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Abstract

The interaction between near-bed flow and sediment transport is one of the most
attractive research areas for both hydraulic engineers and geomorphologists.
Still, current knowledge on the suspension of sediment and near-bed sediment
transport, are far from being resolved. This is due to the lack of understanding
of near-bed hydrodynamics and the critical conditions at which the sediment
starts to move. This thesis explores the near-bed flow-sediment interaction in
highly dynamic coastal environments where the near-bed flow is governed by
rotating tidal currents.

During field campaigns in the German Bight in winter 2015, spring 2015 and
summer 2016, data on the near-bed hydro- and sediment dynamics were col-
lected using Acoustic Doppler Velocimeters and an Acoustic Doppler Current
Profiler in different water depths, with different sediment characteristics and
tidal phases. State of the art methods were used to analyze the data on large
(tens of minutes) and process (few seconds) time scales. To portray the hydro-
dynamic conditions in large time scales, bed shear stress, i.e. the force exerted
from the water flow against the seabed, and turbulent kinetic energy (TKE) and
Reynolds stress, i.e. the two most common turbulent statistics characterizing
turbulent conditions, are studied. In addition, in process time scale, turbulent
events, i.e. short energetic velocity fluctuations describing the turbulent flow,
are investigated.

On large time scales, thresholding of suspended sediment concentration variati-
ons was used to estimate critical suspension and deposition stresses. Compari-
son of the computed suspension stresses with empirical equations predicting the
critical condition, illustrates that the movability-based predictors yielded higher
accuracy in tidal environments. As the bed shear stresses exceed the critical
suspension stress, both bed shear stress and suspended sediment concentration
closely tracked each other until bed shear stress fell below the deposition thres-
hold. Results explicitly showed that the bed shear stresses calculated from the
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Abstract

turbulent statistics, in comparison to those calculated from the average velocity
profile, correlate better with the suspended sediment concentrations.

Next, the near-bed turbulence was scrutinized on process time scales to investi-
gate its role in the vertical mixing of suspended sediment. Turbulent events are
defined as a sequence of strong velocity fluctuations classified in a quadrant pla-
ne (u

′
, w
′
) contributing to 90% of the Reynolds stress. It is shown that, turbulent

events only occur in 25% of the time, with the rest of the time being occupied by
small background fluctuations. These events are able to induce higher stresses
than the average bed shear stress, resulting in suspension of sediments below the
critical conditions obtain from mean velocity. Apart from the significance of ejec-
tion and sweep events in near-bed sediment dynamics, this thesis further shows
the importance of outward interactions in moving sediments away from the bed.
This is achieved using turbulent events characterization by their type, strength,
duration, length and concentration of associated suspended sediments.

Finally, this thesis allows inference from process time scales to large time scale
considerations of flow-sediment interaction. Being detected in only 25% of
the time, the turbulent events are responsible for more than 60% of the total
suspended sediment movements with the rest likely governed by settling velocity.
Even though small background fluctuations cannot move sediment in the water
column, they impose a large effect on turbulent statistics and reduce bulk TKE
and Reynolds stress estimates up to 1.6 and 3 times, respectively. Therefore, this
thesis suggests that for the study of large scale sediment dynamics, TKE is a
more appropriate descriptor of turbulence. However, for accurate prediction
of sediment transport, one needs to consider turbulent events on process time
scales.

vi



Zusammenfassung

Die Interaktion von sohlnahen Strömungen und Sedimenttransport ist eines der
attraktivsten Forschungsgebiete für Wasserbauingenieure und Geomorphologen.
Dennoch gibt es weiterhin unerschlossene Wissenslücken im Bereich der Sus-
pension von Sedimenten und dem sohlnahen Sedimenttransport. Diese sind auf
das mangelnde Verständnis von sohlnaher Hydrodynamik und die kritischen Be-
dingungen zurückzuführen, unter denen Sedimentbewegungen initiiert werden.
Diese Arbeit beschäftigt sich mit der Interaktion von Strömung und Sediment
im sohlnahen Bereich von hochdynamischen Küstengewässern, bei denen die
Strömungen hauptsächlich durch rotierende Gezeitenströme bestimmt werden.

Im Rahmen von drei Forschungsausfahrten in der Deutschen Bucht im Winter
2015, Frühjahr 2015 und Sommer 2016 wurden Daten über die sohlnahe Hydro-
und Sedimentdynamik mit Hilfe von akustischen Strömungs- und Geschwindig-
keitsmessern (Acoustic Doppler Velocimeter, Acoustic Doppler Current Profiler)
in verschiedenen Wassertiefen mit unterschiedlichen Sedimenteigenschaften
und während unterschiedlicher Gezeitenphasen gesammelt. Modernste Me-
thoden wurden eingesetzt, um die Daten auf langen (mehreren Minuten) und
kurzen (wenige Sekunden) Zeitskalen zu analysieren. Um die hydrodynamischen
Bedingungen auf langen Zeitskalen darzustellen, werden die Bodenschubspan-
nung als Maß für die vom Wasserkörper auf die Sedimentoberfläche übertragene
Kraft sowie die turbulente kinetische Energie (TKE) und die Reynolds-Spannung
als die geläufigsten Kennzahlen für Turbulenz untersucht. Darüber hinaus wer-
den turbulente Ereignisse, also hochfrequente Geschwindigkeitsschwankungen,
auf kurzen Prozesszeitskalen untersucht.

Auf langen Zeitskalen wurde eine Schwelle in der Schwebstoffkonzentration ver-
wendet, um kritische Suspensions- und Depositionsspannungen abzuschätzen.
Vergleiche der berechneten Suspensionsspannungen mit empirischen Prädikto-
ren für kritische Zustände zeigen, dass die Prädiktoren auf Basis des Bewegungs-
beginns eine höhere Genauigkeit in tidebeeinflussten Umgebungen erzielen.
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Zusammenfassung

Wenn die Bodenschubspannung den kritischen Wert für Suspension überschrei-
tet, folgt die Schwebstoffkonzentration der Entwicklung der Bodenschubspan-
nung, bis diese wieder unter die Depositionsschwelle fällt. Die Ergebnisse zeigen
explizit, dass die anhand der turbulenten Statistik berechneten Bodenschubspan-
nungen im Vergleich zu den aus dem zeitlich gemittelten Geschwindigkeitsprofil
berechneten, besser mit den suspendierten Sedimentkonzentrationen korrelie-
ren.

Anschließend wurde die sohlnahe Turbulenz auf kurzen Prozesszeitskalen un-
tersucht, um deren Rolle bei der vertikalen Vermischung von Schwebstoffen
zu untersuchen. Turbulente Ereignisse sind definiert als eine Sequenz starker
Geschwindigkeitsschwankungen, die, klassifiziert in einer Quadrantenebene (u

′
,

w
′
), zu 90% der Reynolds-Spannung beitragen. Es wird gezeigt, dass turbulente

Ereignisse nur in 25% der Zeit auftreten, während die restliche Zeit von kleinen
Hintergrundschwankungen beherrscht wird. Diese Ereignisse induzieren Boden-
schubspannungen oberhalb der aus der mittleren Geschwindigkeit ermittelten
durchschnittlichen Bodenschubspannung, was zur Suspension von Sedimen-
ten unterhalb des kritischen Grenzwertes führt. Abgesehen von der Bedeutung
dieser kurzfristigen Ereignisse (ejection/sweep) für die sohlnahe Sedimentdy-
namik, zeigt diese Arbeit die Bedeutung der vom Boden aufwärts gerichteten
Sedimentbewegung. Die Bedeutung wird erklärt anhand einer Charakterisierung
von turbulenten Ereignissen durch deren Art, Stärke, Dauer, Länge und die mit
ihnen assoziierten Sedimentkonzentrationen.

Letztendlich ermöglicht diese Arbeit eine Einschätzung der Interaktion von
Strömungs und Sediment von kurzen Prozessen bis hin zu langen Zeitskalen.
Turbulente Ereignisse, die in nur 25% aller Fälle ausmachen, sind für mehr als
60% der gesamten Schwebstoffbewegungen verantwortlich, während der Rest
wahrscheinlich von der Absinkgeschwindigkeit kontrolliert wird. Auch wenn
kleine Hintergrundschwankungen keinen Einfluss auf die Sedimentbewegung
in der Wassersäule haben, haben sie doch einen großen Einfluss auf die turbu-
lente Statistik und reduzieren die TKE- und Reynolds-Spannungs-Schätzungen
um einen Faktor 1,6 bis zu 3,0. Die Ergebnisse dieser Arbeit zeigen, dass die
TKE ein geeigneter Deskriptor für Turbulenz in Untersuchung der großskaligen
Sedimentdynamik ist, wenn für genaue Vorhersagen des Sedimenttransports
turbulente Ereignisse auf Prozesszeitskalen berücksichtigt werden.
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1 General introduction

1.1 Motivation

The coastal area starts from the continental shelf, with a depth of approximately
200 m, and extends to about 100 km landward from the shore covering a wide
range of weathers and lands (Martínez et al., 2007). Having only 10% of the land
surface, about 40% of the world human population lives in the coastal zones
(United Nations, 2007), with an increasing trend due to the human migration
and population growth (Liquete et al., 2013; Martínez et al., 2007). This results in
an average density that is nearly 3 times higher than the global average density
(Small, C. and Nicholls, 2003). Eight of the ten largest cities have been estab-
lished in the coastal zone (Ramesh et al., 2015). These cities attract tourists for
short stay and job seekers for long stay. Fishing, shipping, agriculture activities,
mineral extraction and oil industries make these areas economically, politically
and socially extremely valuable. In the last few decades, the coastal regions have
become even more valuable as they host a source of renewable energy produc-
tion ranging from wind energy, e.g. offshore wind farms, to marine energy, e.g.
wave energy converters and tidal powers (Devine-Wright, 2011; Rourke et al.,
2010; Schiermeier et al., 2008).

Being the main source of goods and services, the coast is continuously under
increasing pressures. These pressures can be divided into two categories: (i)
pressures stemming from the land and (ii) those coming from the sea/ocean.
Potential pressures from the land include overexploitation such as excessive
farming and destructive fishing practices, increasing sewage, fertilizers and
polluting loads causing eutrophication, and rapid village growth and increasing
urbanization (Burke et al., 2001; Ramesh et al., 2015; United Nations, 2007). Oil
leaks, ship pollutions, climate change and sea level rises, all add pressures from
the sea/ocean to the coastal areas causing the loss of biodiversity in these regions
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(Burke et al., 2001; Nicholls and Cazenave, 2010; Williams, 2013). These examples
show the anthropogenic demands and activities as one of the prominent drivers
on coastal ecosystem changes (Borja et al., 2016). The anthropogenic activities
can also alter the sediment delivery and the current regime, enhancing coastlines
in some areas and starving beaches in others (Burke et al., 2001; Penland et al.,
2005). These changes might have serious impacts on coastal ecosystem such
as wetlands, tidal marshes, mangroves and coral reefs that naturally behave as
flood and storm protections (Costanza et al., 2008; Temmerman et al., 2013).

Coastal management projects play an essential role in managing the conflicts be-
tween society’s demands, environmental changes and environmental protection.
These projects should quantify different pressures on the system, forecast the
reactions of the environment and provide solutions for sustainable development
of the coast in the future. As a wide range of activities affects the coastal zones,
regional and disciplinary isolated projects are not sufficient (Marchand et al.,
2011). Instead, interdisciplinary projects with high geographic resolution are
necessary for proper coastal management strategies. These projects need to have
well defined descriptors and criteria covering various aspects of the ecosystem.
To quantify the status of the coastal ecosystem by each descriptor, different indi-
cators need to be developed (Cardoso et al., 2010; Uusitalo et al., 2016). These
indicators should: (i) be understandable by the society (Borja et al., 2016; Mea
et al., 2016) (ii) be unit manageable (Borja et al., 2014), (iii) be coherent and com-
parable for ecosystems of different temporal and spatial scales (Borja et al., 2016;
Uusitalo et al., 2016), (iv) be scalable from nations to continents (Uusitalo et al.,
2016) and finally (v) address every ecosystem components affecting the health
of the ecosystem (Borja et al., 2016). Afterward, a suitable approach to integrate
all indicators needs to be selected (Borja et al., 2014). The outcome should be
transparent for the society and the process needs to be well documented for
policymakers to assist in better marine ecosystem decisions (Borja et al., 2014).

In 2008, the Marine Strategy Framework Directive (MSFD) was introduced with
the object of achieving a good environmental status (GES) of the European
Union’s marine waters by 2020. This project consists of 11 descriptors ranging
from species, foods and contaminations to seafloor integrity. Each descriptor is
qualified through various indicators (Uusitalo et al., 2016) quantifying the health
of the system. Any success in coastal zone projects such as MSFD, strongly
depends on proper in situ measurement and analysis of the driving factors, i.e.
waves, river discharge, tides and consequent seabed behavior. This has been
mirrored in the MSFD framework under descriptors 6 and 7 named as "Seafloor
integrity" and "Hydrographical conditions", respectively.

With the objective of the MSFD project, the present doctoral thesis aims at
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improving our understanding of the interaction of tidal flow and near-bed sed-
iments in different coastal environments in the German Bight. After the intro-
duction on the current state of the art (section 1.2), the main hypotheses and a
comprehensive thesis outline are explained in section 1.3 and 1.4, respectively.
Chapters 2 to 4 address three research manuscripts developed during this doc-
toral study. Chapter 5 reports the results of additional studies to improve the
methods implemented in Chapters 2 to 4. Finally, Chapter 6 can be viewed as
the integration of the previous chapters presenting the main findings as well as
suggestions for the further studies.

1.2 Background

As the shear forces exerted from water flow on the bed sediments increase, a
critical condition is reached at which the sediments start to move. This criti-
cal moment can be either in the form of sliding and rolling (initiation of mo-
tion/erosion) or in the form of suspension, i.e. a condition that the sediments
are no longer attached to the bed. After the novel study of Albert F. Shields on the
initiation of motion (Buffington, 1999; Kennedy, 1995; Shields, 1936), a variety
of studies and equations have been developed to predict the critical bed shear
stress for erosion and suspension of sediments (Beheshti and Ataie-Ashtiani,
2008; Buffington and Montgomery, 1997; Garcia and Parker, 1991; NiÑo et al.,
2003; van Rijn, 1984). Beside the existing debate on the definition of critical
condition, a general equation has not been yet found, due to the multiplicity
of important parameters such as the boundary layer (e.g. bedforms), sediment
features (e.g. type, size and density) and flow characteristics (e.g. waves, tides,
rivers and water depth) (García, 2013; Soulsby, 1997). The detection of a critical
condition is even more challenging in coastal areas, as the flow direction and
velocity, water depth and bedform geometry are continuously changing along a
tidal cycle. Despite these concerns, questions have been raised about a proper
method to calculate in situ bed shear stress over natural sediments in coastal
environments (Biron et al., 2004; Kim et al., 2000; Salehi and Strom, 2012).

As the bed shear stress reaches the threshold of suspension, the bed sediments
move into the relatively higher water velocity further from the bed. At this
stage, the sediments are carried and mixed in the water column by turbulent
processes (Le Couturier et al., 2000). Turbulence is the key behind the chaotic
and semi-random movements of the flow and it is able to mix the fluid and the
transported quantities, e.g. sediment, heat and salinity, in the horizontal and
vertical directions. Having such a vital role, a generally accepted definition of
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turbulence is lacking. Instead, a set of mutual features have been agreed that
might be subsumed under the term turbulence: irregular and chaotic behavior
(semi-random) in space and time, diffusivity, dissipation, three dimensionality,
rotational and covering a wide range of time and length scales are some of
these features (Holmes et al., 2012; Lesieur, 2008; Mcdonough, 2007; Pope, 2000;
Tennekes and Lumley, 1972).

Due to the semi-random nature of turbulence, a statistical approach has been
performed to describe the turbulent velocity data. The Reynolds decomposition
method has been traditionally used to divide the three dimensional flow velocity
(u, v, w) into time-averaged and zero-mean portions (Adrian et al., 2000):

u = u+ u
′

(1.1)

v = v + v
′

w = w + w
′

in which conventionally, u, v and w are the velocity components in the main hor-
izontal direction, second horizontal direction and vertical direction, respectively.
While the time-averaged portion (u, v, w) explains the main characteristics and
the overall behavior of the flow, e.g. acceleration and deceleration over a tidal
cycle, the zero-mean portion represents fluctuation motions, i.e. waves, and
turbulent characteristics:

u
′

= u
′
t + u

′
w (1.2)

v
′

= v
′
t + v

′
w

w
′

= w
′
t + w

′
w

in which the subscripts t and w indicate the tidal induced turbulence and wave
induced velocity fluctuations, respectively. Strong, short periodic waves make
the wave-induced velocity stronger (Wiberg and Sherwood, 2008). However, the
wave-induced velocity attenuates exponentially over the water column (Holthui-
jsen, 2007) and therefore it might not reach the bed in continental shelf environ-
ments with a water depth of about 30 m.

Informative turbulent statistics are developed from the tidal induced turbulence
to describe the turbulent flow, e.g. turbulent production, turbulent intensity,
turbulent kinetic energy (TKE) and Reynolds stress (Best and Kostaschuk, 2002;
Birjandi et al., 2012; Hardy et al., 2016, 2009; Korotenko et al., 2013; Kostaschuk
and Villard, 1999; Venditti and Bauer, 2005; Venditti and Bennett, 2000; Williams
et al., 2003). Among the mentioned variables, TKE, which is the kinetic energy of
turbulent fluctuations, and Reynolds stress (Re) described as a measure of the
forces impinged on the flow by the turbulent fluctuations are the most common
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parameters reported in the literatures.

TKE = 0.5ρ(u
′
t + v

′
t + w

′
t) (1.3)

Re = −ρ(u
′
tw
′
t + u

′
tv
′
t + v

′
tw
′
t) (1.4)

in which ρ is the water density. With the invention of instruments able to mea-
sure velocity time series in the middle of 20th century, attempts have been made
to observe contour maps and time series of turbulent statistics in laboratory and
field situations (Best, 2005; Hardy et al., 2009; Korotenko et al., 2013; Kwoll et al.,
2014; Lu et al., 2000; Rippeth et al., 2002; Souza and Howarth, 2005; Venditti and
Bennett, 2000; Wren et al., 2007). Figure 1.1 provides an example of a natural
data set obtained in one tidal cycle. Apart from in-phase correlation between
turbulent flow and currents (Figure 1.1b and d), results show the importance
of bedform geometry on the modification of turbulence, i.e. higher turbulence
closer to the bed and downstream of the bedform crest (wake region) (Naqsh-
band et al., 2014b; Venditti, 2013). Most importantly, larger turbulent statistics
are linked to the transfer of suspended sediments in the water column (Figure
1.1c and d) contributing to the changes of bedform geometry (Kostaschuk et al.,
2009; Kostaschuk and Best, 2005; Naqshband et al., 2014b; Yuan et al., 2008).

