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Abstract

The Wadden Sea is a dynamic tidal system with multiple inlets. In the western Dutch Wadden Sea large
amounts of fresh water coming from Lake IJssel are being exchanged with saline water coming from the
North Sea during a tidal cycle. This study analyzes the tidal currents in the Marsdiep inlet which is located
between the mainland of the Netherlands and the island of Texel. The velocity measurements are obtained
via two Acoustic Doppler Current Profilers (ADCPs) mounted underneath the hull near the bow and the stern
of the Texels Eigen Stoomboot Onderneming (TESO) ferry. The use of two ADCPs allows to investigate
not only the spatial and the temporal variability of the velocity field of the flow but also the turbulence
during tidal cycles. Features of tidally induced turbulence are identified by using the difference of the
measurements of the horizontal velocities of the two ADCPs which were found to differ slightly. In this
study, the vertical profile of the turbulence as well as its relation with the strength and the phase of the
tide are investigated. Regarding the vertical velocity of the flow, it is observed that the ADCP at the bow
of the ferry always measures a downwelling motion while the ADCP at the stern of the ferry measures an
upwelling motion of the flow. This observation leads to the speculation that the ferry’s motion influences
the velocity measurements and the measured velocities are not the real ones. A correction of the vertical
velocity component for the ferry’s motion is introduced in this study and through this correction a physical
interpretation of the vertical velocity is given by identifying physical features in the inlet. Finally, we expect
that the component of the velocity along the sailing direction is also affected by the ferry’s motion. As
the ferry sails, there is a displacement of a large amount of water backwards underneath the hull due to
a pressure gradient created by water level differences. However, instead of a backflow, a forward flow is
observed in the direction of the ferry’s motion and possible origins for its presence are given in this study.
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Chapter 1

Introduction

The Wadden Sea is a coastal wetland consisting of a string of barrier islands and tidal flats that span nearly
500 km along the northern coasts of the Netherlands and Germany, and the North Sea coast of Denmark. The
Wadden Sea has attracted many scientists and researchers due to its rich biological diversity and due to the
physical processes that take place there such as tides, freshwater discharge, and sediment transport. These
processes result in an everchanging morphology of the islands, channels and tidal flats (Wang, 2018; Wang
et al., 2012). The Marsdiep inlet, which is located between the mainland of the Netherlands and the island
of Texel, is the major tidal inlet connecting the North Sea to the western Dutch Wadden Sea (subfigure (b)
in Figure 1.1). Many studies in this area are focused on observing tide-, wind- and density-driven flows, as
well as sediment transport (see Section 1.1). This manuscript presents observations of tidal currents obtained
with ferry-mounted ADCPs in the Marsdiep tidal inlet. This introductory chapter presents an overview of
the research outline of the thesis as well as the study area and its tidal characteristics.

1.1 Research motivation

Acoustic Doppler Current Profilers (ADCPs) are now widely used for measuring the velocity of the fluid
over a depth range. In addition to measuring velocity fields, ADCPs are used in other applications including
bathymetry measurements and estimation of sediment concentration. An ADCP can collect backscatter
intensity data which can provide estimates of the concentration of scattering particles in the study area of
the instrument providing information on suspended sediment transport processes (Kostaschuk et al., 2005).

The most common ADCPs are upward-looking and they are anchored to the seafloor. They are used for
in situ measurements of waves and currents in the whole water column. The disadvantage of an upward-
looking ADCP is that the measurements are restricted to a single point, along with a temporal analysis only.
However, in recent years, this disadvantage has been overcome, by the use of downward-looking ADCP
mounted underneath a ship. The advantage of using a hull-mounted ADCP is that it introduces spatial
variability into the sampling (Neill and Hashemi, 2018). Therefore, the velocity fields can be measured
along the whole transect, from which the spatial profile can be constructed, and along a series of transects
from which one can plot the temporal evolution of the velocity fields.

For the last two decades, various investigations and studies regarding the physical processes and the
geomorphodynamics of the Marsdiep inlet have been conducted. In cooperation with the ferry company
Texels Eigen Stoomboot Onderneming (TESO), the Royal Netherlands Institute for Sea Research (NIOZ)
has conducted ferry-mounted ADCP measurements in the Marsdiep tidal inlet since 1998. These high-
frequency measurements are being taken by an ADCP instrument mounted on a ferry that crosses the inlet
multiple times a day. Buijsman and Ridderinkhof, 2007 and Buijsman and Ridderinkhof, 2008 are the first
who investigated the tidal currents and the sand waves in the area using the vessel-mounted ADCP data.
Moreover, Nauw et al., 2014 managed to determine the volume flux and the flux of suspended particulate
matter (SPM). The common feature of those studies was that the ADCP was located at the hull, below the
water surface near the horizontal center of the ferry. Two years later, two ADCPs were mounted at the bow
and the stern of the TESO ferry. However, Sassi et al., 2016 investigated the residual water transport in the
Marsdiep inlet by using only the ADCP that is located at the front of the ferry (in the direction of the ferry’s
motion) to avoid bubble-induced noise which is generated by the ship’s propeller.
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Now, in this project, we analyze the timeseries of the transects of the velocity field in the Marsdiep
inlet which are extracted by both ADCPs mounted under the bow and the stern of the TESO ferry. This
gives us the opportunity to investigate not only the tidal currents which pass through the Marsdiep inlet in
the Wadden Sea, but the feature of turbulence as well. In previous years, turbulence characteristics were
studied by de Vries, 2015 by using a single upward-looking ADCP mounted at the bottom of the inlet
which was measuring the mean and time fluctuating parts of the velocity field. He managed to estimate
the turbulent kinetic energy production and dissipation by combining two techniques. He computed the
Reynolds’ stresses and the turbulent kinetic energy shear production by using the variance method described
by Stacey, Monismith, and Burau, 1999 while the turbulent kinetic energy dissipation rate was calculated
through the structure function method described by van Haren, Oakey, and Garrett, 1994 (for further details
see de Vries, 2015). In this study, by combining the data of those two ADCPs, we manage to extract this
turbulence feature as well as its variation with the phase of the tide. Furthermore, despite the fact that the
ADCP data is corrected for the ferry’s velocity, we speculate that the ferry’s motion affects the measurements
by physical changes to the velocity field. Therefore, we search for the influence of the ship’s motion on the
vertical and the along-ship horizontal velocity measurements. This knowledge might lead to correcting the
ADCP data which is possibly contaminated by the ship-induced effect. In summary, what we search for in
this research study are:

• the tidal characteristics of the flow and evidence of turbulence features in the Marsdiep inlet,

• a correction of the measured vertical velocity for the ferry’s motion and a physical interpretation of
the vertical velocity field,

• a correction of the measured horizontal velocity in the sailing direction for the ship-induced backflow.

Chapter 2 presents the data of hull-mounted ADCPs and the methodology to process and extract the
correct current data from the noise. Additionally, we will present how to correct the backscatter intensity
that the ADCPs measure as well as the methodology of the harmonic analysis that is used for the analysis
of the tidal cycle. Ferry-ADCPs observations of tidal currents in the Marsdiep inlet and their characteristics
are presented in Chapter 3 along with turbulent features that are extracted by combining the results of the
two ADCPs. Chapters 4 and 5 are focused on the investigation of the influence of the ferry’s motion on
the velocity components in the vertical and the sailing direction, respectively, and on a possible correction
of the data. Finally, Chapter 6 presents an overview of the main results, an outlook to remaining gaps in
our understanding of the estuarine dynamics in the Marsdiep basin as well as some suggestions for further
research.

1.2 The Marsdiep tidal inlet - Study area

The Marsdiep inlet is located between Den Helder and the island of Texel (at 52.985◦N and 4.785◦W) and
it is one of the major tidal inlets connecting the North Sea to the western Wadden Sea. The inlet is about 4
km wide and maximally 27m deep where the ferry crosses and up to 50m deep at the location of Helsdeur
(subfigure (a) in Figure 1.1) (Elias and van der Spek, 2017). To the west and at the seaward mouth of the
Marsdiep inlet, an ebb-tidal delta with its supratidal sand shoal Noorderhaaks is located. Noorderhaaks is
northward separated from Texel by the Molengat channel which extends along the Texel coastline. On the
southern part of the ebb-tidal delta, the two main channels Schulpengat and Nieuwe Schulpengat, extend
along the North-Holland coastline (Elias and van der Spek, 2017). At the basin side of the area, the inlet
channel bifurcates in the northern main channel Texelstroom and the southern secondary Malzwin channel.
The tidal currents flow through Schulpengat channel into the Marsdiep basin and the Marsdiep basin drains
into the North Sea through Molengat channel.

The tidal wave in the Wadden Sea originates from the southern part of the North Sea through the Mars-
diep inlet. The tides enter the North Sea from the Atlantic Ocean as a Kelvin wave. The Kelvin wave which
propagates southward along the east coast of the United Kingdom meets the Kelvin wave which propagates
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FIGURE 1.1: The Marsdiep inlet (subfigure (a)) in the western Dutch Wadden Sea (subfigure (b)). Subfigure
(b) illustrates the configuration of the inlets, basins, channels and shoals for the year 2005 (adapted from
Elias et al., 2012). The Marsdiep tidal inlet is indicated by the black rectangle. The red rhombus indicates
the station of the Royal Netherlands Meteorological Institute (KNMI) in De Kooy. Subfigure (a) shows
the configuration of the channels in the Marsdiep inlet (adapted from Ponsoni et al., 2019). The two black
curves represents the trajectory of the ferry’s crossings. In both figures, the colored contours represent the
bathymetry (elevation from the seabed) in m.
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through the Dover Strait, between United Kingdom and France. These two Kelvin waves interfere among
them and are distorted due to the Coriolis effect and bottom friction. As a result, a complicated tidal wave
pattern is created. The semi-diurnal tidal wave rotates counterclockwise around two amphidromic points,
one located in the southern North Sea between the Netherlands and the United Kingdom and one to the west
of Denmark. The tide propagates northward, along the Dutch coasts and finally enters the Marsdiep channel
from the south near Den Helder and propagates northward towards Texel and eastward into the inlet (Elias,
Pearson, and van der Spek, 2020; Buijsman, 2007).

The currents in the Marsdiep inlet are governed by the semi-diurnal tides. The most dominant tide in the
inlet is the semi-diurnal lunar tide (M2 tide) that has a period of about 12 hours and 25.2 minutes, while the
second largest constituent (∼ 27% of M2) is the semi-diurnal solar tide (S2 tide) with a 12 hour period. The
interaction between the M2 and S2 constituents results in the spring-neap cycle (de Vries, 2015; Buijsman
and Ridderinkhof, 2007). Also, another important compound and overtide in the inlet is the M4 shallow-
water constituent. Due to the interaction of the M2 and M4 constituents, a tidal asymmetry is observed
in the Marsdiep inlet. Specifically, during a flood the largest velocities are equally distributed across the
inlet with small tidal residual flow close to the Den Helder coastline whereas during an ebb there is a large
ebb-dominant flow in the northern half of the inlet (Elias and van der Spek, 2017; Nauw et al., 2014).
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Chapter 2

Data and Methods

In this chapter we focus on the presentation of the hull-mounted ADCPs data obtained in the period 2020-
2022 and the methodology of obtaining this data. In addition, a short description on discarding the bad
quality data is given. Moreover, the following section in this chapter presents the method used for convert-
ing the backscatter intensity that the ADCPs measure from counts to decibels as well as for the backscatter
intensity correction due to fluid attenuation. Finally, the last section of this chapter presents the method-
ology of the least-squares harmonic analysis. The harmonic analysis provides the contribution of the tidal
constituents to the tidal cycle.

2.1 Data collection

This research project is based on current measurements from a ferry on each transect across the Marsdiep
inlet. A company named Texels Eigen Stoomboot Onderneming (TESO) has been offering the ferry service
between Texel and Den Helder. The ferry has 135.4m length, 27.9m max breadth, 23m breath hull and
4.4m max draft (Trauthwein, October 2019). The current velocity profile is measured with two four-beam
1.2MHz RDI Workhorse Monitor ADCPs mounted on the ferry. The two ADCPs are mounted underneath
the hull at 4.4 m below the water surface, toward the bow and the stern of the ferry as illustrated in Figure
2.1. The two ADCPs have a blanking distance of 1m resulting in a coverage from 5.4m beneath the sea
surface to the bottom with a vertical resolution of 0.5m and a sampling period of 1s (one ping per ensemble
of one second). Therefore, if the ferry’s speed is around 5 m/s then the distance between two subsequent
measurements is 5m. The TESO ferry crosses the Marsdiep inlet between the harbours of Den Helder and
Texel every 30 min on a daily basis from about 06:00 to 22:00, up to 32 times per day. The duration of
the crossings varies between 15 and 20 minutes (Sassi et al., 2016). The ferry sails up and down without
reversing. Therefore, in order to distinguish the two ADCPs, the ADCP which is placed on the side of the
Texel is denoted tx, while the other one which is placed on the side of the Den Helder is denoted hd. While
the ferry sails across the inlet, the ADCP data are stored and at night, when the ferry docks at Texel, the data
are automatically transferred by telemetry to a computer at NIOZ for further processing.

