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Abstract

River estuaries are of great importance for social and ecological purposes and underlie

strongly anthropogenic in�uences. Estuaries provide sheltered areas for the construc-

tion of harbours and the adjacent rivers are inland transport routes. Fluid Mud layers

(a mixture of water, sand, silt and organic matter) are potentially problematic for the

operation of such facilities and for the maintenance of navigational channel. Such layers

are often topmost bounded by a strong concentration gradient of suspended particles,

the so-called lutocline, which also is a strong density gradient. Vertical exchange and

resuspension of sediment are hindered because of this strong density strati�cation.

This thesis deals with internal waves propagating along this interface and their in�uence

on the local sediment transport dynamics in the German Ems estuary. Additionally, the

operability of oceanographic instruments in highly turbid waters, which is the case in

the Ems estuary, is veri�ed.

Laboratory studies showed, that a determination of salinity via the electrical conductiv-

ity doesn't provide useful results in highly turbid waters. More accurate salinity values

will be obtainable if salinity is measured in water samples after the suspended particle

matter has been settled. Measurements of the sound velocity under laboratory conditions

and in the �eld showed that the velocity of sound in water depends on, amongst others,

the suspended matter concentration. However, di�erent linear correlation coe�cients

are derived from laboratory and �eld measurements. It is likely, that the correlation co-

e�cients depends on the structure, the density and the size of the suspended particles.

Therefore, it is not possible to calculate the velocity of sound in sediment suspension,

because not all of the required parameters are known. Two di�erent mathematical

approaches provide di�erent values for the sound velocity, which do not match the mea-

surements. Further investigations on the in�uence of suspended particulate matter on

the sound velocity and on their acoustic properties are hence suggested. The velocity of

sound is, amongst others, required to simulate the acoustic re�ectivity of lutoclines with

a weak-scattering model. Such simulations show a general increase of the echo strength

of the lutocline with decreasing sound frequency. The depth of the most prominent

echo of an extended lutocline �uctuates by several decimeter, depending on the sound

frequency. This frequency dependence of the strongest echo must be taken into account

when comparing records of a lutocline, recorded with di�erent sound frequencies.

The Ems estuary has an extend turbidity maximum zone with high suspended particu-

late matter concentration, in which a strong lutocline develops during high water slacks.
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The �uid mud and the overlaying water layer are di�erently accelerated by the tides.

This causes the upper water body to �ow faster than the lower �uid mud layer during

ebb tide. In contrary, both layers move with a similar speed during �ood tide. The

di�erent current velocities lead to shear stress and the appearance of Kelvin-Helmholtz

instabilities during ebb tide. These instabilities are further stimulated by rising ebb cur-

rent, causing waves to arise on the lutocline. This internal waves reach their maximal

heights of up to 2 m, after the ebb current has peaked and already decelerates. Internal

wave breaking also occurs during that time. Fluid mud will be resuspended and mixed

into the upper water body by breaking internal waves. Wave breaking during ebb tide

supports seaward sediment transports because the upper water layer �ows faster than

the �uid mud layer. In contrast to this, only a few waves break during �ood tide. Addi-

tionally, both layers have similar �ow speeds during �ood tide, therefore sediment, which

was upward mixed by breaking waves, settles at the same position in the co-moving ref-

erence frame. Thus, internal wave breaking has no in�uence on the horizontal sediment

transport during �ood tide.

Internal wave breaking leads hence to an erosion of the �uid mud layer, which is mani-

fested by an increase of the lutocline width and by a decline of the lutocline during ebb

tide. Additionally, wave breaking causes a decrease of the vertical strati�cation, shown

by the Brunt-Väisälä frequency which reaches its minimum during the second half of

the ebb tide.

Zusammenfassung

Flussästuare sind von groÿer sozialer und wirtschaftlicher Bedeutung und daher starken

anthropogenen Ein�üssen unterworfen. Ästuare bieten geschützte Bereiche für den Bau

von Seehäfen und die angrenzenden Flüsse stellen zudem geeignete Transportwege ins

Binnenland dar. Fluid Mud Schichten (eine Mischung aus Wasser, Sand, Schlick und or-

ganischem Material) können zu einem Problem für den Betrieb solcher Anlagen und für

die Unterhaltung von Fahrwassern werden. Solche Schichten werden meist nach oben hin

durch einen starken Schwebsto�-Konzentrationsgradienten, die Lutokline, welche gleich-

zeitig ein starker Dichtegradient ist, begrenzt. Aufgrund der starken Dichteschichtung

werden vertikale Austauschprozesse und Resuspendierung von Sediment unterdrückt.

Diese Arbeit beschäftigt sich mit internen Wellen die sich entlang einer solchen Grenz-

�äche ausbreiten, und deren Ein�uss auf die lokalen Sedimenttransportdynamiken im

deutschen Emsästuar. Zusätzlich wird die Einsatzfähigkeit von ozeanographischen Mess-
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instrumenten in Gewässern mit hoher Schwebsto�konzentration, wie sie in der Ems vor-

herrschen, untersucht.

Laboruntersuchungen zeigen, dass eine Bestimmung der Salinität über die elektrische

Leitfähigkeit keine brauchbaren Ergebnisse in hochkonzentrierten Wasserschichten lie-

fert. Genauere Salinitätswerte von solchen Schichten erhält man, wenn man die elek-

trische Leitfähigkeit in Wasserproben misst, nachdem sich die Schwebsto�e abgesetzt

haben. Messungen der Schallgeschwindigkeit im Labor und im Feld zeigen, dass auch

die Schallgeschwindigkeit von der Schwebsto�konzentration abhängt. Allerdings werden

bei den Messungen im Labor und im Feld jeweils andere Werte für den linearen Propor-

tionalitätskoe�zienten ermittelt. Wahrscheinlich hängt dieser vom inneren Aufbau, der

Dichte und Gröÿe der Flocken der suspendierten Partikel ab. Nicht alle dieser Parameter

sind bekannt, daher ist es nicht möglich die Schallgeschwindigkeit in Sedimentsuspen-

sionen theoretisch zu berechnen. Zwei unterschiedliche mathematische Ansätze ergeben

jeweils andere Werte die nicht mit den Messungen übereinstimmen. Hier werden weite-

re Untersuchungen über die Beein�ussung der Schallgeschwindigkeit von Wasser durch

Schwebsto�e und über die akustischen Eigenschaften der Schwebsto�e empfohlen. Die

Schallgeschwindigkeit wird unter anderem dazu benötigt um die akustische Re�exion

von Lutoklinen mit einem �weak-scattering� Modell zu berechnen. Solche Simulatio-

nen zeigen eine grundsätzliche Zunahme der Echostärke der Lutokline mit abnehmender

Schallfrequenz. Die Tiefe der stärksten Re�exion einer ausgedehnten Lutokline schwankt

in Abhängigkeit der Schallfrequenz um mehrere Dezimeter. Diese Frequenzabhängigkeit

der Tiefe des stärksten Re�ektors muss berücksichtigt werden, wenn Aufnahmen mit

unterschiedlicher Frequenz der Lutokline miteinander verglichen werden sollen.

Das Emsästuar besitzt eine ausgedehnte Trübungszone mit hohem Schwebsto�gehalt,

in welcher sich eine deutliche Lutokline während Hochwasser ausbildet. Fluid Mud und

der darüber liegende Wasserkörper werden durch die Gezeiten unterschiedlich stark be-

schleunigt. Dies führt dazu, dass während Ebbstrom der obere Wasserkörper schnel-

ler �ieÿt als der darunterliegende Fluid Mud. Bei Flut hingegen bewegen sich beide

Schichten nahezu gleich schnell. Aufgrund der unterschiedlichen Strömungsgeschwindig-

keiten kommt es zu Reibung zwischen den beiden Schichten und zur Entstehung von

Kelvin-Helmholtz Instabilitäten während Ebbe. Diese Instabilitäten werden durch zu-

nehmenden Ebbstrom weiter angeregt so dass sich Wellen auf der Lutokline bilden. Diese

internen Wellen erreichen ihre maximale Höhe von bis zu 2 m nachdem der Ebbstrom

seine maximale Strömungsgeschwindigkeit überschritten hat und wieder abnimmt. Zu

dieser Zeit kommt es auch zum Wellenbrechen. Durch die brechenden internen Wellen
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wird Fluid Mud resuspendiert und in den oberen Wasserkörper gemischt. Da die obere

Wasserschicht schneller �ussabwärts strömt als der Fluid Mud, trägt das Wellenbrechen

während Ebbe zum seewärts gerichteten Sedimenttransport bei. Dem hingegen brechen

nur wenige Wellen bei Flut. Zudem bewegen sich nun beide Schichten gleich schnell,

durch das Wellenbrechen aufgewirbelter Fluid Mud sinkt dadurch an der gleichen Stelle

im mitbewegten Bezugssystem ab. Das Brechen interner Wellen hat somit keinen Ein-

�uss auf den horizontalen Sedimenttransport während Flut.

Internes Wellenbrechen führt somit zu einer Erosion der Fluid Mud Schicht, das zeigt sich

durch eine Zunahme der Lutoklinenbreite und einem Absinken der Lutokline während

Ebbe. Zusätzlich verursacht Wellenbrechen eine Abnahme der vertikalen Schichtungs-

stabilität, was durch ein Minimum der Brunt-Väisälä Frequenz während der zweiten

Ebbhälfte angezeigt wird.
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1 Introduction

1.1 General introduction

Estuaries are funnel-shaped inlets of coasts, which are of great importance for social,

economical and ecological purposes. In opposition to bights, estuaries have adjacent

discharging rivers leading to complex salinity distributions (Dean and Dalrymple, 2001).

The in�owing seawater is situated underneath the river discharge due to its greater den-

sity. The salt water intrusion near the bottom is sometimes also referred to as salt wedge.

This strati�cation depends on the hydrodynamic conditions, i.e. the river discharge and

tidal range, and provides an opportunity for the classi�cation of estuaries. In areas with

low tidal range (i.e. < 2 m) and low river discharge, estuaries are highly strati�ed with

a prominent salt wedge (Brown et al., 2006). On the opposite, they are partial-mixed or

well-mixed at coasts with moderate or high tidal range (i.e. > 2 m; Brown et al., 2006).

More than 50 % of the worlds population lives within a range of 200 km of the coasts,

using them for recreational and economical purposes. Estuaries provide shielded and

calm areas for the construction of harbours and the adjacent rivers can be used as in-

land transport routes (Prandle, 2009). Transhipment in harbours and sea transport

are of great importance for the world trade. Germany, as one of the largest exporting

nations in the world, shipped 63 % of its exports to non-EU countries by sea in 2011

(Statistisches Bundesamt (Federal Statistical O�ce), Wiesbaden). The largest and most

important harbours in Germany, e.g. Hamburg and Bremerhaven, and shipping yards

are located in estuaries. This position has not only advantages, but also disadvantages:

Sediment input is a big problem because silting causes a decrease of the local water

depth.

Sediments can enter the estuary either from the adjacent river or from the sea side.

Rivers can transport high amounts of sediment, depending on the geological settings of

their catchment areas. The increasing salinity in the estuary leads to changed chemical

conditions for the suspended particles. An increasing amount of positive ions in the

water counteracts with the electrical repulsion between the particles, normally having a
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1 Introduction

weak negative surface charge-distribution (Huang et al., 2012), and enables the aggrega-

tion of the transported minerals and primary particles (Thill et al., 2001). Thus a region

of enhanced aggregation and �occulation, the turbidity maximum zone (TMZ), essen-

tially occurs at the upper end of the salt intrusion (Kirby, 1988). Van der Waal forces

and organic slime are hereby responsible for the cohesion of the particles. Flocculation

refers to a di�cult interaction between growth and breakup, involving the processes of

Brownian motion, di�erent settling velocities, turbulence and shear stress (Papenmeier

et al., 2014). Although the resulting �ocs have lower densities than the primary particles,

their settling velocity is higher, increasing the downward mass �ux (Manning and Dyer,

2007; Eisma, 1986). The upward �ux of water hindered when a certain suspended parti-

cle matter (SPM) concentration is exceeded and the settling velocity decreases (Hayter

and Mehta, 1986). Such conditions are described as hindered settling conditions and

lead to the occurrence of mobile, highly concentrated bottom layers. These layers are

a mixture of water, silt, clay, �ne sand and organic matter, and are referred to as �uid

mud if their SPM concentration exceeds 10 g l−1 (Manning et al., 2010; McAnally et al.,

2007; Kineke and Sternberg, 1995; Ross and Mehta, 1989; Kirby, 1988). Fluid mud is

often di�erentiated from the upper less turbid water layer by a strong SPM gradient,

also denoted as lutocline.

Besides rivers, muddy coasts in the vicinity of estuaries are another sediment source.

Breaking surface waves erode beaches and the �ne eroded material is subsequently trans-

ported by near bed �ows into estuaries (Baldock et al., 2010). Non-breaking surface

waves can also destabilise the bed and liquefy the consolidated sediments, forming up

�uid mud layers (Mehta, 1989; Maa and Mehta, 1987). Therefore, �uid mud layers occur

frequently in highly energetic coastal waters and estuaries.

Resuspension of �uid mud and vertical exchange is hindered by the strong density gra-

dient of the lutolcine. However, even in strongly strati�ed systems, vertical mixing

is enabled through turbulent movements (Bouruet-Aubertot et al., 2001). A possible

source for turbulences within the water column as well as at interfaces are breaking

waves. Waves are usually not linked to mass transport or mixing since the �uid particles

move on closed orbitals. This situation changes during wave breaking. Internal wave

(IW) breaking is known to be the main source for turbulence and diapycnal mixing in

the oceans (Leichter et al., 2005). Turbulences induced by breaking IWs are also impor-

tant for diapycnal mixing in estuaries. New et al. (1987, 1986) observed strong salinity

variations near the surface linked to IW breaking in the Tee estuary (England). Break-

ing surface waves are, amongst others, important for the exchange of CO2 between the
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1.2 Motivation

atmosphere and the oceans and are, hence important for the understanding of global

warming (Banner and Peregrine, 1993).

In a stable water column �uid mud will consolidate, resulting in the siltation of nav-

igational channels and harbours. Therefore, a continuous monitoring combined with

repeated dredging is necessary to maintain navigational depths. These operations are

expensive and time consuming. Dredging also means a severe environmental impact,

because it destroys the local benthic �ora and fauna. The dredged material has to be

dumped at sites, where it shifts the equilibrium between accretion and erosion (Dean

and Dalrymple, 2001). Consequently, it could be eroded again and transported by the

local hydro-dynamic conditions at the dumping side. Additionally, the presence of �uid

mud layers can cause problems in detecting the real nautical bottom, since sound waves

can be re�ected by strong lutoclines (Kirby, 2013).

The improved knowledge of �uid mud dynamics led to a better and more e�ective man-

agement of dredging activities at the port of Emden. Fluid mud is not completely

removed from the harbour to maintain an equilibrium between the harbour and the

river (Wurpts, 2005). This concept reduces the amount of dredging activities and saves

about 8.5 million Euro per year (Kirby, 2013).

1.2 Motivation

A better understanding of the complex sediment dynamics in estuarine systems could

help to increase the economic usage of estuaries and to reduce environmental impacts

caused by dredging. This thesis investigates mainly IWs propagating on a lutocline, and

their role for estuarine sediment dynamics. Therefore, it was investigated how IWs are

generated in the estuary, which hydro-dynamic conditions lead to IW breaking and last

but not least the in�uence of IW breaking on the sediment transport. Several mecha-

nism of IW generation are known, whereas the processes leading to wave breaking are

not yet fully understood, even though there has been a lot of e�ort in the last century

(Oh et al., 2005; Banner and Peregrine, 1993). Similar to surface waves IWs can break

at sloping beaches, causing an erosion of the bed (Nagashima, 1971). However, IWs

must not necessarily break to enable sediment transport. O�shore currents induced by

near-inertial waves (IWs which the phase velocity is perpendicular to the group velocity)

are associated with sediment transports in the Adriatic Sea (Urgeles et al., 2011). To

sum it up, the in�uence of IWs on the sediment transport is still poorly documented

(Pomar et al., 2012). This thesis aims to improve the knowledge of processes leading to
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1 Introduction

IW breaking and to estimate the contribution of IW breaking to sediment transport.

Since most of the used devices and methods were developed for clear water usage, special

attention on the quality of the measurements must be paid when employing them in tur-

bid waters. Therefore, validation studies have been carried out to ensure the usability

and the performance of the devices in turbid waters, such as �uid mud layers. Such

validation studies were carried out for salinity measurements and for the hydro-acoustic

detectability of lutoclines.

Salinity is one of the most important water parameters in oceanography and coastal

geosciences, because of its signi�cant in�uence on the water density and hence strat-

i�cation. Density strati�cation is also a key factor for the mathematical description

of IWs (see section 5). Some observations described in literature indicate that salin-

ity measurements could be in�uenced by SPM. A lower salinity in �uid mud than in

the upper water column was repeatedly measured in the Amazon during the AmasSeds

project (Kineke et al., 1996; Kineke and Sternberg, 1995). Additionally, Traykovski et al.

(2000) observed low conductivities in the �uid mud layers on the Eel River continental

shelf (California, USA). However, investigations dealing with this subject have not been

published yet. Hence, it was investigated how much SPM in�uences conductivity-based

salinity measurements in the frame of a laboratory study.

The in�uence of SPM on the sound propagation and, hence on the detectability of

sediment induced interfaces within the water column was also investigated. A better

understanding of this would enhance the interpretation of hydro-acoustic records of tur-

bid water layers. Additionally, a mathematical relation between the sound velocity and

SPM concentrations would yield the possibility to determine the latter by measuring the

�rst one. Such an approach for the determination of SPM concentrations would have ad-

vantages over conventional methods. It could deliver SPM concentrations continuously

over the water column in realtime, whereas values derived from water samples are only

available at discrete depth and after laboratory analyses. Optical backscatter methods

are disadvantageous, since they can become saturated in highly turbid layers (see e.g.

Traykovski et al., 2000). Another frequently used method is to derive SPM concentra-

tion from the backscatter strength measured with an acoustic Doppler current pro�ler

(ADCP). This method also delivers continuous measurements over the water column,

but requires a calibration with water samples (Hoitink and Hoekstra, 2005). Ultrasonic

methods are used for concentration measurements in two-phase suspensions in industry

(Langlois et al., 2011).

Acoustic re�ections occur at boundaries between regions di�ering in acoustic impedance,
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1.2 Motivation

which is proportional to the density and sound velocity. Echos created by sediment

induced strati�cations have been repeatedly recognised since the installation of echo-

sounders on board ships in the 1930's (Kirby, 2013). A contribution of SPM to the

water density is obvious, whereas its in�uence on the sound velocity is not as clear. One

possibility to estimate the sound velocity in turbid suspension is to use Urick's equation

(Eq. 4.12). Satisfying results were yielded when using this approach to model the seis-

mogram of an air-gun experiment in the Farore-Shetland Channel (Vsemirnova et al.,

2012). However, this approach is only valid for long wave lengths and small particle

sizes.

Another approach is to regard the scattering of the sound wave at each particle. Such

a consideration is especially necessary for great particles compared to the wave length.

Mobley et al. (1999) achieved good agreements between their sound velocity measure-

ments in polystyrene water suspensions and values calculated with this approach. Both

described approaches indicate that the sound velocity in suspensions depends not only

on the particle concentration, but also on the particle size distribution. The concen-

trations and particle size distributions of natural turbid water layers are very diverse.

Therefore, both approaches have been used to calculate the sound velocity in natural

sediment suspensions and the results were compared with measurements recorded in the

laboratory and in the �eld. Additionally, the sound velocity pro�les recorded during

the Ems survey 2012 were used to simulate the re�ectivity of natural lutoclines with a

weak-scattering model published by Ross and Lavery (2012).

This thesis is arranged as follows: Background information on IWs and sound propa-

gation in �uids are given in chapter 2. The used methods informations are described in

chapter 3. The results of the investigations are split in two parts. First, the �ndings of

the validation studies are presented in chapter 4. This chapter contains the manuscript

�In�uence of suspended particulate matter on salinity measurements�, which is submit-

ted to Continental Shelf Research. Second, the results of the studies concerning the IWs

in the Ems estuary are presented in chapter 5, containing the paper �Generation and

evolution of high-frequency internal waves in the Ems estuary, Germany� which have

already been published in Journal of Sea Research. Each result chapter summarizes and

concludes the respective �ndings.
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1.3 Geological settings of the study site

The study area is the German Ems estuary, which is an example for a highly turbid and

strongly anthropogenically in�uenced estuary. It is located at the coastal-plain of the

Southern North Sea, close to the border between Germany and the Netherlands. The

lower part downstream of Pogum is funnel-shaped with the adjoining Dollart, a tidal

basin, whereas the upper part between Herbrum and Pogum is channelized. The tidal

in�uenced area stretches from the island Borkum to the weir at Herbrum, and has a

length of approximately 100 km (Spingat and Oumeraci, 2000). A moderate tidal range

and a mean river-discharge between 25 and 380 m3s-1 lead to a partially mixed estuary

(van Leussen, 1999). However, the river-discharge underlies strong seasonal variations

(de Jonge, 1992) and the current velocities are accordingly variable and highly site-

speci�c. They generally decrease slightly downstream and reach a maximum values of 1

m s-1 during high river discharge (Spingat and Oumeraci, 2000).

The estuary is �ood dominated meaning that the current velocities are higher during

�ood tide than during ebb tide. However, the ebb phases are, in contrast, longer than

the �ood phases. The tidal wave increases while it propagates upward the estuary from

a height of 2.25 m near the island of Borkum to a height of 3.1 m at the port of Emden

(de Jonge, 1992; van Leussen, 1999).

The salinity normally decreases from approximately 30 near Borkum to 1 near Leer

(de Jonge, 1992). Brackish conditions can found upstream of Leer only during low river-

discharge and low water slacks (Spingat and Oumeraci, 2000).

The Ems estuary has an extended TMZ stretching over 60 km (de Kreeke et al., 1997).

