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Abstract

A new laser illuminated underwater video system has been developed for simultaneously
imaging sediment suspension and monitoring bedforms under waves in the nearshore. The
system consists of a video and diode | light plane which illuminates
suspended material in section and profiles the bed where it intersects thc bottom. The
system was deployed in the field along with acoustic devices for measurement of nearbed
flow velocities and independent bedform observation at Queensland Beach, Nova Scotia.

Observations were made in 3 to 4 m water depth of linear transition ripple geometry
and migration using the laser-video system and acoustic scanning sensors during both the
growth and decay phases of an autumn storm event. Linear transition ripples are long
crested, low steepness bedforms in the anorbital ripple class. The transition ripples oc-
curred under relatively high energy waves, just below the flatbed threshold, and had wave-
lengths of 8.5 + 0.5 cm and heights of 0.3 £ 0.1 cm. The maximum observed migration
rate was 0.7 cm/min. Migration was offshore during storm growth, and onshore during
storm decay. The observed ripple migration rates were highly correlated with nearbed
wave orbital velocity skewness (r* > 0.7).

During storm growth, the incident wave spectrum was bimodal and the orbital velocity
skewness was negative. During storm decay, the wave spectrum was unimodal and the ve-
locity skewness was positive. Bispectral analysis shows that the main contribution to neg-
ative velocity skewness during storm growth arose from a difference interaction between
the two principal components (sea and swell) of the bimodal wave spectrum. Positive
velocity skewness during storm decay was due to self-self interaction of the narrowband
swell. These observations are shown to be consistent with a second—order wave theory.

These observations support a skewness, or u*, dependence of transition ripple migra-
tion on nearbed orbital velocity in a field setting and provide a demonstration of storm
modulated off- and on-shore directed ripple migration, thus ing a ism for
the reversible sediment transport cycle during storms.




Acknowledgements

This work was funded by the Natural Science and Engineering Research Council of Canada
and the U.S. Office of Naval Research Coastal Sciences program. Additional support was

provided by graduate ips from ial University of The field
and laboratory experiments forming the basis of this thesis were group efforts involv-
ing people from both ial University of and Dalhousie University.
They are, in no particular order: W. Paul, W. Judge, P. MacAulay, R. Craig, K. Bryan,
L. Zedel, C. Pequinet, T. Bowen, J. Foley, B. Roberts, B. O'Donnell, R. Dittman and J.

Watson, with special thanks particularly to Doug Wilson and Dave Hazen. The author

gratefully acknowledges Steve Elgar, who supplied his bispectrum code for comparison,
and along with Steve Henderson, was generally helpful with that analysis. Carolyn Smyth
produced velocities from the raw CDP data, and Ian Clarke, surface elevation time series
from the i data. C i on the work were offered by super-
visory committee members Brad de Young and Len Zedel and examination committee
members Yakov Afanasyev and John de Bruyn (who was also an effective administrative
expeditor). Bob Guza, the external examiner, provided insightful comments on the anal-
ysis leading to significant improvement of the thesis. Thank you for everything, Rick.
Lastly, thank you to my supervisor Alex Hay, whose enthusiasm for this work seems to be

boundless.

iii



Contents

Abstract

Acknowledgements

List of Tables

List of Figures

Notation

1 Introduction
A Brief History of Bedform Measurements . . . .. ...........

11
12
13
14
15
L6

Systems of Bedform Classification

Underwater Imaging Techniques and Structured L|ghlmg .........
Bedform Migration Observations . . ... ................
‘Wave Orbital Velocity Forcing inthe Nearshore . . . . . ... ... ...

Orbital Velocity Dependence in Sediment Transport Models

Bispectral Analysis

Organizationof the THESIS .« . < vocv v vv v v v wsivinn v v s vmiosia

Design and

Laser-video System Design and Specifications

Ficld of VIEW CalIBEaion . . - o o vivva s 5 o stersieis s o & misnaas

Bed Profile Finding



2% DEpIOYIEOE: v o o 6w stepeions’ 4 o wonoise s & 5 v Aaisapd a5
24.1 National Research Council,Ottawa . . . .............
242 Queensland Beach, NovaScotia . . . .. .............
25 DMAOVEIVIEW ... ....iceoncocmosnassessasvies
26 SanpleLaser-VIdEOTMBRES: . »vva s 5 sisiarervis & 5 & gaaiararaie &