The extent of studies carried out on the correlation between the turbulent statis-
tics and suspended sediment concentration (SSC), have led to questions on
the accuracy of turbulent statistics. In this concern, some studies have drawn
attention to the paradox of high SSC in low Reynolds stress values (Chapman
et al., 2013; Paiement-Paradis et al., 2011; Wren et al., 2007). Besides, detailed ob-
servation of SSC illustrates the existence of suspended sediment clouds (events)
generated from low speed fluid near the bed and moved into the water column
(sudden peaks in Figure 1.1c) (Hurther and Thorne, 2011; Kostaschuk and Vil-
lard, 1999; Kwoll et al., 2014; Shugar et al., 2010; Soulsby et al., 1994; Yuan et al.,
2008). Due to the intermittent nature of these suspension events, time-averaged
turbulent statistics fail to describe the characteristics and structure of turbulence
transporting them in the water column.

Recognizing this, the quadrant analysis approach was developed by Lu and
Willmarth (1973) to scrutinize the structure of turbulence at process time scales.
Regarding the simultaneous sign of horizontal (u

′
) and vertical (w

′
) velocity

fluctuations, Reynolds stress observations are distributed in quadrants known as
turbulent events (Figure 1.1e, f and g):

• Outward Interactions (Q1) where high speed turbulent events (u
′
> 0)
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move away from the bed (w
′
> 0) and negatively contribute to the Reynolds

stress.

• Ejections (Q2) where low speed turbulent events (u
′
< 0) move away from

the bed (w
′
> 0) and positively contribute to the Reynolds stress.

• Inward Interactions (Q3) where low speed turbulent events (u
′
< 0) move

toward the bed (w
′
< 0) and negatively contribute to the Reynolds stress.

• Sweeps (Q4) where high speed turbulent events (u
′
> 0) move toward the

bed (w
′
< 0) and positively contribute to the Reynolds stress.

Attention was paid to the percentage of each type of events as well as the distance
of events to the center of the graph (Dyer et al., 2004; Nelson et al., 1995; Soulsby
et al., 1994). Quadrant graphs illustrate the abundance of ejection and sweep
events in respect to outward and inward interactions (Best and Kostaschuk, 2002;
Hansen and Reidenbach, 2012; Jay Lacey and Roy, 2008; Nelson et al., 1995;
Soulsby et al., 1994). In addition to the type and number of events, some other
characteristics for turbulent events were defined; i.e. strength and duration (Le
Couturier et al., 2000; Soulsby, 1983; Trevethan and Chanson, 2010). Results
show that the strength and duration of events depend on the velocity magni-
tude (Trevethan and Chanson, 2010) and that the average duration of outward
and inward interactions are shorter in respect to the other two quadrants (Le
Couturier et al., 2000; Soulsby, 1983). As the flow regime and hence turbulent
characteristics are continuously changing over tidal cycles, the present work
therefore seeks to explain the evolution of turbulent events in a tidal flow by
selecting appropriate turbulent event characteristics that are able to explain the
structure of near-bed turbulent flow.

Considering the quadrant analysis, the correlation between the type of turbulent
events and suspended sediments have been studied by a number of researchers
(Gyr and Schmid, 1997; Kostaschuk and Villard, 1999; Nelson et al., 1995; Shugar
et al., 2010). A conceptual model on process time scales has been developed
through these studies (Fig. 1.2) describing the movement of suspended sed-
iments by turbulent events (Fernandez et al., 2006; Hansen and Reidenbach,
2012; Wren et al., 2007): Ejections, originating at the bed, contribute positively to
the suspended sediment transport by moving suspended sediments away from
the bed and keeping them in suspension. The suspended sediments move in
the direction of water flow and tend to deposit by the gravity. To satisfy the flow
continuity, sweeps originate from higher water levels, move low turbid water
downwards. Through their movement, sweeps push the suspended sediments
toward the bed and contribute negatively to the suspended sediment transport.
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Research objective and questions 1.3

Turbulent statistics have been applied to quantify turbulence in sediment
transport studies (Naqshband et al., 2014b; Shugar et al., 2010). However,
recent studies, focusing on aeolian environments, have shown a weak
correlation between Reynolds stress and suspended sediment transport
(Chapman et al., 2013; Mayaud et al., 2016). How strong is this correlation
in subaqueous flows? Which turbulent statistic correlate appropriately
with the suspended sediment transport? Is it reliable to utilize turbulent
statistics when studying suspended sediment transport on process time
scales?

Chapters 2 and 4 answer this question by analyzing sediment transport in
large scale, whereas chapters 3 and 4 describe the turbulent statistics in
process scale.

3. How do turbulent event characteristics evolve over tidal cycles?

Quadrant graphs have shown the existence of different types and strength
of turbulent events over a certain period of time. Time series analysis
has been shown that turbulent event characteristics vary with the flow
velocity. How do the characteristics of turbulent events change over a tidal
cycle? Does the number of events increase in high flow and decrease in
slack water? Is it feasible to define new turbulent event characteristics to
improve our conceptual understanding of the turbulent events? Do all
event characteristics have an in-phase correlation with the tidal flow?

These questions are answered in depth in Chapters 3 and 4. In Chapter 3,
the characteristics of single ejection and sweep events are described over
a tidal cycle. Chapter 4 adds the characteristics of OI and II as well as the
SSC associated to single turbulent events.

4. What are the relative contributions of turbulent events to the total sus-
pended sediment transport along a tidal cycle?

The important role of turbulent events in transporting the suspended
sediments in the water column has been explained by a conceptual model
in the literature (Hansen and Reidenbach, 2012). How much of the total
suspended sediments are transported by the turbulent events?

This question is answered in Chapter 4 by dividing the sediment flux time
series into sediment fluxes related to turbulent events and those that are
caused by small background fluctuations.
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5. What is the relative contribution of each type of turbulent events to the
suspended sediment transport?

Quadrant graphs show the distribution of turbulent events across all four
quadrants with the abundance of ejections and sweeps in respect to out-
ward and inward interactions. Therefore, many studies simply neglected
the effect of outward and inward interactions in sediment transport studies.
Is it necessary to consider all four type of events in suspended sediment
transport studies? Which type of turbulent event has the highest contribu-
tion to the suspended sediment transport? Is there any relation between
the abundance of each type of turbulent events and the suspended sedi-
ments transport?

These questions are answered in Chapter 4 by investigating the effects of
each type of turbulent events on the suspended sediment flux in process
scale.

1.4 Outline

The present work is based on the analysis of near-bed velocity in different loca-
tions in the German Bight. The data was collected in three different research
cruises between March 2015 and August 2016. The analyzed data was presented
in three different manuscripts (two accepted and one in preparation for submis-
sion) structuring Chapters 2 to 4 as the core of this work.

Chapter 2 examines the bed shear stress at which suspension and deposition
occurred in a tidal environment. Six different locations with unique bed sedi-
ment distributions and/or hydrodynamic conditions were tested. Four different
methods to calculate the critical bed shear stress were examined. In addition,
various empirical equations describing the critical condition were verified. Re-
sults show that the TKE approach as well as the movability number equations
were the most accurate method/equations for describing the critical suspension
conditions in a tidal environment.

Amirshahi, S.M., Kwoll, E., Winter, C., 2019. Critical suspension and deposition
bed shear stresses of shallow shelf sea sediments under tidal forcing.

Chapter 3 describes the evolution of small scale turbulent events in a tidal en-
vironment. Two Acoustic Doppler Velocimeters (ADV) were used to calculate
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the strength, duration and length of ejection as well as sweep type events in two
different water depths over a tidal cycle. Based on this research finding, unlike
the duration of events, which remained relatively constant, the strength of events
had an in-phase correlation with the tidal cycle. Results also showed the distinct
difference between sweeps and ejections, with the former being stronger and
longer than the latter.

Amirshahi, S.M., Kwoll, E., Winter, C., 2016. Characteristics of instantaneous
turbulent events in southern German Bight. In: Constantinescu, G., Garcia, M.,
Hanes, D. (Eds.), River Flow 2016. Taylor & Francis, Saint Louis, pp. 8.

Chapter 4 investigates the effect of turbulent events on the turbulent statistics
and SSC. Turbulent statistics were highly affected by small background fluc-
tuations (non-turbulent event samples) reducing the magnitude of turbulent
statistics up to three times. Moreover, all four type of turbulent events were ex-
amined and correlated with the simultaneous fluctuation of SSC. It was observed
that the vertical turbulent sediment flux within instantaneous turbulent events
plays an important role in mixing of sediments across the water column.

Amirshahi, S.M., Kwoll, E., Winter, C., 2018. Near bed suspended sediment flux
by single turbulent events. Continental Shelf Research, Volume 152, Pages 76-86,
doi:10.1016/j.csr.2017.11.005.

Chapter 5 presents a method to calculate large and process time scales of wave
properties. The sea surface wave characteristics (wave period and significant
wave height) as well as the near-bed wave-induced velocity were successfully
calculated by a near-bed ADV instrument. In addition, near-bed suspended
sediment grain size was analyzed using a Laser In Situ Scattering and Transmis-
sometry (LISST) instrument. Results suggested that the new method can be
successfully integrated with the methods used in Chapters 2 to 4 to incorporate
the time series of near-bed wave-induced velocity as well as suspended sediment
grain size in different coastal environments.

This thesis ends in Chapter 6 by presenting a summary accompanied with a
general conclusion and suggestions for further studies.

11





2 Critical suspension and depo-
sition bed shear stresses of shal-
low shelf sea sediments under
tidal forcing

S.M. Amirshahi(1), E. Kwoll(2) and C. Winter(1,3)
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many

Manuscript in preparation for submission

Abstract

Field measurements of critical suspension and deposition stresses of sediment
were examined at six locations with rotating tidal currents in the German Bight.
Near-bed velocity profiles were measured using a downward-looking Acoustic
Doppler Current Profiler (ADCP) deployed on a lander, 2 m above the seabed. In
addition, high frequency near-bed velocity and suspended sediment concentra-
tion (SSC; calibrated from backscatter intensity) were collected by an Acoustic
Doppler Velocimeter (ADV) mounted on the same lander, 12 cm above the bed.
Using these velocity time series, bed shear stress was calculated using the log-
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SHALLOW SHELF SEA SEDIMENTS UNDER TIDAL FORCING

arithmic velocity profile, turbulent kinetic energy (TKE) and Reynolds stress
(Re) methods. The critical suspension and deposition stresses were identified
by thresholding SSC variations. Our results showed that shear stresses derived
from the TKE method had the highest correlation with SSC (R2 ≈ 0.8). Measured
critical thresholds for suspension ranged between 0.21 and 0.65 Pa, while depo-
sition thresholds, identified during slack water at all study sites that experienced
suspension, were smaller by a factor of 0.8. The results were compared with
different Shields / movability number based empirical equations. Predictions
of the suspension threshold using empirical equations based on the movability
number, particularly the van Rijn suspension equation, agreed best with mea-
sured data. Our results serve as a guideline on (i) how to determine bed shear
stress in field studies on sediment transport and (ii) how to parameterize critical
shear stresses in morphodynamic numerical models of shelf sea environments.

2.1 Introduction

The prediction of the threshold of motion, suspension and deposition of bed
sediment has interested geomorphological, oceanographic and engineering com-
munities for decades. Numerous empirical relations have been proposed based
on laboratory experiments and measurements in shallow flows and are inte-
grated in current generations of numerical sediment transport models (Soulsby,
1997; van Rijn, 1993, 1984). These models are now widely used to predict the
morphodynamics from fluvial systems to shelf settings (Lesser et al., 2004; Török
et al., 2017; Warner et al., 2008). Yet, the accuracy of these empirical relations for
natural conditions in deeper, complex tidal settings with continuously changing
water level, tidal flow velocity and direction, remains unexplored. This is largely
due to a lack of field data from these deeper coastal areas and uncertainties as to
how most appropriately estimate bed shear stress in such a field setting. This
introduction briefly reviews some of the common predictions of the threshold
of motion, suspension and deposition of bed sediment and field methods to
estimate bed shear stress in tidal settings.

Since the pioneering laboratory experiments of Shields (Buffington, 1999; Shields,
1936), many studies have focused on the threshold of motion, i.e. the critical bed
shear stress under which bed sediment begins to move from rest (e.g. Beheshti
and Ataie-Ashtiani 2008; Buffington and Montgomery 1997; Cheng 2004; Paphitis
2001; Yalin and Karahan 1979). These studies developed empirical equations
relating a non-dimensional grain parameter to the non-dimensional shear stress
(θ), known as Shields parameter (Eq. 2.1) (e.g. Beheshti and Ataie-Ashtiani 2008;
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Paphitis 2001; Soulsby 1997; van Rijn 1993):

θ =
u2∗

g (s− 1) d50
(2.1)

where u∗ is the shear velocity, g is the acceleration due to gravity (9.81 m
s2

), s
is the ratio of densities of sediment particles to water and d50 is the median
grain size. However, individual data sets usually show a wide data scatter in the
Shields diagram (García, 2000; Lopez and Garcia, 2001; Paphitis, 2001). Another
approach uses the concept of the movability number (Λ) (Eq. 2.2) (Liu, 1957).
This approach approximates the shape and specific density of sediment using
the settling velocity (ws) and the flow characteristics by using the shear velocity:

Λ =
u∗
ws

(2.2)

In addition to the use of the settling velocity, use of the shear velocity in Eqs.
2.1 and 2.2 shows that the movability number reduces the scattering in the
Shields diagram compared to the Shields parameter, as it is proportional to the
square root of the Shields parameter (Λ =

√
θg(s− 1)d50/ws). Different studies

developed empirical equations for the threshold of motion by implementing the
movability number (Beheshti and Ataie-Ashtiani, 2008; Paphitis, 2001; Simoes,
2014). Nevertheless, the Shields parameter approach is still widely used in lab,
field and numerical studies.

In addition to the studies on the threshold of motion, attention was devoted
to the threshold of suspension of bed particles. Bagnold (1966) suggested that
for a particle to remain in suspension, the upward velocity fluctuations of the
surrounding flow need to exceed the particle settling velocity. Based upon this
assumption, he scaled the upward velocity fluctuations with the shear velocity
and used the movability number to propose an empirical equation for the thresh-
old of suspension (Λ = 1). The importance of the movability number on the
suspension of sediment was also confirmed by Garcia and Parker (1991), Cheng
and Chiew (1999) and NiÑo et al. (2003). However, the practicality of Bagnold’s
equation has been debated over the years. van Rijn (1984) suggested that the
Bagnold criterion may define an upper limit at which a sediment concentration
profile starts to develop. Therefore, using the movability number, he proposed
a new empirical equation predicting critical suspension stresses that are lower
than Bagnold’s. Contrary to the results of van Rijn (1984), Lopez and Garcia (2001)
showed a suspension probability of only 17% when using the Bagnold criterion
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and suggested Λ > 2.5 as a threshold of suspension. To the best knowledge of
the authors, despite being used frequently, the performance of these empirical
suspension equations, have not been tested on sediment in unsteady tidal flows
of continental shelf seas.

Unlike the concepts of threshold of motion/suspension, it is still under debate
whether a deposition threshold is quantifiable in unsteady flows (Lumborg, 2005;
Salehi and Strom, 2012; Shi et al., 2015; Winterwerp, 2007). Salehi and Strom
(2012) defined the deposition threshold as "the threshold a flow is required to
drop below in order for there to be net deposition of suspended sediment".
Since many studies have observed a continuous suspension and deposition
processes (e.g. Amirshahi et al. 2018; Lumborg 2005; Salehi and Strom 2012)
the identification of this threshold is problematic (Winterwerp, 2007). Despite
these uncertainties, studies agree that the deposition threshold should be lower
than the threshold of motion/suspension, because for the latter two processes,
flow needs to overcome physical and biological cohesion as well as hiding and
exposing effects of undisturbed sediment (Garcia and Parker, 1991; Widdows
and Brinsley, 2002). Therefore, a systematic study on an appropriate definition
of the deposition threshold is needed.

As elaborate facilities are needed to track movement of bed sediment in the field,
studies commonly infer motion, suspension and deposition thresholds from
observed variations in bed elevation (Andersen et al., 2007; Salehi and Strom,
2012; Shi et al., 2015) or suspended sediment concentration (SSC) (Maa et al.,
1998; Widdows et al., 2008). In addition, the estimation of motion, suspension
and deposition thresholds relies on an accurate determination of bed shear stress.
Since measurements of "true" bed shear stress are difficult, a number of methods
have been applied in the field and laboratory to indirectly quantify bed shear
stress, e.g. the logarithmic profile method, the Reynolds stress method and the
Turbulent Kinetic Energy (TKE) method (Soulsby and Humphery, 1990; Kim et al.,
2000; Dyer et al., 2004; Pope et al., 2006; Andersen et al., 2007; Widdows et al.,
2008; Lefebvre et al., 2011; Salehi and Strom, 2012; Shi et al., 2015; Krämer and
Winter, 2016). However, it has become increasingly clear that the accuracy of the
bed shear stress estimate using these methods depends on the flow condition. A
laboratory study by Biron et al. (2004) showed that for a unidirectional boundary
layer, the Reynolds stress method provided the most accurate estimate of bed
shear stress. However, in complex, unsteady flows with continuously changing
velocity direction, the TKE method provided the most reliable bed shear stress
estimate, as it is not affected by local velocity rotation (Biron et al., 2004). In
spite of numerous studies on the bed shear stress, uncertainty concerning the
selection of an appropriate method under unsteady tidal flow has been an issue.
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This paper explores methods to determine bed shear stress and critical suspen-
sion and deposition stress of bed sediment in a shallow shelf sea environment
under tidal currents with a relatively wide tidal ellipse. We present data for rep-
resentative sites of typical sedimentology across the German Bight collected
in water depth of 26.5 – 42.5 m with variable bed sediment characteristics. We
compare some of the most commonly used methods to determine bed shear
stress in the laboratory, fluvial and tidal settings and utilize the results to arrive at
estimates of critical suspension and deposition stress. We compare our findings
to empirical equations currently available in the literature.