Its suspension loads can reach several tens kg m-3, forming a 1 - 2 m thick �uid mud

layer (Talke et al., 2009; Schrottke et al., 2006). An analysis of bacteria showed that

the origin of �uid mud in the port of Emden is the upper Ems river (Wurpts, 2005).

The impact of mankind on the estuary is obviously: The deepening of the navigational

channel led to an increase of the tidal range by 1.5 m (Talke and de Swart, 2006), shifting

the TMZ upstream (Becker, 2011). Additionally, de Jonge (1983) observed an increase

of SPM concentrations over the recent decades. The sustained navigable depth currently

amounts to 5.7 m at low-water spring (Schuchardt et al., 2007).
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2 Background information

Some background information about IWs, sound propagation in �uids and the hydro-

acoustic re�ectivity of interfaces within the water column are presented in this chapter.

2.1 Internal waves

In general, waves are propagating periodic disturbances or moving oscillations. Several

di�erent kinds of waves exist, distinguishable by their type of oscillation (i.e. longitu-

dinal or transversal waves), their supporting medium (if there is any) or their restoring

forces.

IWs are waves propagating through the interior of �uids. They might propagate through-

out the complete �uid or be bound at interfaces between �uid layers di�ering in density.

The most prominent waves are water surface waves that are familiar to everyone ever

standing on a beach and looking out to the sea. They are a special case of interfacial

waves.

A �uid parcel is normally situated in a position where its buoyancy counteracts its

weight. If it is moved from its equilibrium position it will be forced back by imbalance

between buoyancy and weight. It does not stop moving when it reaches its equilibrium

positions again because of its inertia. The �uid parcel starts to oscillate. The maxi-

mum frequency, with which the �uid parcel can oscillate, is the corresponding buoyancy

frequency or Brunt-Väisälä-frequency N. Its square is proportional to the background

density gradient:

N2 = −g
ρ

dρ

dz
(2.1)

where ρ is the density, z is the vertical coordinate and g is the acceleration due to grav-

ity. If such an oscillation moves away from its origin it will be termed as IW.

The local density distribution strongly in�uences the oscillation behaviour of distur-

bances, as it can be seen from Eq. 2.1. Depending on the ratio of the exciter to the

buoyancy frequency, IWs propagate at speci�c angles to the horizontal (LeBlond, 2002).
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2 Background information

Inhomogeneities of the strati�cation like pycnoclines (interfaces between layers di�ering

in density) can guide waves. Disturbances on or in the vicinity of a pycnocline propa-

gate along it. At a sharp pycnocline, the local density gradient and thus the buoyancy

frequency go toward in�nity. Consequently, there is no theoretical upper limit for the

frequency of IWs propagating along a pycnocline. Such waves are characterized by a

dispersion relation, describing the relation between wave period and wave length or be-

tween frequency and energy. The dispersion relation incompressible �uids can be derived

from the Laplace equation:

∇2Φ = 0 (2.2)

where Φ is the velocity potential, and the Bernoulli equation:

ρ∂tΦ +
1

2
ρu2 + p+ ρgz = 0 (2.3)

where u is the current velocity and p is the pressure. In order to solve this problem

suitable boundary conditions have to be speci�ed. For �nite layer thicknesses, the linear

dispersion relation for interfacial waves reads:

ω2 = gk
ρ2 − ρ1

ρ2 coth(kd2)− ρ1 coth(kd1)
(2.4)

where ω is the angular frequency, k is the wave number (k = 2π
λ

), ρ1, ρ2, d1 and d2 are

the densities and thicknesses of the upper and lower layer, respectively. For a detailed

derivation see Apel (1987).

The water surface can be regarded as interface between an in�nite extended layer of

negligible density (air) and a dense layer of �nite thickness (water). Therefore, setting

ρ1 to zero and d1 to in�nity yields the dispersion relation of surface gravity waves:

ω2 = gk tanh(kd) (2.5)

here d is the water depth. This illustrates that surface waves are a special case of IWs.

Several processes are known to be able to initiate wave generation in �uids. Interactions

between currents and topographic obstacles are the main reasons for the IW generation

in coastal waters as well as in the deeper ocean. Such obstacles could be continental

shelf edges (e.g D'Asaro et al., 2007; Huthnance, 1989), straits (e.g. Brandt et al., 1996)

and deep ocean ridges (e.g Konyaev et al., 1995). Air streams over mountains are also

the main generation process for IWs in the atmosphere (Nastrom and Fritts, 1992).
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2.1 Internal waves

Topographic induced IWs are not continuous waves but solitons consisting of a small

number of crests. They can be bound as stationary lee-waves behind the obstacles, as

long as the current velocity is higher than their phase speed (Wang, 2006). IWs can

also be generated by resonant �ow conditions or decelerating river plumes (e.g Baines,

1984). Both processes are usually also controlled by the topography. Besides changes

of the current velocity, variations of the �ow cross section can lead to resonant �ow

conditions. If a fast �owing river encounters a basin, the current will be decelerated.

Other sources for IW generation are for example wind (e.g Vilibi¢ et al., 2004; Kantha,

1979) and surface waves (e.g Maxeiner and Dalrymple, 2011; Traykovski et al., 2000).

Systems consisting of two layers of di�erent �ow speed are subject to instabilities. Shear

stress between both layers enables the onset of Kelvin-Helmholtz instabilities. The

generation of wind waves is an example for this mechanism. The air �ow over the water

surface creates shear stress and small ripple waves occur (Miles, 1957). The stability of

horizontal sheared currents can be analysed by the Richardson number, which denotes

the ratio of the potential to the kinetic energy:

Ri =
g

ρ

dρ/dz

(du/dz)2
(2.6)

where u is the horizontal current velocity. A necessary (but not su�cient) criteria for

the onset of Kelvin-Helmholtz-instabilities is a Richardson number below 0.25 (Apel,

1987).

Under suitable conditions, instabilities can be further stimulated and develop into waves.

Instabilities lead to disturbances and wave-like undulations on the boundary layer. The

disturbances in turn deform the streamlines, leading to a complex pressure distribution

around the undulations. These pressure patterns causing the further growth of the

undulations (Otten, 2008; Ott, 1996). The relation between streamline density and

pressure is described by the Bernoulli e�ect.

In general, waves are not linked to mass transport or mixing because �uid particles move

on closed orbitals, at least in a �rst order approximation. This changes if waves break.

Breaking waves create strong turbulences leading to mixing events. Several criteria have

been suggested to describe the circumstances leading to wave breaking. A classical

geometrical criterion is the wave steepness:

η =
H

λ
(2.7)
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2 Background information

where H is the wave height. Limits for the wave steepness have been gained during

laboratory and �eld measurements and show a strong variance (Oh et al., 2005). The

ratio between the crest speed and the trough speed is a kinetic criteria. It is obvious that

a wave will collapse if the crest overturns the through. However, even this criterion has

not been yet validated by �eld observations. Some researchers reported on waves with

crest velocities higher than the one predicted by the linear dispersion relation (Oh et al.,

2005). Oh et al. (2005) suggested that a dynamic criterion, which is de�ned as the ratio

between the surface acceleration and the gravity, is most suitable as breaking criterion.

Unfortunately, the necessary parameters for this criterion are di�cult to obtain.

The main opinion in literature is that growing instabilities, which are ubiquitous on

waves, induce wave breaking in deep water. For example, small capillary waves will

be superimposed on greater waves if wind blows. These capillaries could be focused

on a certain part of a wave by non-linear wave-wave interaction, and destabilise the

wave. Therefore, even small ripple waves can cause a high wave to collapse (Banner

and Peregrine, 1993). It is di�cult to specify a widely accepted breaking criterion since

these instabilities are di�cult to handle, especially with respect to IWs. Ei� et al. (2005)

found that the stability of orographic lee-waves is given by the vertical Froude-number.

For a Froude-number below one, lee-waves become unstable and could break. However,

a valid and universally accepted breaking criterion for IWs has not yet been found.

The situation is a little bit easier for wave breaking at beaches, where it is induced by an

increasing in�uence of the bottom. In shallow water, which means that the water depth

is less than half the wave length, waves are dispersionless and the wave speed depends

only on the water depth (Apel, 1987). A widely accepted breaking criterion for shallow

water waves is the ratio of water D depth to wave height H D/H 1.1...1.3 (Peregrine,

1983). Even IWs could break at sloping beaches (Nagashima, 1971).

2.2 Hydro-acoustics and sound propagation in �uids

Electromagnetic waves, e.g. light, have no big propagation range in water because of

the electrical conductivity of water. Sound is much less attenuated, especially at low

frequencies (Apel, 1987). Therefore, hydro-acoustic methods are mainly used for most

remote sensing purposes in oceanography, even though they have a reasonably lower

resolution than optical methods.

In general, sound is a pressure wave and propagates through elastic media. The local

density is temporally changed by the passing pressure wave. Sound propagates as pure
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2.2 Hydro-acoustics and sound propagation in �uids

longitudinal wave in �uids, whereas it can have transversal components in solids or at

boundaries.

In �uids, the sound velocity c is a function of the density ρ and the bulk modulus K :

c =

√
K

ρ
(2.8)

The density and the bulk modulus of sea water depend on temperature, salinity and

pressure. These three parameters are easier to obtain than the density or the bulk mod-

ulus. Therefore, a lot of e�ort has been undertaken to deduce an empirical equation for

the sound velocity in dependence of the temperature, salinity and pressure (depth) in

the �rst part of the last century. The result is nowadays used by default to compute the

sound velocity from CTD measurements and is given in the International Oceanographic

Tables of the UNESCO.

In 1937, it was observed that the propagation of a sound wave is a�ected by a layer of

warm water. This discovery led to a new research �eld: The acoustical oceanography

(Bjørnø, 2003). In general, the propagation of a sound wave will be a�ected if it en-

ters a region of di�erent acoustical impedance. The acoustic impedance Z denotes the

resistance a sound wave experiences by the medium, it reads:

Z = ρ · c (2.9)

Water masses are generated by di�erent rates of solar heating, evaporation, precipitation

and river discharge. The amount of SPM also in�uences the density and the sound

velocity (latter will be shown in this thesis) and therefore the acoustical impedance. If

two water masses have the same acoustical impedance the direction of a sound wave

will not be altered if it passes the interface between them. Otherwise, re�ections and

refractions occur. The acoustic re�ectivity of an interface, which is de�ned as the ratio

of the incident to the re�ected sound pressure, can hence also be expressed in terms of

the acoustic impedance:

R =
Z2 − Z1

Z1 + Z2

(2.10)

where Z1 and Z2 are the acoustic impedance of the �rst and second water mass, re-

spectively. Eq. 2.10 is valid for sound scattering at in�nitely sharp interfaces. However,

natural interfaces are not in�nitely sharp, but have a transition zone because of di�usion

processes. Penrose and Beer (1981) showed that an initially sharp interface broadens by
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2 Background information

Figure 2.1: Multiple Re�ections of a sound wave in a three layer system, adopted from
Brekhovskikh and Lysanov (2003)

di�usion and hence its echo becomes too weak for detection within several hours. In or-

der to simulate the re�ections at natural interfaces, they have to be divided into several

sublayers of constant sound velocity and density. Re�ections occur at both sides of a

sublayer (Fig. 2.1, resulting in di�erent path length for both re�ected waves. Therefore,

the re�ections of each sublayer have to be coherently added to take into account inter-

ference e�ects between the part waves. An example calculation for a three layer system

is given in Brekhovskikh and Lysanov (2003). Based on this multilayer approach, Ross

and Lavery (2012) developed a weak-scattering model for oceanographic pycnoclines.
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3 Methods

In this chapter the most important deployed devices and their underlying physical pro-

cesses will be brie�y described.

3.1 SES - Sediment Echo-Sounder

Interfaces within the water column, especially the lutoclines, were recorded with a high

resolution parametric echo sounder of type 'SES-2000® standard' of Innomar Technol-

ogy GmbH (Rostock, Germany). This device has a primary frequency of about 100 kHz

and a adjustable secondary frequency. The vertical resolution was up to 6 cm (Wun-

derlich et al., 2005) and the accuracy for depth measurement was 0.02 + 0.02 % of the

water depth (Wunderlich and Müller, 2003). The secondary frequency was adjusted to

be 12 kHz. A Seatex MRU-6 motion sensor was used to correct for heave, roll and pitch

movements.

The depth of the lutocline was extracted from the records with the SES software ISE

2.9 and exported as xyz-ASCII �les. These ASCII �les were further processed, e.g. in

form of spectral analyses, signi�cant wave heights and �uid mud layer thicknesses, with

self-developed C++-routines.

The advantages of parametric systems are to generate low frequent signals with narrow

beam widths and without signi�cant side lobes (Wunderlich et al., 2005). These ben-

e�ts combined with a high band width yields the possibility to detect weak acoustical

impedance variations even at low signal-to-noise (SNR) ratios (Wunderlich and Müller,

2003). The ability to detect internal acoustical layering with a the frequency channel of

this system was already proven by Schrottke et al. (2006).

In general, the directivity of an emitted signal depends on the ratio between the signal

wave length and the transducer dimensions. Long wave lengths, corresponding to low

frequencies require huge transducers to generate a narrow beam signal with weak side

lobes, at least if the signals will be directly generated by a linear system. Nonlinear

systems use the parametric e�ect to generate a low frequency signal by simultaneous
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3 Methods

transmitting at least two slightly di�erent high frequencies (primary frequencies) at

very high sound pressures (Kozaczka et al., 2009; Wunderlich et al., 2005). An upper

limit for the intensity of the primary frequencies is set by the onset of cavitation. Both

primary sound waves interact nonlinear with each other in front of the transducer. The

sound velocity superimposes with the sound particle velocity, caused by the interaction

of high sound pressures and medium density. This in turn, leads to a distortion and

interaction of the primary waves and new frequencies arise (Fig. 3.1). The new frequen-

cies correspond to the harmonics, the sum and the di�erence of the primary frequencies

(Wunderlich et al., 2005). The latter one is also referred to as secondary frequency. The

secondary frequencies are low and have nonetheless directivities similar to that of the

high primary frequency. Thus, it is possible to transmit a low frequent narrow beam

signal without side lobes with compact transducers.

3.2 Flow speed measurements

Flow velocities in water column were recorded with an RDI-Teledyne� 1200 kHzWorkhorse

ADCP (Acoustic Doppler Current Pro�ler). This device delivered mean �ow speeds for

2.33 s long measuring intervals with a standard deviation of 0.129 m s−1. The cell size

for the measurements was adjusted to be 0.25 m and the blancing zone was 0.5 m at

1200 kHz. The ADCP was installed downward-looking in a rigid frame on the side of

the research vessel 'RV Senckenberg' during the measurements.

Hydro-acoustic current measurements based on the Doppler-shift, expired by a trans-

mitted sound wave when it is re�ected by moving scatterers. The essential assumption

for this technique is that the scatters move on average with the mean current velocity

(Gordon, 1996). Scatterers can be plankton or small dissolved particles, zooplankton

with a size in the order of 1 mm are the dominant scatterers in the oceans Gordon

(1996).

The Doppler e�ect describes the change of a wave frequency if the source, the observer

or both of them move relatively to each other. If the source and the observer move

towards each other, the wave length will be compressed, i.e. the observer measures a

higher frequency than the source transmits. The opposite, an expanded wave length,

will be the case if source and observer move away from each other. Only the relative

radial movement components contribute to the Doppler e�ect, tangential velocity com-

ponents have no in�uence. For sound waves, the cases of a moving source and a moving

observer have to be separately considered, because sound requires a supporting medium
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3.2 Flow speed measurements

Figure 3.1: The shape and spectrum of nonlinear generated sound beams for di�erent
distances from the source, adopted from Kozaczka et al. (2009).
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(Demtröder, 2013). In the �rst case, the source is moving while the observer is at rest,

the observer then measures a frequency fR of:

fR = fS ·
1

1− v
c

(3.1)

where fS is the frequency of the emitted signal, c is the phase speed of the sound wave

and v is the velocity of the source in direction to the receiver. v is positive for an

approaching and negative for a distancing source. In the other case, the source is at rest

and the moving observer measures a frequency of:

fR = fS · (1 +
v

c
). (3.2)

Again, v will be positive if the source moves towards the receiver and otherwise be

negative.

When considering the echo of a moving scatterer, both cases have to be combined. The

scatterer is a moving receiver in the reference system of the transducer. Accordingly,

Eq. 3.2 must be applied to determine the frequency of the sound signal, approaching the

scatterer. When backscattering the signal, the scatterer behaves like a moving source

in the reference system of the transducer. The frequency of the received echo f echo than

becomes (Demtröder, 2013):

fecho = f0 ·
1 + v

c

1− v
c

(3.3)

where f0 is the frequency of the transmitted sound puls.

Since only the radial velocity components contribute to the Doppler e�ect, it requires at

least three di�erently orientated sound beams to determine a 3 dimensional current veloc-

ity vector. The used workhorse ADCP has a total of four beams, which are cross-shaped

arranged with two in a line (Fig. 3.2). Assuming that the horizontal �ow conditions are

homogeneous (each beam measures the �ow �eld at a di�erent position), one horizontal

and the vertical component can be retrieved by trigonometrical calculations from one

beam-pair (Fig. 3.2).

3.3 Salinity measurements

Pro�ling salinity measurements in the Ems estuary were carried out with a CTD (Con-

ductivity Temperature and Depth - Probe) of type CTD90 by Sea & Sun technology.

The conductivity sensor of this CTD had 7 platinum coated electrodes which were sym-
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3.3 Salinity measurements

Figure 3.2: Schematic view of thex arrangement of the four transducers of a workhorse
ADCP, adopted from Gordon (1996).

Figure 3.3: Determination of the vertical and one horizontal velocity component from a
sound beam pair, adopted from Gordon (1996).
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metrically arranged in a quartz cylinder. The accuracy of the conductivity measurements

was 20 µS cm−1. Salinity values were calculated from the conductivity measurements

in terms of the Practical Salinity Scale (PSS-78) by the operating software SST-SDA

(Standard Data Acquisition Program).

For laboratory studies (chapter 4.1) as well as for the determination of the salinity of

water samples, a multimeter of type CON3310 by WTW® was used. This multimeter

was connected with a conductivity sensor of type TETRACON 325, which was a four

electrode sensor with graphite electrodes. Salinity values were also displayed in terms

of the practical salinity unit. It had a salinity accuracy of 0.1 as stated by the manufac-

turer.

The electrical conductivity is proportional to the current and inverse proportional to the

voltage. Salinometers determine the conductivity by measuring the electrical current

�ow between two immersed electrodes while the voltage between them is adjusted or

vice versa. The polarisation of the electrical �eld between the electrodes is continuously

altered, to avoid a shielding of the electrodes by an agglomeration of ions. The water

volume between the immersed electrodes can be considered as electrical conductor. The

conductivity of a electrical conductor is given by (Stöcker, 2000):

κ =
I

U
· l
A

(3.4)

where I is the current, U is the voltage, l is the length and A is the cross section of the

conductor. The last term in Eq. 3.4 only depends on the cell geometry and is determined

by a cell calibration. Modern salinometers use more than two electrodes to achieve more

accurate conductivity measurements and to reduce disturbances by surrounding electri-

cal �elds.

Salinity speci�es the amount of dissolved ions in water. Di�erent methods were devel-

oped in the past to determine salinity, e.g. vaporisation and titration. Nowadays, salinity

is determined by the electrical conductivity of water, because this method is more accu-

rate than chlorinity measurements (Gerold, 1963). However, pure water should generally

be electrical non-conductive due to the absence of charge carriers. Nevertheless, protons

are exchanged between water molecules causing the occurrence of H3O
+ and OH− -ions

and thus the occurrence of charge carriers:

2H2O 
 H3O
+ + OH−
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3.4 Water samples and Suspended Particulate Matter (SPM) concentration

This process is referred to as the autoprotolyse of water. The chemical reaction equilibria

is on the left side meaning that only a few ions are produced by the autoprotolyse. Thus,

pure water has a low electrical conductivity. The electrical conductivity of water mainly

depends on the amount of dissolved salt ions (Pawlowicz et al., 2011). In order to

determine the salinity by the electrical conductivity it is necessary to assume that each

water sample with the same conductivity has the same salinity (Millero, 2010). Based

on this assumption, an empirical equation was derived, which de�nes the salinity as

the conductivity ratio of a sea water sample to a standard potassium chloride (KCl)

solution (UNESCO, 1981). This equation is known as the Practical Salinity Scale (PSS-

78). The standard KCl solution has a concentration of 32.4356 g KCl l-1 and the same

conductivity as standard sea water clearly de�ned with a salinity of 35 (Pawlowicz, 2010).

The relative ion composition in the world oceans is constant which was already assumed

by Alexander Marcet about 1820 (Millero et al., 2008). A good and comprehensive

review of the development of the PSS-78 is given in Millero (2010).

3.4 Water samples and Suspended Particulate

Matter (SPM) concentration

Water samples of di�erent water depths were collect to determine SPM concentration.

Therefore, a horizontal water sampler by Hydrobios© with an approximate volume of 2 l

was used. An attached �n allowed the sampler to align with the current. The alignment

of the sampler minimized the turbulences around the sampler and hence enabled the

collection of almost undisturbed water samples. The sampler was connected with a

rope, which was tagged every meter and used for the manual operation. After the

sampler was positioned at the desired depth, it was closed with a plummet, sliding along

the control rope.

The SPM concentration was recorded as dry-weight. Therefore, an aliquot of each water

samples was vacuum-�ltrated through a glass �bre �lter with 1.2 µm pore diameter. The

respective aliquot volumes were chosen in dependence on the sample consistencies. The

organic content of the water samples was determined by ignition loss. For this, the dried

�lters were heated in a mu�e furnace at 550 °C for 2 hours and weighed again afterwards.