3 Results
3.1 Overview of Wave Forcing Conditions, Yearday 261 . .. ........
32 Linear Transition Ripple Geometry . . . .................
33 Transition Ripple Migration Velocities . . . . .. .............
34 Wave Orbital Velocity Spectra . . . . . ..................
3.5 Origin of the Orbital Velocity Skewness — Bispectral Analysis . . . . .
3.6 Comparison with Linear and Second-order Theories . . .........
3.7 Angleof WaveTncidente . o « «ic.simre s & & b odlons e o & o x vrsssisie
38 Summay ind DECUSEION. . . oo vioei o nerevinmn o v o 8 wEee

4 Conclusions
Bibliography
A A Theory of Second-order Nonlinear Wave Interaction

B Velocity Dependence Considerations

52
52
57

70
73
7
85
87

9

101



List of Tables

33

34

Y i ibrati for cameras used in the NRC
and Queensland Beach experiments. . . . . ... .............
Site-specific calibration parameters for the NRC and Queensland Beach

‘Wave breaking observations from upward looking pencilbeam sonar records. 56

Frequency pairs showing signil i at the 95%
level forIntervals Land Il . .. ......................
C ison of the sk of CDP d orbital velocity and ve-

locity skewness calculated using the MBW theory at three times during
WevAlE: : ¢ s snvmaiein s s wRESRE 1 8 L HeNRRSE & G PeER

C ison of ible raged CDP orbital velocity skew-
ness and skewness calculated using a Stokes expansion for u in Interval II.

vi



List of Figures

LI
12

RO R RN
Y s = O oo
& w =05

3.1

Ripple spacing as a function of orbital diameter. . . . . ... ....... 6
Bedform type as a function of Shields parameter for laboratory and field

- R e R L T 8
Cartoon of the laser-video imaging system concept. . . . . . . . . . . . . 12
Example wave forms illustrating skewness and asymmetry. . . . .. ... 16
Photograph of the camera and lasers. . 29
Camera calibrati i system definition. . . ........... 32
Camera lens radial correction factor. . . . . .. .............. 34
Sample video image used in the NRC experiment site-specific calibration. 35
Bed profile finding algorithm test ripple results. asia = s . 38
NRC i i array OB, ovees s v e 40
Map of south—central Nova Scotia showing St. Margarets Bay and the
Queensland Beach field site location in relation to Halifax. . . ... ... 41
St. Margarets Bay and the Queensland Beach field site.

Detailed yof the area i i

Mean beach profile at the time of deployment at Queensland Beach. . . . 44
Q Beach i array HOM.c5, &5 005 06 0 000 45
Sample images from the NRC, Ottawa, experiment. . . . . ... .. 48
Sample images from the Queensland Beach field experiment. . . . . . . . 50
Time evolution of the storm event on yearday 261, 1995. . ... ... .. 54

vii



32

33

34

3.5

3.6

37

38

39

3.1

3.12
313

3.14

3,

@

3.16
3.7
3.18

Fanbeam scanning sonar images of linear transition ripples collected dur-
ing Intecval LandMnterval Il .. . « ¢ o v o v v s cmimmn s e as
One and a half hour time series of bed elevation profiles obtained using
the laser-video system during Interval I. . . . . . ... ..........
Further averaged bed elevation profiles obtained using the laser-video sys-
remdurng WWEVALL, o o 50000 8 5 5 2 we@imis 5 5 & LBUEE HE 4
Ripple geometry over 1.5 hours during Interval I. . . . . . ........
8-minute slant pencilbeam sonarruns. . . ... ... ... ...
The position of the observed linear transition ripples in orbital diameter—
ripple wavelength space. . . iocvon s o s semee s s seEEE e b
Ripple migration velocity and orbital velocity forcing conditions during
eSO, . . cvmiierrvemiis s s ss s e
Transition ripple migration velocity plotted against orbital velocity skew-
ness and orbital velocity cubed. . . . . ... ... ...
Power spectral densities of CDP measured nearbed orbital velocities dur-
ing Interval lamdloerval Il ... .coiv - 5 2 woieininn o s amemione
Ensemble averaged power spectral densities of nearbed orbital velocity
during Interval [and Interval IL. . . . .. ... ..............
Bicoherence of nearbed orbital velocity during Interval [ and Interval IL. .
The real part of the bispectrum of the nearbed orbital velocity during In-
terval landInterval IL. . . . ... ... ... ... ... .. ...,
C ison of velocity sk with that of velocity calcu-
lated from surface elevation (both Intervals) and by the MBW method (In-
BEIVAIT). 5 5 v o vmvaion 4 5 & STME ISR 5 E N SEEGRRE & W SRS
Ensemble averaged power spectral densities of surface elevation measured
by upward looking pencil beam sonar during Interval [ and Interval II. . .

