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Zusammenfassung

Konzentration und Transport suspendierter Sedimente bei unregelmifigem Seegang

Durch den Energieeintrag von Wellen wird Sand an der Sohle bewegt und in Suspension ge-
bracht. Diese Prozesse wurden fiir Flachwasserseegang durch Naturmessungen in der Brecher-
zone von Kiisten des Schwarzen Meeres (Novomichailovka’93), der Nordsee (Norderney’94)
und des Mittelmeeres (EbroDelta’96) aufgezeichnet. Die Naturmessungen auf Norderney wa-
ren in das vom BMBF geforderte KFKI-Verbund-Forschungsvorhaben ,, Vorstrand- und Strand-
auffiillungen im Bereich von Buhnen-Deckwerk-Systemen® eingebunden.

Die Messdaten beschreiben, wie sich die Konzentrationen suspendierter Stoffe und des im
sohlnahen Bereich mobilisierten Sandes unter dem Einfluss von unregelmafligem Seegang ver-
indern. Die jeweils im vertikalen Messprofil erfassten zeitlichen Verinderungen der Kon-
zentrationsverteilung der Sedimente wurden in Beziehung gestellt zu den lings und quer zur
Uferlinie gerichteten Stromungsgeschwindigkeiten. Betrachtet wurden unterschiedliche Ener-
giczustinde des Seegangs, und es erfolgte cine Einteilung in Frequenzbereiche bezogen auf eine
ermittelte ,Grenzfrequenz®. Auf dieser Grundlage wurden Zusammenhiinge untersucht, iiber
die auf physikalische Prozesse der Suspensionsverteilung und des Sedimenttransportes riick-
geschlossen werden konnte. Erkenntnisse zu diesen Prozessen sind unverzichtbar, um numeri-
sche Modelle zur Simulation der Sandbewegung fortzuentwickeln und dabei besonders auch
Transportmodelle, die man in der Praxis fiir eine Optimierung von Strand- und Vorstrand-
auffiillungen verwenden kann.

Die Messungen erfolgten in mehreren Vertikalprofilen, die sich auf einer Senkrechten zur
Uferlinie verteilen. Es wurden zeitlich hochauflésende optische und elektromagnetische Senso-
ren cingesetzt, mit denen die Stoff-Konzentration (Sand im sohlnahen Bereich und in Suspen-
sion), die Stromungsgeschwindigkeit (Vektor) und der Wasserstand (Seegang) im Vertikalprofil
in unterschiedlichen Tiefen aufgezeichnet wurden. Zur messtechnischen Erfassung der Suspensi-
onskonzentration konnte wihrend der Kampagne ,Norderney’94“ erstmals ein neu entwickel-
tes Gerit (, Turbidimeter) unter Tidebedingungen betrieben werden. Durch die Zusammen-
fihrung der Daten aus Messkampagnen in den drei unterschiedlichen Untersuchungsgebieten
gelang es, die komplexen physikalischen Prozesse des Transportes und der Suspension unter un-
regelmifligen Wellen in der Vorstrand- und Strandzone (Brecher- oder Brandungszone) zu be-
schreiben und besser zu verstehen.

Die Untersuchungen erstreckten sich sowohl auf die Vorginge des Sandtransportes unter
Wellen, die in flaches Wasser einlaufen und dabei durch den physikalischen Vorgang des ,,sho-
aling® verformt werden, als auch auf Wellen, die brechen (Schwall- und Sturzbrecher). Von be-
sonderem Interesse sind Messzeiten, zu denen der Vorgang des Brechens im Bereich eines Mess-
profils (Brechpunkt) erfolgt. Hierzu werden Beispiele dargestellt und Untersuchungsergebnisse
erliutert. Die verschieden grofien Energiecintrige durch Wellen und die dadurch verursachte
sohlnahe Stromungsgeschwindigkeit kann unterschiedlichen Sohlformen zugeordnet werden.
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Die Sohlform wiederum beeinflusst den sohlnahen Prozess der Sedimentaufwirbelung und die
Verteilung der Suspensionskonzentration in der messtechnisch erfassten Wassersaule. Die Cha-
rakterisierung der unterschiedenen Zustinde (Typen) erfolgte daher durch die kombinierte Aus-
weisung von Wellenenergie (Turbulenzintensitit, Wirbelstruktur) als ,klein“ (Low Energetic
Conditions) und ,gro“ (High Energetic Conditions) sowie der Sohlform (glatt, 2D-Riffel, 3D-
Riffel).