The di�erence in weight before and after ignition corresponded to the organic contents

of the samples.
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4 Validation studies

The preliminary validation studies are presented in this chapter. The �rst study dealt

with the usability of conductivity sensors to measure salinity in turbid waters. Therefore,

the in�uence of SPM on the conductivity measurements and hence on the obtained salin-

ity values was investigated. The corresponding experiments and results are presented

in section 4.1, which is submitted to Continental Shelf Research. The second validation

study examined the ability of hydro-acoustic devices to detect sediment-induced inter-

faces within the water column. In the frame of these investigations, the in�uence of

SPM on the sound velocity was of particular interest. This study is presented in section

4.2.
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4.1 In�uence of suspended particular matter on

salinity measurements1

P. Helda, P. Keglerb K. Schrottkea

a Cluster of Excellence �The Future Ocean�, Institute of Geosciences at Kiel University, Otto-Hahn-Platz 1, 24118 Kiel,

Germany
b Mineralogy Department, Institute of Geosciences at Kiel University, Ludewig-Meyn-Str. 10, 24118 Kiel, Germany

4.1.1 Abstract

Salinity is a very important parameter in marine science, normally measured by electrical

conductivity. So far no investigations have been accomplished to examine how electrical

conductivity, is in�uenced by Suspended Particulate Matter (SPM). Even though there

are hints in literature that SPM can a�ect salinity measurements signi�cantly.

In this paper is a new laboratory study about the in�uence of SPM on conductivity based

salinity measurements presented. Di�erent sensor types were deployed to investigate the

in�uence of the conductivity sensor design on the observed salinity deviations. The role

of clay minerals was additionally analysed. Two natural mud samples of di�erent origins

were used to set up various SPM concentrations. The results have shown that high sus-

pended sediment concentrations (of up to 300 g l-1) can distort salinity measurements

up to 30 percent. Only 22 percent on average of the observed salinity deviation could be

explained by the adsorption of ions by clay minerals. The cell geometry had no veri�able

e�ect.

The observed salinity deviations were caused by a �blinding e�ect� of the sensor due to

the dissolved particles which was proved in a mathematical manner.

Keywords: Electrical conductivity of sea water, conductivity measurements, CTD,

�uid mud, �occulation, estuaries

4.1.2 Introduction

Salinity is a common and important parameter for the classi�cation of water masses

(Le Menn, 2011) and is essential for the calculation of other water parameters like den-

sity and sound velocity. Salinity of sea water has been measured via its electrical conduc-

1This article was submitted to Continental Shelf Research
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4.1 In�uence of suspended particulate matter on salinity measurements

tivity due to it's higher accuracy than with chlorinity measurements after commercial

salinometers had become available in the late 1960's (Gerold, 1963). The electrical con-

ductivity of water depends on the amount of dissolved ions (Pawlowicz et al., 2011).

Salinity can be calculated in terms of the practical salinity scale, which is de�ned as the

conductivity ratio of a sea water sample to a standard potassium chloride (KCl) solution

(UNESCO, 1981). This solution contains 32.4356 g of KCl per litre and has the same

conductivity standard sea water has. Standard sea water has per de�nition a salinity of

35 (Pawlowicz, 2010). A comprehensive review of the development and the history of

the practical salinity scale (PSS-78) is given by Millero (2010).

Problems can occur while trying to determine the salinity of water layers with high

amounts of suspended particulate matter (SPM). These layers frequently form in ener-

getic coastal areas and estuaries. Those with Suspended Sediment Concentrations (SSC)

> 10 g l-1 are termed �uid mud in the following. Salinity values in �uid mud seemed to

be di�erent from the ones in the water body above, as repeatedly recorded in �uid mud

layers on the Amazon shelf during the AmasSeds study (Kineke et al., 1996; Kineke and

Sternberg, 1995). Traykovski et al. (2000) also measured low conductivities in �uid mud

layers on the Eel River continental shelf (California, USA). Similar observations were

made during a survey in the Ems estuary (Germany) in 2008, with lower salinity values

in the �uid mud than in the upper water column. The SSC of �uid mud layers in the

Ems estuary varied between 23.2 +/- 0.8 g l-1 and 88.2 +/- 3.0 g l-1 (Held et al., 2013).

There are di�erent explanations for the reduced salinity values in �uid mud layers. Based

on their observations that in �uid mud salinity is lower and the temperature is higher

than in the upper water body, Kineke and Sternberg (1995) assumed that the �uid mud

layer was formed somewhere else on the Amazon shelf and was afterwards advected to

the position where it was found. Submarine groundwater discharge is another explana-

tion. In this explanation the strati�cation of heavier seawater on lighter freshwater is

supported by suspended sediment.

Water-saturated formations have a lower electrical resistivity than unsaturated ones, as

found out by Archie, G. E. (1942). The so-called �Archie's Law� describes the relation

between the resistivity of sand when all pores are �lled with brine R0 and the resistivity

of brine RW:

R0 = FRW (4.1)

where F is the formation resistivity factor, which is linked with the porosity of sand

via F = Θ−m, where m must be determined experimentally and ranges between 1.2 and

2.0 (Archie, G. E., 1942). Since conductivity is the inverse of the resistivity, Eq. 4.1
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can also be applied to calculate the ratio of the conductivity of �uid mud and the con-

ductivity of clear water with the same salinity. Traykovski et al. (2000) used �Archie's

Law� to calculate the porosity of �uid mud with the measured salinities in water and

�uid mud, but this method yielded implausible results. They assumed that the salinity

measurements themselves were in�uenced by SPM and therefore falsi�ed salinity values

were obtained.

So far, no experimental studies to validate and quantify this assumption have been pub-

lished. Such studies could clarify the reliability of salinity measurements in highly turbid

waters and would give a chance to quantify the e�ect of SPM on CTD (Conductivity

temperature and depth probe) measurements.

In this study the in�uence of SPM on salinity measurements was determined experi-

mentally. For this, salinity and SPM amounts were varied systematically in di�erent

experimental runs. The adsorption of ions by clay minerals and its contribution to the

observed salinity deviations was additionally investigated.

4.1.3 Methods

In order to determine the in�uence of SPM on conductivity-based salinity measurements,

the di�erences between real and measured salinity values were recorded in dependence

of the SPM concentrations. For this, suspensions of di�erent salinity and SPM con-

centration were set up in the laboratory. The salinities of the solutions were known,

because they were controlled with sodium chloride (NaCl). The SPM concentrations

were adjusted with natural mud samples from two di�erent places of origin. Two di�er-

ent sampling locations were chosen to verify any dependency on the mineral composition

of the mud. The �rst mud sample was collected in the main navigation channel of the

Ems Estuary (North Sea coast, Germany) in June 2007. The second mud sample was

collected in a tideway near the island of Nordstrand (North Frisian Wadden Sea, Ger-

many) in July 2011. The compositions of the mud samples had to be determined before

they could have been used to adjust the SPM concentrations of the test solutions.

Salinity measurements

Salinity measurements were performed with a CTD of type CTD90 by Sea & Sun Tech-

nology and a multimeter of type CON 3310 by WTW®. The CTD was equipped with a

Keller pressure transducer, a temperature sensor consisting of a platinum transistor Pt

100 and a conductivity sensor by ADM. The conductivity sensor had 7 platinum coated
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electrodes which were symmetrically arranged in a quartz glass cylinder. The accuracy

of measurement was 0.1 % for pressure, 0.005 °C for temperature and 20 µS cm-1 for

conductivity measurements. Salinity values were computed by the operating software

SST-SDA (Standard Data Acquisition Program) in terms of the PSS-78.

The multimeter was connected with a conductivity sensor of type TETRACON 325. It

was a four electrode sensor with graphite electrodes. Salinity values were again recorded

in terms of PSS-78. An accuracy for salinity measurements of 0.1 was stated by the

manufacturer.

Salinity is nowadays determined via the electrical conductivity of water. The electrical

conductivity, κ, is the reciprocal value of the speci�c resistance. It is proportional to the

current I and the length l of the conductor and inversely proportional to the voltage U

and the cross section A of the conductor, and reads (Stöcker, 2000):

κ =
I

U
· l
A

(4.2)

In a salinometer, the volume between the measuring electrodes corresponds to an electri-

cal conductor. Modern conductivity cells either adjust the voltage between the electrodes

while the current gets measured, or they are working in the other way around: the cur-

rent is adjusted while the voltage drop gets measured. This corresponds to the �rst part

of the equation (I U-1). The second term l A-1 is the cell constant, which depends on

the cell geometry and is determined during cell calibration.

Data analysis

Data analysis was based on the discrepancy between the adjusted and the measured

salinity, which was de�ned as the di�erence ∆Si between the measured salinities of the

test solutions Smud,i and of the reference run Sref,i. The measured salinity had to be

corrected for a potentially remained salinity in the prepared mud samples. The required

correction factors were determined in the �rst salinity measurement of the test solutions,

before any NaCl had been added. These salinity values were labelled as Smud,0 and than

the salinity-di�erence reads:

∆Si = Smud,i − Smud,0 − Sref,I (4.3)
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The relative di�erence was calculated in percent of the adjusted salinity Sref,i:

∆Srel,i =
|∆Si|
Sref,i

· 100% (4.4)

Preparation of the mud samples

Although it was tried to keep the mud samples in their natural state, they got desalinated

to avoid a salt contamination of the experimental setup. No further modi�cations were

done on the mud samples apart from the desalination. For the desalination, mixtures of

mud and distilled water were �lled into membrane tubes also used for dialysis. The tube

membrane material allows the exchange of dissolved ions and nutrients, triggered by

the osmotic e�ect. The tubes were subsequently transferred into a bath of distilled and

continuously renewing �owing water. Consolidation of mud was prevented by shaking

the tubes periodically. The tubes were kept in the water bath until the diluted mud

reached a salinity of zero. Afterwards, the contents of all tubes with mud from the same

origin were mixed together. The mud samples rested for some time, the mud settled

down and it was possible to remove the excess water subsequently.

Determination of SPM concentration, organic matter content and mineralogical

composition

Three mud sub-samples of 10 ml were dehydrated in a drying chamber at 60 °C for 48

hours to retrieve the mass weight of suspended matter and hence the SPM concentra-

tion.

The organic content was recorded as the ignition loss of the sub-samples. For this, they

were �nely ground in an agate mortar and afterwards heated in a mu�e furnace at 550

°C for 6 hours.

The mineralogical composition of the mud samples was determined by XRD (X-Ray

Di�raction) analysis (Siemens D5000, Institute for Geosciences, University of Kiel). The

measurements were performed from 5° 2 Θ to 80° 2 Θ using a Cu X-ray tube (40 kV,

40 mA) and evaluated using X'Pert HighScore Plus software by PANalytical. The cal-

culation of the mass fraction of the di�erent mineral phases was done using rietveld

re�nement.
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Reference run

Before the experimental runs had been carried out, a reference run was done to check

the performance of the CTD and the salinometer in clear NaCl solutions. For this,

salinities were measured in solutions, di�ering in NaCl concentration. The obtained

reference values for the salinity were required, because the PSS-78 algorithm was �tted

for seawater. Thus, the recorded salinity values wouldn't exactly match the adjusted

salinity values in g l-1.

Adjusting of the suspensions

In order to set up the SPM concentration of a test solution, a speci�c volume of mud

was diluted with distilled water to a total volume of 3 l. The required mud volume

Vmud,i depended on the desired SPM concentration of the test solution and on the SPM

concentration of the used mud sample. It amounts to:

Vmud,i = Vtot ·
CSPM,i

CSPM,sample

(4.5)

where CSPM,i is the desired SPM concentration of the test suspension, CSPM,sample is

the SPM concentration of the mud sample and Vtot is the volume of the test suspension,

here 3 l. This method was used to produce suspensions with SPM concentrations of 0.5,

1, 5, 10, 25, 50, 75, 100, 150, 200 and 300 g l-1 with both gathered mud samples.

Experimental runs

Experimental runs were carried out for all the produced mud suspensions. That caused

the SPM concentration to be constant during an experimental run, whereas the salinities

were varied by the addition of NaCl. Salinities were adjusted between 0 and 40 g l-1

NaCl in steps of 5 g l-1. The measured salinity values were recorded several minutes after

an addition of NaCl, to ensure that the salt had been completely dissolved. However,

the �rst salinity values were recorded before any NaCl was added, to check for the rest

salinity of the mud.

Particle settling during the experimental runs was hindered by stirring the suspensions

with an electrical mixer. The temperature of the suspensions varied between 19 °C and

22 °C during a single experimental run. However, these temperature variations did not

a�ect the determined salinities, because the PSS-78 algorithm already accounts for the

temperature in�uence on the electrical conductivity.
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Determination of the adsorption of ions by clay minerals

The adsorption of salt ions caused by clay minerals was investigated in an additional

experiment. In this experiment, test solutions with speci�c concentrations of SPM and

NaCl were prepared. SPM concentrations of 1, 10, 25 and 75 g l-1 were chosen for these

test solutions. Each SPM concentration was set up twice, once with a salinity that

represents brackish conditions (10 g l-1 NaCl) and once with a salinity that represents

marine conditions (35 g l-1 NaCl). The salinity was measured in a well-mixed state of

the solutions. Then the suspensions were centrifuged to deposit the dissolved sediment.

Afterwards salinities were measured a second time in the clear water, above the deposited

sediment. The di�erence between the second recorded salinity and the corresponding

reference salinity value corresponds to the adsorbed salt ions.

4.1.4 Results

Composition of the mud samples

The amount of SPM and the organic matter mass (i.e. ignition loss) of the three mud

sub-samples are shown in table 4.1 for the mud from the Wadden Sea respectively in

table 4.2 for the mud from the Ems estuary. The averaged values and the standard

deviations are both declared in the last row.

Inferred from these data, the organic matter content in the Ems estuary was higher

than in the Wadden sea, respective to the chosen collective sites. The averaged SPM

concentrations of the mud samples (second column, last row in table 4.1 and 4.2) were

used to adjust the SPM concentrations of the test solutions and they correspond to the

term CSPM,sample in Eq. 4.5.

Based on the XRD measurements, the mud of both sample locations mainly consisted

of quartz (68 %), dolomite (13 %) and calcite (6 %). The proportions of clay minerals

in both samples were low (less than 10 wt%).

Salinity measurements in NaCl solutions

The results of the reference runs are shown in Fig. 4.1. Although the PSS-78 algorithm

was derived to determine the salinity of sea water, the measured salinity values in terms

of the practical salinity unit (PSU) almost match with the values of the adjusted NaCl

concentrations in g l-1 in the context of the measurement accuracy.
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Table 4.1: SPM concentration and organic matter content of the three Wadden sea sub-
samples

Sample ID SPM concentration [g l-1] m(organic) [g l-1]
Wadden1 636 29.07
Wadden2 647 28.57
Wadden3 654 27.00
Average: 646 +/- 5 28.21 +/- 0.62

Table 4.2: SPM concentration and organic matter content of the three Ems estuary sub-
samples

Sample ID SPM concentration [g l-1] m(organic) [g l-1]
Ems1 539 45.93
Ems2 537 45.88
Ems3 474 40.42
Average: 516 +/- 21 44.08 +/- 1.83
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Figure 4.1: Salinity reference values measured with both instruments in NaCl solutions
without SPM. The salinity values on the y-axis correspond to the PSU.
The horizontal error bars represent the uncertainty of the adjusted NaCl
concentrations whereas the vertical error bars represent the measurement
uncertainties of the devices.
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Deviations of measured salinity in turbid water

The �rst salinity measurements, i.e. before any NaCl was added to the test solutions

are shown in Fig. 4.2. These values were used to correct the salinity di�erences for a

possibly remaining salinity of the mud after the desalination process, and correspond to

the term Smud,0 in Eq. 4.3. The values indicate that a small amount of salt remained

after desalination.

The results of the experiments with mud from Ems estuary are presented in detail in

Fig. 4.3.a+c and 4.3.b+d for measurements with the CTD90 model and the CON3310

model, respectively. The results are expressed in di�erences between the measured salin-

ity in test solutions and the reference salinity values for the same NaCl concentration,

calculated with Eq. 4.3. The most apparent result was that the absolute value of the

salinity di�erences generally increased with increasing NaCl concentration, for a given

SPM concentration. The di�erences were positive in the test runs with less than 10 g l-1

SPM, i.e. the measured salinities were higher than salinity reference values for the same

NaCl concentration. Maximum positive di�erences were reached in the experimental

run with 0.5 g l-1 SPM: ∆S = +0.35 for measurements with the CON3310 model and

+0.27 for measurements with the CTD90 model. For a SPM concentration of 10 g l-1

the di�erences were very small (Fig. 4.3.a-b). However, the salinity di�erences in the

test runs with these SPM concentrations were within the range of the combined error of

measurement uncertainty and uncertainties of adjusted salinity and SPM concentration.

The salinity di�erences became negative with further increasing SPM concentrations,

i.e. less salinities were measured in the test solutions than in the reference solution with

the same NaCl concentration. The salinity di�erences reached values of up to -12.60 for

40 g l-1 NaCl and a SPM concentration of 300 g l-1 (Fig. 4.3.d).

In addition to the salinity di�erences, relative salinity di�erences of the experimental

runs with mud from the Ems estuary are shown in Fig. 4.4.a and 4.4.b, calculated with

Eq. 4.4 for the measurements with the CTD90 model and the CON3310 model, respec-

tively. As seen in these �gures, the relative salinity di�erences were less than 2 % for

SPM concentrations of up to 25 g l-1. Again, the relative salinity di�erences increased

with increasing SPM concentrations. They were about 5 % for a SPM concentration of

50 g l-1 and increased up to approximately 30 % for an SPM concentration of 300 g l-1.

However, the most important and most obvious �nding in this form of presentation was

the constance of relative salinity di�erence for NaCl concentrations above 15 g l-1 (Fig.

4.4.a-b). Whereas the relative salinity di�erences increased between 0 and about 15 g
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Figure 4.2: Salinity of the test solutions, before NaCl was added for the Ems estuary mud
a) and for the Wadden Sea mud b). The values on the y-axis are expressed
in terms of the PSU.
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Figure 4.3: Salinity di�erences in dependence of the NaCl concentration for di�erent
SPM concentrations, measured with the CTD90 model (a and c) and the
CON3310 model (b and d). These test runs were carried out with mud
from the Ems estuary. The error bars represent the combined error of
measurement uncertainty and uncertainties of adjusted salinity and SPM
concentration.
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Figure 4.4: Relative salinity di�erences depending on the NaCl concentration for di�er-
ent SPM concentrations of the Ems estuary mud measured with the CTD90
model a) and the CON3310 model b).

l-1 NaCl, they remained almost constant for higher NaCl concentrations. The high vari-

ability of relative di�erences for test solutions with high SPM concentrations, e.g. 200

and 300 g l-1 must be accounted to the inability of keeping the mud in a homogeneous

suspension. The suspension turbidity within the measuring cells could not be regarded

as constant during the test runs with very high SPM concentrations.

The experiments with the mud samples from the Wadden Sea revealed the same fea-

tures as described above for the test runs with Ems mud. This is exemplarily shown for

the salinity di�erences obtained with the CTD90 model in Fig. 4.5, errorbars were not

displayed in this �gure for a better readability.

Ion adsorption by clay minerals

The results of the experiments about the ion adsorption by charged clay minerals are

plotted in Fig. 4.6. Again, the shown results represent the di�erence between the

measured salinity and the reference salinity value for the same NaCl concentration. The

salinity di�erences ranged from -0.7 for 10 g l-1 NaCl and 75 g l-1 SPM (Fig. 4.6.a) to

-4.0 for 35 g l-1 NaCl and an SPM concentration of 75 g l-1 (Fig. 4.6.b) in the well-
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Figure 4.5: Salinity di�erences, depending on the NaCl concentration for di�erent con-
centrations of SPM, measured with the CTD90 model; the SPM concentra-
tion in the di�erent test runs was adjusted with mud from the Wadden Sea.
Errorbars are not shown in this illustration, to improve the readability
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Figure 4.6: Salinity di�erences ∆S before (solid curve) and after centrifugation (dotted
curve) of the test solution as a function of the SPM concentration for a NaCl
concentration of 10 g l-1 a) and of 35 g l-1 b).

mixed solutions. After the test solutions had been centrifuged, the salinity di�erences

were clearly reduced. They reached a maximum value of -0.1 in the solutions with 10 g

l-1 and were hence in the range of the measurement uncertainty. However, the salinity

di�erences of the centrifuged solutions with 35 g l-1 were still in the range between -0.5

and -0.9 and hence higher than the measurement uncertainty.

Thus, the salinity di�erences after centrifugation of the test solutions amounted to 20 -

25 % of the salinity di�erences in the well-mixed state.

4.1.5 Interpretation and discussion

The above presented results indicate that conductivity-based salinity measurements were

a�ected by SPM. The obtained salinity values were generally lower than the real salin-

ities of the turbid suspensions. These �ndings coincide with �eld observations done by
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Traykovski et al. (2000) and Kineke et al. (1996). These authors reported on measured

salinity values lower in �uid mud layers than in the overlaying water columns.

Despite the general trend, the salinity deviations were positive for �low� SPM concen-

trations, i.e. SPM <= 10 g l-1. However, the positive deviations were lower than 1.5 %

of the real value and were within in the range of the combined measuring uncertainties

(Fig. 4.3.a+b). Again, the ∆Si became greater and negative for SPM concentrations

above 10 g l-1, reaching up to 30 % of the real value. At this point it's worth noting,

that a SPM concentration of 10 g l-1 is a widely accepted value for the transition from

water to �uid mud (Manning et al., 2010; McAnally et al., 2007; Kineke and Sternberg,

1995; Ross and Mehta, 1989; Kirby, 1988).

Both used devices, the CTD90 model and the CON3310 model, revealed the same fea-

tures during the measurements of the values. However, the amounts of these discrepan-

cies were lower than the combined uncertainties of the measurements and of the adjusted

salinities. This indicates, that the cell geometry design of the measurement instrument

had no in�uence on the observed salinity deviations.

Furthermore, the results retrieved with mud samples from the two di�erent origins were

very similar regarding salinity di�erences, which were of the same order of magnitude,

and the behaviour of the relative salinity di�erences.

In a second experiment, the adsorption of salt ions by charged clay minerals was ex-

amined. Clay minerals normally have low negative surface charge-distributions (Huang

et al., 2012) and might be able to bind salt ions, themselves would not be available

for the electrical current �ow. The results of this study showed that ion adsorption by

charged clay minerals could only explain for maximal 20 to 25 % of the observed salinity

deviations in turbid solutions.