Position in A—w space of the interacting and forced waves during Interval [.

58

61

62

65

nn

80
82

Position in k—w space of the primary and harmonic waves during Interval IL. 85

Calculated velocity skewness as a function of height above bottom. . . . .

viii

86



Al
A2
A3

B.

B2
B3

Skewness as a function of depth calculated by the MBW method. . . . . . 104
The four terms of Equation A.18 as a function of waterdepth. . . . ... 106
Ursell numbers as a functionofdepth. . . ... .............. 107

Regressions of ripple migration velocity and a range of odd power orbital

VEIOCIRY GMANRION . v oois s occraomnb e i 0 s, Rt il o & 6 o 1o
Contribution of the mean velocity to ud,y. . -« - o oo v e 1t
Regressions of ripple migration velocity and a range of odd power total

VEIOCKY GEAMMIER:: <556 & & v s @ivii s 8 50 SarnalaEs 5 5 s 13



Notation

RDD

wave amplitude
wave orbital semi-excursion
ignil wave orbital semi-
asymmetry
percentage of waves breaking
bispectrum
wave phase speed
camera optical centre z— and y—coordinates
mobile layer reference concentration
video image pixel aspect ratio scaling factor
median grain diameter
expectation value
frequency
wave friction factor
Nyquist frequency
complex Fourier coefficient
acceleration due to gravity
water depth
wave breaking height
significant wave height
imaginary part
Bagnold's Q/W constant
camera range calibration factor
ripple migration velocity
power spectrum
particle—particle normal stress
bedform sediment transport rate
grain volume sediment transport rate per unit width
immersed weight sediment transport rate per unit width
correlation coefficient
rotation matrix coefficients
autocorrelation function
video image radius from optical centre, undistorted
video image radius from optical centre, distorted




ST &1

Ao

"
o, u,8

K1, K2

radial distortion lens correction

wave Reynolds number

real part

specific gravity

skewness

camera geometry factor

wave period

particle-particle shear stress

nearbed orbital velocity (demeaned)
mobile layer reference velocity
streaming velocity

wave boundary layer friction velocity
Stokes expansion velocity coefficients
Ursell number

mean nearbed velocity

fall velocity of a sphere

rate of energy dissipation near the bed
video image pixel z- and y—coordinates
object plane world z— and y—coordinates
Wells’ fundamental frequency coefficient
Wells’ harmonic coefficient

Wells’ difference frequency coefficient
Wells sum frequency coefficient
coefficient in Wells’ calculation
coefficient in Wells' calculation
coefficient in Wells’ calculation
coefficient in Wells’ calculation
coefficient in Wells’ calculation
coefficient in Wells’ calculation
bicoherence

terms in Wells’ u

mobile layer thickness

sediment porosity in the bed

sea surface elevation

ripple height

camera pitch, roll and yaw angles
grain roughness Shields parameter
camera lens correction factors

xi



o

e 4Pumer

E.E;,'?

ripple wavelength

dynamic viscosity of water

kinematic viscosity of water

power law dependence of velocity

water density

sediment density

time lag

bed shear stress

velocity potential solution for the Laplace equation
Stokes expansion velocity potential coefficients
sediment mobility number

radian frequency

xii



P

non est p sine

“Plurality should not be posited without necessity.”

William of Ockham (~1285-1349)

xiii



Chapter 1
Introduction

Large scale sand beach morphology is determined by sediment transport, which is forced at

the fluid-sedi: interface. Fe f tens f meters in extent can originate

in transport processes operating at centimeter scales. Generally accepted relationships
between the local fluid forcing and resulting sediment transport are lacking, especially
under the irregular waves typical of field conditions [Kraus and Horikawa, 1990]. Thus,
the accurate prediction of many aspects of ical evolution in the zone
awaits better understanding of the smaller scale processes.