Each measurement collected by the ADCP consists of the following data: date and time; latitude and
longitude coordinates; depth of the measurement; zonal, meridional and vertical water velocities as mea-
sured by the ADCP apparatus; the bottom track velocity; the ferry’s GPS velocity; the ferry’s heading, pitch
and roll and as well the acoustic intensity of back reflected sound (echo intensity) and an error velocity ε .
An ADCP with four transducers allows for measuring two horizontal velocities as well as two times the
vertical velocity. One pair of beams obtains one horizontal component and the vertical velocity component.
The second pair of beams obtain a second, perpendicular horizontal component as well as a second verti-
cal velocity component. Thus, a four beam ADCP measures two horizontal velocity components and two
vertical velocity components. The average of the two vertical components is the vertical velocity and the
difference between these two vertical velocities is defined as error velocity and it is used as a measure of
accuracy (Soons, 2022; Teledyne RD Instruments, 2011; Gilcoto, Jones, and Fariña-Busto, 2009).

The velocity data are retrieved in beam coordinates. Therefore it must be corrected for the ferry’s
motion and transformed to geographic coordinates (Sassi et al., 2016). Differential global positioning system
(DGPS) and gyrocompass as well as bottom track (BT) system were used to determine the ferry’s location,
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FIGURE 2.1: The TESO ferry sails in the Marsdiep inlet, between Texel and Den Helder. Two ADCPs are
mounted underneath the hull below the water surface, toward the bow and the stern of the ferry. The ADCP
which is placed on the side of the Texel is denoted tx, while the other one which is placed on the side of
the Den Helder is denoted hd. The figure is retrieved from the website of the Royal Netherlands Institute
for Sea Research (link:https://www.nioz.nl/en/expertise/wadden-delta-research-centre/
facilities-technology/instruments/dynamics-of-the-marsdiep).

orientation and speed. The flow profiles are corrected for vessel motion by using the bottom-track velocity.
In the case that the bottom-track velocity is unavailable, then the velocity measured by the GPS is used.
The corrected flow’s velocity data are hence: the eastward (u), northward (v) and vertical (w) in geographic
coordinates. Velocity directed to the east (west) and into (out of) the Wadden Sea is positive (negative).
Velocity directed to the north (south) towards Texel (Den Helder) is positive (negative), while the positive
(negative) vertical velocity corresponds to the upward (downward) motion of the flow.

The data was collected during a series of measurements from January 2020 to June 2022. The measure-
ments were carried out during a semi-diurnal tidal cycle along different ferry’s crossings. In addition to the
ferry data, 10 min water-level data measured at the Den Helder port, were obtained from the Dutch Ministry
of Infrastructure and Water Management.

2.2 Quality of ADCP data

During the crossings, sometimes, poor-quality ADCP data was collected. The data which is extracted by
the ADCP located on the stern of the ferry (depending on the direction of the ferry), especially, is noisy due
to air bubbles produced by the wake of the ferry propulsion (Sassi et al., 2016). In Figure 2.2, an example
of a vertical profile of the eastward velocity along the Marsdiep inlet is given. The data was extracted on
August 11, 2020, during the 14th crossing of the TESO ferry. As the ferry sails from Texel to Den Helder,
the tx ADCP, located at the rear of the ferry, records some bad quality data (subplot (c)) which is depicted
with dark red and blue color in the middle of the transect. This bad data can be screened out by adjusting
a velocity threshold which corresponds to the error velocity. If the ADCP raw data exceeds the specified
threshold, the particular data is flagged as bad, presented with empty bins (subplot (d)) and not considered
in the computations (Meteorological Service of Canada, 2004). If more than a set proportion of the water
column is flagged, then the whole column gets flagged. By lowering this velocity threshold, more data is
flagged as bad and consequently larger number of empty bins appear in the velocity contours. The values of
the velocity threshold that were used in the analysis were chosen between the range 0.2 and 0.4 m/s.

https://www.nioz.nl/en/expertise/wadden-delta-research-centre/facilities-technology/instruments/dynamics-of-the-marsdiep
https://www.nioz.nl/en/expertise/wadden-delta-research-centre/facilities-technology/instruments/dynamics-of-the-marsdiep
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FIGURE 2.2: Vertical profile of the eastward water velocity that the two ADCPs measured separately across
the Marsdiep inlet on August 11, 2020. During the 14th crossing the ferry sails from Texel to Den Helder as
the black arrow near the bottom of the right panels notates. Subplots (a) and (c) present the raw data for the
hd (front) ADCP and the tx (rear) ADCP respectively. Subplots (b) and (d) present the data in which the bad
data was removed and it is replaced by empty bins for the hd ADCP and tx ADCP respectively.

2.3 Echo intensity

The ADCP also receives the intensity of the sound wave which is reflected from an object back to the
transducer. Commercially available ADCPs report a measure of backscatter as the echo intensity (EI), in
counts, which is converted to backscatter in decibels by the relation (Haught, Venditti, and Wright, 2017):

Idb = kc(EI −NL) (2.1)

where NL is the noise level in counts. For 600 and 1200kHz RD Instruments Workhorse or Broadband
ADCP, a typical value for the noise level is 40 counts (Deines, 1999). The variable kc (= 0.43 dB/count) is
the received signal strength indicator scale factor and it is a temperature-dependent instrument constant.

Then, the backscatter intensity should be corrected for transmission losses due to geometrical spreading
and fluid attenuation. With this correction, the backscatter intensity is converted to a physical signal which
in turn can be converted into a sediment concentration. The fluid corrected backscatter (IFCB) is computed
in dB by the equation (Haught, Venditti, and Wright, 2017):

IFCB = Idb +20log(R)+2α f R (2.2)

where α f is the fluid attenuation and R is defined as (Ghaffari et al., 2011; Deines, 1999):

R =
z

cos(θ)
+

D
4

(2.3)

where θ (= 20◦) is the angle beam, D (= 0.5m) is the bin size and z is the bin depth.
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The second term on the right-hand side of eq. (2.2) is linked to the beam’s spherical spreading and the
third term accounts for fluid attenuation. The fluid attenuation coefficient α f [dB/m], is the sum of relax-
ation due to a boric acid component, a magnesium sulphate component and a viscosity component1, which
can be written as (Aardoom and Mol, 2006; Medwin and Clay, 1998):

α f =

[
A1P1 f1 f 2

f 2 + f 2
1

+
A2P2 f2 f 2

f 2 + f 2
2

+A3P3 f 2
]
·10−3 (2.4)

for the boric acid component:

A1 =
8.68

c
10(0.78pH−5) [dB km−1 kHz−1]

P1 = 1

f1 = 2.8

√
S
35

10[4−1245/(273+T )] [kHz]

for the magnesium sulphate component:

A2 = 21.44
S
c
(1+0.025T ) [dB km−1 kHz−1]

P2 = 1−1.37 ·10−4z+6.2 ·10−9z2

f2 =
8.17 ·10[8−1990/(273+T )]

1+0.0018(S−35)
[kHz]

and the viscosity component:

A3 = 4.937 ·10−4 −2.59 ·10−5T +9.11 ·10−7T 2 −1.5 ·10−8T 3 if T ≤ 20◦C

A3 = 3.964 ·10−4 −1.146 ·10−5T +1.45 ·10−7T 2 −6.5 ·10−8T 3 if T > 20◦C

[dB km−1 kHz−2]

P3 = 1−3.83 ·10−5z+4.9 ·10−10z2

where f is the ADCP’s working frequency (=1200 kHz), pH denotes the acid degree (= 8.1), S is salinity (=
28 psu), T is the average water column temperature (=15.5◦C) and c is the speed of sound [m/s] given by:

c = 1449.2+4.6T −0.055T 2 +0.00029T 3 +(0.0134T )(S−35)+0.016z

According to Haught, Venditti, and Wright, 2017, eq. (2.2) is valid at low sediment concentrations, where
sediment attenuation is much smaller than the fluid attenuation. For higher concentration, attenuation in-
creases and it is necessary to correct acoustic backscatter for sediment attenuation as well. Therefore, to
account for two-way transmission losses associated with the viscous and scattering effects of sediment, the
sediment corrected backscatter (ISCB) is computed as (Haught, Venditti, and Wright, 2017):

ISCB = IFCB +2αsR (2.5)

The sediment attenuation coefficient αs, can be estimated either theoretically or in situ. However, the in situ
estimates are more efficient to be used because the theoretical estimates of sediment attenuation require a
priori knowledge of the sediment concentration and grain-size distribution (Haught, Venditti, and Wright,
2017). In this study, only the fluid corrected backscatter is used.

1As the sound wave travels thought the sea, the molecules of the water start vibrating. For frequencies above 100 kHz, the
vibration of the water particles produces thermal energy by viscous drag. For frequencies below 100 kHz, chemical components
such as magnesium sulfate (>10 and <100 kHz) and boric acid (<10 kHz) dissociate, producing thermal energy (Doonan, Coombs,
and McClatchie, 2003).
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2.4 Harmonic analysis

Harmonic analysis is a mathematical tool, used for the representation of signals as the superposition of
basic waves and it is used to explain the variations in the timeseries of the measured velocity dataset by
using the least squares method. This timeseries of the velocity is a combination of known astronomical tidal
constituents. A single frequency, phase and amplitude correspond to each tidal constituent. The harmonic
analysis will be used on the timeseries of the northward velocity in Chapter 5 to investigate the ferry’s in-
duced effect in the sailing direction. After the implementation of the least squares method on the dataset,
we obtain the best harmonic fit of the timeseries; the explained timeseries.

By using harmonic analysis, we obtain the minimum difference between the measured and the fitted (ex-
plained) data. This difference between the measured and the explained timeseries is called residual time-
series:

vres
i = vmeas

i − v f it
i (2.6)

where vres
i is the residual velocity, vmeas

i is the measured velocity and v f it
i is the best fitted velocity. The index

i represents a discrete time which total to N, the total number of data points. The residual velocity becomes
smaller as the fitting of the harmonic analysis is improved. The explained variation is defined as a sum of
harmonic components with known astronomical tidal frequencies. During this study the sum consists solely
of cosines and sines at the M2, M4, M6 and M8 tidal frequencies as follows:

v f it
i = B0 +

M

∑
m=1

[Bm cos(ωmti)+Cm sin(ωmti)] (2.7)

where m = 1,2, ..,M, M is the number of tidal frequencies, B0 is the off-set, Bm and Cm are the amplitudes
of the tidal constituents, ωm is the tidal frequency, and ti is the time that corresponds to the i-th fitted mea-
surement.

The residual velocity corresponds to the variations that are not explained by these four tidal constituents.
Some examples are wind- and density-driven current variations, turbulence and instrument noise as well as
other harmonic constitutes not included in this analysis. The residual velocity is defined as the function of
the sum of squared errors (SSE) (Maas, 2019; Groeskamp, 2008):

SSE =
N

∑
i=1

(vres
i )2 =

N

∑
i=1

(vmeas
i − v f it

i )2 (2.8)

By minimizing this variable, we can find amplitudes B0, Bm and Cm. This minimum is obtained when all the
partial derivatives of the amplitudes vanish (∂B0SSE, ∂BmSSE, ∂CmSSE) = 0. The nine set of equations which
arise with the minimization can be rewritten into matrix form as:

AX = M (2.9)

where

A =



N c1 s1 c2 s2 c3 s3 c4 s4
c1 c1c1 c1s1 c1c2 c1s2 c1c3 c1s3 c1c4 c1s4
s1 s1c1 s1s1 s1c2 s1s2 s1c3 s1s3 s1c4 s1s4
c2 c2c1 c2s1 c2c2 c2s2 c2c3 c2s3 c2c4 c2s4
s2 s2c1 s2s1 s2c2 s2s2 s2c3 s2s3 s2c4 s2s4
c3 c3c1 c3s1 c3c2 c3s2 c3c3 c3s3 c3c4 c3s4
s3 s3c1 s3s1 s3c2 s3s2 s3c3 s3s3 s3c4 s3s4
c4 c4c1 c4s1 c4c2 c4s2 c4c3 c4s3 c4c4 c4s4
s4 s4c1 s4s1 s4c2 s4s2 s4c3 s4s3 s4c4 s4s4


(2.10)
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and

M =



N

∑
i=1

vmeas
i

c1

N

∑
j=1

vmeas
j δi j

s1

N

∑
j=1

vmeas
j δi j

...

c4

N

∑
j=1

vmeas
j δi j

s4

N

∑
j=1

vmeas
j δi j



(2.11)

where we abbreviate

cx =
N

∑
i=1

cos(xti) , sx =
N

∑
i=1

sin(xti) (2.12)

and

cxcy =
N

∑
i=1

cos(xti)cos(yti) (2.13)

sxsy =
N

∑
i=1

sin(xti)sin(yti) (2.14)

cxsy =
N

∑
i=1

cos(xti)sin(yti) (2.15)

where x,y = ωm (where m = 1,2,3,4). The elements of the matrix X are unknown and they correspond to
the amplitudes of the tidal constituent.

X =



B0
B1
C1
...

B4
C4


(2.16)

Therefore, the unknown best fit amplitudes can be found via inversion of matrix A:

X = A−1M (2.17)
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Chapter 3

Ferry-ADCP observations of tidal currents
and tidally induced turbulence

The abundance of available data allows us to investigate the spatial and temporal variability of the velocity
field of the flow. In this chapter, this data is presented. Also, we try to identify physical characteristics of
the tides in the Marsdiep inlet which are referred to in the literature as the phase difference between the
water elevation and the tidal current. Furthermore, we would like to exploit the fact that two ADCPs are
mounted on the ferry. One can say that the ADCPs should measure the same velocity field of the flow after
the implementation of the quality control. In this chapter, we see that the results of the two ADCPs are
not identical but they differ slightly. We investigate whether the origin of this difference is instrumental or
physical. More specifically, we search for evidence for tidally induced turbulence by combining the ADCPs
results.

