos (np.deg2rad (heading
x_-beam3 = x + np.cos(np.deg2rad (70))=*beam3/1000*np. sin (np.deg2rad (heading
y-beam3 = y + np.cos(np.deg2rad(70))*beam3/1000*np.cos (np.deg2rad (heading
x_-beam4 = x + np.cos(np.deg2rad (70))*beam4/1000*np. sin (np.deg2rad (heading
y-beam4 = y + np.cos(np.deg2rad (70))=*beam4/1000%np. cos (np.deg2rad (heading
beaml = np.sin (np.deg2rad(70) )s*beaml
beam2 = np.sin (np.deg2rad (70) )xbeam?2
beam3 = np.sin (np.deg2rad(70) )*beam3
beam4 = np.sin (np.deg2rad (70) )xbeam4
beams = np.concatenate ([beaml,beam?2,beam3, beam4])
beamsx = np.concatenate ([x_-beaml, x_beam2, x_beam3, x_beam4])
beamsy = np.concatenate ([y-beaml, y_beam2, y_beam3, y_-beam4])
return beams, beamsx , beamsy

# %

grid_size=5

datadir = ’/home/jvandermolen/data_out/TESO/daily/’

5 months = [’017,°02°,°037,°04°,°057,°06°,°07",°08",°09°,°10",°11",712"]

years = [’2010°,°2011°,°2012°,°2013", ’2014°, ’2015°’, ’2016°, ’2017’, ’2018’,
, 72021°]

gyro = []

72020
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309 filenames . sort ()

310 gyro.sort ()

311 filenames2 = filenames

312 filenamesl = []

313 for i, filename in enumerate(filenames2):

314 data = Dataset (filename) ;

315 fnheading = filename.replace(”.nc”,” GPS-Gyro.nc”)

316 print (fnheading)

318 if path.exists(fnheading):
319 filenames1 .append(filename)
320
321 lon = np.empty(shape=(len (filenamesl)), dtype=’object’);
2 lat = np.empty(shape=(len (filenamesl)), dtype=’object ’);
depth = np.empty (shape=(len (filenamesl)), dtype=’object’);
)), dtype=’object’);

1 time = np.empty(shape=(len (filenamesl
5 day = np.empty(shape=(len (filenamesl)), dtype=’object’);

6 indices = np.empty(shape=(len (filenamesl)) , dtype=’'object’);

327 real_depth = np.empty(shape=(len(filenamesl)) ,dtype='object ’);
s beaml = np.empty(shape=(len (filenamesl)), dtype=’object’);

329 beam2 = np.empty (shape=(len (filenamesl)), dtype=’'object’);

330 beam3 = np.empty (shape=(len (filenamesl)), dtype=’object’);

331 beam4 = np.empty(shape=(len (filenamesl)), dtype=’object ’);

332 real_-depth_beaml = np.empty(shape=(len (filenamesl)) ,dtype=’object ’);
333 real_depth_beam2 = np.empty(shape=(len (filenamesl)) ,dtype=’object ’);
334 real_depth_beam3 = np.empty(shape=(len (filenamesl)),dtype=’object’);
335 real_depth_beam4 = np.empty(shape=(len (filenamesl)) ,dtype=’object ’);
336 heading = np.empty(shape=(len (filenamesl)) ,dtype=’'object’);

337 course = np.empty(shape=(len (filenamesl)) , dtype="object’);

38

339 for i, filename in enumerate(filenamesl):

340 print (filename)

341 data = Dataset (filename) ;

342 fnheading = filename.replace(”.nc”,” _GPS—Gyro.nc”)

343 if path.exists(fnheading):

344 print (fnheading)

345

346 lon[i], lat[i], time[i], day[i], beaml[i],beam2[i],beam3[i],beam4[i],

heading[i],fnheading= open_data(data,filename);

348 indices[i] = correct_for_tides (days,rws_depth, seconds, time[i], day[i],
beaml[i]) ;

349

350 real_depth_beaml[i] = tides_correction (indices[i],time[i],beaml[i]);

351 real_depth_beam2[i] = tides_correction (indices[i],time[i],beam2[i]) ;

352 real_depth_beam3[i] = tides_correction (indices[i],time[i],beam3[i]);