It has long been thought that wave orbital velocity skewness is fundamentally impor-
tant to the direction and magnitude of net sediment transport. This idea has its physical
basis in the difference between the maximum velocities during the forward and reverse
flows over a wave period. Net movement of sediment under any oscillatory flow requires
a difference between the amount of sediment mobilized during the opposing flows. The
third moment of the velocity (unnormalized skewness) appears in transport models based
either on energetics arguments [Bagnold, 1963; Bailard and Inman, 1981; Gallagher et al.,
1998] or bottom stress [Meyer-Peter and Miiller, 1948; Madsen and Grant, 1976). Though
these approaches represent a large fraction of the modeling effort, velocity exponents rang-
ing between 3 and 7 have been suggested [Dyer and Soulsby, 1988]. There are very few
reported observations of a direct link between nearbed wave orbital velocity skewness and



local sediment transport rate in the literature. Observations of this type would help to re-
solve the question of the wide variation in the velocity exponent used in sediment transport
models.

Results are presented in this thesis which are based on field observations of bedforms
which occurred during relatively energetic wave conditions. These measurements were
made possible in part by a novel underwater laser-illuminated video system designed for
measurement of bedforms and sediment suspension [Crawford and Hay, 1998]. The high
resolution capability of the system allowed detailed ripple geometry measurements. To-
gether with an acoustic bed profiling system and high quality velocity measurements, ob-
servations of ripple migration were obtained in conjunction with measurements of nearbed
orbital velocities. The observations show both onshore and offshore migration of linear
transition ripples at velocities which correlate to positive and negative orbital velocity
skewness. The particular ripple type focused on in this study are low relief, long crested
bedforms which exist in conditions of high energy flow and high sediment transport rate.
Itis proposed that these bedforms represent a diagnostic sediment transport indicator. As
far as this author is aware, this is the first clear observation of a link between local wave or-
bital velocity skewness and a sediment transport indicator, in this case, bedform migration,
spanning both onshore and offshore transport directions.

Establishment of an equilibrium beach profile requires a balance in the cross-shore
direction between on and offshore components of sediment transport [Bowen, 1980]. The
second—order flows most commonly thought of in relation to mass transport by waves,
streaming velocity and wave drift, are in the direction of wave travel (onshore). Wave
skewness in the nearshore is most commonly observed to be positive, which would also
move sediment onshore. Mechanisms for transport of sediment in the offshore direction
are less well understood. Offshore transport can be driven by offshore mean flows, such
as undertow or rip currents which are sporadic, assisted by the beach slope (gravity). Ob-
servations of negatively skewed nearbed orbital velocities are few despite the theoretical
basis provided by second—order theories such as by Wells [1967] and Longuet-Higgins
and Stewart [1962]. The observations of offshore bedform migration presented in this



work demonstrate that negative skewness of the nearbed wave forcing can drive offshore
sediment transport when the incident wave conditions are conducive.

The skewness of a time series quantity is a measure of the asymmetry of the distribu-
tion of the set of observations. In wave time series, nonzero skewness can arise through
nonlinear processes, and so skewness becomes a measure of nonlinearity. Bispectral anal-
ysis is a technique well suited to identifying phase coupled weakly nonlinear interactions,
which are an integral part of the wave forcing envii The bi:
has been used in this work to identify wave interactions leading to the observed velocity
skewness and provides the basis for understanding the observed on— and offshore bedform
migration in terms of second—order wave theory.

This introductory chapter continues with a review of previous work on bedform mea-
surements and classification, with emphasis on nearshore field observations. A brief re-
view of the use of underwater imaging in bedform and sediment dynamics measurements

is then given, i ing a iption of the video iq ped as part
of this work. An overview of bedform migration observations follows. Discussion of
nearshore wave forcing and a brief summary of the velocity dependence aspect of sedi-
ment transport modeling follow. An overview of bispectral analysis is then presented. The
chapter closes with a brief summary of the organization of the remainder of the thesis.

1.1 A Brief History of Bedform Measurements

Bedforms can be observed in any situation where fluid flows over a movable granular
bed. This includes deserts, gravel river beds, tidal mud flats, wind blown snow, and sand
beaches. The ripples reported in this thesis were formed in nearshore sands by wave
action. Oscillation ripples are different from those produced by unidirectional flow in
having a more symmetric shape. As well, the migration direction of oscillation ripples
under real ocean waves, as opposed to unidirectional flow, is governed by more compli-
cated processes than first inspection might suggest. The following brief historical review
of bedform measurements will focus on field observations, which have been relatively few



in comparison to the larger body of laboratory work on the subject.