3.1 Introduction

The Marsdiep inlet is governed by two different water masses; the freshwater discharged from the Lake
IJssel and the saline water from the North Sea. The exchange of the water masses between the Marsdiep
basin and the North Sea primarily occurs due to the semi-diurnal tides. More specifically, the freshwater
transports from Texelstroom and Malzwin channels into the North Sea as an ebb southwesterly outflow.
As time passes, the flood current begins entering the inlet along the coast of Den Helder but due to tidal
asymmetry the centre of the inlet is dominated by the ebb current. Then the ebb flow weakens and strong
flood velocities get distributed along the inlet (Elias and van der Spek, 2017; Buijsman, 2007). In the
next section we search for this tidal asymmetry (due to interaction of M2 and M4 tides) along the transect
by using the ADCP measurements. Moreover, the semi-diurnal tidal waves in the inlet are both partially
progressive and standing and this can be found by computing the phase difference between the strength of
the tidal current and the height of the sea surface.

Another important feature in the Marsdiep inlet, which plays a crucial part in natural systems is the
tidally induced turbulence. Turbulence determines the vertical structure of the flow’s velocity as well as the
vertical distribution of suspended matter. In the Marsdiep basin, the origin of turbulence is assumed to be
the velocity’s shear close to the bottom of the sea, which is generated by bed friction. This velocity’s shear
varies between the tidal currents leading to different dynamics during ebb and flood (de Vries, 2015). So
far, the turbulent features in the Marsdiep inlet were studied by using in situ datasets (de Vries, 2015). In
this study, we are looking for evidence of turbulence along a transect by combining the results of the two
ADCPs.
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3.2 Results and Discussion

3.2.1 Spatial distribution of tidal currents

Figure 3.1 shows the profile of the eastward (left column) and the northward velocity (right column) mea-
surements along the inlet extracted by the ADCP which is located underneath the hull at the front of the
ferry during three different crossings (6th, 18th and 28th crossings) on July 15, 2021. During these transects
we observe three different tidal currents; flood current (top row), ebb current (middle row) and slack current
(bottom row). Regarding the strength of the tides, the eastward velocity peaks at around 1.4 m/s whereas the
northward velocity peaks at around 1.0 m/s. It is important to note that, these maximum values, slightly vary
from day to day, but the eastward velocity peak is always larger than the absolute value of the northward
one. Furthermore, we observe that the flood current is more uniformly distributed along the inlet compared
to the ebb current. Simply put, the strongest flood currents occur along the transect whereas the largest
ebb currents occur close to the Texel coastline. According to the literature, this tidal asymmetry causes
a counterclockwise horizontal residual circulation cell with a small floodward residual currents along the

FIGURE 3.1: Profiles of the eastward (left column) and northward (right column) velocity of the flow across
the Marsdiep inlet during three different crossings of the ferry from Texel to Den Helder as measured by
the ADCP which is located underneath the hull at the front of the ferry on July 15, 2021. Subplots (a) and
(b) correspond to a flood current, subplots (c) and (d) correspond to an ebb current and subplots (e) and (f)
correspond to a slack current.
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FIGURE 3.2: Time series of water elevation and the eastward tidal current in the Marsdiep inlet during a
spring tide on July 15, 2021 (subplot(a)), and during a neap tide on July 23, 2021 (subplot (b)). The hours of
the day are shown in CET time zone.

Den Helder coastline and large ebbward residual currents along the Texel coastline (Elias and van der Spek,
2017; Buijsman, 2007). This feature is also apparent in the slack current where there is a flood-dominant
current in the southern and ebb-dominant current in the northern side of the inlet.

3.2.2 Phase lag between water elevation and tidal current

The timeseries of the water elevation (η) recorded at Den Helder’s ferry port during a spring tide on July
15, 2021, and during a neap tide on July 23, 2021, are shown in Figure 3.2. On the same figures, the time-
series of the eastward tidal current are illustrated. The tidal current is calculated by averaging the eastward
velocity, which is measured by the two ADCPs, over the water depth at a specific location (52.9883◦N) in
the Marsdiep inlet. For this calculation, the water velocity data is binned in 100 equidistant intervals across
the transect in an attempt to reduce the noise. A positive tidal current which is directed into the Wadden
Sea is associated with a flood current, whereas a negative tidal current which is directed out of the Wadden
Sea is associated with an ebb current. By looking at the two curves, a phase difference between the water
elevation and the tidal current is observed. The time difference between the curves is approximately found
equal to 2 - 2.5 hours. This lag indicates whether the tidal wave in the Marsdiep channel is progressive or
standing. According to the theory, the phase lags of 0◦ and 90◦ correspond to progressive1 and standing2

waves, respectively (Khojasteh et al., 2020; Ward et al., 2018). In the case that phase lag lies between these
two values, the waves are mixed. In the Marsdiep tidal inlet, there is a phase lag of 59-73◦ between the wa-
ter level and the tidal current, indicating that the semi-diurnal tidal waves are both partially progressive and
standing. This mixture between a standing wave and progressive wave can be explained due to the reflection
of the incoming tidal wave, through the Marsdiep inlet, at the end of the Wadden Sea basin (Groeskamp,
2008).

Figure 3.2 also reveals an asymmetry in the maximum velocities and the duration of the flood and ebb
phase. The flood current is stronger than the ebb current, whereas the duration of the ebb phase is longer than
that of the flood’s. According to Guo et al., 2019, these differences are caused due to the phase difference
between the M2 and M4 tidal constituents in the inlet. However, this tidal asymmetry differs between the
spring and the neap tide. During spring tides, the curve of the current is skewed whereas during the neap
tides the curve is symmetrical. Furthermore, the duration of the flood period during spring tides is shorter
than during neap tides. This difference between the spring and the neap tides as well as further study on the
tidal asymmetry is discussed in Guo et al., 2019.

1when peak tidal currents occur at high and low tide
2when peak tidal currents occur midway between high and low tide
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3.2.3 Tidally induced turbulence

In this section we compare the horizontal velocities (eastward and northward) at each measured latitudinal
location with an average time difference between the measurements of the two ADCPs of 30s. Note that the
ferry does not sail in a straight line (subfigure (a) in Figure 1.1) and its speed changes along its trip and as
a result the two ADCPs do not take the velocity measurements at exactly the same latitudinal location but
it differs by 0.25%. The horizontal velocities are not identical. The difference of the horizontal velocities
that were measured from the hd and tx ADCPs across the Marsdiep inlet on July 15, 2021 during the 28th
transect, are calculated, binned and shown in Figure 3.3. These differences are normally distributed around
-0.006 and 0.021 m/s with standard deviations 0.197 and 0.209 m/s for the eastward and northward direction.
This normal distribution denotes signal noise. Two possible sources of this noise are the instrument’s error
and turbulence.

If the source of this noise is entirely caused by the instrument’s error, then we expect that the standard
deviation of the normal distribution of the horizontal velocities’ differences will be constant for any transect.
Otherwise, if this standard deviation varies among the transects, then this might be evidence that turbulence
is present. Therefore, the normal distributions of the noise, for the 32 transects of the day for 6 days (from
July 19 to July 24, 2021) were studied. The standard deviation of those distributions are plotted as a function
of the tidal current, which is averaged across the inlet (excluding the harbors by using the data which lies
between the 52.967◦N and 52.999◦N latitude) and depths (excluding the first 10m to reduce the chance to
observe artificial turbulence due to ferry’s motion), and shown in Figure 3.4. Subplot (a) shows the result
for the eastward direction while subplot (b) shows the result for the northward direction. We observe that
the standard deviation of the noise varies between 0.20 and 0.28 m/s and it increases for stronger tidal
currents. More specifically, the noise is slightly larger during flood currents than ebb currents. We fit
the data to identify their correlation and we find a quadratic relation between these two variables of the
form f (x) = ax2 + k. (0,k) is the vertex and a represents the concaveness of the parabola. The flood and
ebb currents are represented by different quadratic relations. The noise-flood current relation has a lower
vertex and sharper concaveness than that of the noise-ebb current relation. Consequently, the noise of the

FIGURE 3.3: Normal distributions of the horizontal water velocities’ differences measured by the two ADCPs
on July 15, 2021, during the 28th crossing of the ferry. Subplot (a) corresponds to the distribution of the
difference of the eastward velocities (uhd −utx) while subplot (b) correspond to the difference of the northward
velocities (vhd − vtx).
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FIGURE 3.4: Standard deviation of the horizontal velocities’ difference between the two ADCPs as function
of the tidal current, which is averaged across the inlet and depths, for the 32 transects of the day for 6 days
(from July 19 to July 24, 2021). Subplot (a) corresponds to difference of the eastward velocities (uhd − utx)
while subplot (b) corresponds to the difference of the northward velocities (vhd −vtx). The blue line represents
the fitted line between the standard deviation of the difference of the horizontal velocities and the ebb current
while the red line represents the fitted line between the standard deviation of the difference of the horizontal
velocities and the flood current.

measurements of the horizontal velocities varies with the tidal currents, indicating the presence of tidally
induced turbulence in the Marsdiep inlet. A method to separate the contribution of turbulence from the noise
is not yet found. However, there is a speculation that the instrumental noise level might lie on the vertex, at
around 0.2 m/s, and that tidally induced turbulence further raises the value of this standard deviation above
0.2 m/s.

Moreover, the fact that the tidally induced turbulence differs between the flood and the ebb currents is
associated with their strength. As we already mentioned, the flood current is stronger than the ebb current.
The strength of the tides is proportional to the shear effect of the horizontal velocities in the vertical direction
which is responsible for the creation of turbulence (Groeskamp, 2008). The shear is associated with a
decrease in magnitude of the horizontal current with depth due to bottom friction. Therefore, this explains
the fact that the tidally induced turbulence reaches larger values during the flood current. The tidally induced
turbulence and its characteristics will be discussed in detail in the next section.

3.2.3.1 Variations of the tidally induced turbulence depending on the tide’s phase

A clear indication that turbulence is related to the strength of the tides is already found. However, by looking
at the details of Figure 3.4 , we manage to extract information about the relation between turbulence and the
phase of the tide. The tidal current is divided into four phases: the accelerating and the decelerating phase of
the flood and ebb currents. These four phases for the eastward and the northward tidal current are illustrated
with different colors in subplots (b) of Figures 3.5 and 3.6 respectively. Subplots (a) of those figures show
the parabolic relation between the strength of the tides and the tidally induced turbulence (similar to Figure
3.4) with each of the four phases depicted with a different colour. By looking at Figure 3.5, we observe
that the magnitude of the tidally induced turbulence increases during the accelerating phase of the flood
current. Just after the maximum flood current, the magnitude of turbulence increases further whereas it
sharply decreases as the flood current weakens. Similar behaviour is observed during the ebb current. This
turbulence seems to vary with the strength of the tides with a pattern in the shape of a butterfly. Therefore,
the tidally induced turbulence depends on the phase of the tide indicating that the tidal currents are carrying
different amount of turbulence depending on where they come from. The most important characteristics
are the following. Firstly the maximum magnitudes of the turbulence are observed just after the maximum
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FIGURE 3.5: Subplot (a) corresponds to the standard deviation of the eastward velocities’ difference between
the two ADCPs as a function of the magnitude of the tidal current, which is averaged across the inlet and
depths, for the 32 transects of one month (July 2021). Subplot (b) illustrates the four phases of the eastward
tidal cycle. The four phases are represented by different colors of the scatters. The different colored lines
represent the fitted lines between the standard deviation of the difference of the eastward velocities and tidal
currents for each phase.

FIGURE 3.6: Subplot (a) corresponds to the standard deviation of the northward velocities’ difference be-
tween the two ADCPs as a function of the magnitude of the tidal current, which is averaged across the inlet
and depths, for the 32 transects of one month (July 2021). Subplot (b) illustrates the four phases of the north-
ward tidal cycle. The four phases are represented by different colors of the scatters. The different colored
lines represent the fitted lines between the standard deviation of the difference of the northward velocities
and tidal currents for each phase.
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tidal flood and ebb currents during the early stage of their decelerating phase of the tidal cycle. Secondly,
turbulence decays faster during their decelerating phase and it is generated slowly during their accelerating
phase of the tidal currents. This observation indicates a time delay of the turbulence’s generation at the
seabed. We speculate that during the early stage of the accelerating phase of the tidal current, the turbulence
has not been generated yet. At the maximum tidal current velocity, turbulence starts appearing close to the
bottom boundary layer. At the late phase of the flood and ebb, when the tidal currents decelerate, turbulence
finally becomes manifest at greater heights away from the seabed. Then, the turbulent energy diffuses
upwards until the next phase of the tide.