353 real_depth_beam4 [i] = tides_correction (indices[i],time[i],beamd[i]) ;

354

355

356 lon_cat = np.concatenate(lon);

357 lat_cat = np.concatenate(lat);

358 heading_cat = np.concatenate (heading);

359 lon_cat = np.delete(lon_cat ,np.argwhere(heading_cat <0))

360 lat_cat = np.delete(lat_cat ,np.argwhere(heading_cat <0))

361

362

363 real_depth_beaml = np.concatenate (real_depth_beaml);

364 real_depth_beaml = np.delete(real_-depth_beaml ,np.argwhere(heading_cat <0))

365 real_-depth_beam2 = np.concatenate (real_-depth_beam?2);

366 real_depth_beam2 = np.delete(real_-depth_beam2 ,np.argwhere(heading_cat <0))

367 real_-depth_beam3 = np.concatenate (real_-depth_beam3);

368 real_depth_beam3 = np.delete (real_-depth_beam3 ,np.argwhere(heading_cat <0))

369 real_depth_beam4 = np.concatenate (real_-depth_beam4);

370 real_depth_beam4 = np.delete(real_-depth_beam4 ,np.argwhere(heading_cat <0))

371 heading_cat = np.delete (heading_cat, np.argwhere(heading-cat <0));

372

373 beams , beamsx ,beamsy = convert_beams(lon_cat ,lat_cat ,real_depth_beaml ,

real_depth_beam?2 ,real_depth_beam3 ,real_depth_beam4 ,heading_cat)
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bins = binned_statistic_2d (beamsx,beamsy,beams, statistic= 'median’, bins=[3462/
grid_size , 4257/grid_size],range= [[319.060791015625,322.5225830078125],
[5856.43017578125,5860.68701171875]]) ;

1) ,45));

| ,np.transpose (bins [0]) ,cmap="terrain ’)

avg = (moving_average ((bins [0

fig=plt . figure (figsize=(3,8))

plt.pcolormesh (bins [1], bins[2

plt.colorbar ()

plt.grid ()

plt.xlim (319.5,321)

plt.title (f’Depth profile {date}’)

plt.savefig (f” /home/lgeessinck /mscproject /analyze/hdtxdepth_profile_plot_{date}5
month . png” . format (date))

plt .show ()

sand_waves = np.transpose (bins[0])—avg

depth=bins [0]

pathd = ’/home/lgeessinck /mscproject/depth_profile/data/4beams/
hdtxdepth_profile_{}5.csv’.format (date)

np.savetxt (pathd, depth)

x=bins [1]

pathx = ’/home/lgeessinck /mscproject/depth_profile/data/4beams/hdtxx_profile_
{}5.csv’.format (date)

np.savetxt (pathx, x)

y=bins [2]

pathy = ’/home/lgeessinck /mscproject/depth_profile/data/4beams/hdtxy_profile_
{}5.csv’.format (date)

np.savetxt (pathy, y)

patha = ’/home/lgeessinck /mscproject/depth_profile/data/4beams/hdtxavg_profile_
{}5.csv’.format (date)

np.savetxt (patha, avg)

paths = ’/home/lgeessinck /mscproject/depth_profile/data/4beams/hdtxsand_waves._
{}5.csv’.format (date)

np.savetxt (paths, sand_-waves)

Script used for analysis:

#!/usr/bin/env python3
# —+— coding: utf—8 —x—

93 9

Created on Sat Jan 7 13:46:55 2023

@author: lgeessinck

N NN

from os import path

import numpy as np

from shapely.geometry import asShape
from shapely.geometry import Polygon
from shapely.geometry import Point
import matplotlib.pyplot as plt
from scipy.signal import find_peaks

months = [’01°,°027,703°, ’04’, *05’, '06°, ’07’,°08’, ’09°, ’10°, °11’, ’127]

years = [’2010’,’2011’,’2012’,’2013’,’2014’,’2015’,’2016’,’2017’,’2018’,’2019’,’2020’,’20217
]

dates = []

count = []

s mask_out = np.zeros ((851,692))

for j in years:
for i in months:
date = str(j) + str(i);
x=np.loadtxt (’/home/lgeessinck /mscproject/depth_profile/data/4beams/hdtxx_profile_-{}5.csv
format (date))
y=np.loadtxt (’/home/lgeessinck /mscproject/depth_profile/data/4beams/hdtxy_profile_{}5.csv’.
format (date))