Fiir die typisierten Zustinde sind beispielhaft der zeitliche Verlauf von Geschwindigkeiten
und Suspensionskonzentrationen sowie Spektrum, Phasenverschiebung und Zusammenhang
(Korrelation) dargestellt. Die gewihlte unterschiedliche zeitliche Auflosung fiir die Unter-
suchungen ergibt fiir die hier vorgestellten Zeitfenster eine Dauer von zwei bis zu sechshundert
Sekunden. Die vergleichende Auswertung der Groflen erbringt Erkenntnisse fiir die Beantwor-
tung der Frage, wie straff die Zusammenhinge zwischen Einflussgrofien (insbesondere Stro-
mungsgeschwindigkeit) und Suspensionskonzentration sind. So wurde festgestellt, dass nur ein
schwacher Zusammenhang zwischen der Sedimentkonzentration und der Stromungsge-
schwindigkeit senkrecht zum Strand (Querstromung) besteht. Als Konsequenz ergibt sich somit
fir die aktive Zone des Strandes und Vorstrandes (surf zone), dass es zweifelhaft ist, ob man fiir
Berechnungen der Suspensions-Transportrate die sogenannte ,Bezugskonzentration an der
Sohle® verwenden kann, wie dies in bestehenden Modellen geschieht. Fiir die energieschwichere
»Shoaling-Zone“ hingegen konnte bestitigt werden, dass es eine recht gute Korrelation zwischen
Suspensions-Konzentration und Querstromung gibt, so dass hier die Zweifel nicht begriindet
sind. Die mit den Naturmessdaten ermittelten Suspensionsfrachten senkrecht zur Strandlinie
sind beispielhaft dargestellt und ursichlich erklirt. Diesen sind Ergebnisse gegeniibergestellt, die
mit einem Ansatz berechnet wurden, der eine ,Bezugskonzentration an der Sohle“ verwendet
(Bailard Model). Eine vergleichende Auswertung quantifiziert das zuvor allgemein vorgestellte
Ergebnis.

Abstract

The processes which control the temporal variability of the suspended sand concentration
and the sand flux near the bottom have been investigated by using field data. The information on
the suspended sediment concentration and components of the fluid velocity were recorded
synchronously by optical and electromagnetic sensors with a high frequency response. The data
have been collected during the field experiments “Novomichailovka *93” (Black Sea), “Norder-
ney’94” (North Sea) and “Ebrodelta’96” (Mediterranean Sea).

Concerning the bottom, two bed conditions have been distinguished: the rippled bed and
the flat bottom. For the rippled bed condition, the lee vortex ejection is a mechanism which for-
ces sand into suspension. High correlation has been observed between the time-varying sediment
concentration of the suspension and the cross-shore velocity at the frequency of the spectral
peak. A comparable coherence has been confirmed for the envelope of the cross shore velocities
and for the peak of the wave group spectrum. The sediment concentration fluctuation at the fre-
quency of the wave spectral peak lags on phase compared with the peak of the cross-shore velo-
city with the time of -7/2 for 2D ripples and of -m/3 for 3D ripples.

For the flat bed condition with high nearbottom velocities, the vortex ejection due to shear
instability of the bottom boundary layer is the most probable mechanism which leads to the sus-
pension of sand. The recorded time series for the sediment concentration correlate well with the
cross-shore velocities and lag on phase by -m/4 with respect to the frequency of the peak of the
wave spectrum.