3.2.3.2 Vertical profile of the turbulence

We have concluded that turbulence depends on the strength and the phase of the tide. But how does it vary
with depth? Subplots (a) and (b) in Figure 3.7 show the standard deviation of the horizontal eastward and
northward velocities’ difference respectively as a function of depth. The results are daily averaged. In other
words, we compute the standard deviation of the normal distributions of the horizontal water velocities’
difference for each depth for each transect in one day and then we take the average of those 32 values. The
two different colors represent two different days with different wind conditions and similar current strengths
in terms of the variations induced by the spring-neap cycle. The blue points represent the results of July
20, 2021 while the red points represent the results of July 28, 2021. On July 20 (28), 2021, the wind blew
northeast (southwest) with a daily mean windspeed 2.6 (8.2) m/s. A speed of 2.6 (8.2) m/s corresponds to
2 (5) Beaufort. The direction and the speed of the wind were measured by the Royal Netherlands Meteoro-
logical Institute (KNMI) in De Kooy (notated by a red rhombus in subfigure (b) in Figure 1.1). We observe
that the results for the two days follow a similar pattern. At the seabed, the features of turbulence do not
exist due to the influence of friction on the tidal currents (Maas and van Haren, 1987). Within the turbulent
boundary layer, near the seabed there is a thin layer where shear effects are dominant (Cengel and Cimbala,
2013) and as a result the magnitude of the current velocity must vanish. A little higher than the seabed, but
still within the turbulent boundary layer, the turbulent effects start becoming significant but the flow is still
dominated by friction effects. This results to an increase of the velocity in the water column near the bottom
and therefore to slight turbulence generation. Near the edge of the turbulent boundary layer, the turbulent
effects dominate over friction effects (Cengel and Cimbala, 2013), reaching its maximum at around a depth

FIGURE 3.7: Standard deviation of the eastward (subplot (a)) and northward (subplot (b)) velocities’ differ-
ence between the two ADCPs as a function of depth. The results are daily averaged. The two different colors
represent two different days with different wind conditions. The blue points represent the results on July 20,
2021 (with daily mean windspeed 2 beaufort) while the red points represent the results on July 28, 2021 (with
daily mean windspeed 5 beaufort).
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of 22-23m in our case. This explains the fact that we do not observe turbulence exactly at the bottom, be-
cause there is continuous conflict with the bottom boundary effect and only slightly above the bottom, it is
strong enough to express itself. From that depth upwards, turbulence starts decreasing. At around 8-10m
the standard deviation of the horizontal velocity difference is found 0.2 m/s for the calm day and 0.22 m/s
for the windy day, both of which correspond to the instrumental noise level that we have already discussed
which indicates that at these depth, the environmental turbulence is absent or very small to be measured.
As we approach the sea surface, the turbulence slightly increases. We speculate that this increase occurs
due to the ferry’s motion. While the ferry sails, the flow underneath the hull is disturbed and therefore an
additional artificial turbulence takes place.

Moreover, it is worth mentioning that during the windy day, turbulence near the surface is larger than
during the calm day. We speculate that this additional turbulence exists due to generation of breaking surface
waves. During the windy day, the wind was blowing from southwest to the northeast which means that wind
induced waves were propagating from the southern North Sea to the Marsdiep basin and more specifically
in the Texelstroom channel. Along this direction, there is no land which could obstruct their propagation
and as a result the wind fetch is longer. Therefore, the longer the fetch and the faster the wind, the higher the
probability for wave breaking to occur at the sea surface. The presence of those breaking waves enhances
the features of turbulence near the sea surface.
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Chapter 4

Influence of the ferry’s motion on the
velocity components in the vertical direction

So far, the ship-induced effect has not been taken into account in the correction of the ADCP data. By using
the data as we process it now, it is difficult to extract information regarding the real velocities, especially
in the vertical direction, due to the contamination of the data by the ship-induced effect. Our purposes are,
firstly, to identify this effect in the vertical direction by analyzing the velocities of the tidal currents and
secondly, to correct the data given the existence of the aforementioned effect. In this chapter we present:
evidence that the ship-induced effect is present in the ADCPs’ measurements and, a first attempt of its
elimination.

4.1 Introduction

As we mentioned in Chapter 1, the previous studies in the Marsdiep inlet which used the ADCP measure-
ments mounted on the TESO ferry, were based on the streamwise and the transverse currents and their
vertical profiles. The ADCP also measures the vertical velocity of the currents which flow in the Marsdiep
inlet. From the vertical velocity measurements we can extract information regarding circulation that may
be taking place in the vertical direction or other features that may be present in the Marsdiep inlet such as
internal waves or "boils". In this study, for the first time, we look into the profile of the vertical velocity of
the currents that flow in the Marsdiep inlet. Figure 4.1 shows the structure of the vertical current speed in
the Marsdiep inlet as measured by the two ADCPs during two crossings on July 15, 2021. Subplots (a) and
(c) correspond to the 5th crossing of the ferry (between 08:30 and 09:00 CEST) and subplots (b) and (d)
correspond to the 28th crossing (between 20:00 and 20:30 CEST). During the 5th transect, the ferry sails
from Den Helder to Texel, while at the 28th, the ferry sails from Texel to Den Helder (indicated by a thick
arrow at the bottom of the panel). The top panels show measurements by the ADCP that sits on the Den
Helder side of the ferry (indicated at the top as hd) while the lower panels show that measurements from
the Texel side (tx). By looking at the two cases, we observe that the two ADCPs measure opposite vertical
velocities in one crossing. During the 5th transect, the hd ADCP measures positive vertical velocities while
the tx ADCP measures negative vertical velocities, with 0.25 m/s being the maximum absolute value. The
opposite happens during the 28th transect. Consequently, the vertical velocities that the ADCPs measure
depend on the sailing direction of the ferry. The ADCP which is located at the rear of the ferry always
measures positive vertical velocities whereas, the ADCP which is located in front of the ferry always mea-
sures negative vertical velocities. One possible explanation for this observation is that the measurements
of the water velocity are affected by the ferry’s motion and we strive to take this effect into account in our
correction. Specifically, we speculate that as the ferry moves forward the water is pushed down, in front
of the ferry, resulting in negative vertical velocities while at the rear of the ferry, the water flows upwards
filling the empty space the ship leaves in its passing. A sketch of the ferry and the motion of the flow in
its front and rear is illustrated in Figure 4.1. However, there are two similarities between the two ADCPs
which are independent of the ferry’s direction. The vertical profile of the vertical velocity is uniform along
the cross section of the Marsdiep inlet, and it decays with depth.
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FIGURE 4.1: The vertical profile of the vertical water velocity that the two ADCPs measured across the
Marsdiep inlet on July 15, 2021, during the 5th (subplots (a) and (c)) and 28th (subplots (b) and (d)) crossing
of the TESO ferry. During the 5th crossing the ferry sails from Den Helder to Texel while during the 28th
crossing the ferry sails from Texel to Den Helder as the black arrows notate. Below the subplots, sketches of
the ferry’s motion for each transect is given (direction indicated by black arrows). The blue arrows correspond
to the downward motion of the water in front of the ferry, while the red arrows correspond to the upward
motion of the flow at the rear of the ferry.

4.2 Results

4.2.1 Influence of the ferry’s motion on the vertical velocity measurements

The vertical profile of the vertical component of the current velocity at latitude 52.9876◦N for two transects
is illustrated in Figure 4.2 in subplots (a) and (b). It is clear that the vertical velocity of the water measured
by the two ADCPs decays with increasing distance from the surface. Subplots (c) through (f) in Figure
4.2 show that the vertical velocity measured by the two ADCPs during the 5th and the 28th crossings of
the ferry on July 15, 2021, at that specific location, decays linearly away from the ferry reaching zero at
approximately 20-26 m with a decay scale close to 0.07 s−1. Moreover, we observe that the decay scale
of the vertical velocity measured by the ADCP which is located at the front (rear) of the ferry is negative
(positive) as we expected due to the motion of the water underneath the ferry. We note here that the direction
of the ferry’s motion determines which ADCP is the front one and which the rear one. For example, during
the 5th (28th) transect, the front ADCP is the tx (hd) and that can be determined by looking at the black
arrow in Figure 4.2 which correpsonds to the direction of the ferry’s motion.

The decay scale, dw/dz, is computed for each spatial grid in the domain and it is illustrated as a function
of latitude in Figure 4.3 for each ADCP separately. The decay scale of the vertical velocity is fairly constant
in the middle of the domain (where the ship moves with relatively constant velocity). Near the coasts (where
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FIGURE 4.2: Subplots (a) and (b) show the vertical profile of the vertical velocity measured by the two
ADCPs at the specific latitude 52.9876◦N during transects 5 and 28 on July 15, 2021, respectively. Subplots
(c) and (d) show the linear relationship between the depth and the vertical velocity measured by the two
ADCPs at latitude 52.9876◦N during the 5th transect. Subplots (e) and (f) show the results for the 28th
transect. The red line corresponds to the fitted line, its slope presents the decay scale of the vertical velocity
over the depth and its intercept with y-axis corresponds to the vertical velocity on the sea surface.
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FIGURE 4.3: Decay scale of the vertical velocity as a function of latitude. Subplots (a) and (b) correspond to
the 5th crossing whereas subplots (c) and (d) correspond to the 28th crossing of the ferry on July 15, 2021.
The results are given for the front and rear ADCP separately. The front and the rear ADCP are determined
by the direction of the ferry’s motion. During the 5th (28th) transect, the front ADCP is the tx (hd) ADCP.

FIGURE 4.4: The vertical velocity on the surface as a function of latitude. Subplots (a) and (b) correspond to
the 5th crossing whereas subplots (c) and (d) correspond to the 28th crossing of the ferry on July 15, 2021.
The results are given for the front and rear ADCP separately. The front and the rear ADCP are determined
by the direction of the ferry’s motion. During the 5th (28th) transect, the front ADCP is the tx (hd) ADCP.
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FIGURE 4.5: Normal distributions of the vertical velocities that the two ADCPs measure across the Marsdiep
inlet on July 15, 2021, during the 5th (subplots (a) and (c)) and 28th (subplots (b) and (d)) crossings of the
TESO ferry. During the 5th crossing the ferry sails from Den Helder to Texel while during the 28th corssing
the ferry sails from Texel to Den Helder as the small arrows notate above each subplot.

the ship accelerates and decelerates), the decay scales take larger absolute values, up to 0.125 s−1. If we
ignore the measurements near the coasts, then the averaged decay scale of the vertical velocity measured by
the front ADCP is found -0.005 s−1 and -0.008 s−1, whereas the decay scale of the vertical velocity mea-
sured by the rear ADCP is found 0.0100 s−1 and 0.0104 s−1 during the 5th and 28th transects respectively.
Therefore, we conclude that the result differs between a pair of front and rear ADCPs during a crossing,
and it also varies for each ADCP (front and rear) during two different crossings. Firstly, we observe that the
absolute averaged decay scale of the vertical velocity measured at the rear ADCP, during the two crossings,
is slightly larger than that measured by the ADCP in the front and secondly, that the absolute value of the
decay scale is found larger for the front and the rear ADCP during the 28th crossing than during the 5th
crossing of the ferry.

Moreover, the intercept of the linear fitting in subplots (c) through (f) in Figure 4.2 hypothetically repre-
sents the vertical velocity on the sea surface. Likewise, the vertical velocity on the surface, is computed for
each spatial grid in the domain, illustrated as a function of latitude in Figure 4.4. This velocity behaves sim-
ilarly to the decay scale across the transect. Its value is fairly constant in the middle of the domain whereas
near the coasts, it takes larger absolute values; up to the unrealistic value of 1.25 m/s. If we ignore the
measurements near the coasts again, then the averaged vertical velocity on the sea surface measured by the
front ADCP is found -0.134 m/s and -0.169 m/s whereas the vertical velocity measured by the rear ADCP is
found 0.200 m/s and 0.227 m/s during the 5th and 28th transects respectively. The rear ADCP always gives
larger absolute vertical velocity whereas the result significantly differs between the two transects for both
ADCPs. Figure 4.5 shows the vertical velocities distributions for the crossings that are depicted in Figure
4.1 (subplots (a) and (c) correpond to the 5th crossing subplots (b) and (d) correspond to the 28th crossing
of the TESO ferry on July 15, 2021). We observe that the mean value of the velocity which is measured by
the rear ADCP is always larger than that measured by the front ADCP, a fact which confirms our previous
results. The difference in the results between the ADCPs was not investigated during this study. Neverthe-
less, we speculate this is associated with the fanning out effect (Robijns, 2015). During this effect the flow
underneath the hull decreases due to an area of low pressure induced by the rotating propeller. As a result
large discharge needs to be diverted to the sides and upwards, towards that area, leading to a record of larger
velocities at the stern compared to those at the bow.

We have already concluded that the decay scale of the vertical velocity as well as its value at the sur-
face remain constant in the middle of the transect. However, both variables differ between the 5th and 28th
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FIGURE 4.6: The sketch illustrates the bottom track velocity divided in two velocity components. The black
vector in subfigure (a) is the velocity of the ferry through calm water as measured by the moving ADCP
whereas the blue vector in subfigure (b) corresponds to the undisturbed environmental flow as measured by
an ADCP stationary with respect to the seabed. In subfigure (c), the red vector corresponds to the sum of the
black and blue vectors, which is the velocity of the ferry relative to the seabed (the opposite to bottom track
velocity).

transects. By taking into account the ferry’s motion influence, we look at the bottom track velocity mea-
surements which correspond to the fictitious velocity of the bottom as measured by the moving ferry. We
expect that the ferry’s velocity differs from one transect to another. As a result the vertical velocity varies
between the two transects. In our analysis we use the velocity of the ferry relative to the water. The bottom
track velocity is the sum of the ferry’s velocity and the environmental northward velocity which flows along
the line of the ferry’s motion as shown in the sketch in Figure 4.6. The bottom track velocity is the velocity
of the seabed relative to the moving ADCP in a moving medium (flow). The velocity of the ferry relative
to the seabed is the exact opposite and it is notated by the red vector in subfigure (c). The black vector is
the velocity of the ferry through calm water as measured by the moving ADCP (subfigure (a)) and the blue
vector corresponds to the undisturbed environmental flow as measured by a stationary ADCP (subfigure
(b)). The red vector is the sum of the blue and black vectors. However, as we previously mentioned, the
velocity measurements in the northward direction may be affected by the ship-induced backflow (Chapter
5). Therefore, as shown below, we roughly estimate the environmental northward flow by using the eastward
velocity which is hardly affected by the ferry’s motion and hence we expect better results.