2.2 Study area and data collection

The data examined here was collected during three different research cruises
of research vessel RV Heincke, namely HE441, HE447 and HE470, conducted in
March 2015, June 2015 and August 2016, respectively. In each cruise, a number
of stations in different water depths were investigated (Figure 2.1 and Table 2.1).

At each station, the bottom lander SedObs (Sediment Dynamics Observatory)
(Krämer and Winter, 2016) was deployed for one complete tidal cycle from the
time of low water to the following low water. A Nortek Vector Acoustic Doppler
Velocimeter (ADV) was installed on the lander to measure high frequency pres-
sure, water temperature, backscatter intensity and three dimensional velocity
time series. In all deployments, the ADV was attached to one leg of the lander at
a distance that was far enough to not be disturbed by the leg, with the ADV sam-
pling volume only 12 cm above the bed. The ADV was sampling in burst mode at
a frequency of 32 Hz with high transmit power level. Each burst contains 28640
samples with a burst interval of 900 s. In addition to the ADV, a down-looking
Teledyne RDInstruments 1200 kHz Acoustic Doppler Current Profiler (ADCP)
was also mounted on top of the lander (about 2 m from the bed). The ADCP was
used to measure low frequency, three dimensional velocity with a frequency of 1
Hz at a vertical resolution of 10 cm (vertical bin size). In this study, accurate mea-
surements of the near bed BSI are essential as it is used to determine the critical
suspension and deposition stresses. Therefore, the near-bed BSI calculated from
the ADCP was not used in the analysis due to the wide sampling volume and low
measurement frequency (compared to ADV).

Beside aforementioned devices, two other devices were installed on the lander,
with potentials to be used in this study. First, a second ADV (hereafter called
ADV2), that was installed on the same lander leg with the sampling volume
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Figure 2.1: German Bight with the location of the NOAH stations. Contours
display depth below water surface in meters. The arrows indicate the
directions and relative magnitudes of the currents during a typical
tidal cycle.

distance of about 45 cm to the bed. The ADV2 has the potential to be used to
study the evolution and changes of turbulent events over water depth and tidal
cycles. The results of this device for the deployment HE441-ND is discussed
in detail in Chapter 3. After data analysis, it was clarified that depending on
the tidal flow direction, the sampling volume of ADV2 might be disturbed by
the wakes generated by the first ADV and/or its mounting. Therefore, the ADV2

analysis was not considered for further investigation.

Second, a Laser In Situ Scattering and Transmissometry (LISST) device was
installed on another leg of the lander with a horizontal distance of about 2 m
from the ADVs. The LISST measured the suspended sediment distribution with
a frequency of about 0.1 Hz. In order to correlate between the LISST and the
first ADV outputs, their sampling volumes should be placed in the same vertical
level. Providing such a condition needs the LISST device to be situated very
close to the bed (less than 12 cm), which might damage the device (by hitting
some obstacles on the seabed during deployment of the lander) and thus it was
in practice impossible. Therefore, we decided to install it 45 cm from the bed
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to record suspended sediment distribution in the same water height as ADV2.
The results of the LISST device in HE441-ND is shown in Chapter 5. Given that
the device was mounted 45 cm from the bed, its sampling volume was affected
by flocculation process and not necessary reflecting the local bed sediment
grain sizes originated from the bed Therefore, the LISST results was not further
investigated..

Using this setup in all lander deployments, provides the possibility to compare
near-bed turbulent levels and SSCs at different stations and water depths. Finally,
prior to the lander deployment, bed sediment samples were collected at each of
the sites using a Shipek grab.

In the shelf sea environment of the German Bight, the driving forces of sediment
transport are tidal flows and wind waves. However, for this study, we have
selected deployments in which no noticeable surface waves were observed or
detected during the measuring procedure to eliminate the effect of waves.

Table 2.1: Site characterization data. Each measurement started with the ebb
and followed with a flood. The depth column shows the average water
depth during the measurement. The temperature was determined
using the ADV probe. Abbreviations are explained in the text. For
stations’ location see Figure 2.1.

Cruise Station Abbreviation First Measurement Slack Water Last Measurement Depth [m] Temp. [c]

HE441
NOAH-D HE441-ND 21.03.2015 - 00:12 21.03.2015 - 06:54 21.03.2015 - 12:42 36 6.1
NOAH-E HE441-NE 24.03.2015 - 14:38 24.03.2015 - 21:30 25.03.2015 - 03:03 27.5 6.1

HE447
NOAH-H HE447-NH 21.06.2015 - 15:11 21.06.2015 - 21:42 22.06.2015 - 03:43 42 11.1
NOAH-D HE447-ND 22.06.2015 - 18:32 22.06.2015 - 23:18 23.06.2015 - 04:35 36 14.0
NOAH-B HE447-NB 26.06.2015 - 19:00 27.06.2015 - 02:26 27.06.2015 - 08:02 28 14.3

HE470 Outer-Weser HE470-OW 23.08.2016 - 04:38 23.08.2016 - 10:40 23.08.2016 - 16:39 34.5 18.6

2.3 Methods

The ADV velocity data was first filtered to remove invalid data (spikes) from
the time series (Jesson et al., 2013). A velocity sample was considered to be a
spike if: (i) its correlation and signal to noise ratio were less than 70 and 15,
respectively (Lane et al., 1998; Wahl, 2000) and (ii) it could not pass the Phase
Space Threshold criteria (Goring and Nikora, 2002). The spikes were replaced
by linear interpolation using the surrounding non-spike samples. In addition, a
moving average was applied for the five seconds burst gaps so that every sample
inside the burst gaps was obtained by averaging the velocity sample five seconds
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before and after it.

Rather than being dominantly bidirectional in the shelf sea environments, the
tidal current direction changed continuously over the tidal cycle, mapping a
wide current ellipse (shown in Fig. 2.1). To deal with this continuous change
in direction, the velocity data was rotated every 15 min so that the x-axis was
always toward the streamwise direction (u) and the crossstream direction (v)
was minimized. Afterwards, the average velocity in streamwise, crossstream and
vertical directions were obtained by applying an 8 min moving average (u, v, w)
on the ADV data (for more explanation on choice of averaging windows see
(Amirshahi et al., 2018). Finally, the Reynolds decomposition method was used
on the rotated velocity time series as follow:

u = u+ u
′
t + u

′
w; (2.3)

v = v + v
′
t + v

′
w;

w = w + w
′
t + w

′
w;

in which the subscripts t and w indicate the tidal induced and wave induced
velocity fluctuations, respectively, making together the zero-mean instantaneous
velocity fluctuations (u

′
= u

′
t+u

′
w). Although no noticeable waves were observed

during the measurement, we decided to check the existence of wave induced
velocity in the near bed velocity time series as it might affect bed shear stresses
(Soulsby, 1997). For this reason, the energy spectrum of the instantaneous near-
bed velocity fluctuation (Su′ ) was investigated. Any peaks in the frequency range
related to the surface waves at the North Sea (0.125-0.25 Hz) shows the intrusion
of waves on the near bed velocity (Soulsby and Humphery, 1990; Le Couturier
et al., 2000; Williams et al., 2003).

The Su′ was calculated in 15 min time windows over the whole tidal cycle. Fig.
2.2 shows the results of HE441-ND. No peak of energy is observed in the wave
frequency range and the energy spectrum all over the tidal cycle cascades by the
Kolmogorov -5/3 slope in the inertial subrange. Therefore, the near bed velocity
was not contaminated by wave orbital velocity and thus it was only related to the
tidal currents. Same results were obtained for the other deployments (not shown
here for brevity).

Turbulent kinetic energy (TKE) quantifies the energy of eddies extracted from
the mean flow (Venditti and Bennett, 2000). TKE was calculated by the sum of
the individual variances of the zero-mean velocity fluctuations in 8 min moving

20





Chapter 2 CRITICAL SUSPENSION AND DEPOSITION BED SHEAR STRESSES OF
SHALLOW SHELF SEA SEDIMENTS UNDER TIDAL FORCING

where κ is the von Karman’s constant (=0.4), V (z) shows the average velocity
magnitude at height z (V =

√
u2 + v2 + w2) and z0 is the bed roughness length.

The average velocity magnitude of the ADCP was calculated in 8 min windows at
each depth. The bed roughness length depends on the physical roughness, e.g.
sediment size and bedforms, and water characteristics, e.g. water viscosity and
mean velocity (García, 2013; Soulsby, 1997) and is defined as the height above the
bed where the velocity profile diminishes to zero. Using the ADCP, both z0 and
u∗ can be calculated through a linear regression of V plotted against ln(z). The
goodness-of-fit was assessed by means of coefficient of determination (R2). In
this natural environment, the shear velocity (u∗) was only accepted if R2 ≥ 0.95.
The average bed shear stress can then be calculated from the shear velocity by:

τ = ρu2∗ (2.6)

2. Log-Profile method from ADV velocities (τLP ): If only a point measurement
device such as an ADV is available, the average velocity at the sampling volume
height (V s) is used in Eq. 2.5 (Andersen et al., 2007; Salehi and Strom, 2012). In
this situation, z0 is usually determined through empirical relations of bed grain
size or dune height (Soulsby, 1997; van Rijn, 1984). However, in this paper, z0
can be directly calculated from the τADCP method. Using the average z0 over
the tidal cycle and the Vs at the ADV sampling volume height (zs), Equation 2.5
reduces to the one dimensional form with u∗ as the only unknown parameter:

V s =
u∗
κ
ln(

zs
z0

) (2.7)

from which τLP is calculated in the same time windows, i.e. 8 min, used for
calculating τADCP (Eq. 2.6). It should be noted that the Log-Profile method is
assuming steady flow over a flat bed (Lefebvre et al., 2011; Pope et al., 2006; Salehi
and Strom, 2012).

3. Turbulent kinetic energy method (τTKE): In this second moment method,
the bed shear stress is related to the near-bed TKE by a coefficient (Biron et al.,
2004; Kim et al., 2000; Pope et al., 2006; Soulsby and Humphery, 1990; Widdows
et al., 2008):

τTKE = C0TKE (2.8)
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where C0 is a coefficient that has been set to 0.19 (Pope et al., 2006; Soulsby,
1983; Stapleton and Huntley, 1995), 0.2 (Pieterse et al., 2015; Soulsby and Dyer,
1981) and 0.21 (Kim et al., 2000) in previous studies. While this introduces some
uncertainties, unlike the Log-Profile method, this method ignores the sampling
volume height and can be used to calculate bed shear stress from TKE near the
bed (Biron et al., 2004; Kim et al., 2000; Salehi and Strom, 2012). We have selected
the value of 0.19, since it appears to be the most cited value in the literature.

4. Reynolds stress method (τRe): This second moment method, also known as
the covariance method, approximates the bed shear stress from the Reynolds
stress (Andersen et al., 2007; Kim et al., 2000; Soulsby and Humphery, 1990;
Williams et al., 2003):

τRe = ρ(u′w′
2

+ v′w′
2
)0.5 (2.9)

The method assumes that the sampling volume is close to the bed and within
the logarithmic profile. Unlike the Log-Profile method, this method is not prone
to errors of calculating the height of the sampling volume. However, it has been
shown that even small tilt-angles in the sampling volume may cause large errors
in the calculation of bed shear stress using the Reynolds stress method (Kim
et al., 2000; Pope et al., 2006).

Based upon the current field setup, the threshold for suspension and deposition
of sediment can be detected in two different ways: (i) bed level changes (An-
dersen et al., 2007; Salehi and Strom, 2012; Shi et al., 2015) and (ii) variation of
near-bed suspended sediment concentration (SSC) (Maa et al., 1998; Widdows
et al., 2008). The first method cannot discriminate between threshold of motion
and suspension as the bed level responds to both bed load and suspended load
and separation of these two processes is not possible. Therefore, given that the
sampling volume of the ADV was only 12 cm from the seabed, the suspension
and deposition thresholds at the study sites were determined from analysis of
near-bed SSC. SSC was derived from calibration of the ADV’s acoustic backscat-
ter intensity (BSI) and averaged in 8 min windows. The laboratory tests for the
calibration of different sediment types were described in detail in Amirshahi
et al. (2018). None of the measurements reached the saturation level and the
minimum goodness-of-fit of the correlations was R2 = 0.89.

To describe the suspended sediment dynamics, the settling velocity needs to be
known. Sediment diameter, the Corey shape factor (Sf ), defined as the devia-
tion of the particle shape from a sphere, and the particle roundness (P), known
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as the curvature variations along the grain surface, are three important sedi-
ment parameters affecting the settling velocity (Camenen, 2007; Dietrich, 1982;
Jiménez and Madsen, 2003). Having a collection of natural bed sediment sam-
ples from different research cruises in the German Bight, settling velocity was
measured in the laboratory using a sand sedimentation separator instrument in
a water temperature at 20◦C with a salinity of 30 psu. We have also calculated
the settling velocity for natural sediment (Sf = 0.7 and P = 3.5) based on seven
empirical equations suggested by van Rijn (1993), Cheng (1997), Soulsby (1997),
Jiménez and Madsen (2003), Camenen (2007), Wu and Wang (2006) and Zhiyao
et al. (2008). Our results showed that the Soulsby (1997) equation led to a high
goodness-of-fit (R2 = 0.98) between calculated and measured settling velocity
and low relative mean absolute error (RMAE = 4.97%) and therefore it was
selected in this paper:

ws =
υ

d50
(
√

10.362 + 1.049D3
∗ − 10.36) (2.10)

where υ is the kinematic viscosity of water, which itself increases with water
salinity and decreases with water temperature. Accurate values of kinematic
viscosity at our study sites were derived from Soulsby (1997) by considering
seawater salinity (35 psu) and the water temperature in the sampling volume
measured by the ADV (Table 2.1). In Equation 2.10,D∗ is the dimensionless grain
size, which is a function of water and sand properties and is defined as:

D∗ =
[
g(s−1)
υ2

]1/3
d50 (2.11)

where s is the ratio of sediment and seawater densities (ρs/ρ) and it is set to
2.58 as ρs and ρ is equal to 2650 Kg/m3 and 1027 Kg/m3, respectively. Overall,
considering the field deployments, sediment grain size and seawater tempera-
ture are the changing parameters affecting the settling velocity with an in-phase
relation.

2.4 Results
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in all measurement sites with the exception of HE447-NH furthest offshore and
a tidal range of only 0.5 m. The deployments began with the ebb and ended with
the flood (one complete tidal cycle), with the exception of HE447-ND, which
started an hour after high slack water. At all stations the tides were asymmetric
with longer ebb duration (an average of 6:42 hours) than flood (an average of 5:42
hours). On average, maximum near-bed velocity was slightly stronger during
the flood phase than during the ebb phase, 1.2 times with a standard deviation
of 0.3 m/s. Lowest maximum velocities occurred in the deepest deployment
(HE447-NH, 42 m), while highest velocities were observed at a medium water
depth (HE470-OW, 34.5 m) in the Outer-Weser region. TKE followed the tidal
pattern with higher values during large velocity magnitudes and minimum values
around slack water. Similar to the velocity pattern, TKE was higher during the
flood phase compared to the ebb phase, 1.42 times with the standard deviation
of 0.56 Pa. However, this was not observed in HE447-NH, where the TKE was
larger during the ebb, even though higher velocity magnitudes were recorded
during the flood. The highest overall TKE occurred at HE441-NE, which is one of
the shallowest locations (27.5 m).

Using the velocity and TKE time series, the bed shear stress was calculated using
the four different methods outlined above. Figure 2.4 displays SSC (sublabel -i)
and bed shear stress (sublabel -ii) for each deployment, sorted by water depth.
For reference, depth-averaged velocity is also shown in the SSC graphs.

Like velocity and TKE, SSC was larger during the flood phase. Generally, τADCP
and τLP determined similar or smaller bed shear stress values than τTKE and
τRe. Largest differences (up to 1 Pa) between (τTKE and τRe) and (τADCP and
τLP ) occur at the shallowest and deepest location, i.e. HE441-NE (flood) and
HE447-NH (ebb), and under peak flow velocities. Compared to τRe, similar or
larger bed shear stresses are calculated by τTKE , with the notable difference of
HE447-NH (ebb) and HE470-OW (flood), where τRe is larger than τTKE .

Lowest SSC was observed at the deepest location (NOAH-H) with lowest veloc-
ities. Bed shear stress estimates however, indicate that shear stress during the
ebb tide was as high as 0.85 Pa (τRe), which was similar to other locations. In
addition, shear stresses from τADCP and τLP were much smaller than the τTKE
and τRe suggesting that in higher water depth the Log-Profile method may be
inappropriate because a smaller portion of the logarithmic layer was included in
the estimation.

Highest SSC (up to 116 mg/l) occurred during the flood at NOAH-D at deploy-
ment HE441-ND, though this decreased significantly (to only 8 mg/l) during the
second deployment HE447-ND. Since, the bed grain size remained unchanged
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HE447-NB.
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2.4.2 Critical suspension and deposition stress

Figure 2.5 shows the relation between τTKE and SSC in 8 min averaging windows.
Each tidal phase was divided into two sections: suspension, i.e. when the SSC
trend is positive showing that more sediment was suspended than deposited
(graphs with label I and III), and deposition, i.e. where the SSC trend is negative
illustrating that more sediment was deposited than suspended (graphs with label
II and IV). The same stress-concentration graphs were also plotted for τADCP ,
τLP and τRe (not shown here for brevity).
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At HE447-NH and HE447-NB bed shear stress remained subcritical, thus, SSC
did not increase with the bed shear stress and was very low throughout the tidal
cycle. Therefore, no suspension process, and accordingly no deposition process,
were observed in these two deployments. At HE441-NE, SSC did not increase
during the ebb phase. Hence, suspension only occurred over the flood phase of
this station. In station HE441-ND, HE447-ND and HE470-OW did both ebb and
flood phase contribute to the movement of the suspended sediment.