The recorded field data show how the physical process of sand suspension in the surf zone
under the condition of breaking waves is caused by the generated macroturbulent vortices which
penetrate from the water surface to the bottom. The analysed records demonstrate and explain
that the concentration fluctuation of the suspended sediment correlates well with the turbulent
kinetic energy and correlates very little with the cross shore directed velocity or its envelope. For
the special case of plunging breakers, the records describe how the vertical sediment flux is crea-
ted by the wave induced vertical velocity component.

The field experiments provide sound data, which describe and explain the complex physi-
cal processes of sand suspension and transport under irregular waves. The results will be used to
improve existing formulae which can be applied to coastal engineering problems.
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1. Introduction

The enormous amount of energy stored in waves is predominantly transformed by
breaking processes, both in the shallow nearshore zone and on the shore itself. The dissipa-
tion of wave energy in this zone generates water motions of various scales, such as small-scale
turbulence, large-scale vortices, long-period waves, cross and longshore currents. These sca-
les affect the intensity and direction of the sediment transport. The complex pattern of wa-
ter motion and the related sand transport determines the morphological development of the
nearshore zone and the shoreline.

During storm, the main part of the sand transport occurs in a suspended state. This trans-
port of sandy and silty sediment has a strong impact on beaches, sea channels, ports, pipe-
lines etc. and it affects the coastal environment. Consequently, the quantitative prediction of
the concentration and the transport rate of suspended sand under irregular waves is one of
the fundamental problems of coastal zone dynamics. Hence, it has attracted specific atten-
tion of numerous scientists.

A time averaged approach for the prediction of the suspended sand concentration and
the suspended sand transport rate has been adopted by many researchers (KOS'YAN and
PYKHOV, 1991). During the last 30 years a good number of formulae have been published
which assess or estimate the value of suspended sediment concentrations and rates. The fact
is, that no universal dependencies can be recognized from the recorded data. This is due to
the lack of clear physical notions about the mechanisms of sand stirred and transported un-
der irregular waves above plane and rippled beds (KOs’ YAN, KUZNETSOV and PYKHOV, 1994).

It is now widely accepted that satisfactory results cannot be obtained only on the basis
of mean values. From the physical point of view, such an approach is inaccurate because it
does not take into account the real mechanisms of sand suspension and the contribution for
the wave induced velocities to the net flux of the suspended sediment. The phase relationship
between the fluctuations of suspended sediment concentration and the velocity has a signifi-
cant influence on the magnitude and the direction of an oscillatory suspended sediment flux
and its contribution to the net flux.

Different approaches are used for the prediction of the time-space variations of the sus-
pended sand concentration during a wave cycle: mixing length approach (BAKKER, 1974; Rig-
BERINK and EL-SALEM, 1995); eddy viscosity approach (FREDSOE et al., 1985; DEIGAARD et al.,
1986); turbulent k and k-e closure schemes (HAGATUN and EiDsvik, 1988; DAVIES, 1992;
DaviEs and L1, 1997); vortex type models (HANSEN et al., 1994). In these approaches the tem-
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poral-spatial variations of the suspended sand concentration are determined by the turbulent
diffusion and by introducing a time varying reference concentration. The reference concen-
tration is drawn from the bed shear stress, which is calculated by applying currently used for-
mulae.

Most of the models based on the addressed approaches are satisfactorily valid only for
high energetic flows with the restriction that the bed has to remain flat and that a sheet flow
layer exists at the water-sediment interface. Those conditions exist under highly deformed
unbroken waves. In such a case the turbulent diffusion should provide an appropriate base
to model the structure of the boundary layer and the associated distribution of the suspen-
ded sand concentration in the sheet flow layer. However, a more or less extended suspension
layer exists above the thin sheet flow layer and interacts with it. The temporal variations of
the suspended sand concentration in this layer are determined by convective suspension
events during the time of flow deceleration and during the reversals of the velocity (MURRAY
et al., 1991; RIBBERINK and EL-SALEM, 1995). These processes are not predicted by the exi-
sting models. Up to now, none of the models provides a sufficiently detailed description on
how the concentration of suspended sand changes in time just above the sheet flow layer.