Depending on the requested accuracy of most salinity measurements, the e�ect of SPM

on the retrieved data can be neglected for SPM concentrations below 10 g l-1. This

should be the case for most measurements on the shelf and especially in open oceans.

To determine salinities in more turbid waters, such as coastal sites in particular estuar-

ies, the method of Kineke and Sternberg (1995) is recommended. They collected water

samples from �uid mud layers and measured the salinity after the SPM had settled. As

shown by the results of the second experiment, this method would drastically decrease

the error of salinity measurements. Only small deviations must be expected due to the

adsorption of salt ions by charged clay minerals.

The graph of the relative di�erences between the measurements in the turbid mud so-

lutions and the reference solutions (Fig. 4.6) leads to the following explanation of the
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observed salinity di�erences. The relative di�erences were mostly constant for NaCl

concentrations above 10 - 15 g l-1 in each test run. Among other parameters, salinity

controls the �occulation of SPM (Mike², 2011; Mietta et al., 2009; Thill et al., 2001), i.e.

increasing salinity promotes �occulation. This leads to an increasing size of the SPM.

Flocculation was also visible during the experimental runs and the �oc sizes seemed to

be constant for NaCl concentrations above 15 g l-1. SPM displaces water and thus re-

duces the water volume between the measuring electrodes, which is schematically shown

in Fig. 4.7. This in turn decreases the cross section (parameter A in Eq. 4.2) of the

virtual conductor between the electrodes. A decreased cross section results in a lower

electrophoretic mobility of the ions which are responsible for the electrical current be-

tween the measuring electrodes. Since the ratio of l A-1 is handled as a constant value

by the conductivity meters, a lower current I is misinterpreted as a lower conductivity

of the medium and subsequently a lower salinity is computed.

Assuming that the conductivity of water does not change, the volume concentration

of the SPM can be calculated from the measured conductivities of the turbid and the

reference solutions. To avoid temperature e�ects, the conductivities are corrected for 25

°C. In the following, κm,25 and κref,25 denote the temperature corrected conductivities

of a suspension and the reference solution, respectively:

κm,25 =
Im
U

l

A
; κref,25 =

Iref
U

l

A0

(4.6)

here, Im and Iref are the electrical currents of the test suspension and the reference

solution, respectively, and A0 is the cross section. Under the assumption, that the

conductivity of the water is not changed by SPM and only the cross section is reduced

in a suspension, the following statement is also true:

κsusp,25 =
Im
U

l

Asusp
= κref,25 (4.7)

where Asusp is the e�ective cross section in the suspension. Transforming this expression

and combining it with the left-side of Eq. 4.6:

κref,25 =
Im
U

l

Asusp

A0

A0

= κm,25
A0

Asusp
(4.8)
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Figure 4.7: Schematic representation of a conductivity measuring cell with dissolved par-
ticles and �ocs.

Using the volume expression: V = A · l yields:

VW,susp
V0

=
κm,25
κref,25

(4.9)

where VW,susp is the water volume in suspension. Eq. 4.9 is an expression for the relative

water content in suspension and can also be used to calculate the volume concentration

of SPM via the electrical conductivity.

Results of the relative water content of the test solutions with the Ems estuary mud

are shown in Fig. 4.8. For NaCl concentrations below 5 g l-1 the relative water volume

was over 100 %, this was again caused by rest salinity in the mud samples. Hence these

values were not further considered. For more than 15 g l-1 NaCl the relative water

volume in the measuring cell was constant, expect for the 300 g l-1 SPM solution. These

results support the assumption, that the in�uence of the SPM on salinity measurements

is caused by a �blinding e�ect� of the conductivity sensor by the dissolved particles.

4.1.6 Conclusion

In this study, the in�uence of the SPM on salinity measurements was investigated in

detail for the �rst time. Test runs with suspensions of di�erent SPM and NaCl concen-
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Figure 4.8: Ratio of the water volume to the cell volume in percent, calculated for the
measurements with the CTD90 model a) and with the CON3310 model b)
for the experiments with mud from the Ems estuary.

trations were carried out and the measured salinity was compared with salinity measure-

ments in reference runs without SPM. To set up required suspensions with di�erent SPM

concentrations, as well as to verify potential in�uence by di�erent mineral composition,

mud samples from di�erent origins were used after desalination. Salinity measurements

were done by using two devices with di�erent measuring cell geometries.

It was found out that SPM disturbs salinity measurements at concentrations above 10 g

l -1 in the way that it leads to incorrect salinity values. The di�erence between salinity

measurements in the test solution and in a reference solution (∆Si) increased with in-

creasing SPM concentration and with increasing NaCl concentration. It could be shown,

that the deviations can reach up to 30 % for a SPM concentration of 300 g l-1. For lower

SPM concentrations, i.e. < 10 g l-1, the deviations were below 1.5 % and in the range

of the combined error of measurement uncertainty and accuracy of the set up of NaCl

and SPM concentration. Hence, for salinity measurement in waters with low turbidity

the error caused by the SPM may be negligible, depending on the requested accuracy.

However measured salinity values of high turbid waters, e.g. �uid mud layers, should

be handled with care. Salinity measurements in decanted water samples of these layers

will yield more reliable results.
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The adsorption of salt ions by charged clay minerals only explained about 20 - 25 % of

the observed salinity deviations. Incorrect salinity values in turbid water are ascribed to

a �blinding e�ect� of the conductivity sensor. Solid matter, i.e. single particles and �ocs

reduce the cross section of the virtual conductor within the measuring cell which in turn

decreases the current between the electrodes. It was also found out that the measuring

cell design had no recognisable in�uence on the observed salinity deviations.
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4.2 Sound velocity of natural sediment suspensions

and their hydro-acoustic re�ectivity

4.2.1 Abstract

Ultrasonic measurements are common and important methods in marine and coastal sci-

ences. Echo sounders have been applied on seagoing vessels since the early last century.

The in�uence of the water temperature, salinity and the depth on the sound velocity is

nowadays quite well understood while the in�uence of suspended particles is not. De-

spite this, it is well known that sediment loaded water layers can create hydro-acoustic

re�ections.

In this study, the correlation between suspended particle concentration and sound ve-

locity was investigated in the frame of laboratory, �eld and numerical experiments. The

results of the laboratory and �eld experiments revealed a negative linear correlation

between suspended particulate matter concentration and sound velocity. They also in-

dicate a correlation between the sound velocity and the size of the suspended particles.

Numerical calculations of the speed of sound in natural suspensions failed due to the

unknown mechanical and acoustical properties of the particles aggregates. Therefore,

further investigations on these parameters are suggested.

A simulation of the re�ectivity of sediment-induced interfaces within the water column

with a weak-scattering model con�rmed the assumed correlation between the acoustic

re�ectivity, the signal frequency and the width of the interface.

Key words: Sound propagation, scattering, re�ection coe�cient, acoustic impedance,

�uid mud

4.2.2 Introduction

Acoustical echos of interfaces within the water column are a known phenomenon since

the �rst half of the last century. In natural water bodies like lakes, estuaries, coastal

waters and the oceans, such interfaces normally occur between two layers of di�erent

temperature and/or salinity. Among other properties, both of them determine the den-

sity and the sound velocity and therefore the propagation of a sound wave. The discovery

that a sound wave is a�ected by a layer of di�erent temperature was the beginning of

the acoustical oceanography in 1937 (Bjørnø, 2003). Nowadays, the correlation between

sound velocity, temperature, salinity and pressure is well explored. But there are other
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parameters which can a�ect the acoustical properties of a water layer, like suspended

particles (Hoitink and Hoekstra, 2005; Jan Kowalski, 2004; Mobley et al., 1999; Temkin,

1998, 1992; McClements and Povey, 1989; Harker and Temple, 1988). This is especially

important in energetic coastal waters where high turbid layers frequently occur. Such

layers, which are a mixture of water, clay, mud and organic slime, are termed �uid mud,

if their suspended particulate matter (SPM) concentration exceeds 10 g l-1. They are

often topmost bounded by a lutocline, which is a sharp gradient of SPM concentration.

Such sediment induced interfaces can cause acoustical back-scattering which became ap-

parent with the introduction of echo sounders on ships in the 1930s (Kirby, 2013).

In general, sound waves are partly re�ected at boundaries between layers of di�erent

acoustic impedance Z :

Z = ρ · c (4.10)

where ρ is the density and c is the sound velocity. If both layers have the same acoustic

impedance, re�ections won't occur. The re�ection coe�cient R is the ratio of the sound

pressures of the re�ected wave to the incident wave. It can also be expressed by means

of the acoustic impedance:

R =
Z2 − Z1

Z1 + Z2

(4.11)

where Z1 and Z2 are the acoustic impedance of the �rst and second layer, respectively.

In addition, the acoustic backscattering ability depends on the impedance gradient, i.e.

how fast acoustic impedance changes compared to the acoustical wave length. Penrose

and Beer (1981) modelled the re�ection of an initially sharp pycnocline, which is broad-

ened by di�usion, as a function of time. During this simulation, the re�ection coe�cient

was rapidly decreasing. After a few hours it was too weak to cause detectable echoes.

Additionally, the predominant opinion in literature is that natural salinity and tem-

perature variations are not strong enough to create detectable backscattering. Hence,

Penrose and Beer (1981) assumed that the accumulation of biota in the vicinity of py-

cnoclines was responsible for the observed acoustic echos. However, Seim (1999) found

out that the sound propagation is strongly a�ected by salinity strati�cation in coastal

waters.

To simulate the re�ectivity of turbid water layers, the densities and sound velocities of

these layers are required. Whereas the contribution of SPM to the density can be easily

assessed, its in�uence on the sound velocity is not yet fully understood.

If the acoustic properties of �uid mud were known, ultrasonic measurements could be

used to characterize natural SPM suspension (Maa et al., 1997). Such methods are
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already used for industrial tasks, e.g. determination of particle concentrations in ice

slurries (Langlois et al., 2011). Knowing the scatter-ability of sediment-induced inter-

faces would also provide a way for the detection and monitoring of turbid layers near

the bottom, which is important for the managing and dredging of navigational channels

near muddy coasts. The knowledge of �uid mud deposits improves also the forecasts

of tidal models. Gabioux et al. (2005) showed that the predictions of tidal models will

better match real tide levels if �uid mud deposits are taken into account. In general, the

distribution of unconsolidated mud layers is important when trying to predict the wave

energy input on coasts, because muddy layers reduce the bottom friction of shoaling

waves.

In this study, the in�uence of SPM on the sound velocity was investigated in the frame of

a laboratory study with natural �uid mud samples of di�erent concentration. The gained

results were compared with �eld measurements and outputs of two numerical models.

Additionally, re�ectivities of real lutoclines were simulated with a weak-scattering model.

4.2.3 Methods

Laboratory measurements

In the laboratory, sound velocity measurements were done in test solutions of speci�c

SPM concentration, temperature and salinity. The SPM concentrations were set up with

natural mud samples which had been collected during a survey in the Ems estuary from

11.06.2012 to 14.06.2012. The �uid mud samples were collected with a horizontal water

sampler (HydroBios©) near the bottom. This sampler had a volume of approximately 2

l and an attached �n allowed the sampler to align in the current. The �uid mud samples

had to be desalinated before they could be used to adjust the SPM concentration of the

test solutions. The desalination was necessary because a salty mud would have distorted

the adjusted salinity in the test solutions. To desalinate the mud, a mixture of mud and

distilled water was �lled into dialysis tubes which were subsequently transferred into a

bath of distilled water. Dissolved ions were able to pass through the tube walls, driven

by the osmotic e�ect. The water of the bath was continuously exchanged to maintain a

salinity gradient between the exterior and interior of the tubes. A settling of the mud

was hindered by periodically shaking the tubes. The mixtures of water and mud were

kept in the water bath until they have reached a salinity of zero. The samples were af-

terwards concentrated by a remove of the clear excess water after the SPM had settled.

Apart from these treatments the �uid mud samples were kept in a natural state.
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Size analyses of these mud samples were done with a Beckman Coulter laser (LS 13320)

for sub-samples. A detailed description of this method and the device is given in Pa-

penmeier et al. (2014).

For the experimental runs, suspensions of di�erent SPM concentrations were adjusted

by diluting a speci�c volume of the �uid mud samples with distilled water. The salini-

ties in these suspensions were adjusted with commercial NaCl. Settling of the SPM was

avoided by mixing the suspensions with a magnetic stirrer.

The speed of sound in these suspensions were measured with a sound velocity probe of

type Echometer 1076 K by Karl Deutsch, which had a resolution and accuracy of 0.1 m

s-1.

Field measurements

The velocities of sound in �uid mud were also measured under real conditions during

the Ems survey from 11.06.2012 to 14.06.2012. For this, sound velocity pro�les were

recorded with a Reason SVP-T15 sound velocity pro�ler during slack water phases. The

pro�ler operated at a frequency of 2 MHz and had a resolution of 0.1 m s-1 and an

accuracy of 0.25 m s-1, as stated by the manufacturer. CTD (Conductivity Temperature

and Depth) pro�les were simultaneous taken to record temperature and salinity pro�les.

Water samples were additionally taken every meter of water depth. Salinities were also

measured in these water samples after the SPM had settled. Salinity measurements in

the clear excess water of the water samples provided more reliable salinity values than

the CTD measurements, since SPM can also disturb salinity measurements (see Chp.:

4.1). SPM concentrations were determined by vacuum �ltration of an aliquot of each

water sample through a glass �bre �lter (1.2 µm pore diameter).

Calculation of the velocities of sound in suspensions

The sound velocities were calculated by the use of di�erent approaches. One method was

to use the results gained during the laboratory and �eld measurements. The salinities,

temperatures and depth of the water samples collected during the survey were used to

calculate the velocity of sound in clear water with the equation of Chen and Millero

(1977). The gained results were then corrected for the SPM concentration of the water

sample with the correlation factor derived from the laboratory experiments.

In addition, two approaches for the determination of the sound speed, which were pub-

lished in literature, were used. The �rst approach was to regard the suspensions as
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homogenous media with a speci�c density and sound velocity and to neglect sound scat-

tering by the suspended particles (Hamilton, 1970). Applying this approach, which

should be valid if the particles are small in comparison to the acoustic wave length, the

velocity of sound c in a suspension of rigid particles reads (Wood, 1941):

c =

√
1

ρe�κe�
(4.12)

where ρe� and κe� are the e�ective density and compressibility of the suspension, re-

spectively. The density of a suspension was estimated with the following expression

(Gabioux et al., 2005):

ρe� = CSPM
(ρS − ρW )

ρS
+ ρW (4.13)

where CSPM is the SPM concentration, ρW is the water density depending on the salin-

ity and temperature and ρS is the density of the suspended particles. The e�ective

compressibility was calculated via (Harker and Temple, 1988):

κe� = φκW + (1− φ)κS (4.14)

where φ is the volume fraction of the suspended particles, κS and κW are the compress-

ibilities of the suspended particles and water, respectively. It was shown in chapter (4.1)

that quartz is the most frequent �uid mud mineral at the collection site, therefore the

density of quartz (ρ = 2650 kg m-3) was used for the calculations of Eq. 4.13 and 4.14.

Vsemirnova et al. (2012) modeled a seismogram of turbid bottom layer in the Farore-

Shetland Channel with this approach. The obtained results were in a good agreement

with their air-gun measurements.

The second used mathematical approach, to calculate the velocity of sound in suspen-

sions, was to regard the scattering of an acoustic wave by each single particle. In this

approach, each suspended particle responds on the incident wave as scatterer and gener-

ates a phase-shifted secondary wave, propagating in all spatial directions. The resulting

sound wave at a random point is then the superposition of the primary and all scattered

secondary waves. The scattered secondary waves will have to be taken into account, if

the acoustic wave length is in the range or smaller than the suspended particles.

In general, the scattered waves are anisotropic with amplitudes depending on the spa-

tial angle and the frequency of the incident wave. James J. Faran (1951) derived a

mathematical description for the amplitude of the secondary wave for scattering at solid
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cylinders and spheres. Mobley et al. (1999) developed a method to calculate the speed

and attenuation of a sound wave in suspensions, based on these Faran's amplitudes and

the complex wave number for multiple scattering, found out by Waterman and Truell

(1961). Mobley et al. (1999) only regarded forward scattering of the sound wave and

obtained the following expression for the sound velocity:

c(ω) =
cW

1− 2πc3W
ω3

∑
η(aq)

∑
(2n+ 1)=[Dn(ω)]

(4.15)

where cW is the sound velocity in water, ω is the angular frequency of the sound wave,

η(aq) is the number density of particles with a diameter of aq, Dn are the expansion

coe�cients and Im denotes the imaginary part. The Dn's were related to Faran's cn by:

Dn =
cn

p0(2n+ 1)(−i)n
(4.16)

where p0 is the pressure of the incident sound wave. c(ω) means that the velocity of

sound in the suspension in the dependence of on the angular frequency, i.e. the sound

propagation is dispersive in the suspensions. Faran's expansion coe�cients depend on

the acoustical behaviour of the suspended particles, i.e. the speeds of the compression

and shear waves within the scatterer. Mobley et al. (1999) achieved a good agreement

between their calculations and measurements in suspensions consisting of water and

polystyrene beats of di�erent particle size distributions.

In order to account also for a ��rst order� multiple scattering, Eq. 4.15 was expanded by

terms, expressing a single backward and subsequent forward scattering of the acoustic

wave. It then became:

c(ω) = cW ·

[
1− η2πc3w

ω3

∞∑
n=0

(2n+ 1) Im[Dn(ω)]

+
1

2

4π2c6W
ω6

(∑
q

η(aq)
∞∑
n=0

(2n+ 1) Re[Dn(ω)]

)2

−1

2

4π2c6W
ω6

(∑
q

η(aq)
∞∑
n=0

(2n+ 1) Im[Dn(ω)]

)2
−1

(4.17)

where Re denotes the real part. Again, quartz was regarded as the main scatterer for

these calculations.
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Simulation of the re�ectivity of a pycnocline

Ross and Lavery (2012) developed a weak-scattering model to simulate the re�ectivity

properties of oceanic pycnoclines. This model is an improvement of a model which was

developed for a laboratory study of a double di�use microstructure (Lavery and Ross,

2007). The model divides the interface or pycnocline of interest in several sublayers of

constant density and sound velocity. The width of such a sublayer is controlled by the

signal frequency and de�ned to be ∆ = λ/20, where λ is the wave length of the signal.

Re�ections of a sound wave occur at both sides of a sublayer, which can be calculated

using Eq. 4.11, respectively. The superposition of both part waves leads to interference

e�ects due to their di�erent path lengths. In order to account for these interferences, the

re�ected waves have to be coherently added. A detailed description of this procedure for

a three layer system is given in Brandt et al. (1996). Adding coherently the re�ectivities

of all sublayers yields the following expression for the total re�ectivity of a pycnocline

(Ross and Lavery, 2012):

Rtot =
1

2

MN∑
n=(M−1)N

Rn,n+1 exp

(
2i

n∑
m=(M−1)N

km∆

)
1 +

n∑
m=(M−1)N

∆/rscat

(4.18)

where Rn,n+1 is the re�ectivity of the interface between the sublayers n and n+1, km is

the wave number in sublayer m and rscat is the distance between the average depth of

the pycnocline and the transducer.

4.2.4 Results

Grain size distribution of the mud samples

The grain size distribution of the collected �uid mud sample together with its two-fold

standard deviation are shown in Fig. 4.9. The results showed that the mud sample

mainly consisted of the clay and silt fraction.

Sound velocity measurements in the laboratory

First of all, the results of the laboratory experiments with the synthesized �uid mud sus-

pensions were presented. The sound velocity measurements in dependence of the SPM

concentration for 8 and 21 °C and a salinity of zero are shown in lower and upper part
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Figure 4.9: Grain size distribution of the �uid mud sample. The grey area indicates the
2 fold standard deviations. The x-axis is logarithmic scaled.

of Fig. 4.10, respectively. Both curves show a clear linear decrease of the sound velocity

with increasing SPM concentration. Hence, the measurements were linearly �tted, the

corresponding regression curves are also shown in Fig. 4.10. Such experimental runs

and regression analyses were done for several temperatures and salinities. The results

indicated that salinity reduces the in�uence of SPM on the sound velocity. In the ex-

perimental runs with up to 5 g l-1 NaCl the slope of the regression lines varied between

-0.029234 and -0.040741 m s-1 (g l-1)-1, whereas it was -0.022448 or only -0.019101 m

s-1 (g l-1)-1 at NaCl concentrations of 10 and 20 g l-1, respectively. Hence, the slope of

the regression curves was milder for higher salinities. For up to 5.0 g l-1, the average

correlation factor between the SPM concentration and sound velocity was -0.034535 ±

0.003826 m s-1 (g l-1)-1. This value was quite small in comparison with the in�uence of

temperature or salinity.

Sound velocity measurements in dependence of the temperature for di�erent SPM con-

centrations (0, 0.5, 10 and 50 g l-1) are show in Fig. 4.11. The curves ran parallel and

were shifted to smaller values for higher SPM concentrations. There were no hints for

higher order dependences between SPM concentration, temperature and sound velocity,

recognizable in the run of the curves.
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Sound velocity measurements in the Ems estuary

The sound velocity pro�les which were recorded during the Ems survey in June 2012 are

presented in Fig. 4.12. A lutocline was manifested by a sharp decrease of sound velocity

in the pro�les b-e, whereas there was no lutocline recognizable in the pro�le a.

Calculated sound velocities

The results of two di�erent methods to calculate the speed of sound in suspensions are

also shown in Fig. 4.12. One set was calculated with the correlation factor of the lab-

oratory experiment and the other one was calculated by use of the two-phase model

described in Eq. 4.12. The results of both methods revealed a strong decrease of the

sound velocity near the depth of the lutocline. However, the in�uence of SPM on the

sound velocity was underestimated when applying the laboratory results and overesti-

mated by the two-phase model. Except in the cases of panel d, where both methods

provided values for the sound velocity which were higher than the measured ones.