Similar to the method of Maa et al. (1998) and Widdows et al. (2008) and by the
suggestion of Buffington (1999), an exponential regression was fitted through
all pairs of stress-concentration values for all four bed shear stress methods. To
determine the most comparable method with observed SSC values, the goodness-
of-fit (R2) as well as the relative mean absolute error (RMAE) was calculated
(Table 2.3 and Table 2.4) according to:

RMAE =
1

N

n∑
i=1

|SSCmeasured,i − SSCpredicted,i|
SSCmeasured,i

× 100 (2.12)

In terms of average goodness-of-fit during the suspension process, the bed shear
stress methods can be ranked from the highest to lowest, as τTKE > τRe > τLP >

τADCP with average R2 values equal to 0.70, 0.64, 0.59 and 0.37, respectively.
During the deposition process, the average goodness-of-fit decreased slightly
for τTKE , τLP and τRe with average values of R2 equal to 0.65, 0.56 and 0.47,
respectively. Of the four methods, τADCP provided the lowest R2 and the highest
RMAE values in both suspension and deposition processes. Calculation of
RMAE reveals that τLP and τTKE result in the best fit during suspension and
deposition process, respectively.

Table 2.3: Critical suspension stress, goodness-of-fit and RMAE obtained from
each method.

Tidal Phase
τADCP τLP τTKE τRe

τs[Pa] R2 RMAE(%) τs[Pa] R2 RMAE(%) τs[Pa] R2 RMAE(%) τs[Pa] R2 RMAE (%)

HE441-ND
Ebb — 0.15 72.75 0.20 0.68 42.01 0.33 0.87 23.97 0.18 0.71 31.52

Flood 0.20 0.41 219.35 0.22 0.89 52.06 0.38 0.66 55.94 0.33 0.96 48.54

HE447-ND
Ebb — 0.64 19.65 — 0.24 36.87 — 0.64 21.81 — 0.52 26.82

Flood — 0.06 599.85 0.15 0.55 103.27 0.21 0.59 95.23 0.15 0.36 182.65

HE470-OW
Ebb 0.16 0.59 1148.1 0.16 0.77 101.68 0.29 0.75 485.61 0.14 0.54 277.76

Flood 0.17 0.47 1570.2 0.28 0.57 262.93 0.38 0.96 81.53 0.44 0.89 493.78

HE441-NE
Ebb — — — — — — — — — — — —

Flood 0.21 0.56 70.33 0.10 0.94 30.98 0.65 0.99 45.04 0.40 0.96 56.27

It is worth to note that we subtracted the minimum background SSC during slack
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Table 2.4: Critical deposition stress, goodness-of-fit and RMAE obtained from
each method.

Tidal Phase
τADCP τLP τTKE τRe

τd[Pa] R2 RMAE(%) τd[Pa] R2 RMAE(%) τd[Pa] R2 RMAE(%) τd[Pa] R2 RMAE (%)

HE441-ND
Ebb — 0.29 19.99 — 0.29 31.09 — 0.20 35.62 — 0.18 37.95

Flood 0.14 0.49 190.45 0.18 0.79 58.23 0.33 0.72 126.11 0.25 0.80 83.67

HE447-ND
Ebb 0.06 0.77 36.97 0.07 0.83 22.75 0.08 0.84 25.18 0.05 0.79 26.87

Flood 0.10 0.24 849.43 0.10 0.71 69.96 0.19 0.89 80.08 — 0.01 267.72

HE470-OW
Ebb 0.07 0.33 99.49 0.11 0.81 30.73 0.16 0.72 37.81 0.11 0.76 33.80

Flood 0.11 0.74 327.65 0.17 0.97 68.09 0.30 0.81 188.47 0.27 0.92 92.19

HE441-NE
Ebb — 0.17 173.69 — 0.01 184.44 — 0.06 183.97 — 0.03 184.16

Flood 0.17 0.28 186.46 — 0.10 478.92 0.60 0.97 43.36 0.33 0.28 241.87

note: no value is shown for HE447-NH and HE447-NB in Table 2.3 and Table 2.4 as no suspension

process was recognized.

water to determine the threshold of active suspension by tidal currents at the
site (Figure 2.5). During the suspension process, SSC then remained around
zero at low bed shear stress. As bed shear stress increased, a point was reached
where SSC steadily increased without returning back to zero. This is referred to
as critical suspension stress (τs) hereafter. A similar behavior was seen for the
deposition process. During the reduction of bed shear stress, SSC decreased
until values fluctuated near zero. This is referred to as critical deposition stress
(τd) hereafter.

Considering natural variability, a single point threshold detection of critical sus-
pension and deposition stress cannot be applied as it might reflect the sudden
increase of SSC by the suspension of fluff layer at low bed shear stresses (Bohling,
2009; Dyer, 1995). Therefore, to quantify the magnitude of critical suspension
and deposition stresses (τs and τd), the regression line and the standard deviation
of the corresponding SSC for each bed shear stress and the four nearest neigh-
boring values were calculated. Through this approach, the τs was defined as the
bed shear stress where the standard deviation and the slope of the regression line
increased noticeably from zero. Similarly, the τd was defined as the bed shear
stress where the standard deviation and the slope of the regression line were
noticeably close to zero for the first time. Table 2.3 and Table 2.4 also show the τs
and τd, respectively. Since the measurement of HE447-ND started an hour after
the high slack water, no critical suspension stress could be calculated for the
ebb phase as the sediment was already suspended. For some bed shear stress
methods, no critical values could be calculated as the correlation between SSC
and bed shear stress was very low, e.g. deposition process during the ebb phase
of HE441-ND (Figure 2.5c-II).

As expected, due to the hiding effect and sediment cohesion, all methods sug-
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gested a larger value of τs in comparison to τd. On average, the lowest ratio be-
tween τd and τs is calculated for the τADCP method with a value of 0.65, while the
highest ratio is calculated for τTKE with a value of 0.81. Interestingly, the τs and
τd between the two NOAH-D deployments were not the same. The sediment was
more stable in HE441-ND than HE447-ND and on average the goodness-of-fit in
the suspension process was higher for HE441-ND. Although HE441-NE exhibited
the coarsest bed sediment among deployments, τTKE is the only method that
shows a noticeable higher critical suspension stress compared to other deploy-
ments with a value of 0.65 Pa. Due to the reasonable prediction outputs along
with strong regression parameters with SSC and relatively lower error, the τTKE
appears to be the most appropriate estimator for bed shear stress in our setting.

2.4.3 Empirical methods for critical shear stress

A number of empirical equations are available to predict the critical suspension
stress. These equations are all based on the movability number, Λ = u∗/ws. The
Bagnold (1966) criterion, the van Rijn (1984) and NiÑo et al. (2003) equation
were used in this paper. Although we calculated the threshold of suspension in
this study, we also compared our results to a number of equations predicting
the threshold for motion (Beheshti and Ataie-Ashtiani, 2008; Brownlie, 1981; Pa-
phitis, 2001; Simoes, 2014; Soulsby, 1997; van Rijn, 1993). This allows examining
the possibility of developing a unique equation form (with different constants)
describing both threshold of motion and suspension.

The performance of the empirical equations for the prediction of critical suspen-
sion stress was evaluated for each deployment using the median grain size (Table
2.6) (Cacchione et al., 2008). As no suspension was observed in HE447-NH and
HE447-NB, the maximum bed shear stress in the whole tidal cycle was added to
Table 2.6. This value is compared with the predicted critical suspension stress to
check whether or not the empirical equations could predict this lack of sediment
suspension appropriately. The last rows in Table 2.6, reports the regression and
the error between the field data and the related empirical equation.
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Table 2.5: Empirical equations tested for threshold of motion (TM) and threshold of
suspension (TS).

Type Reference Equation

TM (Brownlie, 1981) θc = 0.22R−0.6ep + 0.06 ∗ 10−7.7R
−0.6
ep (2.13)

TM (van Rijn, 1993) θc =


0.24D−1∗ 1 < D∗ ≤ 4

0.14D−0.64∗ 4 < D∗ ≤ 10
0.04D−0.1∗ 10 < D∗ ≤ 20

0.013D0.29
∗ 20 < D∗ ≤ 150

0.055 D∗ > 150

(2.14)

TM (Soulsby, 1997) θc = 0.3
1.0+1.2D∗

+ 0.055[1− exp(−0.02D∗)] (2.15)

TM (Paphitis, 2001) Λc = 0.75
Re∗

+ 14exp(−2Re∗) + 0.01ln(Re∗) + 0.115 (2.16)

TM (Beheshti and Ataie-Ashtiani, 2008) Λc =

{
9.6674D−1.57∗ D∗ ≤ 10
0.4738D−0.226∗ D∗ > 10

(2.17)

TM (Simoes, 2014) Λc = 0.215 + 6.79
D1.7
∗
− 0.075exp(−2.62× 10−3D∗) (2.18)

TS (Bagnold, 1966) Λc = 1 (2.19)

TS (van Rijn, 1984) Λc =

{ 4
D∗

1 < D∗ ≤ 10

0.4 D∗ > 10
(2.20)

TS (NiÑo et al., 2003) Λc =

{
21.2R−1.2ep 1 < D∗ ≤ 27.3

0.4 D∗ > 27.3
(2.21)

Notes

Rep =

√
g(s− 1)d350

υ
(Particle Reynolds number) (2.22)

Re∗ =
u∗d50
υ

(Grain Reynolds number based on the shear velocity) (2.23)
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Table 2.6: Critical suspension and deposition conditions calculated by empirical equations.

Tidal Phase
Measurement Empirical Equations

Suspension Deposition Shields (θ) Movability Number (Λ)

θs Λs θd Λd
Brownlie
(Eq. 13)

van Rijn-TM
(Eq. 14)

Soulsby
(Eq. 15)

Paphitis
(Eq. 16)

Beheshti
(Eq. 17)

Simoes
(Eq. 18)

Bagnold
(Eq. 19)

van Rijn-TS
(Eq. 20)

NiÑo
(Eq. 21)

HE447-NH
Ebb* 0,218 1,847 — — 0,081 (m) 0,079 (m) 0,068 (m) 0,525 (m) 1,683 (m) 1,163 (m) 1 (s) 1,314 (s) 2,856 (n)

Flood* 0,07 1,056 — — 0,081 (n) 0,079 (n) 0,068 (m) 1,468 (n) 1,683 (n) 1,163 (n) 1 (s) 1,314 (s) 2,856 (n)

HE441-ND
Ebb 0,199 3,266 — — 0,120 (m) 0,123 (m) 0,092 (m) 1,944 (m) 3,362 (n) 2,304 (m) 1 (s) 2,04 (s) 6,315 (n)

Flood 0,229 3,505 0,199 3,266 0,120 (m) 0,123 (m) 0,092 (m) 1,705 (m) 3,362 (n) 2,304 (m) 1 (s) 2,04 (s) 6,315 (n)

HE447-ND
Ebb — — 0,047 1,288 0,105 0,106 0,083 — 2,659 1,819 1 1,758 4,826

Flood 0,125 2,087 0,113 1,986 0,105 (m) 0,106 (m) 0,083 (m) 1,977 (m) 2,659 (n) 1,819 (m) 1 (s) 1,758 (s) 4,826 (n)

HE470-OW
Ebb 0,197 2,811 0,109 2,088 0,110 (m) 0,111 (m) 0,086 (m) 1,475 (m) 2,869 (n) 1,963 (m) 1(s) 1,845 (s) 5,267 (n)

Flood 0,258 3,218 0,203 2,859 0,110 (m) 0,111 (m) 0,086 (m) 1,131 (m) 2,869 (m) 1,963 (m) 1 (s) 1,845 (s) 5,267 (n)

HE447-NB
Ebb* 0,105 0,790 — — 0,057 (m) 0,053 (m) 0,051 (m) 0,396 (m) 0,905 (n) 0,663 (m) 1 (n) 0,885 (n) 1,403 (n)

Flood* 0,116 0,834 — — 0,057 (m) 0,053 (m) 0,051 (m) 0,375 (m) 0,905 (n) 0,663 (m) 1 (n) 0,885 (n) 1,403 (n)

HE441-NE
Ebb* 0,154 0,958 — — 0,057 (m) 0,053 (m) 0,051 (m) 0,334 (m) 0,904 (m) 0,663 (m) 1 (n) 0,884 (n) 1,401 (n)
Flood 0,169 1,006 0,156 0,966 0,057 (m) 0,053 (m) 0,051 (m) 0,323 (m) 0,904 (m) 0,663 (m) 1 (s) 0,884 (s) 1,401 (n)

Regression 0,15 0,15 0,15 0,41 0,89 0,89 — 0,88 0,90
RMAE (%) 22,59 22,41 28,33 23,11 4,79 14,99 27,24 15,35 41,26

The letter in the parentheses describes the condition predicted by the empirical equation: n: no movement; m: movement; s: suspension.

(*) maximum bed shear stress calculated during the deployment.
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To evaluate the suspension equations, the goodness-of-fit, the RMAE and the
prediction factor (Λprediction/Λs) were used. Both Bagnold (Eq. 19) and van Rijn-
TS (Eq. 20) underestimated the critical condition with the prediction factor equal
to 0.46 and 0.69, respectively. However, the van Rijn-TS equation produced a
very high R2, low RMAE and it predicts the HE447-NB bed condition correctly
(no suspension). Even though the NiÑo equation (Eq. 21) had the highest R2

among all the other equations, it predicted a stable bed for all deployments, in
contrast to our measurement. The performance of threshold of motion equa-
tions were investigated by examining the regression fit and RMAE only as it
is not meaningful to examine absolute values of these equations. Interestingly,
Beheshti (Eq. 17) and Simoes (Eq. 18) equations have very high goodness-of-fit
(R2 = 0.89) and very low RMAE (9.89%) values, albeit describing the threshold
of motion. In general, Shields based equations (Eqs. 13, 14 and 15) as well as
the Paphitis equation (Eq. 16) do a poor job of estimating the critical condition
by having a very low goodness-of-fit (R2 = 0.22) and a relatively high RMAE

(24.11%).

2.5 Discussion

2.5.1 Estimates of shear stress in tidal flows

Several methods have been proposed for bed shear stress calculation, each has
its assumptions, strengths and weaknesses. It is difficult to judge the accuracy
of a method without knowing the actual bed shear stress (Salehi and Strom,
2012). Therefore, we focus on the regression of the bed shear stress and the
relative mean absolute error (RMAE) with SSC to decide on the most accurate
method for sediment transport studies (Table 2.3 and Table 2.4). Widdows
et al. (2008) and Shi et al. (2015) applied the TKE method to calculate the bed
shear stress from a near-bed ADV over a tidal cycle. An intertidal environment
study of Andersen et al. (2007) showed that the Log-Profile, TKE and Reynolds
stress methods provided similar results with an uncertainty on the order of a
few percent. This was also confirmed by Soulsby and Humphery (1990) in a
narrow tidal ellipse under wave and tidal flows. The similarity between the bed
shear stress calculated by Log-Profile and the TKE method was also confirmed by
Salehi and Strom (2012). However, they suggested using the Log-Profile method
in current dominated zones as τLP follows the velocity magnitude more precisely
and criticized the Reynolds stress method as the correlation between τRe and the
velocity magnitude was low. In the present data set, the regression fit between
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SSC and bed shear stress was lower for τADCP and τLP , compared to τTKE and
τRe, during the suspension process. The τADCP and τLP magnitude also drew
attention to the discrepancy between HE441-NE and HE447-NB with HE441-
NE showing higher SSC and coarser bed grain sizes than HE447-NB and thus,
higher shear stress was expected. However, unlike τTKE and τRe which shows
higher bed shear stress in HE441-NE, both τADCP and τLP were not able to
capture the difference between the two sites by predicting nearly similar bed
shear stress in HE447-NB. In addition, the shear stresses derived from τADCP and
τLP did not correlate well with those derived from τTKE and τRe; they calculated
lower magnitudes in both shallowest (HE441-NE) and deepest deployments
(HE447-NH). This would suggest that either: (i) the magnitude of the Log-Profile
method was not dependent on the percentage of water depth surveyed by the
ADCP (lowest 2 m) and the method consistently calculates smaller bed shear
stress, or (ii) the 2 m measurement of the logarithmic profile is too little even in
the shallowest site with water depths of about 28 m (HE441-NE) to accurately
describe the logarithmic profile. Either way, although the Log-Profile method
has been applied in unsteady flows quite frequently (e.g. Lefebvre et al. 2011;
Law et al. 2014), it is found to be an inappropriate method in this field study.

Concerning the τTKE and τRe, the latter is very sensitive to sensor alignment
(Kim et al., 2000; Pope et al., 2006). In addition, it has been shown that the
τRe does not correlate well with measures of sediment transport in complex
flows where the streamwise direction continuously changes (Biron et al., 2004).
Our study shows that the regression obtained from the τTKE is promising and
indicates that the τTKE results are trustworthy. This finding agrees with earlier
observations (Kim et al., 2000; Pope et al., 2006; Thompson et al., 2003) and with
our previous study in this setting (Amirshahi et al., 2018), in which we showed
that compared to Reynolds stress, TKE is a more appropriate parameter for
turbulent event analysis on time scales of several minutes to hours.

2.5.2 Thresholds of sediment suspension and deposition

Empirical equations describing the suspension threshold were developed under
laboratory conditions (Bagnold, 1966; NiÑo et al., 2003; van Rijn, 1984). To our
knowledge, their performance in deep tidal flows with natural sediment was not
tested. Among these equations, only the van Rijn-TS equation (Eq. 20) predicted
reasonable values (R2 = 0.88 and RMAE = 15.35%). Our results suggested that
the Bagnold equation (Eq. 19) underestimated the critical suspension stress
for particles in the range of very fine sands (with a prediction factor of 0.35),
while the NiÑo equation (Eq. 21) overestimated the critical suspension stress
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for all the deployments (by a factor of 1.83). This may be related to the defi-
nition of suspension by NiÑo et al. (2003) in which a particle needs to remain
in suspension for a distance of more than 100 particle diameters, a definition
that is not possible to test under the current field setup. It is worth to note that
there might be suspended sediment moving below the ADV sampling volume at
slightly lower shear stresses. However, we were unable to detect these sediments
as it was impossible to deploy the ADV closer to the bed.