To estimate the rates of sediment transport, a quasi-steady energetic approach (BAILARD,
1981) is widely used. In this approach, the sediment transport rate is proportional to the
375" moment of the near bottom water velocity. It is useful for practical applications, due
to its simplicity, although it does not represent the physical processes correctly. Such models
ignore a time varying description of the velocity and the concentration fields and they can-
not provide a detailed description of suspension events, such as phase shifts between velocity
and concentration fluctuations and vertical structures of the net suspended sediment flux
under real wave conditions. Measured data often significantly differ from the calculated ones
(SouLsBY, 1995; KUZNETSOV and PYKHOV, 1998). In the surf zone, the dependency of the sand
concentration on the energy dissipation due to wave breaking has to be considered in addi-
tion to the energy dissipation caused by bottom friction. Probably, it will be possible to im-
prove the existing models by taking into account the corresponding phase lag between the
sediment concentration and the velocity for each of the sand suspending mechanisms.

Generally, the temporal variability of the sand concentration in a measurement point is
determined by the coherence of locally induced sand suspension from the bottom, the diffu-
sion of suspended sediments and the advection by water vortices which transport suspended
material.

From the physical point of view, it is a necessary assumption, that the particles are for-
ced into suspension: an instantaneous water flow must be present with a vertical velocity
component directed upward from the bottom which is larger than the settling velocity of the
sand particle. Three basic mechanisms of suspension of sand can be distinguished from the
results of laboratory investigations with monochromatic waves:

The first mechanism is the suspension of sand by vortices, which are formed behind the
ripple crests. For the case of 2-D vortex ripples at the bottom, the lee vortices eject sand from
the bottom twice per wave period at the moment of flow reversal. In this case, the suspended
sand concentration has a phase lag of approximately — /2 in relation to the maximum of the
cross-shore velocity (NIELSEN, 1991; SLEATH, 1984). At the present time, there are no mea-
surements available for the case of 3-D vortex ripples, which describe the temporal variations
of the suspended sand concentration in the unsteady wave induced flow. Observations for
the case of the steady flow have shown, that in this case the suspension of sand is determined
by 3-D horse-shoe vortices, which are formed behind the ripple crest, and which quasi-
periodically eject particles into the water column (SYUNSUKE and ASAEDA, 1983).
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The second mechanism is the suspension of sand by vortices which are formed due to
an instability of the sheet flow boundary layer over a nearly plane bottom during the flow
deceleration. Laboratory studies of the turbulence in an oscillatory bottom boundary layer
above a slightly rough bottom (HINO et al., 1983) have shown a sharp increase of the tur-
bulence intensity during the flow deceleration and at the time of the flow reversals. Visual
observations have shown the presence of horse-shoe vortices and the associated ejection of
sediment during the flow deceleration phase (HINO et al., 1983). According to the experi-
mental data of HINO et al. (1983) and CONLEY and INMAN (1992), the time lag of the burst
of turbulence relatively to the extremum of the velocity is about 1/8 of the flow oscillation
period.

The third mechanism is the suspension of sand by large-scale vortices with a horizon-
tally or vertically inclined axis which are formed under plunging and spilling breakers (Na-
DAOKA and KONDOH, 1989; ZHANG et al., 1994; PYKHOV et al., 1995). Plunging breakers are
characterized by a jet impinging on the oncoming trough and the subsequent violent transi-
tion from the irrotational to the rotational motions (vortices) with horizontal axis. Spilling
breakers occur as broken water spilling from the front face of the wave and differ funda-
mentally from the plunging breakers. Spilling breakers predominantly produce vortices with
avertically inclined axis. Such vortices expand to the bottom and catch the sand from the bot-
tom like a tornado (KOS’YAN, 1988; ZHANG et al., 1994). Investigations of the temporal varia-
bility of the turbulence in breakers show, that the turbulence dies out between bores in case
of the plunging breaker and that the turbulence decay time is large in comparison to the wave
period-time of spilling breakers (TING and KIRBY, 1994; 1995; 1996).