FIGURE 4.7: Ferry’s velocity relative to the water as a function of latitude for the 5th and 28th crossings
of the ferry on July 15, 2021. The results are given for the hd and tx ADCP separately. The green points
correspond to the 5th transect whereas the violet points correspond to the 28th transect.
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The tidal currents do not flow perpendicular to the ferry’s trajectory but they flow into/out of the Wadden
Sea through Texelstroom (subfigure (a) in Figure 1.1) at an angle. Buijsman, 2007 defined the axis along
which the tidal currents flow into and out of the Wadden Sea as the streamwise axis. One convenient
resolution of the streamwise current can be achieved by use of the eastward and the northward axes; the
velocities along those axes are readily available by the ADCPs. The counterclockwise orientation of the
streamwise axis with the eastward-axis is the inclination ψ . The eastward currents and the inclination ψ are
known and therefore we can estimate the northward velocity of the flow using the following equation:

vest = uADCP tan(ψ) (4.1)

where uADCP is the depth-averaged eastward velocity. Note that this method presupposes that the tidal flow
is strictly rectilinear, oriented in the ψ direction. In reality, the tidal current profile may be elliptical and as
a result the inclination ψ may vary across the inlet. Roughly estimated, the inclination is 10◦ close to Den
Helder, 21◦ between 52.970◦N and 52.980◦N, 32◦ between 52.980◦N and 52.995◦N and 27◦ close to Texel
(Buijsman, 2007). In this study, we will restrain ourselves and only work with this rough estimation of the
northward velocity. Finally this estimation of the northward velocity is subtracted from the bottom track
velocity (vbt) to get the ferry’s velocity relative to the water (v f ) as follows:

v f = vbt − vest (4.2)

Figure 4.7 illustrates the ferry’s velocity (v f ) across the 5th and 28th transects on July 15, 2021 for both
ADCPs. We observe that the velocity of the ferry, in the middle of the domain, differs between the two
transects as we expected. During the 5th transect, the ferry sails with roughly 5 m/s whereas during the 28th
transect, it sails with 6 m/s approximately.

Consequently, it is worth searching for a relation between the vertical velocities measured by the two
ADCPs and the ferry’s velocity. To achieve this, the relationship between the ferry’s velocity and the decay
scale of the vertical velocity as well as of the vertical velocity on the surface are studied, for the 32 transects
of each day over 6 days (from July 12 to July 17, 2021). The ferry’s velocity, the decay scale of the vertical
velocity as well as the vertical velocity at the surface are averaged across the inlet excluding latitudes close
to the harbors. To be more specific, the data which is used for the analysis lies between the 52.967◦N and
52.999◦N latitude. The results are shown in Figure 4.8 and Figure 4.9 for each variable separately. Subplots

FIGURE 4.8: Decay scale of the vertical velocity as a function of the ferry’s velocity, both averaged across
the inlet excluding the harbors, for the 32 transects of the day for 6 days (from July 12 to July 17, 2021). The
results are given for the front and rear ADCP separately. The black line represents the fitted line, indicating
the linear relationship between the two variables.
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FIGURE 4.9: Vertical velocity computed on the sea surface as a function of the ferry’s velocity, both averaged
across the inlet excluding the harbors, for the 32 transects of the day for 6 days (from July 12 to July 17,
2021). The results are given for the front and rear ADCP separately. The black line represents the fitted line,
indicating the linear relationship between the two variables.

(a) in both figures shows the results for the ADCP located at the front of the ferry while the right subplot
shows the result for the ADCP located at the rear of the ferry. We fit the data to find their correlation; we
find a linear relationship in both cases. In other words, the absolute decay scale of the vertical velocity as
well as of the absolute vertical velocity of the flow at the sea surface increase (decrease) linearly with the
increase (decrease) of the ferry’s velocity. By combining the two results, we obtain the function below which
describes the correction of the vertical velocity profile measured by the ADCPs for the ferry’s velocity:

w f c = (A |v f |+B) z+(C |v f |+D) (4.3)

where z is the depth and |v f | is the absolute ferry’s speed relative to the water. The unknown coefficients A,
B, C and D can be found via the fitting process, to be discussed below.

4.2.2 Correction of the vertical current speed

As we mentioned in Section 4.1, the ADCP which is located at the rear (front) of the ferry always measures
positive (negative) vertical velocities. As a result, the measurements extracted by the rear (front) ADCP
show a net upwelling (downwelling) vertical motion of the sea water along the transect. But in reality (in
the undisturbed sea), this is not the case. There is no net vertical motion of the water and hence the mean
value of the vertical velocity of the flow along the whole transect should be zero. Consequently, as a first
correction of the vertical velocity data, we tried to eliminate the net vertical transport of the water, by setting
the mean value of the vertical current velocity to zero. To achieve this we firstly compute the horizontally
averaged vertical velocity along the inlet (excluding the harbors) for each depth layer (wper depth) namely,
the correction term. Then, by subtracting the correction term from the ADCP vertical velocity (wADCP), we
obtain the corrected data for the vertical velocity. This first correction (hereafter "C1"), is summarized in
the equation below:

(wcor)C1 = wADCP −wper depth (4.4)

The following plots serve as an example of the C1 correction scheme, for the 5th crossing of the ferry on July
15, 2021. The profile of the vertical velocity measured by the two ADCPs during this transect is illustrated
in Figure 4.1 in subplots (a) and (c). Figure 4.10, presents the results after the implementation of the C1
correction scheme (namely, we make use of eq. (4.4)) in the measurements for each ADCP separately.
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FIGURE 4.10: Implementation of the C1 correction scheme on the vertical velocity during the 5th crossing
of the ferry on July 15, 2021. Subplots (a) and (b) present the averaged vertical velocity along the inlet
(excluding latitudes close to the harbors) for each depth layer for the front and the rear ADCP respectively.
Subplots (c) and (d) depict the correction term of C1 scheme, wper depth, while subplots (e) and (f) depict the
corrected vertical velocity (wcor)C1 for the front and the rear ADCP respectively.

Subplots (a) and (b) present the averaged vertical velocity along the inlet (excluding latitudes close to the
harbors) for each depth layer. These are the correction terms to be used for each depth. Subplots (e) and
(f) depict the corrected vertical velocity (wcor)C1 by using the correction terms from subplots (c) and (d).
Regarding the correction term, a larger averaged velocity in magnitude is observed between 7-10m of depth
for both ADCPs. From that point onwards, the averaged vertical velocity decreases, especially for the rear
ADCP which shows a significant velocity reduction over the depth. As for the corrected velocity, although
the two ADCPs disagree, there is information that we can extract from their plots by observing some of its
features. The results will be discussed in the discussion part.

Although the correction above looks promising, we have not taken into account the ferry’s velocity
which affects the measurements. Therefore, we keep searching for an additional correction by using the
function which describes how the vertical velocity is affected by the ferry’s velocity along the depth (eq.
(4.3)). First, we fit this function on the data for each ADCP for each transect and we find coefficients A, B,
C and D. Then, we substitute in the function, the ferry’s speed data computed by eq. (4.2)) as well as the
depth measurements and we obtain the estimated vertical velocity (w f c). Then by subtracting the estimated
vertical velocity from the ADCP vertical velocity (wADCP), we obtain the corrected data for the vertical
velocity. The correction of the vertical current speed (hereafter "C2") for the ferry speed is summarized in
the equation below:

(wcor)C2 = wADCP −w f c (4.5)

where w f c is calculated by eq. (4.3) which takes the following forms for the front and rear ADCP:

(w f c) f ront = (−0.00177 |v f |+0.00448) z+(−0.05708 |v f |+0.14338)

(w f c)rear = (0.00254 |v f |−0.00375) z+(0.06352 |v f |−0.11455)

Figure 4.11 presents the results, corrected using the C2 correction scheme, for the same transect as in C1.
Subplots (a) and (b) present the correction terms (w f c) f ront and (w f c)rear respectively and subplots (c) and
(d) show the corrected vertical velocity for the ferry speed, (wcor)C2. This correction term differs from
wper depth. Here, larger velocity magnitudes of the correction term are observed near the first depth layer
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FIGURE 4.11: Implementation of the C2 correction scheme on the vertical velocity during the 5th crossing
of the ferry on July 15, 2021. Subplots (a) and (b) illustrate the correction term of C2, w f c, while subplots (c)
and (d) depict the corrected vertical velocity (wcor)C2 for the front and the rear ADCP respectively.

under the ADCPs. Then, it decays as the depth increases, and we observe that the rear ADCP shows a steep
velocity decay, just like before. Looking at the corrected velocity, although the two ADCPs disagree, we
observe that they each follow a similar pattern to their counterpart in the C1 scheme. The results of C1 and
C2 share some common features which will be discussed later but there are some notable differences as
well. The most important of the differences here is that at the first depth layer below the ADCPs, there is a
dark red (blue) band for the front (rear) ADCP which suggests that there is upwelling (downwelling) motion
of the flow at the sea surface. We are not sure if this is physically feasible. One speculation is that this
upwelling (downwelling) motion of the flow at the sea surface are caused by lateral flow components which
flow to and from the sides of the ferry, induced by the ferry’s motion. Nevertheless, it seems that although
we applied the correction for the ferry’s speed, the ferry’s effect on the vertical velocity has not been fully
eliminated.

Therefore, in our last attempt to eliminate this effect, we came with a third correction scheme (hereafter
"C3"). Instead of applying the function of the ferry’s velocity directly on the measured data, as done by C2,
we apply it to the corrected vertical current velocities from C1. In other words, we combine C1 and C2. To
do that, we must first fit the ferry’s speed function, not on the ADCP data but rather on the ADCP corrected
(by C1) data, to find coefficients A, B, C and D. We use this fit to calculate the estimated vertical velocity
correction. We then subtract the correction term from the corrected (by C1) vertical velocities:

(wcor)C3 = (wcor)C1 −w f c (4.6)

where w f c is calculated by eq. (4.3) which takes the following forms for the front and rear ADCP as follows:

(w f c) f ront = (−0.00165 |v f |+0.00734) z+(−0.05622 |v f |+0.26090)

(w f c)rear = (0.00246 |v f |−0.01142) z+(0.06364 |v f |−0.29760)
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FIGURE 4.12: Implementation of the C3 correction scheme on the vertical velocity during the 5th crossing
of the ferry on July 15, 2021. Subplots (a) and (b) illustrate the correction term of C3, w f c, while subplots (c)
and (d) depict the corrected vertical velocity (wcor)C3 for the front and the rear ADCP respectively. The two
small red arrows in subplot (c) show the strongest downwelling and upwelling motion of the flow that were
observed at the steepest slopes of the topography.

Figure 4.12 presents the results of the C3 correction scheme. Subplots (a) and (b) present the correction
terms (w f c) f ront and (w f c)rear respectively and subplots (c) and (d) give the corrected (by C3) vertical veloc-
ity, (wcor)C3. The correction term in subplots (a) and (b) does not vary vertically, in contrast to the previous
two schemes where the correction term decayed with increasing depth. Additionally, C3’s correction term
also differs horizontally from C1’s and C2’s because the correction term varies along the transect. This
variation reflects the variation of the ferry’s speed along the transect as illustrated with green in Figure 4.7.
Near the harbor of Den Helder, between 52.967◦N and 52.970◦N latitude, a significant speed reduction is
observed. This reduction may be associated with the red (blue) color that is observed in subplots (a) and
(b) in Figure 4.12 for the front (rear) ADCP at that location. Moreover, the corrected velocity of the C3
scheme follows a similar pattern to the other two schemes’ corrected velocities. However, there are a few
noteworthy differences among these three corrections that we will investigate in Section 4.3.1.

4.3 Discussion

4.3.1 The best vertical velocity correction yet

Section 4.2.2 presents the results of the three correction schemes that we proposed for the vertical current
velocity, along with a brief report on the similarities and differences among them. The differences among
the three corrections are observed either near the surface, at the first depth layer below the ADCP or close to
the harbors. C2 and C3 give smaller vertical velocity magnitudes for the front ADCP close to Den Helder’s
harbor compared to C1. This is because in the C1 scheme, we haven’t taken into account the ferry’s speed
which affects the measurements. In addition to that, we observe in Figure 4.7, that near the harbor, the
speed of the ferry significantly decreases compared to its speed in the middle of the transect. This reduction
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may have a notable impact on the vertical velocity, which C2 and C3 managed to capture and deal with. A
noteworthy feature is the horizontal band of a dark blue (red) color which exists at the first two depth layers
right below the front (rear) ADCP at around 5m as illustrated in Figure 4.11 indicating an apparent strong
downwelling (upwelling) motion of the water. This feature is observed only in the C2 scheme, and may be
associated with the ship-induced effect. It most probably is an imprint left from the function of the ferry’s
speed. However, this feature is eliminated in the C3 correction scheme.