The empirical equations predicting the threshold of motion have been developed
by collecting data from different sources and physical settings and therefore
can be applicable in different environments with a wide range of sediment
distributions. However, studies on their performance in tidal settings under
rotating flow is sparse. Yet, they are widely in use, particularly the Shields type
equations in different field studies (e.g. Traykovski 2007; Cacchione et al. 2008;
Bolaños et al. 2012; Krämer and Winter 2016) and numerical models (e.g. Lesser
et al. 2004; Warner et al. 2008). Despite the lack of attention to the movability
number in recent studies and models, this study showed that the Beheshti and
Ataie-Ashtiani (2008) equation yielded a considerably higher accuracy with R2 =

0.89 and RMAE = 4.79%.

Apart from size dependent cohesiveness of sediment (Bartzke et al., 2013), seabed
cohesiveness can also be formed by the small amount of biogenic materials
(Malarkey et al., 2015; Parsons et al., 2016; Widdows et al., 2008). These materials
are more abundant in higher water temperature (Beukema et al., 1998; Widdows
and Brinsley, 2002) and can develop around slack water when the sediment is
at rest (Winterwerp, 2007). The existence of biogenic materials could explain
the differences in the suspension threshold of HE441-ND and HE447-ND (Table
2.3 and Table 2.4) as the resting period (390 min in HE441-ND compared to 120
min in HE447-ND) and the water temperature (6.1◦C in HE441-ND compared to
14.0◦C in HE447-ND) are the only variables that change.

Ongoing debate exists about the definition of a deposition threshold. Andersen
et al. (2007) defined the deposition threshold as the threshold when the settling
flux exceeds the erosion rate. They identified this threshold as the shear stress
when the bed elevation starts to increase. Analyzing the SSC and bed eleva-
tion changes, Salehi and Strom (2012) defined the deposition threshold as the
maximum shear stress of a flow under which net deposition occurs. However,
using this definition, they only identified one deposition threshold among four
deployments in tidal settings. Winterwerp (2007) suggested that identifying a
net deposition would be difficult, if not impossible, as lower bed shear stress,
compared to the threshold of motion, is needed for sediment resuspension.
Therefore, a continuous suspension and deposition process might occur at all
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times as was observed by Salehi and Strom (2012) in the other three deployments.
Consequently, we defined the critical deposition stress as the bed shear stress
that a flow is required to drop below in order for all sediment to be settled on
the bed during the receding tidal flow. Overall, the suggested critical deposition
stresses in the literature are small and range between 0.05 to 0.1 Pa, which are
around 30 to 57% of the threshold of motion (Andersen et al., 2007; Dyer, 1995;
Lumborg, 2005; Milburn and Krishnappan, 2003; Salehi and Strom, 2012; Shi
et al., 2015). However, we found very large values, e.g. τd = 0.6 Pa in HE441-NE
with a bed of fine sand, and the deposition thresholds were around 80% of the
suspension thresholds. These rather large values may be due to our definition of
the deposition threshold and the use of suspension threshold instead of thresh-
old of motion. These results therefore need to be interpreted with caution and
further study with focus on the threshold of motion is required to elucidate this
further.

Based on our results, tidal current-induced bed shear stresses are not capable to
cause sediment transport at every location in the German Bight. Observations
at HE447-NB and HE447-NH suggest that sediment suspension may only occur
under combined tidal and wave forcing. Further studies would be required to
understand the importance of waves in sediment transport and would conse-
quently allow quantification of critical suspension and deposition stresses at
these locations.

2.6 Conclusion

In this field study, the critical suspension and deposition stresses of unconsoli-
dated sediment were calculated in deep flows with rotating tidal currents. We
collected time series of near-bed velocity profiles using a bottom lander based
Acoustic Doppler Current Profiler (ADCP) and near-bed at-a-point velocity and
SSC with an Acoustic Doppler Velocimeter (ADV). We first evaluated different
methods of quantifying bed shear stress in shelf sea environments. These meth-
ods were based on the raw velocity time series (τADCP and τLP ) or near-bed
turbulence (τTKE and τRe). Critical suspension and deposition stresses were
determined by correlating bed shear stress with SSC over the whole tidal cycle.
Using our results, we tested the performance of different Shields / movability
number based empirical equations predicting the critical conditions. Our mea-
surements span over water depths of 26.5 – 42.5 m, velocity magnitudes up to
0.35 m/s, bed shear stress of up to 1.3 Pa and median bed sediment grain sizes of
93 µm to 241 µm. The main findings are:
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• All four bed shear stress methods showed an exponential relation between
SSC and bed shear stress. Of the employed methods, shear stress estimates
using the τTKE method showed the highest correlation with SSC (R2 ≈ 0.8)
and appears to be the most appropriate shear stress estimator for a study
on sediment transport.

• Among all the empirical equations, the van Rijn-TS equation (van Rijn,
1984) provided the best prediction of the observed critical suspension
stress with R2 = 0.88 and RMAE = 15.35%.

• The correlation between the predicted critical shear stresses for the thresh-
old of motion using movability number based equations (Beheshti and
Ataie-Ashtiani, 2008; Simoes, 2014) and the observed suspension shear
stresses yielded to R2 = 0.89 and RMAE ≈ 9.89%. This suggests that
future research could potentially adapt the coefficients and constants of
these equations to also predict the critical threshold for suspension.

• In line with theory, the critical deposition stress, defined here as the bed
shear stress that a flow is required to drop below in order for all sediment
to be settled on the bed, was smaller than the critical suspension stress;
smaller by a factor of 0.8. A critical deposition stress could be quantified at
all locations that experienced sediment suspension at the turn of the tide.
Further research should aim at developing an empirical equation for the
critical deposition stress, possibly using a similar structure than movability
number based equations.

Our study has shown that the choice of the empirical threshold equation pro-
duces about 4.5-fold change in the critical shear stress. We have also shown that
suspension and deposition undergo full cycles in the locations of the German
Bight, i.e. a critical deposition threshold could be determined. These findings
have important implications for long term studies of sediment trends using
numerical models. The selection of sediment transport equations and critical
threshold conditions can change the magnitude of sediment transport drasti-
cally, resulting in unwanted uncertainties in the estimation of morphological
change (e.g. Camenen and Larroudé 2003; Pinto et al. 2006; Plancke and Vos
2016; Török et al. 2017). This study has contributed to this field of research by
evaluating (i) which empirical equation performs best in water depth of 25-40
m with rotating tidal currents and (ii) highlighting the need for an appropriate
predictor of a deposition threshold.
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Abstract

Time series of near-bed velocity and acoustic backscatter of a tidal cycle from a
shallow shelf sea environment were analyzed. Turbulent statistics like Reynolds
stresses were related to the type, frequency, strength, duration and length of
individual turbulent events. The strength of sweep and ejection events was
following the tidal cycle with stronger and larger events at the peak of the tides.
By contrast, the overall duration of the events remained fairly constant as a result
of an increase in the velocity of turbulent events under high flows. Compared
to ejections, sweep events were stronger and longer in length, but moved faster
through the sampling volume. Positive fluctuations of backscatter intensity were
generally attributed to ejection events moving the suspended sediment up the
water column. Results show that only few individual turbulent events induce
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higher fluid stresses than would be inferred from the average Reynolds stress.

3.1 Introduction

Shallow shelf sea floors are active sedimentary environments, continuously
shaped by the interaction of tidal currents, waves, bedforms and sediment trans-
port. Investigations on small scale sedimentary processes in this dynamic envi-
ronment are of great importance in various coastal management and scientific
issues. Suspended load, the part of the transported sediment that is carried in
the water column, is strongly controlled by turbulent flow (Venditti and Ben-
nett, 2000). Turbulent flows are characterized by coherent structures, defined as
"repetitive quasi cyclic turbulent motions" (Hardy et al., 2009) which are gener-
ated by flow-topography interaction and may stir up and transport sediments
into the water column (Le Couturier et al., 2000).

The quantification of large to small scale turbulent events commonly is per-
formed by quadrant analysis. Since each event exhibits distinct sequences of
velocity signature compared to the mean flow it can be mapped in respect to a
quadrant (u

′
, w
′
) plane, and characterized, e.g. as ejection or sweep event (Lu

and Willmarth, 1973; Nelson et al., 1995). This method has been widely used on
field data, (e.g. Le Couturier et al. 2000; Kwoll et al. 2014), and in laboratory stud-
ies, (e.g. Bennett and Best 1995; Fernandez et al. 2006), to relate the occurrence
of turbulent events to bedform shapes (Kostaschuk and Villard, 1999), to derive
turbulence characteristics such as Reynolds stresses (Hardy et al., 2009) and to
obtain their effects on sediment transport (Nelson et al., 1995). Gyr and Schmid
(1997) performed a flume test on erodible smooth sand beds to show that sedi-
ments are mainly transported as bedload if sweep events govern turbulent flows.
Cross wavelet analysis of flow velocity and suspended sediment concentration
performed by Shugar et al. (2010) indicated a high correlation between ejection
events and increased sediment concentration in the water column.

Numerous research studies relate turbulent statistic parameters such as the
Reynolds stresses or turbulent kinetic energy to sediment transport, which by
definition involves temporal averaging of hydrodynamic properties. This study
considers the characteristics of single instantaneous events quantitatively in
order to get a better understanding of the evolution of events under unsteady
tidal conditions. We present observations from a shallow shelf sea environment
over a rippled bed in a location deep enough not to be influenced by free surface
effects. The scale, length and frequency of turbulent events related to variable
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hydrodynamic characteristics of the tidal cycle were examined. In addition,
the role of near-bed turbulent events on suspended sediments was studied.
Relations of turbulent event properties and Reynolds stresses, are shown.

3.2 Field study and data collection

The study area is located in the North Sea, German Bight about 35 km west of
Helgoland Island (54◦5.47’ N, 7◦21.52’ E) in a water depth of approximately 37
m. Tidal flow at this location is characterized by semi-diurnal tides and a tidal
range of 3 m. Near-bed tidal flows are rotating during a tidal cycle with prevailing
directions in the WNW during the ebb phase and in the ESE during the flood
phase (Fig. 3.1). The bed is comprised of fine sands with mean grain sizes of
about 100 µm.

Hydraulic parameters and suspended sediment data were collected from a de-
ployment of the MARUM/COSYNA bottom lander SedObs, during calm weather
conditions for 12.5 hours (one tidal cycle) on 21 March, 2015 during research
cruise HE441 with the research vessel RV Heincke. Small asymmetrical ripples of
about 2 cm height and 36 cm length, directed towards the WNW-ESE direction
were observed by frequent observation with a 1 MHz acoustic 3D Profiler (ME In-
struments). Observation showed that bedforms were changing orientation with
tides. The lander was also equipped with two Nortek Vector Acoustic Doppler
Velocimeters (ADV). This study reflects data on (i) 32 Hz, three dimensional flow
velocity for further turbulence analysis, (ii) simultaneous backscatter intensity
data, and (iii) water pressure for water surface elevation measurements.

To get an accurate understanding of the relation between the turbulent events
and the changes in the suspended sediment concentration (SSC), the sampling
volume of the first ADV (ADV1) was placed close to the bed (12 cm), so that the
changes of backscatter intensity reveal the signals directly beneath the ADV1.
ADV2 was installed with the sampling volume at a height of 45 cm above the
seabed, in order to measure the evolution of turbulent events in the water col-
umn during the tidal cycle.
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Figure 3.1: Map of the study area. Contours show the bathymetry [m]. Vectors
represent the direction of flow near the seabed at the deployment site.

3.3 Methods

ADV velocity data in x, y, z components were converted from raw data using
the Nortek Vector software. A filtering process was applied to remove spikes
from the velocity time series. For this purpose, velocity data with low correlation
(<70) and low signal to noise ratio (<15) were removed (Wahl, 2000). In addition,
the Phase Space Threshold method suggested by Goring and Nikora (2002) was
applied to the velocity data to detect the remaining spikes. Corrupted data were
replaced by linear interpolation of the adjacent points. Pressure data was used
to calculate surface wave parameters as wave heights and periods by taking into
account depth attenuation from linear wave theory (Holthuijsen, 2007). Results
showed that during the measurement, no waves reached the sampling volumes
and thus the turbulence spectrum was not affected by waves.

For turbulence analysis, an averaging window was chosen for the calculation
of statistical parameters (Lesht, 1980; Soulsby, 1980; Buffin-Bélanger and Roy,
2005). In this paper, 8 min windows were selected as suitable time scales for later
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statistical analysis. In order to compensate for the changes of velocity direction
over the tidal cycle, velocity was rotated towards the main flow direction for every
15 min interval. Since the direction of flow is not changing in average more than
3 degrees in every 15 min window, we may assume that the flow is in streamwise
direction throughout the time series.

Zero-mean flow components were calculated following a Reynolds decomposi-
tion in every 8 min averaging window:

u
′

= u− u (3.1)

w
′

= w − w

where u and w are the streamwise and vertical instantaneous velocities, respec-
tively. In Equation 3.1, the overbar denotes time-averaged velocity components.
Reynolds stresses were computed from the velocity fluctuations by applying a
moving average over the 8 min windows:

Re = −ρu′w′ (3.2)

This Reynolds stress can be understood as the averaged effect of several turbulent
events passing through the ADV sampling volume during the averaging interval.
In this study it shall be examined how these instantaneous turbulent events
contribute to the overall Reynolds stresses.

Events are sequences of velocity fluctuations classified in one quadrant (u
′
, w
′
)

plane. The steps to identify and define properties for the events, including
type, number, strength, duration and length, are described in the Appendix. In
quadrant analysis small scale background fluctuations are commonly removed
using a threshold condition or hole size (Bennett and Best, 1995; Gyr and Schmid,
1997; Kwoll et al., 2014). In this paper, the prominent (maximum) events in each
averaging window were selected such that the cumulative stress contribution of
the selected events reach 90% of the total ρu

′
w
′

in that time window. Thus, small
scale velocity fluctuations were neglected due to their small effect on the total
stress contribution (see section 3.4 Results).

Acoustic backscatter intensity (BSI) data can be related to the sediment parti-
cle type, size and concentration in the sampling volume (Kostaschuk and Best,
2005). In this study, we assume that the near-bed sediment size and type was not
changing over the tidal cycle. Thus, the variation of acoustic backscatter inten-
sity may be related to quantitative changes of SSC. To cross-correlate between
turbulent events and the BSI, a decomposition of BSI time series was performed
similar to the velocity flow. Then, fluctuations of BSI were classified by the type
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events is mostly between 40 and 55 seconds for each type of events. By adding
the duration of all strong events (including the small participation of inward
interactions and outward interactions) in every averaging window, it is found that
these events mostly occurred only in 120(±15) seconds. This means that strong
events occurred only in 25(±3)% of the time and the other 75(±3)%, generated
only 10% of the total Reynolds stress.

Since Fig. 3.3 displays statistical parameters of duration and strength in 8 min
windows, it is impossible to determine the characteristics of individual events
and how they were distributed in different scales of strength, duration and
length. For this reason, histograms of turbulent events plotted for different
characteristics as well as BSI

′
will be discussed (Fig. 3.4 and 3.5).

The histograms of characteristics of individual events throughout time and water
column make it possible to study the changes of events in (i) tidal phases, (ii)
type and (iii) water column. In Fig. 3.4 and 3.5, each histogram is differed by
the characteristics of events (strength, duration, length and BSI), type of events
(ejection or sweep), distance to the bed (ADV1 or ADV2) and tidal phases (ebb
or flood). In graphs with label I, slack water is at the beginning and end of each
histogram, while the middle of histograms is related to the high flow velocity.
The colors, plotted in logarithmic scale, represent the number of events detected
at each range. In order to analyze the histograms, the number of events in each
bins (y axis) were added all over the x axis (time) and are shown in graphs with
label II.

3.4.1 Comparison of tidal phases

Weaker events were abundant during slack water. The increasing tidal flow
coincides with stronger turbulent events. Overall, the flood phase comprised
stronger events. As an example, the total number of events around the peak
tides with the strength larger than 2 Pa was 43% higher in flood than in the
ebb (Fig. 3.4b-I and 3.4e-I vs. 3.4a-I and 3.4d-I). On the other hand, and in the
same time period, weak events (<2 Pa) were 29% more frequent during the ebb.
Although the strength of events was highly variable throughout the tidal cycle,
no remarkable difference could be seen in the duration of events throughout
the tidal cycle (Fig. 3.4g to 3.4n). Most events passed the ADVs in less than one
second. Even at slack water, the time required for an event to pass through an
ADV was nearly the same as under high flow velocity.

The spatial scale of events was measured by multiplying the duration by the
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velocity magnitude of that particular event (not the average velocity) and it
exposed large differences between the events in the tidal cycle (Fig. 3.4o to 3.4t).
Very small events passed the ADVs during slack water, but the events gradually
became longer in length during the velocity increase with the longest events
occurring at peak velocities. As an example, for the sweep events during the
flood phase of ADV2 (Fig. 3.4t), the length scale of the first 48 minutes (close to
the slack water) was compared to the same period in the middle of the histogram
(around the maximum velocity). The results showed that, events smaller than 7
cm were four fold more frequent in slack water.

3.4.2 Comparison of event types

The total number of sweep events at both ADVs were higher than ejections all
over the tidal cycle for all strength bins (Fig. 3.4d-II to 3.4f-II vs. 3.4a-I to 3.4c-I
). On average, during the ebb most events had the strength of around 1 Pa and
the number of sweep events were 29% higher than the ejections in this range
(Fig. 3.4d-II vs. 3.4a-II). For the events passing ADV1 during flood, the number of
sweep events with strength of 1.17 Pa (as the most frequent event) were around
31% higher (Fig. 3.4e-II vs. 3.4b-II), while sweep events with the same strength
near ADV2 were 24% more than ejections with the same strength band (Fig.
3.4f-II vs. 3.4c-II).

Considering the duration of the events, ejections passed the ADVs slower than
sweeps. For instance, close to the bed at flood phase, ejections with the duration
more than 0.5 second were 46% more than sweeps (Fig. 3.4h-II vs. 3.4m-II).
On the other hand, and in the same period, the number of ejections with low
temporal scale (<0.5 second) was 27% less than sweeps showing that sweeps
were moving faster.