In order to model the rate and the direction of a sediment transport, it is very important
to understand the time scales of the turbulent kinetic energy (TKE) fluctuation and the va-
riations of the suspended sediment concentration. The same accounts for the phase relati-
onship between these parameters and the near-bottom water velocity. The majority of inves-
tigators share the hypothesis about sediment suspension by vortices, but the confirmation of
this fact by direct field measurements is poor up to now. The mechanism of suspension of se-
diment by the turbulence of vortices has been verified by some measurements of the macro
turbulence under irregular waves in the surf zone (GEORGE et al., 1994; RODRIGUEZ et al,,
1995). The results of this research gave a possibility to assess a time averaged value of the tur-
bulent kinetic energy of the integral length scale and of the turbulent viscosity. But they did
not allow to trace the temporal variability of these parameters, which are necessary for the
analysis of temporal fluctuations of the suspended sediment concentrations and the transport
rates.

Under field conditions the production of turbulent vortices is affected by the group
structure of gravity waves, by infragravity waves and by the time averaged value of the cur-
rents (e.g. undertow, longshore current). Consequently, these irregularities have an influence
on the time scales of sand suspension and transport and make it difficult to compare with the
results of laboratory experiments for monochromatic waves. Special measurements are ne-
cessary to study the processes of suspension and transport of sand under field conditions
with a sampling rate frequency, which is much higher than the frequency of the surface wa-
ves. This is a difficult task, but it is the only possible way to obtain reliable data for the de-
scription of the physical processes. Those data are needed to invent suitable models for the
calculation of sediment transport.

The mechanism and the time scale of sand suspension by irregular waves are considered
in this paper on the basis of special field experiments.
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2. Test sites

Synchronous field measurements have been carried out during the experiments “Novo-
michailovka’93” in the Black Sea, “Norderney’94” in the North Sea and “EbroDelta’96” in
the Mediterranean Sea (PYKHOV et al., 1995; KUNZ and KOS’YAN, 1997; SANCHEZ-ARCHILLA
et al., 1998). The locations of the testing sites for the field experiments are shown in Fig. 1.
The programs of the experiments “Norderney’94” and “EbroDelta’96” have been diverse,
universal and complicated. However, this paper is restricted to the measured data and rela-
ted results, as far as they are connected with the aim of this paper. These measurement com-
prehend high frequency records of suspended sediments, water velocity, free surface eleva-
tion and erosion/accretion, as well as sampling of sediment in the water column and out of
the bottom layer, observations of the bottom profiles and of the ripple structures.

The field experiment “Novomichailovka’93” was carried out on the barred beach near
the Novomikhailovka settlement (Krasnodar region, Russia) on the Black Sea shore in De-

Fig. 1: Locations of the field experiments “Norderney’94”/Germany (a), “EbroDelta’96”/Spain (b),
“Novomichailovka’93”/Russia (c)
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cember 1993. The Black Sea is non-tidal. The measurements were adapted to wind waves and
swell, and concentrated on one point located offshore the surf zone at a depth of 2.7 m.
During the experiment the significant wave heights were up to 0.9 m and the periods reached
8.3 seconds.

The field experiment “Norderney’94” was performed on the non-barred western part
of Norderney Island, North Sea (Germany), in October 1994. The mean tidal range is almost
2.5 m (high-meso tidal); the tide is lunar semidiurnal. Synchronous measurements of the sus-
pended sediment concentration, the water velocity and the free surface elevation were car-
ried out predominantly in the outer and middle parts of the surf zone (wind waves and swell)
in two points of the bottom profile. The tidal range permitted measurements over a depth
ranging from 0.4 m to 2.2 m. During the experiment the significant wave heights reached
1.8 m and the wave periods were up to 9s.