It is noteworthy to mention that possible errors in the C2 and C3 schemes may originate from an erro-
neous interpretation of the decay of the vertical velocity. In section 4.2.1, Figure 4.2 we found a linear decay
of the vertical velocity with depth and based on that we corrected the measured vertical velocity through eq.
(4.3). This linear dependence on depth is based on a shallow-water response. In this case the presence of
shallow-water response is motivated by the fact that the ferry induces a free surface gradient by the displace-
ment of water during its passing (piling up water in front of the ferry and reducing the water level behind
it). The pressure gradient acts over the length of the ferry, creating vertically uniform horizontal velocities
(over the water column but not near the seabed due to the presence of friction effects). According to the
continuity equation dw/dz must be z-independent which implies that w is linear in z (Cushman-Roisin and
Beckers, 2011). However in subplots (a) and (b) in Figure 4.10 we observe that the maximum of the vertical
velocity lies at a depth of 7-8m instead of at the surface, as the shallow water theory predicts. There may be
a potential flow near the ship which may exhibit some kind x,y and z dependence which we do not consider
and as a result our approach may not be entirely correct. It seems that eq. (4.2) works well for most depths
but it is still incorrect for depths near the surface and therefore an additional term should be included in
this equation (quadratic or cubic term). The lack of this term, clearly gives errors in the vertical velocity
corrected by the C2 and C3 schemes at these depths.

Furthermore, the most important issue shared by all three correction schemes, is that the results be-
tween the two ADCPs always differ significantly. In schemes C2 and C3, we tried to correct for the up-
welling/downwelling, but there’s still some residual difference between the two ADCPs. Unfortunately, we
have not interpreted this residual difference yet. However, by comparing the result of the front and the rear
ADCP in subplots (c) and (d) in Figure 4.12 one could say that the result of the front ADCP looks more re-
liable than the rear one. The features which allow us to believe that, are the dark blue vertical zone between
52.975◦N and 52.580◦N latitude and the dark red vertical zone close to 52.990◦N latitude indicated by the
red arrows in Figure 4.12. Thus, we have strong downwelling and upwelling motion of the water in these
two locations, that cannot be seen by the rear ADCP due to effects that we may not know of. We speculate,
that these two features are associated with the topography of the bottom. This may be a consequence of the
flow following the topography. In Figure 4.13 we see that during this transect, the tidal current flows north-
ward. Hence, as the water flows from Den Helder to Texel, when the depth increases (decreases), then the
tidal flow goes downwards (upwards) and this explains the blue (red) colors in the two locations. Also, we
observe that, the slopes of the topography are the steepest where the strongest upwelling and downwelling
motion of the flow occurs.

FIGURE 4.13: Northward current velocity measured by the front (subplot (a)) and rear (subplot (b)) ADCP
on July 15, 2021 during the 5th crossing of the ferry.
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Consequently, the best correction scheme seems to be C3, where the measured vertical velocity by the
ADCPs is firstly corrected for the net vertical motion of the flow and then for the ferry’s motion. Neverthe-
less, this correction cannot be considered ideal. Although we managed to identify the topography-induced
vertical velocity, evidence for the presence of estuarine circulation, is not visible, as we expected in the C3
scheme. The estuarine circulation is driven by baroclinic (density) pressure gradients which appear due to
the motion of the bottom saline inflow water and the surface fresh outflow water in an estuary. According
to Ralston and Stacey, 2005; Lerczak and Geyer, 2004, the tidal currents along the channel are strongest
in the middle and at the deepest location of the channel and weaker at the shoals. Because of this lateral
shear, the along-channel tidal currents are advected with a different speed at different lateral locations. This
results in a cross-channel (lateral) density gradient which creates a lateral circulation pattern. For example,
during floods, the water in the middle of the channel has higher salinity (higher density) than at the shoals
(lower density). Due to this density gradient in the cross-channel direction, saline water flows out onto
the shoals near the seabed and shoal water converges at the sea surface. The opposite happens during ebb
currents. These features of the estuarine circulation can be seen in the correction term of the C3 scheme in
Figure 4.12 in subplot (a). We observe that there is an upwelling motion of the flow near the right edge of
the transect and a downwelling motion of the water in the middle of the transect suggesting the presence
of a vertical circulation like in the flood case that we have just described. However, as we mentioned in
Section 4.2.2 these features may be associated with the ferry’s velocity and as a result they are removed in
the final correction in our attempt to eliminate the ferry’s effect that seems to still exist near the sea surface.
Therefore, this correction seems to be working well enough locally in the presence of local phenomena but
fails in the presence of large scale phenomena like estuarine circulations.

4.3.2 Search for topography-induced vertical velocity

In the previous section, we found that the strongest upwelling and downwelling motion of the flow occurs on
the steepest slopes of the topography by only looking at the measurements of the front ADCP. Empirically,
the vertical velocity induced by the topography can be estimated by the following relation:

w =−u
dh
dx

− v
dh
dy

(4.7)

where w is the vertical velocity (m/s), u is the eastward velocity (m/s), v is the northward velocity (m/s) and
dh/dx and dh/dy are the rates of change of depth of the topography (m) with respect to the eastward and
northward directions (m), respectively. Note here that the distance of 1◦ latitude corresponds to 111 km.

FIGURE 4.14: The vertical velocity near the seabed computed by using the C3 scheme as a function of the
bottom gradient for two subsequent transects (5th and 6th transects) on July 15, 2021. The bottom gradient
was computed by using two subsequent spatial grids each time. The red straight fitted line corresponds to the
northward horizontal velocity of the flow (eq. (4.7)).
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FIGURE 4.15: The relationship between the estimated northward velocity, the value of which is obtained
through the slopes of the fitted line of Figure 4.14 (based on the measured vertical velocity and bottom slope,
− w

dh/dy ), and the observed northward velocity which is the northward velocity measured by the ADCP located
at the front of the ferry using data for the 32 transects of the day for 6 days (from July 12 to July 17, 2021).
The observed northward velocity is averaged along the transect and over 2m above the bed. The straight dark
blue line corresponds to the fitted line while the straight grey line represents the line y = x. The color of each
point represents the correlation coefficient between the bottom gradient and the corrected vertical velocity for
each transect (as shown in the legend in Figure 4.14).

By taking the above relation into account, we expect a high correlation and a linear relation between
the slope of the bottom in the northward direction and the vertical velocity. Figure 4.14 shows the vertical
velocity computed by using the C3 scheme, exactly at the seabed, as a function of the slope of the bottom
for two subsequent transects (5th and 6th transects) on July 15, 2021. The slope of the topography was
computed by using two subsequent spatial grids each time. As we observe, the linear relationship between
the variables is not clearly visible as we expected for both crossings of the ferry. There are scatters and the
correlation between them is small ranging from 0.26 and 0.3. However, we follow the fitting process and
according to eq. (4.7), the slope of the red fitted line corresponds to the mean northward velocity of the flow
near the seabed while the intercept on the y-axis and the scatters correspond to the first term, which involves
the eastward velocity and the topography variation in this direction. The relation between the estimated
northward velocity through the slopes of Figure 4.14 and the expected northward velocity which is the
northward velocity measured by the front ADCP, is presented in Figure 4.15. Note that the latter horizontal
velocity is averaged along the transect and over 2m above the bed. Figure 4.15 shows the results for the 32
transects of the day for 6 days (from July 12 to July 17, 2021). The correlation coefficient between the two
variables is high; at around 0.95. Also, we observe that the slope of the dark blue fitted line of this figure
is found 0.926 which means that the northward velocity estimated by using eq. (4.7) is slightly smaller
than the measured northward velocity. Also, in this figure, the colors of each point represent the correlation
coefficient between the bottom gradient and the corrected vertical velocity for each transect. We see that its
value varies depending on the tidal current. For strong ebb and flood currents, the correlation is between
0.5 and 0.7 whereas for slack tides the correlation is below 0.4. By excluding the odd numbered transects
in the calculations (Figure 4.16), i.e the crossings from Den Helder to Texel, we get a higher correlation at
around 0.975 while the slope of the dark blue fitted line of this figure is 1.11 which means that the northward
velocity estimated by using eq. (4.7) is slightly larger than the measured northward velocity. This indicates
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FIGURE 4.16: The relationship between the estimated northward velocity, the value of which is obtained
through the slopes of the fitted line of Figure 4.14 (based on the measured vertical velocity and bottom slope,
− w

dh/dy ), and the observed northward velocity which is the northward velocity measured by the ADCP located
at the front of the ferry using data for the even numbered transects of the day for 6 days (from July 12 to July
17, 2021). The observed northward velocity is averaged along the transect and over 2m above the bed. The
straight dark blue line corresponds to the fitted line while the straight grey line represents the line y = x.
The color of each point represents the correlation coefficient between the bottom gradient and the corrected
vertical velocity for each transect (as shown in the legend in Figure 4.14).

that the first term in eq. (4.7) takes larger values during the crossing from Den Helder to Texel and as a
result we can conclude that the bathymetry variations in the eastward direction are larger.

Therefore, we can conclude that eq. (4.7) seems to work well and the strong upwelling and downwelling
motion of the flow on the steepest slopes of the topography which are observed in Figure 4.12 correspond
to the topography-induced vertical velocity. Nevertheless, we have to keep in mind that the correlation
between the slope of the topography and the vertical velocity is still small even if there is almost a 1-1
relation between the northward velocity estimated by using eq. (4.7) and the measured northward velocity.
Here, it is important to stress that the topography in the Marsdiep inlet varies not only in the north-south
direction but in the east-west direction as well. Even though we have not analysed the bathymetry along
the channel in this study, we have to keep in mind that these vertical velocities may also be affected by
the flow component perpendicular to the transect and the bottom slope in this direction (first term in eq.
(4.7)). Additionally, in Chapter 3, we saw that the magnitude of the eastward velocity is larger than the
northward velocity in the tidal cycle and more specifically the former can be two times larger than the latter.
Consequently, the contribution of this term significantly influences our results. Note that the bathymetry
of the Marsdiep channel can be constructed from the ADCP data and therefore this can be investigated
further in future studies. One can say that the result could also be affected by the presence of tide-induced
vertical velocity. If we assume that the water level changes by 150 cm between the low and high tide with
time difference of 6.125 hours then the tidally induced vertical velocity is estimated at around 0.006 cm/s.
Therefore, the magnitude of the vertical velocity induced by tides is much smaller than the vertical velocity
induced by topography and thus cannot heavily affect the results.
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4.3.3 Physical indications of the corrected vertical velocity plot features

After correcting the vertical velocity, our purpose is to search for physical indications that can be observed
visually during a crossing of the TESO ferry. Figure 4.17 shows instances of fronts and a "boil" that were
observed in the Marsdiep inlet from the ferry on June 1, 2022 at 15:37 CEST (during the 19th crossing of the
ferry). Fronts are visible as foam lines on the water surface and through changes in colors at the sea surface.
The fronts are generated due to the converging of different water masses on the surface. In the Marsdiep, the
fresher water discharged from Lake IJssel and flowing out of the Wadden Sea through the Malzwin channel
combines with the saltier water coming from the North Sea and flowing into the Wadden Sea through the
Texelstroom (this happens during the late stage of the ebb tide). These fronts gradually progress northward
(Groeskamp, 2008; Buijsman, 2007). Moreover, "boils" are common phenomena in the southern North Sea
(Thorpe et al., 2008). They are detectable on the sea surface and they have mean horizontal dimensions
of about 25 m. A "boil" is defined as small-scale turbulent upward motion of the flow. It starts from the
turbulent boundary layer close to the seabed and it moves upwards until the sea surface. The "boils" are
visible as a near-circular region of convergence on the water surface (Thorpe et al., 2008). In Figure 4.17,
the "boil" is observed as a brown patch due to the upward motion of enhanced sediment concentration
from the seabed to the water column. The "boil" was observed close to the Den Helder harbor, at around
52.977◦N.

Figure 4.18 presents the corrected vertical velocity by using the C3 correction scheme, and the echo
intensity corrected for transmission losses due to geometrical spreading and fluid attenuation as described in
Section 2.3, for that specific transect. Regarding the echo intensity plot, the colors represent the strength of
the returned acoustic energy. The higher values indicate more suspended matter in the water. We only focus
on the results of the front ADCP (subplot (a) and (b) in Figure 4.18) and we see that, at around 52.977◦N,
there is a dark red column which corresponds to a strong upwelling motion of the water whereas, at around
52.988◦N, there is a dark blue column which corresponds to a strong downwelling motion. By looking at
subplot (b) we see that this upwelling motion is associated with high sediment concentration (narrow red
column which is notated by red arrow) whereas the downwelling motion is associated with low sediment
concentration (narrow light blue column which is notated by blue arrow) in the whole water column. Part
of the front lines were perpendicular to the ferry’s trajectory at these two locations and therefore the afore-
mentioned features indicate the presence of the front lines as the ferry was crossing through them during its
trip. Furthermore, this strong upwelling motion of the flow with enhanced sediment concentration at around

FIGURE 4.17: Features of a "boil" (subfigure (a)) and a front (subfigure (b)). The foam line marks a front
and the browinsh circular region marks a "boil" in the Marsdiep inlet. The left photograph was taken by Leo
Maas on the TESO ferry on June 1, 2022 at 15:37 CEST and the right photograph was taken a few minutes
later (during the 19th crossing of the ferry).
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FIGURE 4.18: Subplots (a) and (c) illustrate the corrected vertical velocity computed by using the C3 correc-
tion scheme while subplots (b) and (d) show the measured echo intensity which is corrected for transmission
losses due to geometrical spreading and fluid attenuation, for the front and the rear ADPC respectively. The
plots correspond to the 19th crossing of the ferry on June 1, 2022. The red and blue arrows show the strongest
upwelling and downwelling motion of the flow which are associated with high and low sediment concentra-
tion in the whole water column and may indicate the presence of physical features there.