Conversely, the pattern of spatial scale was different to temporal scale. Sweep
events were much larger than ejections in the whole tidal cycle (Fig. 3.4o-II
to 3.4t-II). As an example, the number of sweep events moving through ADV2

during the flood phase with the length between 10 cm to 30 cm were 54% more
than ejections (Fig. 3.4t-II vs. 3.4q-II).
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3.4.3 Comparison of distance to bed

Similar patterns were detected between the strength of events passing ADV1

and ADV2. Minimum strength of ca. 1 Pa and maximum strength of ca. 3 Pa
were observed during the maximum flood (Fig. 3.4b-I, 3.4c-I, 3.4e-I and 3.4f-I).
As already shown in Fig. 3.3, the number of events were higher closer to the
bed. This higher number of events was distributed among all strength bins. For
example, the number of ejection and sweep events between 1 Pa and 3 Pa in
ADV1 (Fig. 3.4b-II and 3.4e-II) was 31% and 26% higher than ADV2 (Fig. 3.4c-II
and 3.4f-II), respectively.

In contrast, the duration of the events did not change in the water column.
Higher number of events closer to the bed, was mainly due to events moving
with a very low duration through ADV1 (Fig. 3.4h and 3.4m).

Moreover, comparison of the length histograms in ADV1 and ADV2 reveal that
the range of spatial scales of events in ADV2 was higher for both ejections and
sweeps (Fig. 3.4p, 3.4q, 3.4s and 3.4t). This implies that the events became longer
with distance from the bed. In addition, the high number of events passed across
ADV1 were mainly less than 10 cm long. Indeed, short (<10 cm) and long (>10
cm) ejection events moving through ADV2 were 23% lower and 82% higher than
ejections closer to the bed (Fig. 3.4q-II vs. 3.4p-II).

3.4.4 Synchronization of turbulent events and BSI

To quantify the effects of turbulent events on the suspension of sediments, the
fluctuation of BSI (as a proxy of suspended sediment concentration) is related to
the type of turbulent events (Fig. 3.5). As described above, the fluctuation of BSI
was classified with the type of events detected from the velocity time series at
the same time.

Around slack water (beginning and end of each graph), the range of histograms
show a large variation of suspended sediment concentration. Any positive fluc-
tuation of BSI shows higher SSC while negative BSI fluctuation reveals a lower
level of SSC at that time. Comparing the type of events at different levels as well
as tidal phases (Fig. 3.5a to 3.5f) illustrates that the variation of BSI

′
for both

event types was relatively the same with standard deviations of around 3 counts.
However, there is a difference between the effect of ejections and sweeps on the
BSI. About 69% of the ejections have positive BSI

′
whereas only 31% of sweeps
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column.

Overall, sweeps were stronger and longer with less duration than ejections. On
the other hand, positive BSI fluctuations were mainly attributed to ejections.
This suggests the important role of sweeps on initiating sediment movement and
ejections on suspending the sediments into the higher water column supporting
the results of other researches (Gyr and Schmid, 1997; Kostaschuk and Villard,
1999; Le Couturier et al., 2000; Shugar et al., 2010). Moreover, strong events (>2
Pa) were more frequent during flood when the BSI was higher. At this point, it
is unknown whether stronger events during the flood were the result of slight
difference in the mean velocity and consequently more vigorous boundary layer
turbulence or whether it was related to the differences in the turbulence related
to the ripples, which were changing orientation with the tides.

It is important to consider the magnitude difference between the Reynolds
stress and the strength of the events. The Reynolds stress was around 0.3 to
0.6 Pa, while the strength of events was almost an order of magnitude higher
between 1 Pa and 3 Pa (Fig. 3.4). This large difference can be described by
considering the definition of Reynolds stress and strength of events. Reynolds
stress is the average of ρu

′
w
′

in the averaging window, while strength of events
is defined as the average of ρu

′
w
′

inside each event. Results showed that strong
events occurred only 25(±3)% of the time. These events could increase the
Reynolds stress, but the other 75(±3)% of the time was dominated by small
velocity fluctuations which only reduced the Reynolds stress by increasing the
number of averaging. These findings may lead to better empirical sediment
transport predictors, which commonly fit observed transport rates to averaged
conditions.

3.6 Conclusion

ADV velocity time series and backscatter intensity throughout the tidal cycle
were studied in two levels close to the bed in a shallow shelf sea comprised of
small asymmetrical ripples. The main turbulent events which contribute to 90%
of the overall Reynolds stresses in every averaging window were identified. These
events were described individually based upon their type, frequency, strength,
duration and length showing variability over the tidal cycle. Event strengths were
maximum at the peak tide and minimum around slack water. The cumulative
duration of events remained fairly constant, occurring in only 25(±3)% of the
time.
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Compared to sweeps, ejections were smaller in length and strength while larger in
duration. In addition, positive fluctuations of backscatter intensity were mainly
related to ejections showing its important role in transporting sediments into the
higher water column. The results furthermore show that there is a considerable
difference between overall Reynolds stress and the strength of individual events
showing the important role of small velocity fluctuations on reducing the overall
Reynolds stress. Our results indicate that sediment transport predictors may be
enhanced if individual turbulent events are taken into account.
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3.8 Appendix

Five characteristics were defined to characterize turbulent events moving through
the ADV sampling volume. For this purpose, the following steps were applied
repeatedly on each averaging window of the velocity time series, adapting the
method of Soulsby (1983) (Fig. 3.6):

1. The maximum (m) of |ρu′w′ |was detected. From this point, the algorithm
moved forward and backward in time until |ρu′w′ | = 0.1m. The area be-
tween these points was defined as an event (dark area in Fig. 3.6).

2. The type, duration, length, strength, and stress contribution of each event
were calculated. The type was identified by the sign of the velocity fluc-
tuation (u

′
and w

′
) illustrated in Fig. 3.6. The time between the first and

the last sample (tn − t1) was considered as the duration of each event. The
length was calculated by multiplying the duration of the event with the
average velocity magnitude inside the event. The strength of the events
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Abstract

The role of small scale single turbulent events in the vertical mixing of near-bed
suspended sediments was explored in a shallow shelf sea environment. High
frequency velocity and suspended sediment concentration (SSC; calibrated from
the backscatter intensity) were collected using an Acoustic Doppler Velocimeter
(ADV). Using quadrant analysis, the despiked velocity time series was divided
into turbulent events and small background fluctuations. Reynolds stress and
Turbulent Kinetic Energy (TKE) calculated from all velocity samples, were com-
pared to the same turbulent statistics calculated only from velocity samples
classified as turbulent events (Reevents and TKEevents). The comparison showed
that Reevents and TKEevents was increased 3 and 1.6 times, respectively, when
small background fluctuations were removed and that the correlation with SSC
for TKE could be improved through removal of the latter. The correlation be-
tween instantaneous vertical turbulent flux (w

′
) and SSC fluctuations (SSC ′)

exhibits a tidal pattern with the maximum correlation at peak ebb and flood
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currents, when strong turbulent events appear. Individual turbulent events were
characterized by type, strength, duration and length. Cumulative vertical tur-
bulent sediment fluxes and average SSC associated with individual turbulent
events were calculated. Over the tidal cycle, ejections and sweeps were the most
dominant events, transporting 50% and 36% of the cumulative vertical turbulent
event sediment flux, respectively. Although the contribution of outward interac-
tions to the vertical turbulent event sediment flux was low (11%), single outward
interaction events were capable of inducing similar SSC ′ as sweep events. The
results suggest that on time scales of tens of minutes to hours, TKE may be
appropriate to quantify turbulence in sediment transport studies, but that event
characteristics, particular the upward turbulent flux need to be accounted for
when considering sediment transport on process time scales.

4.1 Introduction

Near-bed turbulence in coastal environments plays an essential role in the en-
trainment and horizontal and vertical mixing of suspended sediment. Near-bed
turbulence may arise through boundary layer bursting or interaction of flow
with obstacles such as bedforms, vegetation or structures and can grow to water
depth-scale.

Turbulent statistics are commonly used to quantify these semi-random velocity
fluctuations. In tidal environments, cyclic changes of turbulent statistics such
as Reynolds stress, turbulent kinetic energy (TKE), TKE production and TKE
dissipation have been described for different tidal stages (Korotenko et al., 2013;
Rippeth et al., 2002; Souza and Howarth, 2005) with higher turbulence occurring
during maximum ebb and flood currents and weaker turbulence during slack
water. These studies also have described a tidal asymmetry with one tidal phase
exhibiting higher turbulence than the other. High suspended sediment concen-
trations (SSC) were observed during peak current velocities and high turbulence
levels while SSC decreased around slack water, (e.g. Yuan et al. 2008). Large
and small velocity fluctuations make up the velocity signal and are averaged in
the calculation of statistical parameters. This is valid to study average turbulent
quantities and momentum exchange over the averaging time period, but cannot
be utilized to study instantaneous, temporally energetic velocity fluctuations
known as turbulent events (Trevethan and Chanson, 2010). Turbulent events
however, play a dominant role in sediment transport (Naqshband et al., 2014a;
Paiement-Paradis et al., 2011) and it has become increasingly apparent that stud-
ies on sediment transport on short time scales have to consider the interaction

60



Introduction 4.1

of SSC and instantaneous turbulent events:

Commonly the turbulent events of the boundary layer burst cycle are described
by quadrant analysis of velocity fluctuations (Lu and Willmarth, 1973). In this
method, turbulent events are separated into four different groups by the simul-
taneous sign of velocity fluctuations, namely "outward interaction", "ejection",
"inward interaction" and "sweep" (Lu and Willmarth, 1973). In earlier studies on
turbulent events, (e.g. Soulsby 1983; Heathershaw and Thorne 1985), attention
was devoted to ejection and sweep events as these occurred most frequent in
a velocity time series. These events were shown to contribute about 65 to 80
percent to the total Reynolds stress (Hansen and Reidenbach, 2012; Le Couturier
et al., 2000; Soulsby et al., 1994). Ejections, moving a parcel of water up, and
sweeps, transporting high momentum fluid towards the bed, are the main events
mobilizing and transporting sediments (Fernandez et al., 2006; Gyr and Schmid,
1997; Kostaschuk and Villard, 1999; Le Couturier et al., 2000; Nelson et al., 1995;
Shugar et al., 2010; Wren et al., 2007). It shall be noted that ejections (u

′
< 0,

w
′
> 0) and sweeps (u

′
> 0, w

′
< 0) extract energy from the mean flow and both

positively contribute to Reynolds stress (Bennett and Best, 1995; Hardy et al.,
2009). However, the two types of events opposingly affect the concentration of
suspended sediments at the measuring level. An in-phase correlation between
ejections and SSC and an out-of-phase correlation between sweeps and SSC
was reported in several studies (Kostaschuk and Villard, 1999; Le Couturier et al.,
2000; Shugar et al., 2010; Soulsby et al., 1994). This behavior probably explains
the poor correlation between local Reynolds stress and sediment movement
addressed by Wren et al. (2007) and Paiement-Paradis et al. (2011). In addition,
small scale turbulent event measurement of Wren et al. (2007) showed a low
correlation between the type of turbulent event and local SSC. Although these
studies highlighted the importance of ejection and sweep events, their individ-
ual role in sediment transport is disputable. Understanding the interaction of
turbulent events and local sediment concentration thus may allow to interpret
the sudden changes of SSC observed by previous researchers (Ha et al., 2009;
Kostaschuk and Villard, 1999; Kwoll et al., 2014; Lapointe, 1996; Le Couturier
et al., 2000; Palanques et al., 2002; Soulsby et al., 1994).

Often in the quadrant analysis, only the type of event is considered by defining a
threshold such as a hole size. Particularly, no further identification of turbulent
event characteristics or temporal variation thereof are taken into account. Rec-
ognizing this, Gordon and Witting (1977) expanded the definition of a turbulent
event from a single u

′
w
′

sample to all consecutive velocity fluctuations of the
same quadrant (u

′
, w
′
) that pass the defined threshold criterion. As a result,

in addition to the type of events, other characteristics such as duration and
average strength could be attributed to turbulent events. Using this approach,
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Soulsby (1983) observed a larger number of sweep and ejection events com-
pared to outward and inward interaction events. He showed that an increase in
Reynolds stress is mainly caused by an increase in the strength of events. In addi-
tion, ejection and sweep events had longer durations than outward and inward
interactions. Le Couturier et al. (2000) showed that the duration of ejections
and sweeps varied with the tidal cycle with lower durations occurring under
low mean velocity. Trevethan and Chanson (2010) confirmed the variation of
duration and strength over the tidal cycle. However, they found that duration
and strength are independent variables. In addition to the number, strength
and duration, Amirshahi et al. (2016) reported on the length of turbulent events
and showed how the strength of individual events related to average Reynolds
stresses. In addition, they showed that positive backscatter fluctuations, as a
proxy for higher SSC, were mainly related to ejection events. However, a de-
tailed study into what characteristics of individual event types drive suspended
sediment transport has not been conducted. In fact, to the best knowledge of
authors, the relevant contributory factors of turbulent events determining the
associated sediment has not been identified yet.

Previous researchers documented the occurrence of intermittent sediment sus-
pension events (Bagherimiyab and Lemmin, 2012; Bradley et al., 2013) in which
strong turbulent events are believed to be the main reason behind sediment sus-
pension (Hofland, 2005; Kwoll et al., 2014; Naqshband et al., 2014a; Shugar et al.,
2010). Using two Acoustic Doppler Current Profilers (ADCPs; 1Hz up-looking
bottom mounted and 0.42 Hz down-looking ship mounted), Kwoll et al. (2014),
showed a tidal variation in the scale of large scale turbulence above bedforms.
SSC was higher during the ebb, when depth-scale, strong flow structures with the
frequency between 0.01 to 0.167 Hz were observed. This scale of flow structures
disappeared during the flood and lower SSC was detected. Bradley et al. (2013)
quantified the sediment volume (suspension events) associated with such large
scale turbulent events by an ADCP (ensembles of 0.45 seconds). Their result
showed that about 60% of the total sediment transport was associated with sus-
pension events, indicated as higher than median of the deviation from SSC. In
both studies, the number of flow structure/suspension events increased with the
flow velocity. Albeit of a different scale, these studies document the importance
of finding a quantitative description of the interaction of turbulent events and
suspended sediments.

On smaller scale, we therefore investigate co-located velocity and suspended
sediment fluctuations of single turbulent events using high frequency ADV time
series. The velocity time series is separated into turbulent events and small
background fluctuations using the detection scheme and quadrant analysis of
Amirshahi et al. (2016). We compare results of the common approach to calculate
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turbulent statistics (hereinafter called "total turbulent statistics") with turbulent
statistics calculated only from the velocity samples related to turbulent events
(hereinafter called "turbulent event statistics"). Moreover, we determine the
vertical turbulent sediment flux for each type of turbulent event to compare
the ability of different turbulent events to mix sediments into the water column.
Finally, the cumulative average SSC for each type of turbulent event is examined
to discuss the effect of the four type of turbulent events on sediment transport.

4.2 Study area and data collection

The study field site is located at station D of the NOAH project (North Sea Obser-
vation and Assessment of Habitats) in the German Bight, North Sea, about 35 km
west of Helgoland Island (54◦5.47’N, 7◦21.52’E) in water depths of approximately
34 to 37 m (3 m tidal range) subjected to semi-diurnal tides. The tidal ellipse
was aligned mainly to WNW and ESE during the ebb and flood, respectively
(Fig. 4.1). Measurements were carried out during the research cruise HE441 of
research vessel RV Heincke. During the cruise, the MARUM/COSYNA bottom
lander SedObs was deployed on March 21, 2015 (Baschek et al., 2017). This study
shows the results of one tidal cycle when the weather was calm and surface
waves were negligible.

At the top of the lander and with a distance of about 2 m to the bed, a 1 MHz
3D Acoustic Ripple Profiler (3D-ARP ) (Bell and Thorne, 2007) was installed to
measure the seabed bathymetry. Small asymmetrical ripples of about 1.3 cm
height and 21.5 cm length were observed by frequent scanning of the 3D-ARP
(Krämer and Winter, 2016). The bedforms were directed toward the WNW-ESE
direction. During the respective tidal cycle, no bedform migration was observed.

Closer to the bed and attached to the leg of the lander, a Nortek Vector Acoustic
Doppler Velocimeter (ADV) was mounted a distance away from the SedObs legs
to ensure no disturbance of the measuring volume of the ADV through wakes
created by the lander. The ADV measuring volume was placed at a height of
around 12 cm above the bed. High frequency (32 Hz) three dimensional flow
velocities were measured. In addition, the ADV was also used to estimate SSC
through calibration of backscatter intensity (BSI) data (Ha et al., 2009; Lohrmann,
2001; Salehi and Strom, 2011). Calibration of the BSI data to SSC was achieved
by seafloor sediments sampled using a Shipek grab. Grain size analysis of the
bed sample showed a unimodal distribution of very fine sand with a median
grain size (d50) of 105 µm. The ninetieth percentile of bed material size (d90) was
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Figure 4.1: Bathymetry map in meters of the study area showing the location
of the SedObs lander in the center of the tidal ellipse. The arrows
indicate the directions and magnitudes of the currents in one tidal
cycle with the numbers showing the time of the day.

smaller than 152 µm. Last, the pressure sensor of the ADV measured with the
same frequency as the velocity time series. The results of this sensor were used
to determine surface wave parameters. The aforementioned setup allowed calcu-
lation of simultaneous near-bed velocity and SSC to study the role of individual
turbulent events in mixing of suspended sediments.

4.3 Methods

In order to calculate turbulent parameters, invalid data (spikes) were detected
and removed from the velocity time series (Jesson et al., 2013) with the following
criteria: (i) low correlation (<70), (ii) signal to noise ratio (<15) (Lane et al., 1998;
Wahl, 2000) and (iii) Phase Space Threshold method (Goring and Nikora, 2002).
The removed points were then replaced with the average of surrounding points.
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The ADV pressure data were used to identify and exclude a possible contamina-
tion of the velocity time series through surface wave activity at this 36 m water
depth. No noticeable waves were visually observed at the sea surface throughout
the deployment. Nevertheless, wave parameters were inferred from the pressure
time series. Linear wave theory (Holthuijsen, 2007) was applied to account for
the depth attenuation of the wave-induced pressure and to reconstruct surface
waves. Using the Fast Fourier technique, the power spectrum of the corrected
pressure and the velocity components were calculated in 15 min windows. The
results showed that during the measurement period, energy was concentrated at
low frequencies associated with the tides and that no peak or high energy was
observed in the frequency ranges related to the surface waves (0.125 – 0.25 Hz).
Thus, there was no evidence of wave orbital velocity contaminating the near-bed
tidal current time series.