)
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#7% define polygons

coord = [[320,5857.50],[320.65,5857.6],[320.5,5857],[320.1,5857.05]]
polygonl = Polygon (coord)

coord . append (coord [0])

xsl, ysl = zip (xcoord) #create lists of x and y values

coord = [[320,5857.6],[320.7,5857.65],[320.5,5858.05] ,[320,5858.1]]
polygon2 = Polygon (coord)

coord . append (coord [0])

xs2, ys2 = zip (xcoord) #create lists of x and y values

coord =
[[320,5859.2],[320.2,5859.15],[320.25,5859.4],[320.5,5860],[320.35,5860],[320.15,5859.7]]

polygon3 = Polygon (coord)

; coord .append (coord [0])

xs3, ys3 = zip (xcoord) #create lists of x and y values

plt.figure(figsize=(4,8))
plt.pcolormesh (x,y, mask_out ,cmap= ’'nipy_spectral’)

cbar= plt.colorbar ()

cbar.set_label (’Number of months passed through grid cell’, rotation=270)
plt.grid ()

plt.xlim (319.5,321)

plt.ylim (5856.75,5860.25)

#plt.plot (xsl,ysl)

#plt . plot (xs2,ys2,’r’)

#plt.plot (xs3,ys3, black’)

plt.xlabel (’X (km) ")

plt.ylabel (’Y (km) )

plt .show ()

#% look for points wheteher they are inside the polygon or not
def check_polygon (polygon):
polygon_out = np.zeros ((851,692))
polygon_out = polygon_outs*np.nan
for i in range(len(x)):
for j in range(len(y)):
point = Point(x[i],y[j])
print (point)
test = polygon.contains(point)
print (test)
if test = True:
polygon_out[j,i] =1
return polygon_out

#%% make polygons

polygonl_out = check_polygon (polygonl)
polygon2_out = check_polygon (polygon2)
polygon3_out = check_polygon (polygon3)
#%count number of NaNs

months = [’017,°02°,°03°, ’04°, '05°, '06°, ’07’,’08°, '09’, ’10°, ’11’, ’12’]

; years = [’2010°,°2011°,°2012°,72013°,°2014°,°2015°,°2016°,°2017°,°2018",°2019",°2020,°2021"
]

dates = []

; count = []

mask_out = np.zeros ((851,692))
for j in years:
for i in months:
date = str(j) + str(i);
if path.exists ((’/home/lgeessinck/mscproject/depth_profile/data/4beams/
hdtxsand_waves_{}5smoothed.csv’.format (date))):
sand_waves = np.loadtxt (’/home/lgeessinck /mscproject/depth_profile/data/4beams/
hdtxsand_waves_{}5smoothed.csv’.format (date))
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195 dates.append (date)

496 sand_waves=sand_waves*mask90

497 count_temp = np.count-nonzero( np.isnan(sand_waves))
198 count . append (count_-temp)

499

s00 #/ogenerate all monhts

501 datums = [] #maanden die wel goed zijn gegaan
502 for i in dates:

503 print (i)

504 datum= float (i)

505 datums . append (datum)

506 alle_maanden = []

s07 all_dates = []

so08 for j in years: # alle maanden

509 for i in months:

510 date = str(j) + str(i);

511 dates = float (date)

512 all_dates .append(dates)

513 alle_maanden . append (date)

s14 #6% add months

515 def add_months(value):

516 index = np.where(np.isin (all_-dates ,datums))
517 #test = np.stack (transy_all , axis=0)

518 all_value = np.zeros ((144))

519 all_value [:] = np.NaN

520

521 count = []

522 for i,maand in enumerate(all_value):

523 print (i)

524 print (maand)

525 count_temp = np.count_-nonzero( np.isnan (maand))
526 count .append (count_temp)

527

528 for i in index:

529 for j in range(len(value)):