In general, the motivation behind most early oscillation bedform studies was to create a
ripple type versus flow parameter “phase diagram™ in order, for example, to infer paleoen-
vironment from fossilized bedforms [Allen, 1982; Clifton and Dingler, 1984]. In recent
decades, with attention turning toward understanding the dynamics of sediment transport,
emphasis has been shifting to the study of bedforms in the context of boundary layer flow
[Grant and Madsen, 1982; Conley and Inman, 1992; Hay et al., 1999]. This has been
made possible by signil advances in appli both for of
the Ives and of the ying flow field.

It is an indication of the shortage of reported field observations of oscillation ripples
that despite technological advances, some of the most frequently cited studies remain the
SCUBA diver observations of Inman [1957] and Miller and Komar [1980a]. These were
obtained in relatively clear water, at depths of between 5.5 and 21 m [Inman, 1957] and
between 9 and 33 m [Miller and Komar, 1980a]. Diver observations in the nearshore
are limited by surf conditions and visibility and are inherently intrusive in a flowing fluid
environment. Dingler and Inman [1977] point out that

. ripple heights are almost impossible to measure manually because the
weight of the meter stick flattens the crests and because constant water motion

from the waves disrupts the measurement ...

Diver observations are also reported by Clifton et al. [1971], Davidson-Amott and Green-
wood [1976], Sherman and Greenwood [1984] and more recently by Osbome and Vincent
[1993]. Typically, divers measured ripple spacing or height by ruler (some made grease
pencil marks), or visual estimation. Other i include of ripple shape
by pressing a greased comb-like device into the sand [Inman, 1957; Kawata et al., 1990]
and photography [Inman, 1957] (to be discussed further in Section 1.3). Advances in the
study of what is fundamentally a boundary layer have required P

of instrumentation that does not “disrupt” the area under observation and can be deployed
in other than quiescent conditions.




The first widely cited quantitative bedform observations obtained using a suitably re-
mote measurement method, in this case a track-mounted sonar altimeter, were obtained
by Dingler [1974], and reported in Dingler and Inman [1977]. This set of observations
appears to be one of the most frequently cited in the literature [a few examples are Miller
and Komar, 1980a; Nielsen, 1981; Clifton and Dingler, 1984; Boyd et al., 1988; Wiberg
and Harris, 1994]. Other track—mounted and fixed altimeter type sonar systems have sub-
sequently been widely used [McLean, 1983; Greenwood et al., 1985; Hanes et al., 1988;
Osborne and Vincent, 1993; Vincent and Osborne, 1993; Hay and Bowen, 1993; Gallagher
etal., 1996].

In the past decade, the introduction of side~scan type sonar systems has revolutionized
the field of nearshore bedform observations. It is now possible to remotely monitor bed-
form development over wide areas in real time through conditions entirely prohibitive to
divers [Hay and Wilson, 1994; Thornton et al., 1998; Hay and Bowen, 2000; Traykovski
etal., 1999].

The previous discussion has centred on acoustic techniques since most of the recent
technical advances applicable to bedform measurements have been in this area. A notable
exception is in the area of diode laser technology, which has made possible the structured
lighting approach ped for the | ideo system ibed in this thesis.

1.2 Systems of Bedform Classification

The early work in oscillation bedform field ion and Y il has
resulted in diagrams like that shown in Figure 1.1, from Clifton and Dingler [1984]. The
data shown are a combination of field and laboratory observations from a number of inves-
tigators (see figure caption). The schematic diagram, Figure 1.1b, describes the division
of ripples into various ificati ing to the of their g
wave orbital diameter (the i i ion a particle ing the wave
orbital velocity would undergo through one wave cycle). For waves of a given period,
orbital diameter is proportional to wave height. Over the range of small to medium waves,

on
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Figure 1.1: Ripple spacing A as a function of orbital diameter d,, normalized by grain
diameter D, from Clifton and Dingler [1984]. In (a), x indicate field data (Inman [1957],
Dingler [1974], Miller and Komar [1980a], Dingler and Clifton [1984]) and o show lab-
oratory data (Carstens et al. [1969]; Mogridge and Kampuis [1973]; Miller and Komar
[1980b]). (b) is a schematic representation of the data shown in (a) with three ripple types
indicated.



ripple wavelength is proportional to orbital diameter (orbital ripples). Ripple wavelength
shows little wave orbital diameter dependence under large waves (anorbital ripples). In the
middle, between orbital and anorbital ripples, are suborbital ripples. The lower bound on
the classification scheme is determined by the threshold of motion of sediment on the bed,
below which any ripples present are left over from previous disturbance (relict ripples).
Under very large waves, high flow velocities scour the bed of ripples (fatbed).