Due to the tidal forcing, the direction of flow changed continuously throughout
the survey (Fig. 4.1). Therefore, the velocity components were rotated every
15 min toward the main flow direction to adjust the velocity reference system
(Amirshahi et al., 2016). Reynolds decomposition was then applied on the rotated
velocity components to calculate the velocity fluctuations time series, using
Equation (4.1):

u
′

= u− u (4.1)

v
′

= v − v

w
′

= w − w

where u, v and w are the streamwise, crossstream and vertical instantaneous
velocities, respectively and the overbar denotes time-averaged velocity com-
ponents. The velocity fluctuations were used to calculate turbulent statistics,
namely Reynolds stress (Re) and TKE:

Re = −ρu′w′ (4.2)

TKE = 0.5ρ(u′2 + v′2 + w′2) (4.3)

In these equations, ρ is the water density. It shall be noted that in this paper the
term Reynolds stress (Re) refers to the tangential Reynolds stress component
of u

′
w
′
, denoting the vertical flux of streamwise momentum, only. Both the

velocity fluctuations (Eq. 4.1) and the turbulent statistics (Eq. 4.2 and 4.3) were
computed in a moving average of 8 min windows. A preliminary autocorrelation
analysis (O’Neill et al., 2004) was performed by the authors on a similar tidally
influenced data to find the proper time interval, i.e. 8 min. Reynolds stress (Eq.
4.2), denoting the exchange of momentum due to the fluctuation of velocity
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characterize other turbulent events. Following the suggestion of Soulsby (1983),
this procedure continued until the following criteria satisfied:∑

(−ρu′w′)events > 0.9
∑

(−ρu′w′)Averaging window (4.4)

The aforementioned process was applied in all consecutive 8 min windows to
identify and characterize all turbulent events. Subsequently, the rest of the sam-
ples were labeled as small background fluctuations. Thus, the contribution of
small background fluctuations to the total turbulent statistics could be separated
(Re and TKE). Turbulent event statistics (Reevents and TKEevents) were there-
fore determined, in the same averaging windows, by considering only velocity
fluctuations linked to turbulent events:

Reevents = −ρu′eventsw
′
events (4.5)

TKEevents = 0.5ρ(u
′2
events + v

′2
events + w

′2
events) (4.6)

where u
′
events, v

′
events and w

′
events are the streamwise, crossstream and vertical

velocity fluctuations associated with a turbulent event. It is worth to note that
u
′
events, v

′
events and w

′
events were obtained by calculating a new mean using only

the turbulent event samples, so that u′events = 0.

The BSI reflects the returned acoustic energy from the particles moving through
the measurement volume. The reflected energy measured by the instrument is
related to the electronic and acoustic components (Betteridge et al., 2008) and it
is affected by the type, size and concentration of particles inside the sampling
volume (Chanson et al., 2008; Elçi et al., 2009; Wren et al., 2007). Complicated
laboratory settings are needed for accurate calibration between every sediment
type, acoustic device settings and BSI (Betteridge et al., 2008; Gostiaux and van
Haren, 2010). However, in this paper and following the studies of Chanson et al.
(2008), Ha et al. (2009) and Salehi and Strom (2011), a more straightforward
laboratory test was performed using the seabed sediments - collected by Shipek
sampling grab at the measurement location – and the same ADV settings as in
the field. Although the final calibration curve is only valid for the specific ADV
settings and sediment type, it serves well for calibration of BSI in this study. The
tests were performed in a vertical cylindrical tank. The tank was filled with water
of same salinity of the seawater. The ADV, mounted in the middle of the tank,
was continuously measuring BSI. From the top of the tank, seabed sediments
were added gradually. A pump placed at the bottom of the tank was used to
mix the water and sediments in the water column. Using a small pipe, water
samples were frequently extracted from the vicinity of the ADV sampling volume.
These water samples were filtered, dried and weighed to calculate the SSC. The
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experiment was continued until the BSI indicated saturation. Saturation level oc-
curred at sediment concentrations of 1500 mg/l. This high SSC was not reached
during our field measurement. Finally, a calibration curve was fitted between the
beam averaged BSI and the SSC (SSC = (BSI134 )29.39, R2 = 0.89). This equation
was used to calculate the instantaneous SSC of the field data. The average and
the fluctuating SSC were then calculated in the same 8 min windows used for
velocity decomposition. This method allowed to calculate suspended sediment
fluctuations associated with the single turbulent events analogue to Equation
(4.1):

SSC
′

= SSC − SSC (4.7)

Co-located, simultaneous and point measurement of velocity fluctuations and
SSC make the vertical turbulent sediment flux at high temporal scale (32 Hz):

qV−total = w
′
SSC

′
(4.8)

Following the cumulative correlation technique, (e.g. Berg et al. 2016; Holtappels
et al. 2015), the cumulative vertical turbulent sediment flux was determined over
the whole tidal cycle:

QV−total =
∑

w
′
SSC

′
(4.9)

TheQV−total was constituted of samples associated with turbulent events (QV−events)
and those related to the background velocity fluctuations (QV−b/g):

QV−total = QV−events +QV−b/g (4.10)

To further assess the contribution of different types of turbulent events to mix
the sediments in the water column (upward and downward), the cumulative
vertical turbulent event sediment flux (QV−events) was decomposed into:

QV−events = QV−OI +QV−Ej +QV−II +QV−Sw (4.11)

where QV−OI , QV−Ej , QV−II and QV−Sw are the cumulative vertical turbulent
event sediment flux of outward interactions, ejections, inward interactions and
sweeps, respectively.

4.4 Results

Mean tidal currents during the observation period were asymmetric with a longer
ebb phase than flood phase (Fig. 4.3). Maximum near-bed velocity reached up to
0.25 (±0.01) m/s during both ebb and flood. Due to the characteristics of a shelf

68















Discussion 4.5

suspended sediments associated with inward interactions.

The average SSC ′ per turbulent event was also determined. For this purpose, for
each type of turbulent event, the cumulative SSC ′ at the end of the sampling
period was divided by the total number of turbulent events detected during the
tidal cycle (Table 1).

Table 4.1: Total number of events, cumulative SSC ′ and SSC ′ per event for the
four types of turbulent events.

Type of event Total No. of events Cumulative SSC′ (Kg/m3) SSC′ per event (g/m3)

OI 9773 29.98 3.068
Ej 15349 66.04 4.303
II 6169 -10.24 -1.66

Sw 20347 -63.7 -3.13

The high cumulative sediment flux attributed to sweeps was mainly related to
the high abundance of these events. However, single ejection events on average
showed the highest capacity to transport sediments. Single outward interactions
had a significant effect on suspended sediment transport. In fact, outward
interaction events on average increased SSC by the same amount as was reduced
by sweep events. In addition, inward interactions had only a minor influence on
suspended sediments.

4.5 Discussion

Suspended sediment dynamics in tidal environments on time scales of some
tens of minutes to hours are connected to the tidal pattern in flow velocities and
turbulence statistics, (e.g. Korotenko et al. 2013; Rippeth et al. 2002; this study).
Our results show that while maximum mean velocity magnitudes were nearly the
same in both tidal phases, turbulence levels were higher during the flood phase
compared to the ebb phase. This disproportionality in turbulence is mirrored in
the SSC signal.

Previous studies showed that there is a low correlation between Reynolds stress
and suspended sediment transport, e.g. Paiement-Paradis et al. 2011; Wren
et al. 2007. Similar findings are reported from aeolian environments where high
sediment transport rates observed in regions with small, average Reynolds stress
indicated a poor correlation between Reynolds stress and sediment transport
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(Chapman et al., 2013; Mayaud et al., 2016; Smyth et al., 2014). Furthermore,
Wiggs and Weaver (2012) showed that locations with similar average Reynolds
stress along an aeolian dune, exhibited very different temporal distributions
of turbulent events and sediment transport magnitudes. As a result, TKE was
suggested as a more robust parameter providing stronger correlation in aeolian
environments. In this study, the correlation between Re and TKE with the SSC
and the effect of all four types of turbulent events on sediments were examined
in subaqueous flows.

A prominent result of this study is a noticeable difference between the conven-
tional turbulent statistics (here total turbulent statistics) and those calculated
only from velocity measurements associated with turbulent events (here turbu-
lent event statistics). The total turbulent statistics represent the average of all
simultaneous velocity fluctuations (e.g. −ρu′w′). A large part of velocity fluctua-
tions however, consists of small background fluctuations, not detected as spikes,
with low |ρu′w′ | and little effect on sediment transport (Soulsby, 1983; Trevethan
and Chanson, 2010). Soulsby (1983) and Amirshahi et al. (2016) showed that
these weak background fluctuations made up around 75% of the velocity time
series. Consequently, conventional estimates of Reynolds stress and TKE are
highly affected by the background fluctuations and conceal the actual magnitude
of instantaneous turbulent event, which are responsible for moving suspended
sediments.

Interestingly, the ratio of TKE associated with events and the total TKE (TKEevents
TKE )

is lower compared to Reevents
Re . This may be caused by the fact that TKE considers

the velocity fluctuations in all three dimensions. Although we rotated the main
flow direction to yield streamwise velocity, very small crossstream velocities still
exist (not shown here for brevity). The crossstream velocity was slightly stronger
during maximum ebb and flood currents when TKE was highest. During slack
water, when TKE was low, the crossstream velocity was almost negligible. Even
though turbulent events were selected based upon streamwise and vertical ve-
locities, they appear to be three dimensional at high flows. Unlike TKE, Reynolds
stress is not affected by the three dimensional events. In addition, TKE is a scalar,
and the calculation of TKE is therefore more straightforward as no directional
compensation must be applied.

To examine whether Re or TKE are better correlated with SSC and whether
our extraction of large turbulent events improved the correlation, a regression
was fitted through all pairs of (Re − SSC), (TKE − SSC), (Reevents − SSC)
and (TKEevents − SSC) averaged in each sampling interval, i.e. 8 min window.
For the total turbulent statistics and SSC, the goodness-of-fit was R2=0.64 and
R2=0.67 for Re and TKE, respectively. The goodness-of-fit for Reevents and SSC
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was R2=0.58, while TKEevents and SSC resulted in a fit of R2=0.69. Contrary to
our expectations, Reynolds stress correlated slightly better than Reevents. This is
probably caused by the emphasis of Reevents on large scale events, only. Ejection
and sweep events are both associated with positive Reynolds stress, while ejec-
tions increase and sweeps decrease SSC at the sampling site. Excluding the small
turbulent fluctuations may have made this opposing effect more noticeable. Our
computation of event statistics however, has improved the correlation between
TKE and SSC, if only slightly. Since the calculation of turbulent event statistics
may be time consuming, our results suggest that on longer time scales (tens of
minutes to hours) calculation of TKE (in comparison to Re) can improve the
estimation of suspended sediment distribution and advective fluxes over time.
However, on smaller time scales, strong short term fluctuations of sediments
cannot be addressed neither through turbulent statistics nor turbulent event
statistics. Thus, identification of the relevant turbulent events characteristics
contributing to the changes of SSC is needed.

Apart from variations of the turbulent events during the tidal cycle, distinct
differences in the characteristics of the types of turbulent events occur. Using a
threshold magnitude (hole size) in quadrant analysis, Wren et al. (2007) observed
more ejection events compared to sweeps in the vicinity of a laboratory dune.
They defined every sample of u

′
w
′

as a single turbulent event. However, using
this definition the spatial dimension of turbulent events is neglected and a single
event may be detected in more than one sample. In our study, a turbulent event
is made up of a series of velocity samples with the same quadrant sign and
attributed a duration and a length. Considering a cluster of velocity samples for
a single turbulent event, Trevethan and Chanson (2010) calculated the average
duration of turbulent events. However, they did not differentiate between four
types of turbulent events. Here, we demonstrate a large difference in the duration
of turbulent events, e.g. ejections are twice as long as outward interactions.
In addition, previous studies have calculated the turbulence length scales by
multiplying the integral time scale with the average velocity magnitude (Venditti
and Bennett, 2000; Wren et al., 2013). Considering the average flow velocity
however, will assume that all turbulent events move at the same speed and it
is not possible to differentiate between the length scales of turbulent events.
Using the instantaneous velocity magnitude in this study reflects adequately
how streamwise length scales vary between different types of turbulent events.
Our results reveal that sweeps rather than ejections (with the longest durations)
are the longest events (6-8 cm), while outward and inward interactions are the
shortest events (4 cm). Clearly duration alone is not a good indicator of the
dimension of turbulent events. How long an event persists will influence the SSC
distribution as longer ejections cause longer periods of upward turbulent flux at
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the measuring location.

With the decrease in velocity during slack water, turbulent energy reaches a
minimum level. The results show no increase in correlation between velocity
fluctuation and SSC

′
when considering a time lag. This has been implicitly

assumed in many of the previous studies (Le Couturier et al., 2000; Trevethan
and Chanson, 2010; Wren et al., 2007) and indicates an instantaneous response
of SSC to turbulent events. The results show further, that the correlation between
velocity fluctuations and SSC

′
follows a tidal pattern with higher correlation

during high flows and lower correlation during low flows. Instantaneous tur-
bulent events therefore appear to play a key role in transporting sediments in
the water column under high flow, but less distinctly under low flow condition
during the turning of the tide. The low correlation under low flow occurs as
the number of strong events decreases and velocity fluctuations approach mere
background fluctuations. The absence of a time lag under these conditions is
therefore caused by the absence of any correlation; the absence of a time lag
under high flows indicates an instantaneous response of SSC to turbulent events.

Vertical turbulent sediment flux within instantaneous turbulent events plays
an important role in mixing of sediments across the water column. Our results
agree with other studies reporting on large volumes of suspended sediments
associated with turbulent events (Le Couturier et al., 2000; Naqshband et al.,
2014a; Shugar et al., 2010). However, none of these studies quantified the contri-
bution of turbulent events to the observed SSC. An exemption, if at a different
scale, is the study of Bradley et al. (2013) who quantified the sediment concen-
tration transported by suspension events. Their results showed that the amount
of sediments associated with depth-scale suspension events varied with the
tidal cycle. During high flow, about 70% of the sediments were transported by
suspension events, while under low flow, suspension events were responsible
for only around 58% of suspended sediment transport. However, due to the
limits of the ADCP instrument, Bradley et al. (2013) only characterized large
scale suspension events. Moreover, to our knowledge, no study has quantified
the suspended sediments associated with the type of turbulent events. Using
a high frequency ADV, our results showed that more than half of the total, ver-
tical turbulent sediment flux is transported by turbulent events detected only
during 25% of the tidal cycle. In addition, for the first time we quantified SSC ′

associated with single turbulent events (Table 4.1). Although the number of
sweep events is higher than ejections, largest SSC ′ per turbulent event occurs in
ejections and is not fully compensated by SSC ′ of sweep events. The effect of
single outward interactions on sediments was also significant, suggesting that
findings in aeolian environments (Chapman et al., 2013; Mayaud et al., 2016;
Wiggs and Weaver, 2012) also apply for subaqueous flows. In fact, the overall
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low contribution of outward interactions was mainly due to their less frequent
appearance (Fig. 4.5a).

Additionally, while the average strength of events (Fig. 4.5b) is similar, the corre-
sponding SSC ′ of single turbulent events reflects different magnitudes. Conse-
quently, the strength of events alone is not a good proxy for the SSC associated
with the events. Our findings have shown that the maximum vertical turbulent
flux (w

′
) of outward interactions is lower than ejections and results in higher SSC

in ejections. Thus, for each turbulent event, a vertical turbulent flux should be
determined. This also explains the difference between SSC ′Sw and SSC ′Ej in ebb

and flood currents. During the ebb, SSC ′Sw was larger than SSC
′
Ej . However,

during the flood, vertical turbulent flux became higher and ejections were able to
move more sediments. As a result, SSC ′Ej became larger than SSC ′Sw and these
two variables compensate each other at the end of the tidal cycle. While ejec-
tions and outward interactions increase SSC at the sampling location and move
sediment higher in the water column, inward interactions and sweeps originated
from higher water depth and transported low turbid water with a downward
trajectory. As a result, sweeps temporally reduce the SSC at measuring level and
compensated the effect of outward interactions. Nevertheless, sweeps may move
further toward the bed and cause sediment entrainment through impingement
on the bed (Wren et al., 2007) resulting in sediment transport (Gyr and Schmid,
1997). Moreover, inward interactions had little effect on sediment transport.
Finally, under the field conditions encountered, it was not possible to calculate
erosional/depositional rate directly. The cumulative flux of turbulent events
suggests that the site was subjected to an overall upward turbulent transport
of sediment (QV−OI +QV−Ej > QV−II +QV−Sw). However, these fluxes occur
throughout 25% of the time series, only. During the rest of the time series, settling
velocity likely governed the suspended sediment movement.

Finally, this research was done on a bed configuration with small asymmetric rip-
ples where no bedform migration was observed. The velocity/turbulent time se-
ries and the amount of SSC at the measuring level and their changes/stratification
in the water column is related to the local bedform conditions. Further stud-
ies would be required to assess the relation between different types of seabed
(roughness) and the characteristics and sediment flux of turbulent events.
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4.6 Conclusion

A field study was performed in a shelf sea tidal environment to study the effect
of turbulent events on the suspended sediment concentration (SSC) in unsteady
flow. High frequency at-a-point velocity and backscatter data were collected
with an ADV located close to the seabed over one tidal cycle. ADV backscatter
intensity was correlated to the instantaneous SSC. We separated the despiked
velocity time series into turbulent events and small background fluctuations
to quantify the number and effect of turbulent events on suspended sediment
flux. Each single turbulent event was described in terms of 4 parameters: type,
strength, duration and length and correlated to instantaneous SSC values. The
following conclusions were obtained:

• Conventional estimates of TKE and Reynolds stress include small back-
ground fluctuations in the velocity time series. Assuming their effect
on suspended sediment transport is negligible, turbulent event statistics
considering only turbulent events (Reevents and TKEevents) were intro-
duced. Reevents was∼3 times higher than the total Reynolds stress, while
TKEevents was closer to the total TKE (∼1.6 times TKE). Compared to
Reynolds stress, TKE improved the correlation with SSC at our sampling
site and suggests that this parameter may be better suited to use in sedi-
ment transport formulation.

• The correlation between turbulent velocity fluctuations (u
′

and w
′
) and

SSC
′

was significant with highest values occurring during maximum of
ebb and flood currents.