530 all_value[i] = value

531 j+=1

532 return all_value

533

534

535 #%% make mask
536 months = [’01’,°02°,°037, *04°, ’05°, 06, '07’,°08°, 09’, ’10°, ’11°, ’12°]
537 years = [’2010°,’2011°,72012’,°2013°,°2014°,°2015",°2016°,°2017’,°2018",°2019,°2020",°2021"

s3s dates = []

530 all_mask = []

540 mask-out = np.zeros ((851,692))
541 for j in years:

542 for i in months:
543 date = str(j) + str(i);
544 if path.exists ((’/home/lgeessinck/mscproject/depth_profile/data/4beams/
hdtxsand_waves_{}5.csv’.format (date))):
545 sand_waves = np.loadtxt(’/home/lgeessinck /mscproject/depth_profile/data/4beams/
hdtxsand_-waves_{}5.csv’.format (date))
546 count_temp = np.count_nonzero( np.isnan(sand_waves))
547 if count_temp >80000:
548 indices = (np.argwhere(np.isnan (sand_waves)))
549 mask = np.ones((851,692))
550 print (np.shape (sand_-waves))
551 for m,n in indices:
552 # print (m,n)
553 mask [m,n] = np.nan
A mask_temp = mask
555 all_mask . append (mask_temp)
556 for u in range(len (mask[0])):
557 for v in range(len (mask[:,0])):
558 #print (u)
559 if mask_temp|[v,u] ==1:
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mask_out [v,u] = mask_out[v,u] + 1

i=t+1
#%
mask85 = np.ones ((np.shape(mask_out)))
for u in range(len (mask[0])):
for v in range(len (mask[:,0])):
if mask_out[v,u] < (0.85xmask_out.max()):
mask85[v,u] = np.nan

if mask_out[v,u] = (0.85xmask_out.max()):

mask85[v,u] = 1
print (mask85[v,u])

maskl00 = np.ones ((np.shape(mask_out)))
for u in range(len(mask[0])):
for v in range(len (mask[:,0])):
if mask_out[v,u] < (Ixmask_out.max()):
mask100[v,u] = np.nan
if mask_out|[v,u] = (l*mask_out.max()):
mask100[v,u] = 1
print (mask100[v,u])

mask90 = np.ones ((np.shape(mask_out)))

for u in range(len (mask[0])):
for v in range(len (mask([:,0])):
if mask_out[v,u] < (0.90*mask_out.max()):
mask90 [v,u] = np.nan
if mask_out[v,u] = (0.90*mask_out.max()):

mask90 [v,u] =
print (mask90[v,u])

#% calculate standarddeviation per polygon
def standard_-deviation (polygonl):

std =[]
dates =[]
count =[]

for j in years:
for k in months:
date = str(j) + str(k)

if path.exists ((’/home/lgeessinck/mscproject/depth_profile/data/4beams/

hdtxsand_waves_{}5smoothed.csv’.format (date))

E

sand-waves = np.loadtxt (’/home/lgeessinck /mscproject/depth_profile/data/4

beams/hdtxsand_waves_{}5smoothed.csv’.format (date))
count_-temp = np.count-nonzero( np.isnan(sand-waves))

sand_waves=sand_waves*mask90
if count_-temp >70000:

count .append (count_temp)
print (date)
dates.append(date)

areal= polygonls*sand_waves
std_temp = np.nanstd(areal)
print (std-temp)
std . append (std_temp)
plt.pcolormesh (areal)
return std,dates
#5%
def getEquidistantPoints (pl, p2, parts):

eq = list (zip(np.linspace(pl[0], p2[0], parts+1),np.linspace(pl[1l], p2[1l], parts+1)))

eq = np.array(eq)

xline = eq[:,0]

yline = eq[:,1]

return xline , yline
# %%

def make_transect2(xline ,yline ,sand_-waves):
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627 delta_.x = (x.max() — x.min()) / len(sand_-waves[0])
628 trans.x = (xline—x.min()) / delta_-x

629 trans-x = trans_x.astype(int)

63(

631 delta_.y = (y.max() — y.min()) / len (sand_-waves)

632 trans_y (yline—y.min()) / delta_y
633 trans.y = trans_y.astype(int)

635 ytransect = ()