The field experiment “EbroDelta’96 was carried out in the Trabucador bar of the Ebro
Delta, The Mediterranean Sea (Spain), in November 1996. The sandy barred beach is long-
shore uniform. The classification related to the tidal range is micro-tidal. Measurements fo-
cused on the surf zone (from the shoreline into a depth of approximately two meters). Du-
ring the experiment the significant waves were not higher than 0.6 m and the periods reached
7 seconds.

At the sites of the experiments the nearshore isobaths run parallel to the coastline. The
mean diameter of the bottom sediments ranged from 0.21 to 0.24 mm. The bottom slopes in
the measurement areas were about 1:40 to 1:100. The bottom profiles and the measurement
points for the three experiments are shown by Fig. 2.

During the experiment “Novomichailovka *93” the gauges were installed on a trestle of
300 meter length; during the “Norderney *94” experiment they were fixed on piles which had
been driven into the sand bottom (Fig. 3b); during the “EbroDelta’96” the devices had been
mounted on a sledge which was moved in the cross-shore direction by ropes (Fig. 3a). The
gauge data were recorded by computers on shore connected with the devices by cables.

3. Methods and devices

The suspended sand concentration, the three components of the water particle velocities
and the free surface elevation (waves) were measured synchronously at each measurement
point with a sampling rate of 5 Hz over one hour and/or 20 Hz over 20 minutes.

The 5 Hz-series were used for investigations of the process of sand suspension at the
time scales of gravity waves, infragravity waves and wave groups. Typically, in our experi-
ments the gravity wave frequency bands were 0.08 to 0.6 Hz; for the infragravity waves and
the gravity waves groups the frequency bands were lower than 0.08 Hz. The 20 Hz-series
were used to investigate the sand suspension process on time scales of turbulent fluctuations
in the surf zone, which corresponded to frequencies of more than 0.8 Hz for the test field
conditions.

During the experiments we tried to measure as many wave regimes as possible. In “No-
vomichailovka’93” only eleven of the 5 Hz-series were registered due to the short periods
with storm conditions. During “Norderney’94” the main part of the most interesting results
was received. Due to the tidal conditions the wave regime at the measuring points changed
continuously and consequently covered a wide range of wave parameters. Luckily, two storm
periods occurred during the experiment. Therefore it was possible to obtain 44 of the 5 Hz-
series and 35 of the 20 Hz-series. During “EbroDelta’96” the waves were weaker than in the
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Fig. 2: Beach profiles and locations of the measurement points at the three field experimental sites
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Fig. 3: View of sensors deployment used during the “EbroDelta’96” (a) and the “Norderney’94”
experiment (b)
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previous experiments, and only two situations with significant sand suspending events were
recorded.

Two-component electromagnetic current meters (measuring heads of 60-mm diameter)
were used. Two gauges were combined: one device measured the two horizontal components
(long- and cross-shore) and the other one measured the vertical and the cross-shore compo-
nent.

Free surface elevations (waves) were recorded by wire resistance gauges during “Novo-
michailovka *93”, by pressure gauges during “Norderney’94” and by electric-contact gauges
during “EbroDelta’96”.

The suspended sand concentration was measured by optical turbidimeters, realizing the
principle ,absorption of a light beam by suspended solid particles* in the investigated water-
column with a length of 60 mm (KOS’YAN et al., 1995). During the last years, the device has
been constantly modified and it is patented in Russia now (KOS'YAN et al., 1999a). Fig. 4
shows the latest model of the turbidimeter.

Fig. 4: The “Turbidimeter” — device

The use of the turbidimeter enabled us to obtain new knowledge concerning the me-
chanisms of the suspension of sediments. It works in the following way. The modulated light
beam traverses the water volume and is partly absorbed by the suspended particles. The at-
tenuation is detected by a photoreceiver. A diaphragm reduces the angle in which a light beam
can reach the receiver. A precise photocurrent amplifier increases the signal from the photo-
receiver. Afterwards it is demodulated, filtered and transferred as an analog signal to the re-
gistration device by communication cable. The electronic unit, which forms the registered
signal, is working as a self-tuning loop with negative feedback, which ensures an indepen-

dence from the cable resistance.