The results of the scattering model (Eq. 4.18) are presented in dependence on the fre-

quency for di�erent SPM concentrations in Fig. 4.13. There was no dispersive behaviour

recognizable in the frequency range of 0 to 1000 kHz. The results in dependence on the

SPM concentration together with a linear �t are shown for a frequency of 100 kHz in Fig.
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Figure 4.12: Sound velocity pro�les recorded during the Ems survey in June 2012. The
measured sound velocities are compared with values calculated with the
found correlation factor and with values theoretically derived with a two-
phase model (Eq. 4.12).
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Figure 4.13: Sound velocity in dependence on the frequency for di�erent SPM concentra-
tions. The values of the sound velocity were calculated with the scattering
model described in Eq. 4.17.

4.14. The correlation was positive with a slope of 0.0521 m s-1 (g l-1)-1 and a correlation

coe�cient of 0.9999352993.

Simulations of the re�ectivities of natural lutoclines

The simulated re�ectivities of lutoclines, observed during the Ems survey in June 2012,

are present in Fig. 4.15. This �gure shows in the upper panel (Fig. 4.15.a) the maximum

re�ectivity coe�cients and the depth of the maximum re�ection in the lower panel (Fig.

4.15.b), each in dependence on the frequency. As it was seen from these results, the

re�ectivity of a sediment-induced interface depended strongly on the signal frequency

and was generally higher for lower frequencies. Constructive and destructive interfer-

ences caused oscillations which were superimposed on this general trend. For the same

reason, the depth of backscatter varied by few decimeters, meaning that signals di�er in

frequency will be re�ected at di�erent depth with di�erent strength.
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Figure 4.14: Sound velocity in dependence on the SPM concentrations for a frequency
of 100 kHz. The values of the sound velocity were calculated with the
scattering-model of Eq. 4.17.

4.2.5 Interpretation and discussion:

Laboratory experiments with adjusted �uid mud suspensions revealed a clear linear

decrease of sound velocity with increasing SPM concentration. The correlation factor

between SPM concentration and sound velocity was ascertained to be ∆c/∆CSPM =

-0.035 m s-1/ 1 g l-1, and hence signi�cantly lower than the in�uence of temperature

(∆c/∆θ 4.0 m s-1/ 1 °C), salinity (∆c/∆S 1.4 m s -1/ 1 (PSU)) or even depth (∆c/∆p

0.17 m s-1/ 1 bar).

A decrease of the acoustical wave speed was also observed in some consolidated mud lay-

ers at the sea bed, even though sound velocity is normally higher in solid matter than in

�uids. Schneider von Deimling et al. (2013) found out that gas bubbles in the mud layers

were responsible for this phenomenon. These gas bubbles usually consist of methane,

produced by bacteria under anaerobic conditions, have been observed worldwide (Robb

et al., 2006). In general, the in�uence of gas bubbles on the sound propagation depends

on the ratio of bubble size to the acoustical wave length. The wave speed is reduced

for signal frequencies below the resonance frequency of the gas bubbles, whereas it is

una�ected for signal frequencies much higher than the resonance frequency (Wilkens

and Richardson, 1998). Near the resonance frequency the sound propagation is disper-

sive (Robb et al., 2006). However, the occurrence of gas bubbles in �uid mud layers is
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implausible, since they would escape due to their buoyancy.

Calculated values of the speed of sound in suspensions didn't match with the �eld mea-

surements of the sound velocity. Di�erent methods were used to calculate the velocity of

sound in suspensions. One was to correct the velocity of sound in clear water, calculated

with the equation of Chen and Millero (1977), for the SPM concentration with the cor-

relation factor derived from the laboratory experiments. This method underestimated

the e�ect of SPM on the sound velocity, so that the obtained sound velocities were too

high. Another approach was to calculate the sound velocities with a two-phase model,

also used by Vsemirnova et al. (2012) for the simulation of a seismogram of a turbid

layers. This method overestimated the in�uence of SPM on the sound velocity, i.e. the

obtained values were too low. A third method was the application of a scattering-model.

Mobley et al. (1999) achieved good agreements between the results of this model and

measurements in a suspension consisting of water and polystyrene beads. They also

found out that the velocity of sound is dispersive in such solutions. A dispersion of

the sound velocity was not predicted by the model for the suspension examined in this

study, at least in a frequency range between 0 and 1000 kHz.

The di�erences between the calculated and the measured values of the sound velocity

were properly caused by using the mechanical properties of quartz for the computations.

Although, quartz was the most frequent mineral of the �uid mud in the Ems estuary, as

shown in chapter 4.1. In estuaries and adjacent coastal water, most of the SPM don't

consists of single dissolved minerals but of aggregates of these primary particles (Eisma,

1986). As shown by the laser analyzes the solid parts of �uid mud samples consist of

clay and silt, which are terrigenous sediments (Hayter and Mehta, 1986). These parti-

cles have a complex surface charge distribution with a negative net charge, leading to

repulsion between each other (Huang et al., 2012). Dissolved salt ions counteract this

electrical repulsion so that aggregation of the particles becomes possible (Thill et al.,

2001). Additionally, organic slime, produced by bacteria in the �uid mud, sticks single

dissolved particles together. These two processes lead to aggregation and �occulation.

The mechanical properties of the �ocs are di�erent than those of quartz, because they

are at least a two-phase system consisting of quartz minerals and organic slime. The

structure determines the mechanical properties, e.g. density and compressibility of the

mud (Kranenburg, 1994). However, their mechanical properties are generally unknown

and varying due to their various structures and sizes, which can reach values of up to

1000 µm in diameter (van der Lee, 2000). However, �occulation is an interaction between

growing and decaying processes, depending strongly on the hydrodynamic conditions,
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e.g. �ow velocity and turbulence (Safak et al., 2013; Mike², 2011; van Leussen, 2011;

Mietta et al., 2009; van der Lee, 2000). Thus, the �ocs sizes in the experimental runs

di�ered form those during the �eld measurements in the Ems estuary because of the

di�erent hydrodynamic conditions. Hence, the in�uence of �ocs in the synthetic suspen-

sions was di�erently strong compared to the in�uence of �ocs in the �uid mud layer of

the Ems estuary, because of their di�erent structures and size distributions.

If the acoustical properties of the �ocs were known, the two presented models would be

applicable. An inversion of such a model comprises the possibility to determine �uid

mud properties, e.g. SPM concentration, by measuring the sound velocity. SPM concen-

trations are normally determined by �ltration of water samples or by optical methods,

e.g. optical backscatter or laser transmission. However, all of these methods have in-

herent disadvantages: water samples can only be taken at discrete water depths and

their �ltration must be done later on in the laboratory and is time-consuming. A real-

time determination of SPM concentrations is not possible. Optical methods enable the

real-time pro�ling measurements, but the devices will be saturated in high concentrated

layers (Traykovski et al., 2000).

The simulated re�ectivities of lutoclines (Fig. 4.15.a), revealed a strong dependence

on the signal frequency. Low frequencies had higher re�ectivity coe�cients than high

frequencies. This is caused by the �nite width of natural lutoclines and pycnoclines.

Therefore, the change of acoustical impedance per wave length depends on the frequency

and gets greater the lower the signal frequency is. A lutocline becomes detectable by

hydro-acoustic methods if the ratio pscat to p inc is higher than the signal to noise ratio

of the transducer (Ross and Lavery, 2012).

Additionally, the depth of maximum backscatter was simulated with the same model.

The results showed that the echo depths also depend on the signal frequency (Fig.

4.15.b). This has to be taken into account when comparing di�erent records of a luto-

cline, taken with hydro-acoustics di�ering in signal frequency.

4.2.6 Conclusions

In this study, the in�uence of SPM on the sound propagation, particularly on the sound

velocity, were investigated. For this, results of laboratory, �eld and numerical measure-

ments were combined and compared against each other. In the �nal part, the re�ectiv-

ities of natural lutoclines, which were observed during a �eld trip in the German Ems

estuary, were simulated with a weak-scattering model. From these investigations, the

following conclusions were gained:
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1. The speed of an ultrasonic wave is reduced by the presence of SPM, which could

be observed in the �eld as well as during the laboratory measurements. The

correlation between wave speed and SPM concentration is linear.

2. The reduction coe�cient depends on the structure of the �ocs, e.g. the greater the

�ocs, the lower the acoustical wave speed.

3. Due to the unknown mechanical and acoustical properties of the mud �ocs, a

numerical calculations of the sound velocity fails. Therefore, a characterization of

suspension via the sound velocity is not yet possible.

4. The simulation of the backscattering ability of sediment-induced interfaces is pos-

sible with a weak-scattering model if the necessary parameters, i.e. sound velocity

and density are known.

5. The strength of the echo depends on the width of the lutocline as well as on the

signal frequency. The same applies for the depth of strongest echo.

Therefore, further investigations on the acoustical properties of natural muds and �ocs,

e.g. the development of a scattering-model for �ocs, are recommended. An inversion of

such a model would yield the ability to derive �uid mud properties, like SPM concentra-

tions and grain-size distributions, from sound velocity measurements. This would allow

the online determination of these parameters even in high concentrated layers, where

conventional optical method break down.
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4.3 Summary and conclusion of chapter 4

In this chapter, the deployment of some common oceanographic methods in turbid water

layers were examined. Firstly, the performances of electric conductivity sensors in turbid

waters were investigated. For this, suspensions of di�erent SPM concentrations and

salinities were set up in the laboratory. Salinities of these suspensions were measured

with two devices with di�erent cell design. The measured salinity values were compared

with reference run measurements in clear water. The absorption of salt ions by clay

minerals was additionally analysed.

Secondly, the re�ection of sound waves at sediment-induced interfaces within the water

column was examined. This study consisted of two parts: the investigation of the

in�uence of SPM on the sound velocity and the hydro-acoustic re�ectivity of lutoclines.

The �rst part comprised experiments, carried out in the laboratory and in the �eld, as

well as calculations with di�erent mathematical approaches. The second part implied

the simulations of the acoustic re�ection coe�cients of natural lutoclines.

The following conclusions were drawn from the two validation studies:

� SPM concentrations above 10 g l-1 disturbed conductivity-based salinity measure-

ments in a way that the recorded salinity values were lower than the adjusted

salinities.

� The di�erences between measured and adjusted salinities increased proportionally

to the SPM concentrations. A deviation of up to 30 % was observed at a SPM

concentration of 300 g l-1.

� Care should be taken when interpreting salinity values which were measured in

turbid water layers.

� More accurate salinity values will be obtained, if conductivity is measured in col-

lected water samples after SPM has been settled.

� The in�uence of SPM on salinity measurements may be neglectible for concentra-

tions below 10 g l-1, depending on the requested accuracy. This should be the case

for most measurements on the shelf and especially in the open oceans, since the

SPM concentrations there are clearly below 1 g l-1.

� Adsorption of salt ions by charged clay minerals were responsible for about only

20 - 25 % of the observed salinity deviations.
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� Erroneous salinity measurements in �uid mud layers were ascribed to a �blinding�

of the sensor by the SPM: The dissolved solid particles and the agglomerations of

single particles decreased the cross section of the virtual conductor between the

measuring electrodes. This resulted in a lower electrical current �ow, which was

mistaken as a lower conductivity, and congruously as a lower salinity.

� The cell geometry had no recognisable e�ect on the observed error.

� SPM a�ected also the sound propagation in �uids. The velocity of sound in water

decreased with increasing SPM concentration. This e�ect could be observed in the

laboratory as well as in the �eld.

� A linear correlation factor between sound velocity and SPM concentration was

derived from the laboratory measurements. It amounted to -0.035 m s-1 (g l-1)-1.

� SPM had a higher in�uence under natural conditions, meaning that the sound

velocity was stronger reduced by SPM in the �eld than in the laboratory. Values

of the sound velocity calculated with the laboratory correlation factor didn't match

the values measured in the �eld.

� The correlation factor between the velocity of sound in �uids and the SPM con-

centration most probably depends on the size and structure of the agglomerated

particles.

� A published weak-scattering model could be adapted to simulate re�ection coe�-

cient of natural lutoclines.

� The echo strength as well as the depth of the most pronounced echo depended on

the lutocline width and on the acoustic wave length. In general, the echo strength

was higher for lower frequencies. The depth of the most pronounced echo varied

with the frequency by several decimeter.
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Ems estuary

In this chapter, the studies concerning the IWs in the Ems estuary are presented. Special

focus was placed on the processes leading to IW generation and breaking, as well as on

the contribution of IWs to vertical exchange.
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5.1 Generation and evolution of high-frequency

internal waves in the Ems estuary, Germany1

P. Helda, K. Schrottkea, A. Bartholomäb

a Cluster of Excellence �The Future Ocean�, Institute of Geosciences at Kiel University, Otto-Hahn-Platz 1, 24118 Kiel,

Germany

b Senckenberg Institute, Department of Marine Research, Südstrand 40, 26382 Wilhemshaven, Germany

5.1.1 Abstract

The breaking of internal waves (IWs) is one of the most important factors for the vertical

mixing of suspended sediments and nutrients in estuaries. Information on the generation

and evolution of IWs in such environments is therefore required to better understand

their physics and related processes of sediment transport. New data on highly resolved

IWs recorded in the turbidity maximum zone of the Ems estuary (Germany) have pro-

vided new insights into the dynamics of estuarine IWs.

To investigate the generation and evolution of IWs as well as their contribution to ver-

tical mixing, a variety of hydro-acoustic devices was deployed in combination with a

vertical sampling of suspended particulate matter. Wave parameters such as signi�cant

wave height, wave frequency, wave length and steepness were computed from these data.

The hydro-acoustic data reveal the formation of a prominent lutocline during slack water,

at which IWs begin to be generated with the onset of tidal forcing. The two water bodies,

which are characterised by markedly di�erent suspended sediment concentrations, show

clear di�erences in �ow behaviour. As a consequence of current shear along the lutocline,

Kelvin�Helmholtz instabilities are generated, which then produce IWs. The IWs break

when high shear stresses between the two layers are coupled with great wave steepness,

and the breaking causes vertical mixing of the sediment. Most IW breaking events occur

during the decelerating ebb phase and thereby promote downstream sediment transport.

1This article was published in Journal of Sea Research, 2013, Vol. 78, p. 25-35
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5.1.2 Introduction

Internal Waves

Internal waves (IWs) are a common phenomenon in strati�ed �uids (Adams Jr. et al.,

1990). Strati�cation is ubiquitous in natural �uids and occurs in lakes, rivers, oceans,

coastal seas (e.g., estuaries) and in the atmosphere, being caused by variations of �uid

density with depth. Fluid density can change either progressively due to gravity and

the resultant hydrostatic pressure of the overlying �uid layer or abruptly at pycnoclines,

which are interfaces between �uid layers having di�erent densities. Because density,

among others, depends on temperature, salinity and the concentration of particulate

matter (SPM), the abrupt change of one of these variables can result in the formation of

a pycnocline. In correspondence with these two types of strati�cation, two types of IWs

can be distinguished. In continuously strati�ed �uids, IWs propagate at a certain angle

to the vertical (LeBlond, 2002). In this case, the highest attainable wave frequency is

the corresponding Brunt�Vaisala frequency (N):

N =

√
−g
ρ

∂ρ

∂z
(5.1)

where g is the acceleration due to gravity, z is the height of the water column, and

ρ is the density. At a pycnocline, by contrast, the density gradient ∂ρ/∂z approaches

in�nity. IWs propagating along pycnoclines can therefore have arbitrary frequencies and

can be characterised by the following dispersion relation:

ω2 = gk
ρ2 − ρ1

ρ2 coth(kd2)− ρ1 coth(−kd1)
(5.2)

where k is the wave number and ρ1, ρ2 and d1, d2 are the densities and depths of the

upper and lower layers, respectively. Surface gravity waves are a special case of IWs

because air is a �uid of negligible density. Setting ρ1 to zero yields the corresponding

dispersion relation for surface waves.

IWs in natural waters occur within a wide range of periods (Adams Jr. et al., 1990). Due

to smaller density di�erences between two adjacent water layers, IWs can attain higher

amplitudes than waves at the water surface (Rao et al., 2010). Several mechanisms of

IW generation are known, the most important being tide�topography interactions (e.g.

D'Asaro et al., 2007; Nakamura and Awaji, 2001), wind (e.g. Vilibi¢ et al., 2004), sur-

face waves (e.g. Maxeiner and Dalrymple, 2011; Traykovski et al., 2000), shear instability
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(e.g. Wang, 2006), decelerating river plumes, and resonance e�ects (Baines, 1995). A

concise treatment of IW generation caused by �ows over topography, decelerating river

plumes and resonance e�ects can be found in Groeskamp et al. (2011).

Highly concentrated near-bed sediment suspensions (�uid mud), which are generally

composed of �ne-grained particles and organic matter, often occur in estuaries and

other energetic coastal waters. In these environments, suspended sediment concentra-

tions (SSC) can reach tens to hundreds of g l−1 and thicknesses of up to several metres,

as, for example, recorded in the Weser estuary by Schrottke et al. (2006). A generally

accepted SSC for the transition from water to �uid mud is 10 g l-1 (Kineke and Stern-

berg, 1995; Kirby, 1988; Manning et al., 2010; McAnally et al., 2007; Ross and Mehta,

1989). Fluid mud is often associated with a strong SSC gradient (McAnally et al., 2007),

known as a lutocline. A lutocline is also a pycnocline, as �uid mud has a higher density

than water. IWs propagating along a lutocline can achieve amplitudes of several metres

(Traykovski et al., 2000).

Vertical mixing is an important process for the exchange and transport of nutrients and

sediments. In general, vertical mixing is inhibited or at least reduced by a stable strat-

i�cation (Bouruet-Aubertot et al., 2001). In such stably strati�ed systems, turbulence

and, hence, vertical mixing can be caused by breaking IWs (D'Asaro et al., 2007; Wang,

2006). IWs are therefore a major mechanism for vertical mixing in the ocean interior

(Birch and Sundermeyer, 2011). In the case of estuaries, IWs seem to play an essential

role in SPM dynamics. However, very few studies to date have been able to document

the generation and breaking of IWs in turbid estuaries at a high temporal and spatial

resolution.

In this paper, high-resolution hydro-acoustic records of a lutocline in the Ems estu-

ary, Germany, are presented. These records show the generation, growth and breaking

of IWs. On basis of these data, and together with simultaneous SSC and �ow speed

measurements, parameters such as wave height, wave steepness and shear stress were

calculated to document the dynamics of an estuary a�ected by IWs.

Regional setting

The coastal-plain estuary of the river Ems is located at the North Sea coast of north-

western Germany, close to the Dutch border (Fig. 5.1). The estuary can be subdivided

into a lower funnel-shaped section between Pogum and the open North Sea, which also

includes the adjoining Dollart tidal basin, and an upper channelised section between Her-

brum and Pogum. The estuary has been highly impacted by human activities related
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to economic development. Repeated dredging of the mainnavigation channel is needed

to maintain a navigable depth of at least 5.7 m at a low-water spring tide (Schuchardt

et al., 2007). The bathymetry of the river thus continuously changes in space and time

(Chernetsky et al., 2010). The Ems estuary falls within the upper mesotidal category

controlled by semidiurnal tides, with a marked spring-neap tidal cyclicity. The tide-

in�uenced section has a length of approximately 100 km, stretching downstream from

the island of Borkum to the weir at Herbrum (Spingat and Oumeraci, 2000). The es-

tuary is �ood-dominated (de Kreeke et al., 1997), with a mean tidal range of 2.25 m

near Borkum and 3.1 m at Emden (de Jonge, 1992; van Leussen, 1999). Jens Jürgens

and Norbert Winkel (2003) report a maximum tidal range of 3.8 m. It is a partially

mixed estuary (van Leussen, 1999), the salinity decreasing from approximately 30 to 1

over the 60 km distance between Borkum and Leer (de Jonge, 1992). Upstream from

Leer, brackish water conditions can only be found during low-water slacks and low river

discharge (Spingat and Oumeraci, 2000). Depending on the literature source, strong

temporal variations in river discharge are indicated (de Jonge, 1992), ranging from 25

to 380 m3s−1 (van Leussen, 1999) to 30 to 300 m3s−1 (de Kreeke et al., 1997).

Accordingly, the current velocities in the Ems are highly site-speci�c and variable, but

generally decrease slightly downstream from a maximum of 1 m s−1 during times of high

river discharge (Spingat and Oumeraci, 2000).

The Ems estuary is well known for its high SPM concentrations, which have dramati-

cally increased over the recent decades, as already reported by de Jonge (1983). SSCs

of up to 1.6 g l-1 have been reported by Wurpts (2005). The estuary exhibits a well-

developed turbidity maximum zone (TMZ) that extends over a distance of more than

60 km (de Kreeke et al., 1997). Fluid mud is regularly observed throughout the TMZ

during slack water, but it varies in spatial distribution and thickness. Talke et al. (2009)

observed 1�2-m-thick �uid mud deposits in the upper estuary, with SSCs of 10�80 kg

m-3.

5.1.3 Measurements and methods

Measurement setup

Water depths and �uid interfaces within the water column were recorded using the

parametric Sediment Echo-Sounder SES-2000® standard of Innomar Technology GmbH

(Rostock, Germany). This device has a high vertical resolution (<6 cm) and accuracy,

e.g., 100/10 kHz: 2/4 cm +0.02% of the water depth (Wunderlich and Müller, 2003).
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Figure 5.1: Map of the Ems estuary together with the mooring position of RV
Senckenberg.
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Both the primary frequency of 100 kHz and a selected secondary frequency of 12 kHz

deliver the most accurate depth information. Due to its higher sensitivity to small

changes in acoustic impedance, the high-frequency channel was used to extract the depth

of the �rst pronounced interface. The water depth (distance from the water surface to

the consolidated riverbed) was measured at the 12 kHz frequency because of its lower

attenuation in turbid water. The transducer was �rmly mounted on the portside of the

research vessel at a depth of 1.6 m below the water surface. Ship movements (heave,

roll, pitch and heading) were compensated for by a motion sensor (Seatex® MRU-6).