636 for i,j in zip(trans_y ,trans_x):

637

638 wave = sand-waves|[i,]]

639 ytransect = np.append(ytransect ,wave)

640 xtransect = np.sqrt ((xline—xline.min())*(xline—xline .min())+(yline—yline .min())x*(
yline—yline .min()))

641 return ytransect ,xtransect

612 #9670

643 # Initialize an empty list to store moving averages
614 def moving_averagelD (arr ,window_size):

645 moving_averages = []

646 i=0

647 # Loop through the array to consider

648 # every window of size 3

649 while i < len(arr) — window_size + 1:

650

651 # Store elements from i to i+window_size

652 # in list to get the current window

653 window = arr[i—window_size : i 4+ window_size]

654

655 # Calculate the average of current window

656 window_average = round (sum(window) / window_size, 2)
657

658 # Store the average of current

659 # window in moving average list

660 moving-averages.append (window_average)

661

662 # Shift window to right by one position

663 i+=1

664 X = np.array (moving_averages)

665

666

667 return x

668 %o

660 def moving_average(depth, window_size):

670 i=20

671 j =20

672 moving_averages= np.empty (shape=np.shape(np.transpose (depth)));
673 for j in range(len (depth[j])):

674 for i in range(len(depth[:,1i])):

675 if depth[i,j] != np.nan:

676 window= depth[i—window_size: i+window_size ,j—window_size: j+window_size |;
677 with warnings.catch_warnings():

678 warnings. simplefilter (7ignore” ,category=RuntimeWarning) ;
679 window_average = np.nanmean (window) ;
680 moving_averages[j,i] = window_average;
681 i4+=1

682 j+=1

683 print (j)

684

685 return moving_averages

686 #HI%

687 def running_-mean (data, window_size):

688 # depth_mean= data.mean(axis=0)

689 # arr = np.array (depth_mean)

690 arr = data

691 i=20

692 moving_averages = []
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#%
def

for i in range(len(arr)):

window = arr[i — window_size : i + window_size]
window_average = np.nanmean (window)
moving_averages .append (window_average)

i4=1

return moving_averages

compute_wavelength (startl ,endl):
for j in years:
for k in months:
date = str(j) + str(k)
if path.exists ((’/home/lgeessinck /mscproject/depth_profile/data/4beams/
hdtxsand_-waves_{}5.csv’.format (date))

E
sand-waves = np.loadtxt (’/home/lgeessinck /mscproject/depth_profile/data/4
beams/hdtxsand_waves_{}5smoothed.csv’.format (date))

x = np.loadtxt (’/home/lgeessinck /mscproject/depth_profile/data/4beams/
hdtxx_profile_.2021085.csv’)

y = np.loadtxt (’/home/lgeessinck /mscproject/depth_profile/data/4beams/
hdtxy_profile_.2021085.csv’)

count_-temp = np.count-nonzero( np.isnan(sand-waves))

sand_waves=sand_waves*mask90

if count_temp >70000:

xline , yline = list (getEquidistantPoints (startl ,end1,100))

transy2 ,transxl = make_transect2(xline ,yline ,sand_waves)
transyl = transy2 *x —1

# transx .append (transx1)

# transy.append(transyl)
moving = running_mean (transyl ,2)
moving = np.array (moving)
peak_movex = find_peaks (moving, distance=10) [0]
peak_movey = moving [peak_movex |
peak_movex = peak_movex/100*transx1 .max()
trough_movex = find_peaks(—moving, distance=10) [0]
trough_movey = moving[trough_-movex]
trough_movex = trough_movex/100*transx1 .max()

diff = np.diff(peak-movex)
diff_trough = np. diff (trough_movex)
mean = np.mean(diff)
std = np.std(diff)
mean_-wl.append (mean)
std_wl.append (std)
dates .append (date)
moving_all.append (moving)
asym =[]
print (date)
for i,u in zip(range(len(diff)—1),range(len(diff_trough)—1)):
if peak_-movex[i] > trough_movex[i]:
AS = (trough_movex [u+1]—peak_movex[i]) /(peak_movex [i+1]—
peak_movex[1i])
if AS > 0 and AS <1:
asym . append (AS)
if trough_movex[i]>peak-movex|[i]:
AS = (trough_movex [u]—peak.-movex|[i]) /(peak-movex[i+1]—
peak_movex[i])
print (AS)
if AS > 0 and AS <1:
asym . append (AS)