52.977◦N which covers an area of 20m diameter gives evidence suggesting that a "boil" was present (not
the particular one in the photo because that one was not crossed by the ferry). It is noteworthy that this is
further evidence that the corrected vertical velocities from the front ADCP are more reliable than those from
the rear ADCP because the latter one does not give any evidence for any physical feature at the locations
where the fronts and the "boil" take place.
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Chapter 5

Influence of the ferry’s motion on the
velocity components in the sailing direction

The ship-induced effect, which is described in Chapter 4, is not limited to the vertical direction; it affects
the horizontal velocity components as well. The ferry travels mainly in the north-south direction between
the mainland of the Netherlands (Den Helder) and Texel. As the ferry moves, it displaces a large amount
of water from the bow back to the stern of the ferry through a backflow due to a pressure gradient which is
created by water level differences. Due to the pressure gradient, the water flows backwards filling the empty
space the ferry leaves in its passing. This backflow underneath the hull cannot be eliminated by the ADCPs
and as a result it is misinterpreted as a current originating from the tides. Therefore, the measurements of
the flow’s velocities along the ferry’s motion (in the northward direction in this case) are contaminated by
this induced backflow. In this chapter, we will try to identify the induced backflow by looking at the ADCP
measurements and we will also try to correct them.

5.1 Introduction

In the previous chapter, we looked at the vertical velocity and how it is affected by the ferry’s motion.
In this section, we investigate the ferry’s impact on the along-ferry horizontal velocity component and we
attempt to correct it as well. The ship-induced backflow cannot be identified by looking at the velocity
profile of each ferry crossing individually. The influence of the ferry’s motion on the velocity measurements
can be identified by looking at the timeseries of the tidal currents during a day. Figure 5.1 shows the
eastward (subplots (a) and (b)) and northward (subplots (c) and (d)) tidal current, measured by the two
ADCPs, averaged across the inlet and depth, as a function of the 32 crossings of the ferry on July 12, 2021.
The colored points in the subplots indicate the direction of the ferry’s motion during each crossing. We
observe that both eastward and northward timeseries of the tidal currents measured by the two ADCPs have
a sinusoidal behaviour, as expected. However, by comparing the curves of the eastward and northward tidal
current, we see that the former is smoother whereas the latter shows zig-zag patterns close to the flood and
the ebb currents. We speculate that the presence of this zig-zag pattern is caused by the ship-induced effect
which affects the measurements of the currents’ velocities. In other words, it seems that the ADCPs might
overestimate or underestimate this horizontal velocity component of the flow depending on the direction of
the ferry’s motion.

We first approach this by estimating this ship-induced backflow, by using the vertical profiles of the
northward current velocity measured by the two ADCPs during two subsequent transects. Figure 5.2 illus-
trates this general approach for the backflow’s estimation. The sketch shows two cases in which the ferry
sails in opposite directions, at its top indicated by a black arrow. We assume that these two cases correspond
to two subsequent crossings of the ferry. Below the ferry, there are three arrows; the orange arrow repre-
sents the environmental background flow which includes the tides and the wind-induced flow. The green
arrow represents the ship-induced backflow and the purple arrow is the sum of the environmental and the
ship-induced flow and it corresponds to the northward velocity measured by the ADCPs. It is important to
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stress here that this sketch shows the ideal case: the two orange arrows have the same magnitude and di-
rection which means that the environmental/ tidal flow does not change between these two transects. Also,
the green arrows have the same magnitudes and the opposite directions which means that the ferry sails
with the same speed through the water during these crossings. Then by taking these two subsequent tran-
sects and subtracting the vertical profiles of the horizontal along-track velocities, we should theoretically
obtain two times the ship-induced flow as a result. However, the tidal current significantly varies among the
ferry crossings and we need to find two subsequent transects in which the environmental flow only changes
slightly to minimize the error. Therefore, these two crossings are chosen close to either the maximum flood
or ebb when the tidal currents are mostly similar. Lastly, the ferry doesn’t actually sail with the same speed
each time, a fact that contributes in the error of our assumption, since we theoretically take the speed to be
approximately constant. Another possible approach for the estimation of the ship-induced backflow would
be to compute the profile of the environmental northward flow through the measured profile of the eastward
velocity analysed in Chapter 4 using eqs. (4.1) and (4.2) for each transect. Then by comparing the latter
with the measured profile of the northward flow which is acknowledged to be potentially erroneous due to a
ship-induced component, we can get the ship-induced backflow.

As the colored arrows indicate in the sketch, we would expect that when the ferry sails from Den Helder
to Texel (from Texel to Den Helder) and there is a flood (ebb) current that has a substantial northward
component, the ADCPs’ measured northward currents should have had smaller magnitudes than the real
currents that flows in the inlet. When the ferry sails along the direction of the tidal current, the ship-induced
backflow, which always points in the opposite direction of the ferry’s motion, weakens the tidal current.

FIGURE 5.1: The eastward (subplots (a) and (b)) and northward (subplots (c) and (d)) tidal current measured
by the hd and tx ADCP, which is averaged across the inlet and depths as a function of the 32 crossings of the
ferry on July 12, 2021. The first crossing of the ferry corresponds to the zeroth transect and the 32th crossing
correspond to the 31th transect. The blue points denote that during those transects, the ferry sails from Texel
to Den Helder whereas the orange points denote that the ferry sails from Den Helder to Texel.
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FIGURE 5.2: This sketch illustrates our approach for the computation of the ship-induced backflow. These are
two subsequent crossings of the ferry in the Marsdiep inlet. The black arrows show the direction of the ferry’s
motion. We assume that the velocity measured by the ADCPs (purple arrow) is the sum of the ship-induced
flow (green arrow), which is always opposite to the ferry’s direction of motion, and the environmental flow
(orange arrow) which includes the tides and the wind-induced flow. These two crossings are chosen close
to either the maximum flood or ebb when the tidal currents are mostly similar (the magnitude of the orange
vector is mostly similar in both crossings).

Hence, the tidal current should have had been underestimated. In contrast, when the ferry sails in the same
direction, from Den Helder to Texel (from Texel to Den Helder) but there is an ebb (flood) current, the
measured currents should have had a larger magnitude compared to the real currents. When the ferry sails
opposite to the tidal current, then the ship-induced backflow strengthens the tidal current. Therefore, the
tidal current should have had been overestimated. However, by looking at subplots (c) and (d) in Figure 5.1,
we see that this is not the case. During transects 0-8 and 25-31, the magnitudes of the flood tidal currents
are overestimated when the ferry sails in the same direction of the current, from Den Helder to Texel (red
points). This indicates that the ferry’s motion enhances the magnitude of the tidal current, in contrast to our
expectations. Similar behavior is observed during transects 13-22 when the ebb current dominates.

5.2 Results

Here, we analyze the tidal cycle of the northward velocity in an attempt to investigate whether the strength-
ening of its magnitude due the ferry’s motion is persistent. Subplots (a) and (d) of Figure 5.3 illustrate the
northward tidal current measured by the front and rear ADCPs, which is averaged across the inlet (excluding
the latitudes near the harbors) and depths as a function of the 32 crossings of the ferry on July 12, 2021.
Similar to Figure 5.1, the blue points denote that during those transects, the ferry sails from Texel to Den
Helder whereas the orange points denote that the ferry sails from Den Helder to Texel. The black curve
corresponds to the fitted curve of the tidal cycle which was found by using harmonic analysis as described
in Chapter 2. As we can observe, the blue and the orange points deviate around the black curve, in a sys-
tematical manner; the blue points lie below the curve whereas the orange points lie above the curve. This
means that this deviation does not depend on the instrument but on the direction the ferry is sailing towards.

In order to compute the deviation/offset of the blue and orange points, we subtract the black curve from
those points and the results are shown in Figure 5.3 in subplots (b) and (c) for the front ADCP and subplots
(e) and (f) for the rear ADCP. We observe that this deviation slightly oscillates around a mean value. This
oscillation may depend on another semi-diurnal tidal component, e.g the solar constituent (S2) that we did
not take into account in the harmonic analysis process. The mean value of this difference corresponds to
the mean deviation of the measured tidal cycle from the theoretical one. The magnitude of the mean value
of the offset is the same for both crossings of the ferry but with opposite signs. This does not have any
physical meaning. It is an artifact of our analysis. Also it is worth mentioning that the absolute of the mean
deviation of the rear ADCP is larger than the front one. One could expect the opposite result because as the
flow approaches the stern, it discharges to the sides of the ferry and as a result the flow along the hull in the
direction of motion should reduce (Robijns, 2015). However this is not the case and it remains a difficult to
explain observation. Figure 5.4 shows the deviation of the blue and orange points over a month (July 2021).
By comparing the two ADCPS, we observe that the rear ADCP has larger deviations compared to the front
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FIGURE 5.3: Subplots (a) and (d) illustrate the northward tidal current measured by the front and rear ADCP,
averaged across the inlet (excluding the latitudes near the the harbors) and depths as a function of the 32
crossings of the ferry on July 12, 2021. The blue points indicate that during those transects, the ferry sails
from Texel to Den Helder whereas the orange points denote that the ferry sails from Den Helder to Texel.
The black curve is the fitted curve of the tidal cycle which was found by using harmonic analysis. Subplots
(b) and (c) show the result of the deviation of the blue and the orange points from the fitted line respectively
for the front ADCP. Similarly, subplots (e) and (f) show the results for the rear ADCP. The dashed straight
lines denote the mean value of the deviations’ oscillations.
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FIGURE 5.4: The mean value of the deviations’ oscillations of the blue and orange points over a month (July
2021). The dark blue points denote that during those transects, the ferry sails from Texel to Den Helder
whereas the dark red points denote that the ferry sails from Den Helder to Texel.

ADCP. The important thing is that, we see that the deviation of the northward velocity for the two different
crossings of the ferry is relatively constant indicating that this phenomenon is persistent over time.

5.3 Discussion

As the observation of a forward flow was not expected, we need to search for its possible origins. We need
to understand whether this forward flow comes from an ADCP’s error during the measurements, or whether
it is an artificial feature due to the ferry’s motion or whether it indicates a physical process that we did not
consider. In this section we consider three possible origins. Firstly, we investigate whether its origin is an
erroneous use of the Doppler-shift formula of the ADCP. This formula is general and it is being used by
ADCPs, of all types, but we want to check if it is valid for a moving ADCP as well. However, as we will see
that this formula works properly for a moving ADCP, subsequently we refer to other two possible origins
of this forward flow: a false measurement of the bottom track velocity or a dragging effect due to ferry’s
motion.

5.3.1 Investigating the Doppler-shift of a moving ADCP

Generally, all the types of the ADCPs (stanionary or moving) measure the fluid’s velocity using the Doppler
approach. The transmitted acoustic signal is reflected back by a material which is traveling at the same
velocity as the water and through the difference between the transmitted and the reflected acoustic frequency,
the water’s velocity can be found. According to Mueller et al., 2009, the velocity of the water along the
acoustic path for any type of ADCP is computed by the equation:

|V |= C|FD|
2FS

=
C|FB −FS|

2FS
(5.1)

where V is the velocity of the water parallel to the acoustic path, C is the speed of sound in the water, FS is
the frequency of the transmitted acoustic energy, FB is the frequency of the backscattered acoustic energy
and FD is the Doppler frequency shift. However, for a moving ADCP, we add the correction for its motion
by subtracting its velocity from the measurements. One thought is that this formula is not completely correct
for a moving ADCP. In the next few paragraphs we analyze the Doppler effects that take place for a moving
ADCP in an attempt to check if this equation is valid for a moving ADCP.

In a frame of reference where an observer stands at the harbour, the observer sees that both the ferry/ADCP
and the water-flow move. We distinguish the velocity measurements in two phases as illustrated in Figure
5.5. In the first phase, the ADCP sends a sound beam which hits the water particle and in the second phase,
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FIGURE 5.5: Illustration of how an ADCP which is located underneath the hull, measures the velocity of
water particles according to an observer who stands at the harbour (sketch (a)) and according to the ADCP
(sketch (b)). The black vectors (v f ) show the direction of the ferry’s motion, the red vectors (Vb) show the
direction of the sound beam and the blue vectors (Vw) show the direction of the water particle. The velocity
measurements are distinguished in two phases. In the first phase, the ADCP sends a sound beam which hits
the water particle and in the second phase, the water particle reflects back to the ADCP the doppler shifted
sound beam.

the water particle reflects back to the ADCP the doppler shifted sound beam. In this frame of reference, in
both phases we have moving source and moving observer as the sketch (a) in Figure 5.5 shows. Also, as the
red arrow notates, the sound beam must change direction to be received by the ADCP. Notice that the beam
received by the ADCP is not necessarily the specular1 reflection of the initial beam because the ADCP is not
necessarily moving with the necessary speed to meet the specular reflection. This can be proven by going
to the ADCP’s frame of reference where the measurements are taken.