A Seabat 8125 multibeam echo-sounder (MBES) by Reson�, with a working-frequency

of 455 kHz and 256 beams, was used to detect the lutoclines. The MBES transducer was

installed on the same mounting pole as the SES, but at a water depth of 1.8 m. According

to the manufacturer, the MBES achieves a depth resolution of 0.06 m. Ship movements

were compensated for by using an Octans� Surface (IXSEA OCEANO) gyrocompass

and motion sensor.

An RDI-Teledyne� 1200 kHz Workhorse Acoustic Doppler Current Pro�ler (ADCP) was

used to measure the �ow speed. The ADCP was installed in a rigid frame attached to

the starboard side of the vessel at a depth of 1.35 m below the water surface. A 0.25

m cell size with a blanking-zone of 0.50 m was selected for the ADCP measurements.

Ensembles of �ow speed and direction were provided at time intervals of 2.33 s. The

standard deviation of the measured �ow speeds was 0.129 m s-1.

A horizontal water sampler (HydroBios©) with a sampling volume of approximately 2

l was used to collect water samples. A �n aligned the water sampler with the current.

Water samples were taken 1 m above the consolidated riverbed and 1 m below the water

surface six times. The SSC values were extracted as dry masses per unit water volume.

For this purpose, an aliquot of each water sample was vacuum �ltered through glass

�bre �lters having a pore diameter of 1.2 µm.

Mooring position

Stationary measurements were taken in the channelised section of the Ems estuary at

53°14'10.0�N, 007°23'50.6�E (Fig. 5.1). This position is in the freshwater zone of the Ems

estuary. During the measurements, the research vessel (RV Senckenberg) was moored

between two piles on the western side of the navigation channel, with the bow facing in

the upstream direction.

The measurements were taken from 2051 UTC 3 September 2008 to 0255 UTC 5 Septem-

ber 2008. Starting with a �ood tide, three �ood and two ebb tidal cycles were covered
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by the measurements. The previous spring tide occurred on 30 August and the following

neap tide on 7 September 2008. During the measurement period, the mean river dis-

charge at Versen was 38.7 m3s-1 (source: Wasser- und Schi�fahrtsamt Meppen/2012).

A second dataset was collected from 1500 UTC 18 June 2007 to 1129 UTC 19 June 2007,

covering two ebb and one �ood tidal cycles. The previous spring tide occurred on 15

June and the following neap tide on 22 June 2007. The mean river discharge was 60.8

m3s-1 (source: Wasser- und Schi�fahrtsamt Meppen/2012).

Data analysis

The depth of the lutocline was extracted from the SES records by means of the capture

mode of the SES software ISE 2.9. This method implies an estimated error for the depth

values of approximately ±0.1 m. The MBES signal is re�ected directly by the lutocline.

The time series of SES and MBES are both averaged over 1 s.

A Fast Fourier Transformation (FFT) was applied to the data to extract the frequencies

of interface undulations. For this computation, the freely available C library FFTW

(Fastest Fourier Transformation in the West; (Frigo and Johnson, 2005)) was used. An

interval of 1024 sampling points was chosen for the FFT. Due to the previous averaging,

this corresponds to an interval length of 1024 s, with an error for retrieved frequencies

of ∆f = 1/1024 s = 0.0010 s-1. Noise and linear trends in the signal were removed by

applying a bandpass �lter. After each FFT, the interval was shifted by a time step of

600 s.

The signi�cant wave height was calculated from the vertical displacements of the inter-

face visible in both the SES and MBES records. The signi�cant wave height is de�ned

as the average of the highest one-third of waves recorded over a certain time interval. In

this study, a time interval of 10 min was chosen.

The wave steepness, which is the ratio of the height to the length of a wave, was also

calculated from the SES time series. Whereas wave heights could be directly measured,

wave lengths had to be calculated using the dispersion relation because the vessel was

moored at a �xed position. For this purpose, the current speed U had to be implemented

in Eq. 5.2. The dispersion relation then becomes:(
2π

T
± 2π

λ
U

)2

= g
2π

λ

ρ2 − ρ2
ρ2 coth(2π

λ
d2)− ρ1 coth(−2π

λ
d1)

(5.3)

where T is the wave period, here taken as the time between the passage of two adjacent

wave crests in the SES records. The densities ρi are estimated via the bulk density
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relation:

ρ = ρW + SSC

(
1− ρW

ρS

)
(5.4)

where ρW is the density of water and ρS = 2650 (g l -1) is the sediment density (Guan

et al., 2005). For this estimate, the SSCs of all samples from one layer were averaged.

Flow velocities were retrieved from the ADCP measurements. Several di�culties can

arise when using ultrasonics in �uid mud, e.g., multiple scattering and attenuation of

sound. Gratiot et al. (2000) showed in a laboratory study that multiple scattering of

the signal in �uid mud did not invalidate velocity measurements of an acoustic Doppler

velocimeter with a working frequency of 5 MHz because the multiple scattered echo is

attenuated so much that it is below the threshold of the receiver. These experiments

were carried out for SSCs ranging from 20 g l-1 to 200 g l-1. Although a di�erent

working frequency was used in this study, it was assumed that the ADCP measurements

were similarly reliable or, at the very least, gave a reasonable estimation of �uid mud

movement. Variations in the speed of sound with depth do not a�ect measurements

of the horizontal component of the �ow velocity because changes in sound speed and

the refraction of the signal compensate each other. From the ADCP measurements,

the depth-averaged �ow speed, i.e., the average of the horizontal velocity components in

each cell over the covered part of the water column, was calculated. To compare the �ow

behaviour of water and �uid mud, the mean �ow speeds of the two layers were computed

separately. Oscillations in the depth averaged �ow speed were also subjected to Fourier

analysis. For this purpose, 512 sampling points (corresponding to a time interval of

1193 s) were used for each FFT interval to achieve a similar temporal resolution as for

the SES and MBES data. Here, the error of retrieved frequencies was ∆f=1/(2.33*512

s)=0.0008 s-1. Again, the FFT was repeated every 600 s of the time series, the extracted

frequencies being subsequently bandpass �ltered.

The frequency spectra of the MBES, SES and ADCP time series were compared to ensure

that the oscillations found in the di�erent time series were comparable and caused by

the same phenomenon. Therefore, each frequency spectrum was searched for the three

highest peaks. The best-matching peaks of two frequency spectra were then compared.

The �ow behaviour of the combined water-�uid mud system was estimated via the

Froude number, which, for a two-layer �ow, reads (Dalziel, 1991):

G2 = F 2
1 + F 2

2 = 1 +
d1 + d2
d1d2g′

c+c− (5.5)
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where g' is the reduced gravity g′ = g(ρ1 − ρ2)/ρ2, c+ and c− are the phase speeds of a

long IW propagating in either the upstream or downstream direction. The phase speed

in a two-layer system is (Baines, 1995):

c± =
u1d2 + u2d1
d1 + d2

±
(
g′d1d2
d1 + d2

)1/2(
1− (u2 − u1)2

g′(d1 + d2)

)1/2

(5.6)

where u1 and u2 are the �ow speeds of the upper and lower layers, respectively. If c−
vanishes, G2 = 1 and the �ow becomes critical.

5.1.4 Results

Suspended sediment concentration

During the survey of 2008, the SSCs measured 1 m below the surface varied between

0.491 ±0.002 g l-1 and 2.21 ±0.02 g l-1 (mean 1.49 g l-1). In comparison, the SSCs

measured 1 m above the consolidated riverbed varied between 23.2± 0.8 g l-1 and 88.2

±3.0 g l-1 (mean 57.5 g l-1). The SSCs near the bottom were thus substantially higher

compared with those in the upper water column. Based on this �nding, the water column

could, at the very least, be subdivided into an upper and a lower water layer, the values

for the latter indicating the presence of �uid mud.

Fluid interface and internal waves

The occurrence of an interface within the 8�11 m deep water column is re�ected in both

the SES and MBES data sets. The depth of the interface below the water surface varies

from 4 to 6 m. For most of the time, undulations and wave-like features can be observed

at this interface. Only during high-water slacks is the interface smooth, apart from a few

isolated wave packets. Such wave groups consist of three to four wave crests that are led

by the highest wave with subsequent waves successively decreasing in height. The wave

period is approximately 60 s. Before and after the passage of such wave packets, the

interface is smooth. With the onset of the ebb current, the interface becomes disturbed

and small undulations appear on the interface. These undulations grow in size with

increasing current speed and eventually develop into wave-like structures. Signi�cant

wave heights of these IWs are shown in Fig. 5.2a. Maximum signi�cant wave heights of

0.75 m, temporarily reaching 1.3 m, occur approximately 3 h after a high-water slack tide.

Thereafter, the wave heights progressively decrease to approximately 0.3 m (Fig. 5.2a).

During decelerating ebb currents, it was possible that the interface could temporarily

84



5.1 Generation and evolution of high-frequency internal waves in the Ems estuary, Germany

not be clearly detected in the SES or MBES time series. At these times, the upper layer

becomes highly turbid and the interface vanishes in the SES data, as shown in Fig. 5.3.

Altogether, 110 such events were identi�ed in the SES time series (Fig. 5.2b, marked

with black diamonds) of the 2008 survey. In the time series of 2007, by contrast, 146

such events were found (Fig. 5.4, marked with black diamonds).

Around low-water slack tides, the interface is no longer detectable. With increasing

�ood tide, wave heights again increase, with maximum signi�cant wave heights occurring

approximately 1 to 1.5 h after low-water slacks. After peaking, the wave heights again

decrease and eventually disappear at high-water slack tide.

Frequencies of internal waves

The frequencies of IWs are shown in Fig. 5.5 for the time after low-water slack tide at

2135 UTC 3 September 2008 and for the time after high-water slack tide at 0315 UTC

4 September 2008. There are some di�erences in the evolution of the IWs after high-

and low-water slack tides. Until 20 min after high-water slack tide, there is almost no

energy in the frequency spectrum, the interface over this time interval being smooth.

With the onset of tidal �ow, low-frequency undulations develop �rst, accompanied by a

slight tilting of the interface. With time, the energy increases and is distributed almost

equally over the complete frequency range. Even 110 min after high water, no prominent

peaks are visible in the frequency domain (Fig. 5.5c). The IW �eld consists of several

superimposed waves with di�erent periods.

During �ood tide, by contrast, the frequency spectra look quite di�erent. Thus, 20 min

after the low-water slack tide, the highest peaks appear at low frequencies (Fig. 5.5d),

indicating the presence of long-period undulations on the interface. At 120 min after

low-water slack tide, four clearly de�ned peaks are visible (Fig. 5.5f). The undulations

on the interface now mainly consist of four di�erent IW systems. This means that the

IWs show a more regular pattern during the �ood tide compared with the ebb tide.

Wave steepness

For the calculation of wave steepness, it is assumed that IWs propagate in the down-

stream direction. This assumption is based on the observation that IWs are �rst gen-

erated during the ebb tide. The results of these calculations are shown in Fig. 5.2a.

Around the high-water slack tide, the wave steepness is zero because there are no waves.

Increasing wave heights are then associated with increasing wave steepness. During the

ebb phase, the steepest waves appear before the highest ones, whereas during the �ood
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Figure 5.2: Signi�cant wave heights retrieved from SES data (solid line) and MBES data
(dot�dashed line) together with the calculated wave steepness (dashed line).
The peaks of signi�cant wave heights during the �rst HWS in a) are caused
by trains of internal soliton waves. b) Tidal curve of the depth-averaged �ow
speed showing the observation times of IW breaking (black diamonds) in the
period from 3 to 5 September 2008.
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Figure 5.3: An example of IW breaking as seen on an SES record over a time sequence
of 120 s. Wave motions on the lutocline are visible in the left part, whereas
the whole water column is turbid and the lutocline has disappeared in the
right part.

Figure 5.4: Depth-averaged �ow speed showing the observation time of IW breaking
(black diamonds) in the period from 18 to 19 June 2007.
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Figure 5.5: Spectra of 1024 s long sections of SES records of the lutocline for di�erent
times after high-water slack (HWS) (a, b, c) and after low-water slack (LWS)
(d, e, f).
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phase, the highest waves coincide with the steepest ones. The steepest waves, with a

height to length ratio between 0.035 and 0.04, appear approximately 1 h after the low-

water slack tide. Another peak in wave steepness occurs in the second half of the �ood

tide.

Flow speeds

At �rst, a �ood-current dominance is clearly visible in the depth-averaged horizontal �ow

speeds (Fig. 5.2b). With maximum speeds of approximately 1.20 m s-1, the �ood current

is stronger than the ebb current, which reaches maximum speeds of approximately 0.85

m s-1. While the �ood current increases faster than the ebb current, it is of shorter

duration (340 min) than the ebb current (390 min). Furthermore, the low-water slack

period is shorter than the high water-slack period.

The depth-averaged �ow speed is marked by persistent oscillations (Fig. 5.2b). These

oscillations occur over almost the complete tidal cycle but are more frequent after the

strongest ebb current when they are very prominent for approximately 4 h. A second

oscillation event occurs during the decelerating �ood phase, which, however, persists for

only approximately 1.5 h.

Current speeds are not uniform throughout the water column, as is demonstrated in Fig.

5.6 by the mean horizontal �ow speed of the layer above the interface and that below.

Di�erences in the �ow speeds of the two layers can be distinguished in the course of a

tidal phase. Starting at low-water slack tide, both layers are at rest. With the onset of

the �ood tide, they start to �ow simultaneously in the upstream direction with similar

�ow speeds (dashed line in Fig.5.7b). Then, 45 min before the �ood current peaks, the

upper layer is temporarily overtaken by the lower one (dot-dashed line in Fig. 5.7b).

Approximately 1.5 h after peak �ow, the speed of the lower layer decreases more rapidly

and remains lower than that of the upper one. At the high-water slack, tide both layers

are at rest again. With the onset of the ebb tide, the upper water layer begins to �ow

downstream ahead of the lower one (Fig. 5.6) and also �ows faster throughout the ebb

tide (dashed line in Fig. 5.7a).

Another interesting feature is revealed when the �ow directions of the two layers are

considered. At times of marked oscillations in the �ow speed, the two layers temporarily

�ow in opposite directions (dot�dashed line in Fig.5.7 a).
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Figure 5.6: Flow speed of �uid mud (dot�dashed line) and upper water layer (solid line)
in the period from 3 to 5 September 2008. Gaps indicate time intervals
without data.
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Figure 5.7: a) Selected pro�les of horizontal �ow velocity, HWS, at 0315 UTC 4 Septem-
ber 2008 (solid line), HWS + 45 min (dashed line) and HWS + 210 min
(dot�dashed line). b) LWS at 2135 UTC 3 September 2008 (solid line), LWS
+ 45 min (dashed line) and LWS + 75 min (dot�dashed line).
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Figure 5.8: Water depth (solid line) and Froude number (dot�dashed line), showing times
of sub- and supercritical �ow in the period from 3 to 5 September 2008.

State of �ow

The Froude numbers for the two-layer system relative to the tidal phase are shown

in Fig. 5.8. During the ebb tide, the mean Froude number is 0.7, which means that

the �ow remains subcritical. Only at approximately 2.5 h after high-water slack tide

does the Froude number temporarily reach nearly 1, indicating a brief critical state of

�ow. During the �rst half of the �ood tide, by contrast, the �ow is supercritical, which

indicates that the �ow crosses the critical regime twice in the course of a tidal cycle.

Frequency peaks of the FFT

The frequencies of interface undulations computed by the FFT from both the SES and

MBES times series are in good agreement with each other (Fig. 5.9). The mean fre-

quency deviation is 0.0005 s-1. When the IW frequencies are compared with the fre-

quencies of the oscillations of the depth-averaged current speed (Fig. 5.10), they again

match quite well, with the mean frequency deviation being 0.0006 s-1.

92



5.1 Generation and evolution of high-frequency internal waves in the Ems estuary, Germany

Figure 5.9: Scatterplot of IW frequencies extracted from SES (x-axis) and MBES (y-
axis) time series.

Figure 5.10: Scatterplot of IW frequencies extracted from SES time series (x-axis) and
depth-averaged �ow speeds of the ADCP data (y-axis).

93



5 Evolution of internal waves in the Ems estuary

5.1.5 Interpretation and discussion

At the measuring site in the fresh-water region of the Ems estuary, water strati�cation

is caused by strong SSC gradients in the water column. Mean SSCs of 57.5 g l-1 within

the lower layer indicate the presence of �uid mud with a thickness of several metres.

The interface detected by the di�erent hydro-acoustic systems can therefore be de�ned

as a lutocline. The thickness of the �uid mud layer varied between 2 and 5.5 m during

the measurement period.

Unfortunately, the lutocline was not continuously detected over the measuring period

because it temporarily disappeared during the ebb tide when the �uid mud was mixed

into the upper layer (Fig. 5.3). Additionally, no signal was received from the lutocline

at low-water slack tide, most likely because the transducers of the SES and MBES were

submerged in the �uid mud layer. Under such conditions, it is impossible to acoustically

detect the lutocline.

From the data, it can be shown that oscillations of the depth-averaged �ow speed and

high IWs occur at the same time and with the same frequencies (Fig. 5.10). From this

result, it can be concluded that �uctuations in the �ow speed are caused by IWs. This

assumption is consistent with the observations of (Adams Jr. et al., 1990), who also

found that IWs were present in his velocity records.

Internal wave evolution

Ws �rst develop on the lutocline shortly after high water when the shear stress between

the upper water layer and the �uid mud begins to increase. Approximately 1 h after

the high-water slack, signi�cant wave heights of 0.2�0.3 m are reached. A nearly critical

�ow is reached 2.5 h after the high-water slack tide. The highest IWs appear after the

maximum ebb �ow. At this time, the vertical shear remains nearly constant, and the fully

developed wave �eld consists of several waves with di�erent wave periods (Fig. 5.5a).

Because the IWs develop before the �ow becomes near-critical, it is concluded that the

observed IWs are generated by excitation through Kelvin�Helmholtz instabilities rather

than resonant �ow conditions. This conclusion is supported by the fact that the IWs

described in the literature that are generated by resonance are actually solitons, e.g., the

IWs observed by Silva and Helfrich (2008) in the Race Point Channel (Gulf of Maine,

USA) and by Groeskamp et al. (2011) in the Marsdiep channel (The Netherlands). In

contrast, the IWs described in this study are generated by shear stresses between two

�uid bodies. The IWs in the Ems estuary also di�er from others observed in coastal
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areas where they were mostly generated by the interaction of currents with topography

(D'Asaro et al., 2007; Silva and Helfrich, 2008; Leichter et al., 2005; Nakamura and

Awaji, 2001; Rao et al., 2010; Vilibi¢ et al., 2004; Wang, 2006). Adams Jr. et al. (1990)

also actually observed high-frequency Kelvin�Helmholtz billows superimposed on longer

IWs. The long IWs in that case were generated in the lee of an obstacle, whereas

the Kelvin�Helmholtz billows were generated by shear stresses at the crests and in the

troughs of the long IWs.

The process of IW generation by tidal currents described in this study is similar to that

of surface gravity waves, which are the product of interfacial shear instability (Miles,

1957). At �rst, small undulations (ripples) are produced by wind-induced stresses on

the surface. Wind waves then progressively develop due to the continued interaction

between wind and these initial ripples. The highest waves occur shortly after the wind

forcing ceases. The fully developed wind seas consist of several waves with di�erent wave

periods.

The slight decrease in wave height towards low tide and the short duration of the low-

water slack tide are evidence of the presence of undulations on the lutocline during slack

water. IWs with signi�cant wave heights of 0.3�0.4 m most likely propagate on the

lutocline at the low-water slack tide. These IWs increase in height by 0.1�0.2 m during

the following �ood tide. Vertical shear stresses are negligible because both �uid layers

have a similar velocity at that time. Maximum signi�cant wave heights coincide with

maximum �ood currents. The MBES records show that the crests and troughs of the

IWs are oriented nearly perpendicularly to the mean current direction. Four prominent

peaks are visible in the frequency spectrum after the maximum �ood current (Fig. 5.5f),

which corresponds to a wave �eld essentially consisting of four wave systems, as it is

more regular than the one found during the ebb tide. Signi�cant wave heights decrease

after the maximum �ood current and, with the exception of some isolated wave packets,

the IWs disappear from the lutocline when high-water slack tide is reached. As the

�ow passes from the subcritical to the supercritical regime before and after the time of

maximum �ood current, there is a possibility that IWs are generated by resonance at

those times. The wave packets, in turn, only occur during high-water slacks and, on

account of their progressive decrease in height, are interpreted as solitons that may have

been generated as lee waves behind an obstacle somewhere else in the estuary.
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Internal wave breaking

The lutocline temporally disappears from the hydro-acoustic records at several time

intervals. As seen in the SES records, the lutocline during these time intervals rises

towards the surface and �nally breaks up (Fig. 5.3). These events are interpreted as

IW breaking because �uid mud is mixed into the upper water layer; this also becomes

visible at the water surface in the form of highly turbid clouds.

As shown in this study, high and steep waves with signi�cant wave heights over 0.4 m

and large shear stresses between two �uid layers are common conditions favouring the

breaking of IWs. This phenomenon mainly occurs during ebb tide, when the ebb current

is in the phase of deceleration. In addition, breaking events are also observed during

the �ood tide, i.e., approximately 45 min before it reaches its maximum speed and

approximately 2.5 h before the high-water slack tide. Similar signi�cant wave heights,

wave steepness and vertical shear stresses are observed in all occasions when IW breaking

takes place. Nevertheless, signi�cantly fewer IW breaking events are observed during

�ood tides than ebb tides. It seems that the occurrence of breaking IWs is correlated

with the thickness of the upper water layer. During the �ood phase, the thickness of the

upper layer is 6 m or more, whereas it is 5 m or less during the decelerating ebb tide.

A correlation between the occurrence of IW breaking and the thickness of the �uid mud

layer was not observed.

Fluid mud is mixed into the upper water layer when IWs break. After being mixed into

the upper �uid layer, the sediment is transported within this faster �owing layer. IW

breaking is hence linked with vertical mixing and the initiation of sediment transport. As

more IW breaking events are observed during the ebb tide, the net sediment transport

triggered by IW breaking is in the seaward direction.