mean_AS=np . mean (asym)
num_peaks.append (len (diff))
std_AS=np.std (asym)
asym._mean . append (mean_AS)
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asym_std . append (std-AS)
print (mean_AS)
print (std-AS)

return moving,transxl ,peak_-movex ,peak_movey ,trough_movex , trough_-movey
#/%0
mean_wl =]
dates =[]
num_peaks =[]
std_wl = []

asym_mean =]

; asym_std =[]

moving_all =[]

start = (320.4,5857.9)

asym =]

endl = (start[0]4+0.3*np.cos(0.45) , start[1]+0.3*np.sin (0.45))
startl = (start[0] —0.4*np.cos(0.45) , start[l]—0.4*np.sin (0.45))

start2=(320.4,5857.3)

end2 = (start2[0]4+0.3*np.cos(0.8) , start2[1]+0.3*np.sin (0.8))
start2 = (start2[0] —0.4%np.cos(0.8) , start2[1]—0.4%np.sin (0.8))
xline2 ,yline2 = list (getEquidistantPoints(start2 ,end2,100))

start3 =(320.2,5859.5)

end3 = (start3[0]4+0.5*%np.cos(1l) , start3[1]4+0.5%np.sin (1))
start3 = (start3[0] —0.3%np.cos(1l) , start3[1] —0.3xnp.sin (1))
xline3 ,yline3 = list (getEquidistantPoints(start3 ,end3,100))

#movingl , transx1 , peaksxl , peaksyl ,troughsx1 , troughsyl=compute_wavelength (startl ,endl)
#moving2 , transx2 , peaksx2 , peaksy2 ,troughsx2 , troughsy2=compute_wavelength (start2 ,end2)
moving3 , transx3 , peaksx3 , peaksy3 ,troughsx3 ,troughsy3=compute_wavelength (start3 ,end3)

all_asym_mean=add_months (asym_mean)
all_asym_std=add_-months(asym_std)
all_-num_peaks=add_months (num_peaks)

all_mean = add-months(mean_-wl)
all_std = add_months(std_-wl)
#o

fig ,ax=plt.subplots ()

#plt.plot (alle_maanden ,all_asym_mean ,c=’orange ’)

plt.xticks (np.arange (0, len(alle_.maanden)+1, 12),rotation=70)

plt.grid ()

#plt.plot (alle_maanden , all_asym_std)

ax.errorbar (alle_maanden ,all_asym_mean ,all_asym_std ,c="r’,ecolor="pink ")
ax.set_xlabel (" Time (months)”)

ax.set_ylabel ("Mean and standard deviation” ,color="red” ,fontsize=14)

5 # twin object for two different y—axis on the sample plot

ax2=ax .twinx ()

7 # make a plot with different y—axis using second axis object

ax2.plot (alle_maanden ,all_num_peaks ,c=’blue )
ax2.set_ylabel (”Number of sand waves” ,color="blue” ,fontsize=14)
ax2.set_ylim (—6,8)

plt.title (’Transect 3 Asymmetry’)

plt .show ()

#%o

fig ,ax=plt.subplots ()

#plt . plot (alle_maanden ,all_mean ,c=’orange ’)

plt . xticks (np.arange (0, len(alle_maanden)+1, 12),rotation=70)
plt.grid ()

#plt.plot (alle_maanden ,all_asym_std)
ax.errorbar (alle_.maanden ,all_mean , all_std ,c="r
ax.set_xlabel (" Time (months)”)

ax.set_ylabel ("Mean and standard deviation (km)” ,color="red” ,fontsize=14)

’,ecolor="pink ")
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# twin object for two different y—axis on the sample plot

ax2=
7 # make a plot with different y—axis using second axis object

ax2.
ax2.
ax2.