• The cumulative vertical sediment flux caused by only turbulent events was
about 60% of the total cumulative sediment flux. The rest of the total flux
was due to small background fluctuations.

• Although the strength of turbulent events changed over the tidal cycle,
there was no clear difference in the average strength of different types of
turbulent events for ejection, sweep and outward interaction. The average
SSC ′ per event suggests however, that highest SSC was related to ejections
and that absolute values of SSC ′ of outward interactions and sweeps were
nearly equal. Therefore, neglecting the role of outward interactions would
be problematic since it had a noticeable influence on sediment flux. The
effect of inward interactions on mixing of suspended sediments on the
other hand was very low.
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• Our results illustrate the critical role of turbulent events on suspended sed-
iment flux. In large scale sediment transport studies examining time scales
of tens of minutes to hours TKE is suggested as the suitable parameter
for assessing the suspended sediment transport. However, on time scales
of seconds, prediction of instantaneous suspended sediment transport is
only possible through turbulent event analysis.

4.7 Acknowledgment

This study is funded through MARUM, the DFG-Research Center / Cluster of
Excellence "The Ocean in the Earth System". The lander seafloor observatory
has been provided by HGF COSYNA (Coastal Observing System for Northern
and Arctic Seas). The authors appreciate the support from the captain and crew
on RV Heincke. We like to thank Lea Hartkens who performed the laboratory
tests. This study is also supported by GLOMAR – Bremen International Graduate
School for Marine Sciences.

Author Contributions: C. Winter planned the field campaigns and SedObs de-
ployment. S.M. Amirshahi and C. Winter collected the data during cruise HE441
on board RV Heincke with the help of the Coastal Dynamics group at MARUM.
S.M. Amirshahi performed the data processing and analysis the data. S.M. Amir-
shahi wrote the manuscript in close discussion with E. Kwoll and C. Winter.

81
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Adding pieces to the puzzle

5.1 Introduction

This chapter reports additional studies to expand the methods utilized in Chap-
ters 2, 3 and 4. In general, the methods in the previous chapters were developed
based upon two assumptions: (i) during the measurements, wave-induced ve-
locity does not contaminate the near-bed velocity and all hydrodynamic forces
are only the results of tidal currents and (ii) the near-bed suspended sediment
grain size is equal to the bed median grain size. Based upon the first assumption,
the application of the method is limited to calm weather, whereas the second
assumption results in only one sample in the Shields diagram relating the bed
median grain size to the critical shear stress.

In this report, first the possibility to calculate wave parameters from a near-bed
Acoustic Doppler Velocimeter (ADV) is investigated. Afterward, the outputs of
the Laser In Situ Scattering and Transmissometry (LISST) are presented to show
the changes of near-bed suspended sediment grain size over tidal cycles. The
improved method report in this chapter can be integrated with the previous
methods making it applicable for more general conditions in coastal environ-
ments.

5.2 Field study

The study field site was described in detail in Chapters 3 and 4. As a recap, the
measurements were taken at Station NOAH-D in the German Bight where water
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depth varies between 34 to 37 m with 3 m tidal range and semi-diurnal tides.
The MARUM/COSYNA bottom lander SedObs was deployed for about 25 hours
while the research vessel RV Heincke remained closed by. At the first tidal cycle,
the weather was calm with no unpleasant surface waves. However, during the
second tidal cycle, waves started to appear and the sea surface did not return to
a calm condition until the end of the measurement.

For the purpose of this chapter, the outputs of an ADV and a LISST instruments
are described. The ADV was attached to the leg of the lander with the sampling
volume in a height of around 12 cm above the bed. The ADV measurements (32
Hz) are analyzed to calculate the time series of wave properties. Due to some
space limitation, the LISST was attached to another leg with a distance of about
2 m from the ADV and 45 cm from the bed. The LISST measurements (0.1 Hz)
are used to calculate the time series of near-bed suspended sediment grain size.

5.3 Method

5.3.1 Waves

ADV pressure time series illustrate the variation of water depth over the tidal
cycles. However, they cannot show the sea surface wave properties as the wave-
induced bottom pressure signal attenuates over the water column. Therefore,
linear wave theory (Holthuijsen, 2007) was applied on the ADV pressure time
series to reconstruct surface waves. From the reconstructed pressure time series
(Pcr), wave period and wave height were calculated as (Wiberg and Sherwood,
2008):

Hsig = 4
√∑

Spcr,i4fi (5.1)

Tm =

∑
Spcr,i4fi

f
∑
Spcr,i4fi

(5.2)

where, Hsig is the significant wave height (the average height of the highest one-
third of waves), Tm is the mean wave period and Spcr is the energy spectrum of
reconstructed pressure as a function of frequency (f ).

To calculate the wave orbital velocity, the ADV time series was first despiked
(Jesson et al., 2013). Reynolds decomposition was then applied on the near-bed
velocity time series:

u = u+ u
′

(5.3)
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where u
′
t and u

′
w are the tidal-induced turbulence and wave-induced velocity

fluctuation, respectively. A moving average with the span equal to the frwave
(calculated from Figure 5.1b) was applied on the near-bed velocity fluctuation to
calculate the u

′
w. Consequently, the u

′
t was determined as the remaining velocity

fluctuations. Using this method, u
′
w and u

′
t were calculated in the same frequency

as the original instantaneous velocity fluctuations (32Hz).

5.3.2 Sediment grain size

The LISST instrument measures particle sizes based on the principles of laser
diffraction (Agrawal and Pottsmith, 2000, 1994). The output of the LISST is the
time series of volume concentration in 32 predefined classes, known as rings.
These rings represent a wide range of grain size diameter placed logarithmically
from 1.25 to 250 µm. In addition, some other parameters such as laser reference
and optical transmission are calculated over time. Based on the instrument
manual, spikes were detected and removed by the following criteria: (i) very low
laser reference (≤0.2), (ii) very low optical transmission (<0.3) and (iii) very high
optical transmission (>0.98).

Time series of total volume concentration and cumulative percent fraction were
calculated by summing up the volume concentration in 32 rings. In addition,
suspended sediment median grain size (d50) as well as d10 and d90, i.e. grain size
diameter for which 10% and 90% of the sample grain diameters are smaller, were
determined over the tidal cycles. Finally, these parameters were compared to the
similar bed grain size parameters.

5.4 Results and discussion

5.4.1 Waves

Figure 5.2 shows that both tidal cycles were asymmetric with longer ebb phases
(on average 6:39 hours) than flood phases (on average 6:00 hours). Surface waves
were negligible during the first tidal cycle with significant wave height and wave
period as small as 0.2 m and 0.8 s, respectively. From the middle of Ebb2 (at
about 16:00), surface waves appeared in the Pcr time series and rapidly increased
in terms of height and period until the second low slack water (at about 19:20). At
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pended sediment grain sizes classified by the 32 predefined rings to understand
the existence of flocs in different phases of tidal cycles. In addition, by mounting
an ADV and a LISST devices at closer distances to each other, it would be feasible
to correlate the hydrodynamic forces, bed shear stresses and turbulent events,
with the suspended sediment grain size variation on large and process time
scales.
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look

6.1 Short summary

The main intentions of this field study were to investigate (i) the correlation
of near-bed turbulent statistics and bed shear stresses with SSC on large time
scales (tens of minutes) and (ii) the evolution of turbulent events over tidal cycles
and the associated suspended sediment on process time scales. A unique set of
near-bed hydro- and sediment dynamics data was gathered during different ship
cruises in the German Bight. The bottom 2 m velocity profiles were measured
using a down-looking ADCP, while high frequency near-bed at-a-point velocity
and SSC (12 cm from the bed) were collected with ADVs.

By correlating bed shear stress with suspended sediment concentration in Chap-
ter 2, the critical suspension and deposition stresses were calculated. The critical
suspension stress was defined as the "bed shear stress that SSC starts to increase
without returning back to zero". The critical deposition stress was defined as
the "bed shear stress during the deposition process that a flow is required to
drop below in order for all sediments to be settled on the bed". It was found
that the critical deposition stress is around 80% of the critical suspension stress.
Comparison of critical suspension stress estimates and different Shields / mov-
ability number based empirical equations showed that the van Rijn equation
(van Rijn, 1984) is the most accurate equation in coastal environments. These
results were obtained by examining the logarithmic velocity profile (τADCP and
τLP ) and the near-bed turbulence (τTKE and τRe) methods for calculating the
bed shear stress in shallow shelf sea environments with a relatively wide tidal
ellipse. It was shown that the bed shear stress magnitude should be determined
by the near-bed turbulence rather than the logarithmic velocity profile and the
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TKE method, in spite of its simplicity, has the highest correlation with the SSC.

In chapter 3, the focus of the study shifted from large time scales to process time
scales in which a method for detection and characterization of turbulent events
was employed. Turbulent events were defined as a series of velocity samples
with the same quadrant sign that make up 90% of the Reynolds stress. Results
showed that these events occur only during 25% of a tidal cycle. Therefore, the
total duration of turbulent events is not related to the tidal cycle. Strength, in
contrast, is a function of tidal cycle with larger strength during high velocity
and weaker strength during slack water. Differentiating the turbulent events by
their type showed that single sweep events are stronger than ejections, however
the duration of ejections are larger as it takes longer time for ejections to move
through the ADV sampling volume.

Chapter 4 followed from the previous chapter in describing the role of turbulent
events in the vertical mixing of near-bed SSC. Frequency, strength, duration,
length and concentration of associated suspended sediments were calculated
for all four types of turbulent events. These characteristics, in fact, explain the
dimension, movement pattern and ability of turbulent events in distributing sed-
iments in the water column. Over tidal cycles, turbulent events are responsible
for more than 60% of the total sediment movement. It was shown that the largest
duration and the highest SSC per turbulent event is related to ejections that
move sediments higher in the water column. Sweeps, as the longest turbulent
event, reduce the effect of ejections on SSC by pushing sediments toward the
bed. Even though sweeps benefit from smaller SSC per turbulent event than
ejections, they have a considerably high effect on sediment transport as they are
the most dominant event type. Regardless of the lower frequency and dimension
of single outward interactions, i.e. shortest duration and length, they are able to
carry the same amount of sediments as single sweep events and support single
ejection events by moving suspended sediments higher into the water column.
Therefore, neglecting the effect of outward interactions, as a common practice in
subaqueous studies, needs to be employed with caution. By removing the effect
of background fluctuations, that occur in about 75% of the time series, on the
turbulent statistics, Reynolds stress and TKE could rise up to 3 and 1.6 times, re-
spectively. Therefore, compared to Reynolds stress, TKE is less affected by small
background fluctuations and represents the turbulent events more appropriately.
However, TKE is not able to describe sediment transport on process time scales
and disentangle the role of all 4 types of turbulent events is inevitable.

Chapter 5 explained a method to calculate large and process time scales of wave
characteristics, e.g. wave period, signification wave height and wave-induced
velocity, by an ADV deployed in a 35 m water depth. The correlation between
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wave-induced velocity and sea surface was significant (with values as high as
0.89). However, it should be emphasized that the waves need to be strong enough,
i.e. Hsig = 1.4 m and Tm = 5.5 s, to reach water depth of 35 m. In addition,
tidal patterns were observed in the time series of d10, d50 and d90 of suspended
sediment grain size suggesting the suspension of different grain sizes at different
phases of tidal cycles. Nonetheless, the output of the LISST instrument must be
treated with care as it might be affected by the flocculation process.

6.2 Synthesis of results

Morphodynamic studies focus on the complex feedback loop of the trinity of
turbulent flow, sediment dynamics and bedform development. Our continuous
high frequency collection of near-bed hydro and sediment dynamics data in
a shelf sea environment (German Bight) improves the understanding of two
edges of this triangle: turbulent flow and sediment dynamics. This study helps to
increase the accuracy of long term numerical modelling by calculating the critical
bed shear stress in fields, suggesting the accurate bed shear stress formula and
encouraging to use movability number based equations instead of Shields based
equations (as a common practice) to predict suspended sediment transport.

As the interest of this study was to investigate the effect of turbulence on sus-
pended sediments, we studied turbulence regardless of its origin. Any types of
obstacles, e.g. bedforms, or current conditions, e.g. waves, tidal currents and
river flow, might generate different types and magnitudes of turbulent events.
However regardless of the origin of the turbulence, it is the turbulent event that
affects the near-bed suspended sediments. Therefore, studies investigating the
effects of bedform dimension on near-bed turbulence can be improved by using
the results of this study to predict suspended sediment dynamics through the
generated turbulent events. Finally, our process scale results can also be used
as a guideline in locations where accurate small scale sediment dynamics are
critically important, e.g. bridge piers or offshore wind energy foundations, to
prevent hydrodynamic scouring.
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6.3 Conclusion

This section summarizes the important conclusions of the research, based upon
the questions laid out in Chapter 1.

1. What is the most appropriate method to calculate the bed shear stress
in coastal environments?

This question is addressed in Chapter 2. From the bed shear stress-SSC
graphs, it was shown that the TKE method has a high goodness-of-fit and
low relative mean absolute error with SSC values in both suspension and
deposition processes. In addition, it was shown that the TKE method
supports our initial expectations that larger critical suspension stress is re-
quired to move larger sediment grain sizes. Implementing the TKE method
is simple as it only needs single point measurement of near-bed velocity
fluctuations. Besides, in deep coastal environments, like my study area,
calculation of bed shear stress by the Reynolds stress method might be
problematic as this method is very sensitive to sampling volume alignment.
Furthermore, the Log-Profile method is technically developed for steady
flows and therefore it is not recommended for coastal environments.

2. To what extent are the turbulent statistics, e.g. Re and TKE, able to pre-
dict the suspended sediment transport accurately?

This question is addressed in Chapters 2, 3 and 4. According to Chapters 2
and 4, the correlation between Reynolds stress (and τRe) and SSC is lower
(R2 = 0.64) compared to the correlation between TKE (and τTKE) and SSC
(R2 = 0.67). In Chapter 4, this lower regression was described by examining
the effect of each type of turbulent event on the Reynolds stress and SSC.
Outward interactions reduce the Reynolds stress magnitude while increas-
ing the SSC. The same reversed effect is observed for sweeps where the
Reynolds stress and SSC increases and decreases during sweep events, re-
spectively. Furthermore, Chapters 3 and 4 showed that due to the presence
of small background fluctuations, Reynolds stress magnitude is about one
fourth of the average strength of turbulent events. Therefore, it is suggested
that on time scales of tens of minutes to hours, the implementation of
TKE rather than Reynolds stress can improve the estimation of suspended
sediment concentration. However, strong short term sediment fluctua-
tions cannot be described by turbulent statistics as they are affected by
small background fluctuations. Therefore, the analysis of turbulent event
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characteristics in process time scales is inevitable.

3. How do turbulent event characteristics evolve over tidal cycles?

This question is addressed in Chapters 3 and 4 by improving a technique
inspired from Soulsby (1983) in detecting and characterizing the turbulent
events. In Chapter 3, ejections and sweeps, as the two main type of tur-
bulent events, were distinguished by their type, frequency of occurrence,
strength, duration and length. In Chapter 4, the SSC associated with a
single turbulent event was added to the classification of all four types of
turbulent events, which eventually improve our conceptual understanding
of the turbulent events.

Considering all four types of events, the number of events is almost in-
dependent of the tidal cycle. With the increase of flow velocity, turbulent
events become stronger and longer. The suspended sediments moved by
turbulent events also increase with the increase of water flow.

By distinguishing different types of turbulent events, sweeps are the most
abundant turbulent events followed by ejections, outward interactions and
inward interactions. The average strength of events is relatively equal for all
four types of events. The temporal length of turbulent events can be ranked
from the longest to shortest as ejections > sweeps≥ inward interactions >
outward interactions. Interestingly, the same sequence was not observed
for spatial length of turbulent events as sweeps are the longest events
following by ejections, outward interactions and inward interactions.

4. What are the relative contributions of turbulent events to the total sus-
pended sediment transport along a tidal cycle?

and

5. What is the relative contribution of each type of turbulent events to the
suspended sediment transport?

As Chapter 4 shows, turbulent events play an important role in mixing
sediments in the water column. In fact, the turbulent event sediment
flux (QV−events) is responsible for about 60% of the total sediment flux
(QV−total). Small background fluctuations, observed in 75% of the time, are
responsible for the remaining ofQV−total. It is likely that the settling velocity
governs the suspended sediment movement during the small background
fluctuations.
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Further investigation of QV−events showed that the contribution of out-
ward interactions, ejections, inward interactions and sweeps to the vertical
turbulent event sediment flux is 11%, 50%, 3% and 36%, respectively. Fi-
nally, single turbulent event analysis showed that single ejection events
have the highest capacity in moving the suspended sediments. The large
contribution of sweeps to the suspended sediment transport is related to
their abundance. Interestingly, single outward interactions can move as
much sediment as single sweep events in the water column, whereas single
inward interactions has very small effect on sediment movement.

6.4 Suggestions for future research

This research attempts to investigate the sediment suspension and distribution
process in coastal environments. Through answering the research objectives,
some questions and ideas have been developed. These ideas could be studied in
future research:

In Chapter 2, it was suggested that the combined tidal and wave forcing might be
able to move sediments at some locations in the German Bight with more than
30 m water depth. In Chapter 5, by using a combination of variance separation
and moving average method, the near-bed velocity fluctuation was divided into
tidally-induced turbulent and wave-induced velocity. It would be interesting
to evaluate the performance of this method in various coastal environments
affected by the combination of tidal currents and waves.

In Chapters 3 and 4, the quadrant graph made up of turbulent velocity fluc-
tuations was used to specify the type of turbulent event. However, classical
quadrant graphs are not appropriate for wave-induced velocity fluctuations
as the directions of streamwise velocity continuously changes due to its cyclic
motion (Figure 6.1). Therefore, a detailed study is needed to define the types and
characteristics of turbulent events expressed in wave-induced velocity fluctua-
tions to investigate their effects on suspended sediment movements in process
time scales.

An in-phase correlation between the hydrodynamic forces and SSC in large
(Chapters 2 and 4) and process (Chapters 3 and 4) time scales was obtained
in this study. Chapter 5 showed the benefits of using a LISST instrument for
near-bed suspended sediment grain size analysis. Simultaneous measurements
of an ADV and a LISST instrument in a same sampling volume are useful for more
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