5.1.6 Conclusion

SC and SES records show the presence of a lutocline in the river section of the Ems

estuary. The lutocline de�nes the interface between the 2 to 5.5-m-thick layer of �uid

mud and the overlying water column. The two layers show di�erent responses to tidal

forcing.

In this study, the behaviour of the lutocline in the course of a tidal cycle was investi-

gated by the deployment of three di�erent hydro-acoustic devices in combination with

the collection of water samples from di�erent water depths. All three devices revealed

the same phenomenon. From the data, it can be concluded that the IWs observed in
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this study are generated by the di�erential e�ect of vertical shear stresses across the

lutocline.

In the Ems estuary, IWs are generated by shear instabilities along the lutocline during

the ebb current phase. Signi�cant wave heights of up to 1.3 m are reached. The IW �eld

is more regular during the �ood tide than during the ebb tide. Around the high-water

slack tide, the lutocline is essentially smooth, whereas IWs are most likely still present

on the lutocline during the low-water slack tide.

IW breaking is observed during both ebb and �ood tide, but mainly during the decel-

erating ebb phase. The preconditions for IW breaking are steep waves with signi�cant

wave heights of at least 0.4 m together with large shear stresses between the two �uid

layers. It seems that IW breaking is suppressed if the thickness of the upper layer ex-

ceeds 6.0 m.

IW breaking mixes �uid mud into the upper water layer and causes the downstream

transport of sediment because IWs break more frequently during the ebb tide than the

�ood tide. In addition, during the ebb tide the upper water layer moves faster than the

�uid mud layer. IW breaking is hence an important mechanism for the understanding

sediment transport dynamics in waters characterised by sediment-induced strati�cation,

such as highly turbid estuaries.

Acknowledgements

The authors would like to thank the captain and crew of �RV Senckenberg� for their

excellent job and inexhaustible patience during the acquisition of the datasets for this

study. Arnulf Möller from the Senckenberg Institute is thanked for his support onboard

the ship and for the processing of the MBES data. Svenjy Papenmeier and various

student assistants of the Institute of Geosciences at Kiel University are thanked for

analysing the water samples. The Senckenberg Institute kindly provided the ship time.

This study was funded by the Deutsche Forschungsgemeinschaft as part of the Cluster

of Excellence `The Future Ocean' and partly by the Research Center for Marine En-

vironmental Sciences (MARUM). We would also like to express our gratitude to Mr.

Burghard Flemming for the language corrections. Finally, the authors would like to

thank the reviewers for their constructive criticism.

97



5 Evolution of internal waves in the Ems estuary

5.2 Generation and breaking of internal waves on a

lutocline in the Ems estuary (Germany) and their

contribution to vertical mixing

5.2.1 Abstract

Internal waves are an ubiquitous phenomenon in natural �uids. Turbulence, caused by

breaking of internal waves is one of the main reasons for vertical mixing of strati�ed

oceanic and coastal waters. Thus, they play a key role for the vertical exchange of sed-

iment, nutrients and other dissolved substances. Internal waves in coastal waters are

mostly generated at locations, where water masses over�ows topographic obstacles. In

the tide-dominated Ems estuary, internal waves arise from Kelvin-Helmholtz instabili-

ties as stated in this study, based on new detailed hydro-acoustic data.

In this estuary, the generation of internal waves starts during the accelerating ebb phase.

At the beginning of the ebb phase, when small undulations occur on the lutocline, the

shear stress on the lutocline rises and the gradient Richardson number falls below 0.25.

It then takes about 81 minutes from the occurrence of the �rst undulations to the �rst

internal wave breaking. Breaking of these waves is not triggered by wave steepness nor

by the Reynolds number.

Internal wave breaking on the lutocline contributes to vertical mixing as it could be seen

by a widening of the lutocline. The corresponding squared Brunt-Väisälä frequency at

the lutocline will be reduced by up to 60 percent, indicating a decrease of the strati�ca-

tion.

Keywords: Kelvin-Helmholtz instabilities, shear stress, Reynolds number, Richard-

son number, wave steepness

5.2.2 Introduction

Internal waves (IWs) are a common feature at strati�ed water masses of oceans, coastal

waters and even in the atmosphere. Their breaking is one of the main sources of turbu-

lence and mixing processes in the oceans interior (Birch and Sundermeyer, 2011). Thus,

IWs may lead to sediment resuspension and transportation, but related processes are

still poorly documented (Pomar et al., 2012).

A disturbance of the hydrostatic equilibrium between gravity and buoyancy results in an
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oscillation within the medium. If, for example, a �uid body is moved in a region where

the surrounding medium has a di�erent density, it will be forced back by its buoyancy

and will oscillate around its equilibrium position. The higher the density gradient is,

the higher is the corresponding buoyancy frequency N :

N =

√
−g
ρ

∂ρ

∂z
(5.7)

here g is the acceleration due to gravity, ρ is the density and z is the vertical coordinate

in upward direction. The buoyancy frequency is also known as Brunt-Väisälä frequency.

In cases where background currents are present, this disturbance propagates as IW. De-

pending on the ratio of the forcing to the buoyancy frequency, IWs propagate at a certain

angle to the vertical in continuously strati�ed �uid LeBlond (2002). In the presence of

a discontinuity in the strati�cation, such as an interface between �uids of di�erent den-

sities IWs will propagate along this pycnocline. Such IWs can be characterized by the

following dispersion relation:

(
ω2 ± kU

)
= gk

ρ2 − ρ1
ρ2 coth(kd2)− ρ1 coth(kd1)

(5.8)

where ω is the angular frequency, k = 2π/λ is the wave number, U is the background �ow

velocity, ρi and di are the densities and depths of the upper and lower �uid respectively.

Due to the small density di�erences between two layers in the ocean or in the atmosphere,

IWs can attain higher amplitudes than waves on the ocean surface (Rao et al., 2010).

For the same reason the phase velocity of IWs is smaller (Pomar et al., 2012).

According to literature the main reason for the generation of IWs is the interaction of

a strati�ed �ow with topography (Sutherland et al., 2000). Topographic obstacles can

be are for example continental shelf edges (e.g D'Asaro et al., 2007; Huthnance, 1989),

straits (e.g. Brandt et al., 1996) and deep ocean ridges (e.g Konyaev et al., 1995). For

a concise treatment of IW generation caused by �ows over topography see Groeskamp

et al. (2011). Underwater dunes are an example for estuarine obstacles, triggering the

generation of IWs. Even in the atmosphere, mountain regions are the main source for

IW generation as found by (Nastrom and Fritts, 1992). Topography-induced IWs are

normally solitary-like. Other sources for IW generation are amongst others wind (e.g

Vilibi¢ et al., 2004; Kantha, 1979) surface waves (e.g Maxeiner and Dalrymple, 2011;

Traykovski et al., 2000), decelerating river plumes and resonance e�ects (e.g Baines,

1984). Held et al. (2013) observed IWs on a lutocline in the Ems estuary, for which they

99



5 Evolution of internal waves in the Ems estuary

assumed that they were generated by growing shear instabilities.

Two aspects are focused in this study. Firstly, mechanisms of IW generation in the Ems

estuary are analysed in detail to underline the hypothesis proposed in Held et al. (2013).

Secondly, conditions leading to IW breaking as well as the role of IWs regarding sediment

mixing and transport are investigated. For this, spatial and temporal variability of the

detected lutocline was documented with a parametric echo-sounders. Hydro-acoustic

datasets were then combined with data of �ow velocity measurements and water samples.

Based on these data it is possible to compute, for example, the gradient Richardson

number, the Reynolds number and the wave steepness. These values allow a deeper

insight in the underlying circumstances leading to wave generation or wave breaking.

Such a detailed combination of di�erent high-quality hydro-acoustic data to examine

the prevailing conditions during IW breaking have not been published yet.

5.2.3 Regional setting and hydrodynamic conditions at the study

site

The Ems estuary is located along the Southern North Sea, at the border between north-

western Germany and the Netherlands (Fig. 5.11). The lower part is funnel-shaped

with an adjoining tidal basin, the Dollart, whereas the part upstream of Pogum is chan-

nelized. It is a partially-mixed estuary (van Leussen, 1999). The tidal in�uenced area

extends over about 100 km from the seaward end near the island Borkum to the weir

at Herbrum (Spingat and Oumeraci, 2000). The mean tidal range of the lower part of

the estuary increases from about 2.25 m near Borkum to 3.1 m at the port of Emden

(de Jonge, 1992; van Leussen, 1999). A maximal tidal range of 3.7 m at Papenburg was

reported by Jens Jürgens and Norbert Winkel (2003). The estuary is �ood dominated

(de Kreeke et al., 1997; Held et al., 2013). The mean river discharge underlies strong

seasonal variations (de Jonge, 1992) with a mean discharge between 25 and 380 m3s-1

(van Leussen, 1999).

The Ems estuary is well known for high suspension loads with depth-averaged suspended

particulate mater (SPM) concentrations of up to 1.6 g l-1 (de Jonge, 1983). High con-

centrated near-bed suspensions are also often observed within the turbidity maximum

zone which extends over 60 km (de Kreeke et al., 1997). If the suspended sediment

concentration (SSC) of such a layer exceeds 10 g l-1 it is called �uid mud (Kineke and

Sternberg, 1995; Kirby, 1988; Manning et al., 2010; McAnally et al., 2007; Ross and

Mehta, 1989). Papenmeier et al. (2012) introduced a further subdivision of �uid mud
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into three sub-classes. They set an upper limit for �uid mud at 500 g l-1. A 1-2 m

depth �uid mud layer with SSCs between 10 and 80 kg m-3 in the upper Ems estuary is

reported by Talke et al. (2009). Such a layer is often bounded by a strong vertical SSC

gradient, the so called lutocline.

The Ems estuary is intensively used as waterway, especially to the main ports as well

as the shipyard in Papenburg and underlies severe human impact e.g. by repeated

deepening, ongoing maintenance as well as constructional works in and along the main

navigational channel. This has caused a change of bathymetry over space and time

(Chernetsky et al., 2010). The sustained navigable depth currently amounts to 5.7 m

at low-water spring (Schuchardt et al., 2007). Additionally, water depth is temporarily

increased by river damming at the Ems barrier near Gandersum, for passages of large

cruise liners from Papenburg to the open North Sea.

5.2.4 Survey

The measurements were done in the turbidity maximum zone of the Ems estuary from

the RV Senckenberg, which was moored near Leerort at 53° 14.077' N and 007° 23.843' E

(Fig. 5.11) from 11.06.2012 to 14.06.2012. Neap tide was at the beginning of the survey

on the 11.06.2012, the following spring tide was at new moon on 19.06.2012. The ship's

heading was set upstream.

Water strati�cation, especially the lutocline, was recorded with a parametric Sedi-

ment Echo-Sounder (SES) of type Innomar SES-2000® standard. The transducer was

mounted in a rigid frame midships on the port-side at 1.5 m water depth. The device

operated with two frequencies, the primary frequency of 100 kHz and a chosen secondary

frequency of 12 kHz. The vertical resolution is 6 cm and the accuracy depends on the fre-

quency and water depth, e.g. 100/10 kHz: 2/4 cm + 0.02% of the water depth. Heave,

roll and pitch of the ship were compensated with data of a Seatex® MRU-6 motion

sensor. Water depth and interfaces within the water column were extracted from the

SES records by using the capturing mode of the SES software ISE 2.9.

Sound velocity pro�les were taken for SES data correction regarding sound speed and

to examine the nature a sound re�ections within the water column. The used sound

velocity pro�ler of type SVP-T15 has a resolution of 0.1 m s-1 and an accuracy of 0.25

m s-1. In addition, sound velocities were also calculated from simultaneous taken water

samples by the UNESCO formula (UNESCO, 1981), which is based on salinity, temper-

ate and depth values.

Water parameter such as salinity, temperature and SSC were retrieved from water sam-
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Figure 5.11: Map of the test region. The mooring position of the RV Senckenberg is
marked with a black cross. This �gure was created with Ocean Data View
(Schlitzer, 2013).
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ples, which were collected with a horizontal water sampler by HydroBios©. The sampler

was aligned in �ow direction by a �n and has a sampling volume of approximately 2

l. Temperature was immediately measured after water sampling whereas salinity values

were recorded only after settling of the SPM. This procedure prevented for incorrect

measurements due to a negative in�uence of SPM on the conductivity. Temperature

and salinity measurements were done with a salinometer of type CON 3310 by WTW®

(accuracy of temperature 0.1 °C, accuracy of salinity 0.1). Salinity values are given in

terms of the practical salinity scale (PSS-78).

SPM concentrations were recorded as masses per unit water volume. For this, an aliquot

of each water samples was vacuum-�ltrated through a 1.2 µm glass �bre �lter.

Flow velocities were measured with an RDI-Teledyne� 1200 kHz Workhorse ADCP

(Acoustic Doppler Current Pro�ler), which was installed at 1.81 m water depth at the

port-side of the research vessel. The select cell size was set to 0.25 m. It has a blanking-

zone of 0.5 m. The standard deviation of the velocity measurements amounts to 0.129

m s-1.

5.2.5 Data analysis

To reveal the IW generation mechanism and the prevailing conditions during wave break-

ing, the hydrodynamic conditions were derived form the recorded data and their tem-

poral evolutions were investigated.

The Richardson number is an indicator for the stability of sheared �ows and de�ned as

the ratio of the potential to the kinetic energy of a �uid:

Ri =
g

ρ

dρ/dz

(du/dz)2
(5.9)

where g is the acceleration due to gravity and dρ/dz and du/dz are the vertical gradients

of density and velocity, respectively. If the Richardson number falls below 0.25 the �ow

will become unstable and susceptible for disturbances (Lott et al., 1992). A Ri < 0.25 is

also necessary criterion for the formation of Kelvin-Helmholtz instabilities in strati�ed

shear �ows (Miles, 1961).

The shear stress upon the lutocline was determined by �tting the horizontal �ow veloc-

ities of the upper water layer into a logarithmic velocity pro�le:

u(z) =
U∗

κ
ln(z) (5.10)
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where κ is the dimensionless Karman constant (κ = 0.4) and U∗ is the shear stress

velocity which is related to the shear stress τ via the following de�nition:

U∗ =

√
τ

ρ
(5.11)

The required density values were obtained from water samples.

To investigate the conditions leading to IW breaking, the wave steepness and the state

of �ow were considered in detail 10 minutes before and while the �rst breaking event.

Wave steepness is de�ned as the ratio of the wave height H to the wave length λ:

ξ =
H

λ
(5.12)

It is a classical geometric criterion for the stability of waves. If a wave exceeds a certain

steepness it will become unstable and collapse. Tanaka (1983) found a limit steepness

of 0.137 for surface gravity waves. The application of Eq. 5.12 requires the height and

the length of the waves. Wave heights could be directly retrieved from the SES records

whereas wave lengths had to be calculated with Eq. 5.8. The required wave period was

obtained by a fast Fourier transformation (FFT) of the lutocline oscillations. The wave

period is the reciprocal of the main frequency of the gained spectrum.

The state of �ow of the upper layer was determined by the Reynolds number, representing

the ratio of inertial force to frictional force:

Re =
U1 · d1
µ1/ρ1

(5.13)

where U1 is the mean horizontal �ow speed, d1 is the depth and µ1 and ρ1 are the

dynamic viscosity and density of the upper layer, respectively. The �ow is laminar for

low values of the Reynolds number, whereas it becomes turbulent for high Reynolds

numbers (Kuhlmann, 2007). However, the Reynolds number is a similarity parameter,

meaning that only values of hydro-dynamic similar systems are comparable. Limit values

for the transition to turbulent �ow must be speci�ed for particular systems.

The required dynamic viscosities were determined with a relation found by Papenmeier

et al. (2014). They found a relationship, connecting the dynamic viscosity with the

SSC.

The stability of the strati�cation was estimated by the Brunt-Väisälä frequency (Eq.

5.7) of the lutocline. The Brunt-Väisälä frequency represents a quantitative measure for

the stability of the strati�cation since it is directly proportional to the square root of the
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density gradient. The higher the value of a real N the more stable is the corresponding

system. A strati�cation is unstable for an imaginary value of N which could be achieved

by an inverse density strati�cation.

5.2.6 Results

Water strati�cation

The SES detected internal re�ectors at depths between 4m and 6.5 m within the water

column. However, such a re�ector was not always detectable. It was mainly visible

around high-water slack and during ebb tide whereas it was not visible at low water

slack and mostly during �ood tide. Additionally, the SPM concentrations below the

detected re�ectors were clearly increased, indicating the presence of �uid mud. The

lower layer had a thickness of 3-5.5 m and a SPM concentration between 14.33 ± 1.37

g l-1 and 74.25 ± 1.37 g l-1 (mean 38.30 g l-1). The concentrations above the re�ector

varied between 0.28 ± 0.01 g l-1 and 5.02 ± 0.01 g l-1 (mean 1.63 g l-1). The SPM

concentrations in the course of two ebb-cycles are shown in Fig. 5.12.

When comparing the water samples, taken during the slack water phases, other features

become obvious (Fig. 5.13). At high-water slack, the layer above the re�ector had a

higher salinity than the �uid mud layer, whereas it was the opposite way around during

low-water slack. The salinity of the �uid mud layer was almost constant, but salinity

varied between 0.9 ± 0.1 (low-water slack at 12.06.2012 1250 UTC) and 4.1 ± 0.1 (high-

water slack at 12.06.2012 1800 UTC) in the upper layer.

Sound velocity pro�les

Sound velocity pro�les are exemplarily shown for selected slack-water phases in Fig.

5.14. They revealed, with one exception, an abrupt decrease of sound velocity, which

had a width of less than 1 m. Calculated sound velocities are shown in the same �gure.

The calculated sound velocities coincided with the measured one in the upper water

column. However, none of the calculated sound velocities showed an abrupt decrease

with depth.

Flow velocities

The depth-averaged �ow velocities of the upper layer revealed a clear �ood-current

dominance (Fig. 5.15). Peak current velocities of up to 1.35 m s-1 were reached during
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Figure 5.12: Temporal development of the SPM-concentrations for the ebb-cycle from
0525 to 1228 UTC on 12.06.2012 a) and from 0635 to 1318 UTC on
13.06.2012 b). The small black points correspond to the collected water
samples. This �gure was created with Ocean Data View (Schlitzer, 2013).
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Figure 5.15: Horizontal �ow speeds of the water layer above the �uid mud (gray curve)
together with signi�cant wave heights of the IWs (black dotted curve). Gaps
of the signi�cant wave height curve occur when no lutocline was detected
by the SES. IW breaking events are marked with black diamonds.

�ood tide. In spite of this �ood-current dominance, the ebb tide took longer than the

�ood tide. The duration of the ebb tide was on average 7 hours, whereas �ood tide

was signi�cantly shorter with only 5 hours and 21 minutes. Strong current oscillations

occurred in the records during ebb tide.

Shear stress and Richardson numbers during IW generation

The onset of IW generation was identi�ed in the SES time-series as the time when the

re�ectivity of the lutocline (i.e. the amplitude in the SES records) starts to decrease

and the �rst small undulations occur. Values for the shear stress (Eq. 5.11) and the

Richardson number (Eq. 5.9) were calculated for the time 10 min before, at and 10 min

after the onset of IW generation. It could be concluded from these temporal evolutions
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(Fig. 5.16), that the shear stress signi�cantly increased during IW generation. The shear

stress continuously increased after the �rst undulations had occurred . At the same time,

the Richardson number decreased clearly. Values of up to 3.5 were calculated for the

time 10 min before the onset of IW generation. During the beginning of IW generation,

the Richardson number was below 0.25 in all investigated cases. It also remained below

this limit 10 min after the �rst undulations occurred.

Wave steepness and state of �ow at IW breaking

The end of an IW is marked by its breaking. During IW breaking events, the re�ector

in the SES time series temporarily disappeared. Additionally, the upper water layer

became more turbid. The time interval between the onset of IW generation and the �rst

observed IW breaking event varied between 66 min and 97 min with an average of 81

min. During this time period, IWs grew from zero to maximum heights of up to 1.5 - 2

m, and signi�cant wave heights of 0.9 m were reached (Fig. 5.15).

Wave steepness and Reynolds number are presented for the time 10 min (t = -10 min)

before and at the �rst wave breaking event (t = 0 min) in Fig. 5.17. In all cases,

the wave steepness had been increased during the last 10 min before the waves broke.

However, it was di�cult to de�ne a limit for the wave steepness from these data. At

least, it could be seen that all breaking waves were steeper than 0.055. But it has to be

mentioned that non-breaking IWs of steepness 0.060 were observed at t = -10 min.

The situation was di�erent for the Reynolds numbers. An increase of their values could

not be noticed during the last 10 min before the IWs broke. On the contrary, the

Reynolds numbers of all examined cases slightly decreased during that period (Fig.

5.17).

Diapycnal mixing

The mixing of SPM across the lutocline was analysed for the ebb phase from 0525 to

1228 UTC on 12.06.2012 (Fig. 5.12.a) and for the ebb phase from 0635 to 1318 UTC on

13.06.2012 (Fig. 5.12.b). The depth-averaged SPM-concentration increased from 22.8

g l-1 to 36.2 g l-1 during the �rst mentioned ebb-cycle and from 17.8 g l-1 to 28.0 g l-1

during the latter one. In both cases, the height of the lutocline decreased in the course of

the ebb tide, whereas it rose again during the subsequent low water slack. Additionally,

a widening of the lutocline was observed during the second half of the ebb tide, in both

cases.

At about 1030 UTC on 12.06.2012, there was a strong short-term increase of SPM
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Figure 5.16: Shear stress on the lutocline (a) and gradient Richardson number (b) at
the onset of IW generation (t=0) for four ebb-cycle, 0645 UTC 12.06.2012
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Table 5.1: Time course of the Brunt-Väisälä frequency of the lutocline for two ebb-cycle.
The values of the last column were computed close to low-water slack.

ebb-cycle:
0525 - 1228 UTC
12.06.2012

time after
HWS
[min]:

100 172 227 357 451
(LWS)

N2: 0.2250 0.1552 0.0905 0.0822 0.1317
ebb-cycle:
0635 - 1318 UTC
13.06.2012

time after
HWS
[min]:

0 100 160 280 430
(LWS)

N2: 0.1739 0.1196 0.1532 0.1173 0.1638

concentration above the lutocline (Fig. 5.12.a). The corresponding water sample was

most probably collected after an IW breaking event, which mixed sediment into the

upper water layer.