In the ADCP’s frame of reference, the ADCP sees itself stationary whereas the water particle moves. In
the first phase, when the ADCP sends a sound beam, we have a stationary source and a moving observer
whereas in the second phase, when the ADCP receives the doppler shifted acoustic beam, we have a moving
source and a stationary observer as the sketch (b) in Figure 5.5 shows. In this frame, we can see that for
the ship to receive a signal, the reflected signal should travel along the path of the initial beam and thus,
it should be a diffuse2 reflection. Therefore, we don’t have an additional doppler effect due to the ship’s
motion.

1Specular reflection occurs when the angle of the reflected signal is the same with the incidence angle.
2Diffuse reflection occurs when the incident signal is reflected at many angles rather than at just one angle.
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We apply the doppler effect in these two phases to compute the frequency perceived by the observer
each time and we obtain eq. (5.2) for the first phase and eq. (5.3) for the second phase.

FB =
C∓|V |

C
FS (5.2)

FB′ =
C

C±|V |
FS′ (5.3)

The sign above corresponds to the case when the source and the observer move away from each other,
whereas the sign below correspond to the case when the source and the observer approach each other. We
want to combine these two equations to get an equation for the velocity for the water flow measured by
the ADCP in the direction of the acoustic beam. Note that the signal frequency’s the moving source sends
back to the stationary observer during the second phase is equal to the signal’s frequency that the moving
observer receives during the first phase: F ′

S = FB. Using the argument that the beam path does not change,
we obtain:

FB′ =
C∓|V |
C±|V |

FS (5.4)

We compute the difference FD:

FD = FB′ −FS =
C∓|V |
C±|V |

FS −FS =∓ 2FS|V |
C±|V |

(5.5)

We solve for |V| and we obtain:

|V |= ∓FDC
FC +2FS

(5.6)

This equation differs from the one that the ADCP uses (eq. (5.1))! However, we are going to rewrite eq.
(5.6) under the assumption V ≪ C. First we solve eq. (5.6) for FD and we obtain:

FD =∓ 2FS|V |
C(1± |V |

C )
(5.7)

Under the assumption that the water’s velocity is much smaller than the sound’s velocity, the ratio of the
velocities in the denominator can be computed by Taylor approximation, as follows:

1

1± |V |
C

=

(
1± |V |

C

)−1

≈ 1∓ |V |
C

+O
((

|V |
C

)2)
(5.8)

Then we substitute eq. (5.8) into eq. (5.7) by only keeping terms linear in the ratio of the velocities. We
then retrieve eq. (5.9).

FD =∓2FS|V |
C

(
1∓

�
�
�|V |

C

)
(5.9)

We solve again for |V| and we obtain:

|V |= C|FD|
2FS

(5.10)

Eq. (5.10) is equal to eq. (5.1) and therefore, we agree with the literature’s equation only under the assump-
tion that the speed of the flow is much smaller than the speed of sound in the water (V ≪ C). It is important
to stress that regarding the speed of the sound that the ADCP uses, there is something that it does not con-
sider. The beam of sound is propagating in a non-steady medium, even in the ADCP’s frame of reference.
Nevertheless, the velocity of the medium has the same order of magnitude as the observer’s velocity, and
they are much smaller than the order of magnitude of the speed of sound in still water. Therefore this hardly
affects our results.
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5.3.2 Erroneous determination of the bottom track velocity

Another possible origin for this forward flow in the sailing direction is an erroneous determination of the
bottom track velocity. During the time period that the sound beam needs to travel to the seabed and back to
the ADCP, the ferry is moving covering a distance. Therefore the angles of the transmitted and the reflected
beam differ and as a result this may lead to a misinterpretation of the ADCP about the bottom track velocity.
Depending on the beam, this angle of the reflected beam can be larger or smaller than the angle of the
transmitted beam. In addition to that, the length of the transmitted and the reflected beam’s path differ and
consequently the time that the sound needs to travel through these paths vary. Furthermore, we have to keep
in mind that the sea-bed along the Marsdiep inlet is not flat but rather it is inclined. This means that the
beam’s reflection takes place at different depths each time and this affects the path length of the reflected
beam. These are the arguments that lead us to conclude that the bottom track velocity could be an origin of
error in the velocity measurements. Specifically, as we mentioned in Chapter 2, the bottom track velocity is
subtracted from the measured velocities as a correction for the vessel’s motion. In this chapter, we found a
forward flow instead of a backflow which means that the measured velocities are larger than the real ones,
which may indicate that the measured bottom track velocity is smaller than the real one.

5.3.3 Observation of Couette flow

Another possible explanation is that the ferry during its motion displaces a part of the water forward, in the
direction of the ferry’s motion. According to some engineering studies (Robijns, 2015; Lenselink, 2011;
Gourlay, 2006), the flow pattern underneath the hull will resemble Couette flow. Couette flow is the flow
between two plates of which one is moving with a constant velocity and the other one is stationary. There-
fore, the moving ferry corresponds to the moving plate whereas the bottom bed corresponds to the stationary
plate. The Couette flow can be either laminar or turbulent flow, with or without a longitudinal pressure gra-
dient (Schlichting and Kestin, 1961). In the case of the laminar flow where there is no longitudinal pressure
gradient present, the velocity decays linearly. When the flow becomes turbulent or the longitudinal pressure
gradient is present, the velocity profile behaves differently. In the case of the moving ferry over the bed,
the flow is turbulent and it is influenced by a longitudinal pressure gradient. At the bow of the ferry, the
pressure is high while, at the stern, there is an area of low pressure in front of the propeller. Therefore a
pressure distribution is generated beneath the hull resulting in a positive pressure gradient. This positive
pressure gradient influences the motion of the flow and it also drives a part of the flow beneath the hull. Fig-
ure 5.6 shows the effect of dragging action of the moving plate exerted on the fluid particles for a positive
pressure gradient. Near the moving plate (moving ferry), the fluid follows the motion of the plate. For small
positive pressure gradients (subfigure (a) in Figure 5.6), this forward motion of the fluid weakens as the
depth increases whereas for large positive pressure gradients (subfigure (b) in Figure 5.6), a backflow may

FIGURE 5.6: Velocity profile for the Couette flow for turbulent flow with positive pressure gradient. The
figure was retrieved by Mathur, Jajal, and Singh, 2017.
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occur near the stationary plate (seabed) which is at rest. This might explain the net depth-averaged forward
motion of the current, in the direction of the ferry’s motion. We would expect that the magnitude of the
forward velocity of the currents would have had the same order of magnitude as the ferry’s speed (4-5 m/s),
as this is what happens in the Couette flow model (Robijns, 2015) i.e the velocity at the top is exactly equal
to the plate’s velocity (we of course relax this demand by only expecting the magnitudes to be equal, not
the values themselves). However Figure 5.4 indicates that the magnitude of the net depth- and cross-section
averaged forward velocity of the currents is around 0.06 m/s. There are two possible explanations; either the
magnitude of the backflow is of the same order of magnitude as the environmental flow’s speed or the ferry
drags along each water particle, accelerating them towards the sailing direction, but since the ship will not
keep its contact with the same water particles for long, they are being accelerated for a very small amount
of time thus, the water particles do not reach velocity values of magnitudes comparable to that of the ferry.
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Chapter 6

Conclusions and Outlook

This research project focused on the analysis of the temporal and spatial variability of the velocity field of
the flow along the Marsdiep inlet. This was achieved by using two hull-mounted ADCPs; one of the two
ADCPs was mounted at the front and the other one at the rear of the TESO ferry. In the first part of this
study, our goal was to familiarize ourselves with the data and to extract information about the tidal currents
and their features, and about the variations of the tidal profiles. By investigating the tidal cycle across the
inlet, we managed to identify the tidal asymmetry which is observed in other studies (Sassi et al., 2016;
de Vries, 2015; Buijsman, 2007) with a small floodward residual current along the Den Helder coastline
and a large ebbward residual current along the Texel coastline. Also we extracted the phase difference
between the water elevation and the tidal current. The phase lag between the two curves was found to be
60-70◦ indicating that the semi-diurnal tidal waves in the Marsdiep channel are both partially progressive
and standing as we expected from the literature (Groeskamp, 2008).

Furthermore, we exploited the fact that two ADCPs are mounted on the ferry to search for evidence of
turbulence. The features of tidally induced turbulence were identified from the noise of the measurements
of the horizontal velocities measured by the two ADCPs. We infer that the instrumental noise level might
approximately be 0.2 ± 0.01 m/s and that tidally induced turbulence further raises the value of the noise
above 0.2 m/s by a maximum of 0.1 m/s. The instrumental noise level is fairly high and although we
achieved to extract information about the physical noise (turbulence), it should reduce to get better results
and this is what Soons, 2022 achieved to do in his recent study by applying mass constraints. Furthermore,
we managed to relate turbulence with the strength and the phase of the tide and to construct the structure of
turbulence over the depth. We found that the flood current carries larger turbulence than the ebb current due
to the former being stronger than the latter. Moreover, the fact that the tidally induced turbulence reaches
larger values during the decelerating phase of the tide is possibly caused by a time delay for the turbulence
to express itself along the water column. It starts being generated near the seabed during the early stage
of the accelerating phase of the tide. As the tidal current becomes stronger, turbulence increases and it is
transferred in the whole water column. The decelerating part of the cycle carries some turbulence which
starts dissipating. In addition, we found that the tidally induced turbulent features increase with increasing
depth with a sharp reduction near the seabed as we expected due to the dominance of the shear stress there.
The friction effects set the current velocity to zero near the bottom preventing the generation of turbulence
which finally manages to become manifest a little higher, at the edge of the boundary layer. Finally we
have to keep in mind that the turbulent features that we observed are limited below the ferry and in the
space between the two ADCPs, and that we do not have a complete view of the turbulence along the inlet.
Also, it is important to stress that for this analysis, we compared the horizontal velocities at each measured
latitudinal location with an average time difference between the measurements of the two ADCPs of 30s.
Another suggested approach for further study on turbulence would be to compare the horizontal velocities
that are measured simultaneously by the two ADCPs with roughly 100m distance between them.

During the second part of this study, our goal was to search for the influence of the ship’s motion on the
vertical and the along-ship horizontal velocity measurements. Regarding the measured vertical velocity, we
identified its linear decay over depth and we managed to relate it to the ferry’s speed. Although its linear
dependence with depth was expected due to the shallow-water theory, subplots (a) and (b) in Figure 4.10
which illustrate the averaged vertical velocity along the inlet as a function of depth, show that the maximum
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of the vertical velocity lies at a depth of 7-8m instead of at the surface as the shallow water theory predicts.
Therefore the function which corrects the vertical velocity for the ferry’s speed (eq. (4.3)) is not entirely
correct because it does not work properly for all depths but in this study we restrained ourselves to the
assumption of the linear dependency.

Subsequently we worked with three candidate correction schemes on the vertical velocity, based on these
findings. The first correction (C1) was based on the elimination of the net vertical transport of the water, by
setting the mean value of the vertical velocity to zero. In the second correction (C2), we corrected the vertical
velocity profile for the ferry’s velocity by using the ferry’s velocity function of eq. (4.3). The third correction
(C3) is a combination of schemes C1 and C2; by applying the function of the ferry’s velocity to the corrected
vertical current velocities from the C1 scheme, we end up with the C3 corrected data. After applying
these corrections, we concluded that C3 was the best correction scheme. Also, by comparing the corrected
velocities of the front and the rear ADCP we found that the result for the front ADCP looks more reliable
than the rear’s one. Through the corrected velocity of the front ADCP we found realistic vertical velocities
induced by the horizontal flow over a sloping bottom and we were able to give a physical interpretation of
the vertical velocity by identifying physical features such as "boils" and fronts. This correction seems to be
working well enough locally in the presence of local phenomena, e.g "boils", but fails in the presence of
large scale phenomena like estuarine circulations. Nevertheless, the correction procedure as developed in
the present study could be considered as a good start for further research on the correction of the vertical
velocity of the flow. One suggestion for future research would be to compare the present data with in situ
(mooring) data. The in situ measurements for the vertical velocity could be used as a reference for specific
locations along the transect. These locations must be chosen such that there is a high probability that the
ferry will pass directly over them. Then by comparing this reference data with the data extracted by the
hull-mounted ADCPs, the influence of the ferry’s motion in the vertical velocity could possibly be identified
and eliminated from the contaminated data.

Lastly, regarding the along-ship horizontal velocity, we could not manage to identify a ferry-induced
backflow as we expected due to the motion of the water which must flow in the opposite direction of the
sailing direction to fill the empty space the ship leaves in its passing. In contrast, we observed a forward
flow in the direction of the ferry’s motion. We discussed a number of potential causes (e.g erroneous
determination of the bottom track velocity, presence of couette flow), but none of them could explain this
observation in its entirety. Therefore, further research is needed in order to understand the influence of the
ferry’s motion on the velocity components in the sailing direction. A way to check if there is an erroneous
determination of the bottom track velocity is to correct the flow profiles for vessel motion by using the global
positioning system (GPS) and gyrocompass (although the gps-derived velocities contain a substantial level
of noise). In addition, laboratory experiments could be carried out to investigate the velocity field of the
flow affected by the motion of a ship in calm water.
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