plt.
plt.
#HTo

ax . twinx ()

plot (alle-maanden , all_num_peaks ,c=’blue ’)
set_ylabel (?”Number of sand waves” ,color="blue” ,fontsize=14)
set_ylim (—6,8)

title (’Transect 3 Wavelength’)
show ()

start = (320.4,5857.9)

plt.figure(figsize=(3,8))
plt . pcolormesh (x,y,—sand_waves*mask90,cmap= ’terrain’,vmin=—3, vmax= 3)
plt.colorbar ()
plt.grid ()
plt.xlim (319.5,321)
plt.ylim (5856.5,5860.5)
plt.xlabel (’X (km) )
plt . ylabel (Y (km)’)
plt.title (f 'Depth profile {date}’)
plt.plot(xline ,yline)
plt . plot (xline2 , yline2)
plt . plot (xline3 , yline3)
s #H%o
stdl ,dates = standard_deviation (polygonl_out)
std2 ,dates = standard_-deviation (polygon2_out)
std3 ,dates = standard_deviation (polygon3_out)
datums = [] #maanden die wel goed zijn gegaan
for i in dates:
print (i)
datum= float (i)
datums. append (datum)
alle_maanden = []

all_dates = []

for

j in years: # alle maanden
for i in months:
date = str(j) + str(i);
dates = float (date)
all_dates .append(dates)
alle_maanden . append (date)

all_stdl=add-months(stdl)
all_std2=add_months(std2)
all_std3=add_-months(std3)

3 #%%plot number of nans

all_count = add-months(count)

plt.plot (alle_maanden , all_count)

plt . xticks (np.arange (0, len(alle_maanden)+1, 12),rotation = 90)
plt.grid ()

plt . axhline (70000,c="r")

plt.xlabel (’Time (months)’)

plt.ylabel (’Number of filled grid cells’)
#%% plot masks

plt.figure (figsize=(4,8))

plt . pcolormesh (x,y, mask100)

plt.grid ()

plt.xlim (319.5,321)

plt.ylim (5856.75,5860.25)

plt.xlabel (’X (km) ")
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plt.ylabel ('Y (km)’)
plt. title (’Mask100’)

plt .show ()
#Tplt std
plt . plot (alle_maanden , all_std3*np.sqrt (2
plt . plot (alle_maanden , all_std2+*np.sqrt (2
plt . plot (alle_maanden , all_std1s*np.sqrt (2
plt.xticks (np.arange (0, len(alle_maanden
plt.grid ()
plt.legend ()
plt.xlabel (’Time (months)’)

(

, label = "3, c¢= ’black’)
, label = 727, ¢ = 'r’)
, label = "1, ¢= ’blue’)
+1, 12),rotation = 90)

plt.ylabel (’Height (m)’)
plt.title (’Amplitude of sand waves in area 1, 2 and 3’)
#%
def add-months2D (value):
index = np.where(np.isin (all_dates ,datums))

#test = np.stack(transy_all , axis=0)
all_value = np.zeros((144,101))
all_value [:] = np.NaN

count = []
for i,maand in enumerate(all_-value):
print (1)
print (maand)
count_temp = np.count_nonzero( “np.isnan (maand))
count . append (count_temp)

for i in index:
for j in range(len(count)):
all_value[i] = value
i+=1
return all_value

#%
all_moving3= add_-months2D (moving-_all)

plt. figure ()

plt . pcolormesh (transx3 ,alle_maanden ,all_moving3 ,cmap="terrain’,vmin=—3,vmax=3)
plt.yticks(np.arange(0, len(alle_maanden)+1, 12))

plt.colorbar ()

plt.ylabel (’Time (months)’)

plt.xlabel (’Distance (km) )

plt.title (’Transect 37)

plt.grid ()

# o
asl= np.nanmean(all_asym_mean)
aslstd=np.nanstd(all_asym_mean)

wll= np.nanmean(all_mean)
wllstd=np.nanstd (all-mean)

stdl=np.array (stdl)
std2=np.array (std2)
std3=np. array (std3)
stdl=std1ls*np.sqrt (2
std2=std2x*np.sqrt (2
std3=std3#*np.sqrt (2
ampl=np . nanmean ( std
amplstd=np.nanstd (s

amp2=np . nanmean (std2)
amp2std=np.nanstd (std2)

amp3=np . nanmean (std3)
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950 amp3std=np.nanstd (std3)
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