The calculated Brunt-Väisälä frequencies of the lutocline are presented in table 5.1) for

the above mentioned ebb tides. The smallest values of the Brunt-Väisälä frequency were

reached during the second half of the ebb tides. N2 was reduced by 30 - 60 percent at

these times.

5.2.7 Interpretation and discussion

Strati�cation

It could be concluded from the obtained water samples and the recorded SES time-series

that the water column at the measuring station was at least subdivided into to layers.

A upper water layer with low to moderate SPM concentrations and a 3 - 5.5 m thick

�uid mud layer near the bottom. The observerd �uid mud layer was hence thicker than

that one reported by Talke et al. (2009). However the SPM concentrations were similar.

Averaging of SPM concentrations over the complete water column revealed noticeably

larger values than that ones reported by de Jonge (1983).

The SPM concentrations of the whole water column were signi�cantly higher at low-

water slack than at high-water slack, which agrees with other �ndings in literature.

de Kreeke et al. (1997) took stationary time series between Eemshaven and Emden

and observed that suspended sediment concentrations were higher during ebb tide than

during �ood tide, although the current velocities behaved in the opposite way.

The height of the lutocline was more or less the same during both slack waters, meaning

that the tidal range mainly took place in the upper water layer. This �nding was
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supported by the salinity time courses of the �uid mud layer and the upper water layer.

Diluted marine water �owed upstream in the upper layer during �ood tide, whereas fresh

water was strati�ed over the �uid mud layer during ebb tide. The salinity of the �uid

mud layer remained almost constant, indicating a minor salt exchange between both

layers. Such a conservative behaviour of �uid mud was also reported by Kineke and

Sternberg (1995). Additionally, the lutocline declined during ebb tide. These �ndings

indicated that �uid mud thickness mainly depended on the current velocity rather than

on the tidal phase.

Sound velocities

The abrupt decrease of sound velocity with depth coincided with the depth of the re-

�ector in the SES records and with the increase of the SPM concentrations. Thus, the

re�ector detected by SES was clearly a lutocline. This �nding agreed well with other

�ndings in the literature. Both Wurpts (2005) and Held et al. (2013) reported on hydro-

acoustic detected �uid mud layers in the Ems estuary. In fact, that sediment induced

interfaces within the water column can cause acoustical backscatter has been known since

the introduction of echo-sounders on board ships in the 1930's (Kirby, 2013). However,

the cause of hydro-acoustic backscatter from lutoclines was not described in any of these

studies. The calculated sound velocities agreed quite well in the upper less turbid water

layer with the values of the measured sound velocity pro�les. However, this was not the

case in the �uid mud layer, where the calculated values didn't match with the measured

ones. The discrepancies amounted to several m s-1, and were hence greater than the

accuracy of measurements. Thus, SPM had a clear in�uence on the sound velocity and

the UNESCO algorithm (UNESCO, 1981) for the sound velocity was not applicable in

high turbid water layers.

Current velocities

ADCP measurements were only possible in the upper less turbid water layer, because

only bad and sometimes even none echos were received from the �uid mud layer. This was

caused by the high SPM concentrations within the �uid mud, which strongly attenuate

the sound signal (Gratiot et al., 2000; Sottolichio et al., 2011).

The observed �ood-current dominance of the Ems estuary was also notice by de Kreeke

et al. (1997). The strong current oscillations during ebb tide were the same as that one

already described by Held et al. (2013). They showed by frequency-analysis of time-

series, recorded by di�erent hydro-acoustic devices, that these oscillations were caused
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by high IWs. Such footprints of IWs in velocity records were also observed by Adams Jr.

et al. (1990).

IW generation

The temporal evolutions of the shear stresses and of the Richardson numbers around

IW generation showed clearly, that the �rst observed disturbances on the lutocline were

Kelvin-Helmholtz instabilities. Thus, the generation mechanism of IWs in the Ems

estuary was di�erent to those mostly described in literature, where IWs were mainly

generated by a current-topographic interaction. Further indications, contradicting a

topographic induced generations are: a lee wave generation mechanism could be excluded

since �rstly, the observed IWs were no solitons. Additionally, wave growing was observed

at the measuring station. The latter indicates, that the waves were generated and further

excited over a wider area, so that all the time new and higher grown IWs passed the

observation point. Additionally, a resonant wave generation was already excluded by

Held et al. (2013). They already assumed that the IWs in Ems estuary were created

by growing Kelvin-Helmholtz instabilities, but couldn't prove this because of the lack of

high-resolution SPM-concentration measurements. A physical and mathematical prove

for the generation of IWs by Kelvin-Helmholtz instability in the Ems estuary is therefore

�rstly presented in the current study.

After they had appeared on the lutocline, the �rst wave-like undulations were further

stimulated by still faster �owing upper water layer. The undulations modulated the �ow

�eld, causing lower pressures in front of an undulation and higher presser behind by the

Bernoulli e�ect. These pressure patterns �nally caused the development of IWs out of

the Kelvin-Helmholtz instabilities (Otten, 2008; Ott, 1996; Miles, 1957).

Breaking of IW

Although an increase of wave steepness could be observed during the last 10 min before

the �rst wave breaker occurred, a threshold for the wave steepness could not be de�ned.

A maximum wave steepness of 0.060 for a non-breaking IW was calculated. This values

was less than of the limit for surface waves (Tanaka, 1983).

The temporal evolution of the Reynolds numbers showed a slight decrease just prior wave

breaking. Thus, IW breaking was not caused by a destabilisation of the background

current.

In general, wave breaking is a di�cult topic and not very well understood yet, even there

was a lot of e�ort in the last century. The most well-known criteria are the wave steepness
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and the ratio between the crest velocity and the phase speed. The latter is a logical

criterion: If the wave crest propagates faster than the rest of the wave, it will overturn

and the wave will break. However, a lot of experimental studies and observations have

shown waves, that had broken long before they have reached this threshold (Banner and

Peregrine, 1993; Oh et al., 2005). Small instabilities are always present on waves, and

sometimes they grow until they cause the collapse of the wave. For example, if wind

is blowing over the sea surface, small capillary waves will be present. These capillary

waves are modulated and steepened up by long gravity waves. If they collapse they can

trigger the break down of the complete gravity wave (Banner and Peregrine, 1993). Such

instabilities make it di�cult to de�ne a general accepted breaking criterion. Common

breaking criteria only exist at beaches. These criteria are usually based on relations

between the wave height or length and the water depth (Peregrine, 1983).

Oh et al. (2005) found out that a dynamic criterion, based on the ratio between surface

acceleration and gravity, is more suitable to describe the stability of deep-water waves.

But surface accelerations are di�cult to measure and even impossible for the IWs studied

in this work.

Another cause for IW breaking are accelerated shear �ows, which are able to deform IWs

until they overturn and collapse (Bouruet-Aubertot and Thorpe, 1999). However, it was

unlikely that accelerated shear �ows trigger IW breaking in the Ems estuary, since most

breaking events occurred after the ebb current had peaked.

5.2.8 Mixing of SPM by breaking IWs

The lutocline became wider and was descending during the second half of the ebb tide.

These two processes coincided with the occurrence of IW breakers. Additionally, the

upper water layer became more turbid during that time. It was therefore concluded

that IW breaking eroded the �uid mud layer and mixed sediment into the upper less

turbid water layer. The vertical exchange of sediment decreased also the strati�cation.

The corresponding Brunt-Väisälä frequency of the lutocline reached its lowest values

during the second half of the ebb-tide.

That breaking IWs could cause vertical exchange is known, it is even the main source

for turbulence and diapycnal mixing in the oceans (Leichter et al., 2005). Turbulent

events are in turn import for sediment transport processes (Pomar et al., 2012; Birch

and Sundermeyer, 2011).

In the Ems estuary, vertical uplift of sediment from the �uid mud layer by breaking IWs

was already observed by Held et al. (2013). However, they only presented a qualitative
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description. This study on contrast presents the temporal evolution of the lutoclines and

of the SPM distributions during ebb tide. These results were combined with quanti�ca-

tions of the strati�cation by means of the Brunt-Väisälä frequency. This study therefore

provides quantitative informations about the in�uence of breaking IWs on the vertical

exchange of sediment in the Ems estuary for the �rst time.

5.2.9 Conclusion

In this study, the generation mechanism and the break down of IW on a lutocline in the

German Ems estuary during ebb tide were investigated. For this, the temporal evolu-

tions of hydrodynamic and wave parameters during IW generation and wave breaking

were analysed. In addition, the contribution of IW breaking to the vertical exchange

of sediment was examined. This was done by analysing the evolution of the SPM dis-

tribution in the water column and of the Brunt-Väisälä frequency which quantize the

stability of the strati�cation.

From these investigations, the following �ndings were concluded:

1. Water strati�cation in the Ems estuary was caused by a strong increase of SPM

with depth. Salinity and temperature variations had only a minor e�ect. SPM

concentrations of up to 74.25 g l-1 indicated the presence of a 3 - 5.5 m thick �uid

mud layer.

2. Onset of IW generation was on average 75 minutes after high-water slack. Fur-

ther 81 minutes later the �rst breakers occurred. Wave heights of 1.5 � 2 m and

signi�cant wave heights of 0.9 m were reached.

3. Richardson numbers were below 0.25 during the onset of IW generation. These

results proved that IWs develop from Kelvin-Helmholtz instabilities, caused by a

strong shear stress between the �uid mud layer and the overlaying water column.

Such a generation mechanism is in contrast to other �ndings in literature, where

IWs in coastal waters are mainly caused by an interaction between currents and

topographic obstacles.

4. IW breaking could neither be predicted by the wave steepnesses nor by the Reynolds

numbers, since in half of the investigated cases, both values were higher 10 minutes

before than at the �rst wave breaking.
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5.2 Generation and breaking of internal waves on a lutocline in the Ems estuary

5. Shear stress and IW breaking caused an erosion of the �uid mud layer during ebb

tide, which was manifested by a decline of the lutocline. Additionally, the luto-

cline became wider and the corresponding Brunt-Väisälä frequency of the lutocline

depth decreased to a third of its value during previous slack water. IW collapse

temporarily increased the SPM concentration above lutocline by mixing �uid mud

into the upper water layer.
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5.3 Summary and conclusion of chapter 5

The previous two sections dealt with IWs on a lutocline in the Ems estuary. The three

main objects were: To identify and understand the processes of IW generation, to iden-

tify the hydro-dynamic conditions leading to IW breaking and to estimate the role of

IW breaking for the sediment transport dynamics in the Ems estuary. For this, hydro-

acoustic records, �ow speed measurements and water samples of three di�erent Ems

surveys in the years 2007, 2008 and 2012 were evaluated and analysed. SES records of

the lutocline were used to determine the beginning of IW generation, to measure wave

heights and to identify IW breaking events. Flow speeds, measured with an ADCP, were

used to determine the movement patterns of the �uid mud layer and of the overlaying

water body, as well as to derive �ow speed gradients within the water column. Frequency

analysis of the SES and ADCP time-series were done to check whether features in both

time-series are caused by the phenomenon. Water samples were collected to �gure out

SPM concentrations and to measure salinities. Further hydrodynamic and wave param-

eters, like Richardson and Reynolds numbers, buoyancy frequencies, wave lengths and

steepnesses, were mathematically deduced from the mentioned measurements. These

investigations allowed to clearly identify the generation mechanism of the IWs in the

Ems estuary and to get further insights in the processes leading to IW breaking. The

in�uence of IW breaking on the strati�cation stability was determined in terms of the

Brunt-Väisälä frequency. A contribution of IW breaking to vertical exchange and sedi-

ment transport dynamics was also observed.

The main �ndings in more detail were:

� A clear and prominent lutocline developed in the TMZ of the Ems estuary mainly

during high-water slack. The high SPM concentrations below the lutocline indi-

cated the presence of a 2 - 5.5 m thick �uid mud layer.

� Both layers, �uid mud and upper water layer, were di�erently strong forced by the

tides, resulting in a faster �owing water layer during Ebb tide. In contrast, both

layers had similar depth-averaged �ow speeds during �ood tide.

� The di�erent depth-averaged �ow speeds caused shear stress between both layers

during the onset of ebb tide. This shear stress triggered in turn the development of

Kelvin-Helmholtz instabilities, as indicated by Froude numbers below 0.25. Wave

like features grew from these instabilities through further excitation by rising ebb

current. Hence, IWs in the Ems estuary are neither internal tides nor produced
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5.3 Summary and conclusion of chapter 5

by current-topographic interaction, as it is mostly the case for IWs described in

literature.

� Maximum signi�cant wave heights of up to 1.3 m were reached after the ebb current

had been peaked.

� High IWs modulated the current in the Ems estuary. The depth-averaged �ow

speed oscillated with the wave frequencies during the time the highest IWs ap-

peared. This was checked by a frequency analysis of the ADCP and SES data

sets.

� The �rst breakers occurred less than two hours after the onset of IW generation.

Wave breaking was neither triggered by the state of �ow nor by the wave steepness.

The temporal evolution of the Reynolds numbers and the waves steepnesses didn't

indicated a clear limit.

� IW breaking mixed �uid mud across the lutocline, which resulted in a temporary

increase of SPM concentration in the upper water body. This became also visible

as dark clouds at the water surface.

� IW breaking eroded the lutocline, indicated by a widening of the lutocline and

reduced hydro-acoustic backscatter. Additionally, the Brunt-Väisälä frequency

of the lutocline decreased by up to 60 percent, denoting a reduced strati�cation

stability.

� During the second half of the ebb tide, the �ow speed of the upper water water layer

was higher than that of the �uid mud layer and signi�cantly more IW breaking

events occurred compared to the other tidal phases. These two facts meant that

IW breaking supported the downstream transport of sediment.
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This thesis dealt with IWs on a lutocline and their contribution to sediment dynamics in

the Ems estuary. Firstly it was veri�ed whether the used marine measurement devices

which were developed and calibrated for clear water usage operate properly in high tur-

bid water layers. These validations were necessary, because of the high suspension loads

of the Ems, which can reach depth-averaged suspended sediment concentrations of up to

1.6 g l-1 (Wurpts, 2005). Concentrations of even several ten's of kg m-3 were measured

in the �uid mud layers by Talke et al. (2009).

An in�uence of SPM was especially assumed for conductivity-based salinity measure-

ments. This assumption was based on hints in the literature, where some authors ob-

served �uid mud layers with clearly lower salinities than the overlaying water body.

However, salinity is an import water parameter since it, among others, strongly in�u-

ences the water density and velocity of sound in �uids. In this thesis water densities

were in turn required to calculate wave parameters, such as the IW lengths. A possi-

ble in�uence was hence checked in the frame of a laboratory study. For this, natural

mud samples from two di�erent locations were collected and desalinated. Afterward,

these mud samples were used to adjust solutions with speci�c salinities and SPM con-

centrations. Salinity was measured in several test runs with solutions di�ering in SPM

concentrations and salinities. The in�uence of SPM was determined as the di�erence

between adjusted and measured salinity.

The in�uence of SPM on the sound propagation in water was additionally checked. SPM

can a�ect sound propagation in di�erent ways. It changes the water density, which is

well known and the density of the corresponding suspension can be calculated with a

mathematical expression given in Gabioux et al. (2005). Additionally, it can change the

sound velocity by scattering a part of the sound wave or by in�uencing the compress-

ibility of water. The exact in�uence of natural SPM on the sound propagation is not

fully understood yet and a correction of the sound velocity for the SPM concentration

has not been published so far. Both parameters are required to predict the re�ectivity of

water layers and hence for a better interpretation of hydro-acoustic records of the water
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column. Thus, the in�uence of SPM on the sound velocity was investigated in the frame

of laboratory and �eld experiments as well as by numerical modelling. Additionally, the

re�ectivities of real lutoclines were simulated with a weak-scattering model.

SPM may also a�ect hydro-acoustic current measurements, because of multiple scatter-

ing of the sound signal by the dissolved particles. Multiple scattering in turn a�ects

the Doppler shift of the signal leading to wrong current velocities. However, Gratiot

et al. (2000) already validated the reliability of acoustic Doppler velocimeters in turbid

suspensions. They conducted several tank experiments and found out that a multiple

scattered signal is strongly attenuated so that no echo returns to the transducer. Sus-

pended particles thus do not in�uence hydro-acoustic velocity measurements. ADCP

measurements in the TMZ of the Ems estuary were therefore considered to be trustwor-

thy in this study.

The IW investigations are based on data collected during three surveys in the years

2007, 2008 and 2012. These data were used to examine how the IWs develop on a luto-

cline, which conditions lead to their breaking and last but not least their contribution

to vertical mixing and sediment transport processes in the Ems estuary. IW generation

was investigated by analysing the hydrodynamic conditions prevailing while the �rst

disturbances were appearing on the lutocline. The breaking of IWs was examined by

analysing the temporal evolutions of the state of �ow and of wave parameters, e.g. wave

steepness. Last but not least, the contribution of breaking IWs to vertical mixing and

sediment transports processes was examined in terms of variations of the SPM distri-

butions, caused by breaking waves. The a�ect of IW breaking on the strati�cation was

analysed by the temporal evolutions of the buoyancy frequencies, which are a quantize

for the stability of a strati�cation. Before the above mentioned investigations were car-

ried out, it had been checked, too, whether the measurements of di�erent hydro-acoustic

devices revealed the same features.

The following main �ndings could be concluded from these investigations:

� Conductivity based salinity measurements were distorted in high turbid waters

with SPM concentrations above 10 g l-1, reaching deviations of up to 30 % for

a SPM concentration of 300 g l-1. The deviations may be neglectible for lower

concentrations, depending on the requested accuracy.

� These deviations were caused by a �blinding e�ect� of the measuring cell by sus-

pended particles. The cell geometry had no in�uence.

� Better and more accurate results will be obtained if salinity is measured in collected
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water samples after SPM had settled.

� SPM also a�ected the sound velocity. The velocity of sound in suspensions de-

creased with increasing SPM concentrations. The dependence of the sound ve-

locity on the SPM concentration was small compared with its dependence on the

temperature or salinity.

� A calculation of the sound velocity in turbid water layers was not possible with pre-

viously published algorithms. Additionally, the conducted experiments indicated

that the speed of sound depends also on the size of the suspended particles.

� Further investigations on the acoustical properties of SPM, i.e. primary particles

as well as agglomerates, are recommended therefore.

� A published weak-scattering model could be adapted to simulate the re�ectivity of

lutoclines in dependence of the SPM gradient, the sound velocity pro�le and the

acoustic wave length.

� Simulations for natural lutoclines showed a decrease of the re�ection coe�cient

with increasing signal frequency. In addition, the depths of the maximum re�ec-

tions varied by several 10 cm, depending on the signal frequency. The latter has

to be taken into account when comparing records of a lutocline, recorded with

di�erent frequencies.

� A 2 - 5.5 m thick �uid mud layer with a prominent lutocline developed in the TMZ

of the Ems estuary during high-water slack.

� Fluid mud layer and overlaying water body underlie di�erent accelerations in the

course of an ebb tide, resulting in di�erent �ow speeds of both layers. This caused

rising shear stress between both layers during increasing ebb current. In contrast,

the both layers had almost the same current velocities during �ood tide.

� The shear stress destabilized the lutocline and triggered the development of in-

stabilities. The appearance of Kelvin-Helmholtz instabilities could be veri�ed by

Richardson numbers below 0.25 when the �rst undulations appeared on the luto-

cline. The �rst undulations were observed on average 75 minutes after high water

slack.

� IWs developed out of these Kelvin-Helmholtz instabilities by further excitation

caused by a rising ebb current. The generation mechanism of the observed IWs
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was hence di�erent from that mostly described in literature, where IWs mostly are

either internal tides or generated by current-topographic interactions.

� The highest IWs, with maximum wave heights of 1.5 to 2 m, occurred after the

ebb current had been peaked and the shear stress decreased.

� During �ood tides, the wave �elds were more regular than during ebb tides, in-

dicating the presence of a kind of �swell� on the lutocline. Combined with the

neglectible shear stress during �ood tide, this suggested that IW generation took

place only during the ebb cycles.

� First IW breakers appeared on averaged 80 minutes after the onset of IW genera-

tion. A breaking criterion in terms of the wave steepness of the Reynolds number

could not be de�ned. Nevertheless, some lower limits were observed: A wave height

of at least 0.4 m, a steepness of at least 0.055 combined with a shear stress between

both layers led to IW breaking.

� Shear stress and IW breaking caused an erosion of the �uid mud layer during ebb

tide, manifested in a decline and widening of the lutocline during the second half

of the ebb tide.

� IW breaking was linked with vertical exchange of sediment. The water body

above the lutocline became more turbid after an IW breaking events, which were

sometimes even visible at the water surface as dark clouds. The vertical mixing of

sediment reduced the strati�cation stability, indicated by a decrease of the Brunt-

Väisälä frequency by up to one third.

� Signi�cantly more IW breaking events were observed during ebb tide than during

�ood tide.

� The vertical exchange of �uid mud together with the faster �owing upper water

body during ebb tide mean that IW breaking supported the downstream transport

of sediment.

� The wave pattern were more regular during �ood tide than during ebb tide. The

wave �eld consisted of four to �ve main wave components during �ood tide, whereas

it was completely irregular during ebb tide.

� High IWs caused disturbances of the depth-averaged current velocity, which oscil-

lated with the main wave frequency during the second half of the ebb tide.
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� Although, it was not possible to de�ne a breaking criterion for IWs in the frame

of this thesis, new insights in the processes prevailing during IW breaking were

gained. It must also be mentioned that wave breaking is a very complex issue and

the circumstances leading to wave breaking, even for surface waves, are not fully

understood up to now.
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