A complementary scheme divides ripples into vortex and rolling grain ripples [Bag-
nold, 1946; Sleath, 1984, Chapter 4]. Vortex ripples are maintained by flow separation at
the ripple crest, which forms a vortex in the lee trough during each wave half—cycle. The
vortex-generated backward flow on the lee side pushes sand toward the crest so that the
ripple shape is peaked. Rolling grain ripples form when the flow does not separate at the
crests. These ripples have a lower relief, more sinusoidal shape than vortex ripples. His-
torically, this bedform class has included both a low and high energy case [Sleath, 1976;
Allen, 1979] — in vigorous flow almost strong enough to erase ripples altogether, ripple
steepness can be decreased to a point where flow separation does not occur. In the work
presented here, which deals with the higher flow energy case, ripples in this second regime
have been differentiated from the lower energy case by calling them transition ripples, fol-
lowing Dingler and Inman [1977].

There are many field observations of ripple types that do not fit clearly into these
schemes, since they do not include consideration of three~dimensional ripple types. Cross
ripples [Clifton, 1976] have crests aligned obliquely to the dominant wave forcing direc-
tion and often have a bimodal ripple wavelength distribution (Hay and Wilson [1994] de-
scribe shorter wavelength vortex ripples with superimposed larger oblique crests in a dia-
mond shaped pattern). These are observed under moderate to high energy flows. Megarip-
ples are of larger scale, O(1 m), than the bedforms mentioned so far and occur in high
energy conditions [Clifton, 1976; Hay and Wilson, 1994; Hay and Bowen, 2000]. They
are often solitary features, generally lunate in shape and due to the large sediment volume
they represent, can contribute significantly to sediment transport when migrating [Hay and
Bowen, 2000].
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Figure 1.2: Bedform type as a function of Shields parameter for laboratory and field data.
In the upper panel, + and + are from two storm events in the field data, and in the lower
panel, o and = are from two different laboratory experiments. The ripple types are Relict,
Linear, Irregular, Cross, Mega, Evanescent or Flatbed (from [Wilson and Hay, 1995]).



Clifton [1976] originally proposed an hierarchy of bedforms as a function of distance
offshore (water depth). Hay and Wilson [1994] showed that an equivalent progression can
occur at one location as a function of time through a storm. A progression scheme of this
type is perhaps the most useful classification system for bedforms observed in the field.
Wilson and Hay [1995] present observations of ripple type as a function of increasing
oscillatory flow energy from both field and laboratory experiments. Following Clifton
[1976], ripple type was defined as Relict, Linear, /rregular, Cross, Mega, Evanescent or
Flatbed. Their results are shown in Figure 1.2, plotted against Shields parameter, 625
given by

05 = n

)
(ps = p)gD
where 7; is the bottom stress, p, and p are the densities of sediment and water, g is accel-
eration due to gravity, and D is median sediment grain diameter (the subscript 2.5 refers
to the roughness length of 2.5D used in calculating 7, see Section 3.1). The Shields pa-
rameter can be thought of as the ratio of the horizontal force exerted on a particle by the
shear stress and the force of gravity. The Shields is often used to

oscillatory flows; for example, it is generally recognized that a Shields parameter of ap-
proximately 1 or greater is required for flatbed [Nielsen, 1981]. The evanescent ripples of
Wilson and Hay [1995] (“short lived linear ripples observed intermittently by the sonar”)
are most likely anorbital and could very well be transition ripples — observations of bed-
forms of this type have led to the bulk of the results presented in this thesis (Chapter 3).

1.3 Underwater Imaging Techniques and Structured
Lighting

of oscillati using video or photography is common in a labora-
tory setting [Bagnold, 1946; Carstens et al., 1969; Sleath, 1984; Yokokawa et al.. 1995].



In the field, however, there are far fewer instances. Although these methods offer a non-
intrusive measurement technique that is relatively uncomplicated and intuitively under-
standable, they are subject to obvious visibility limitati i in the
environment.

As early as 1957, Inman mentions of (some
cluded in Inman’s Technical Report), but the published results come from diver measure-
ments (similarly in Clifton et al. [1971]). Inman [1957] briefly mentions use of underwater
video. Several i i report of cameras or video
for purposes of itori itions at the site [Hay and Bowen, 1993;
Osborne and Vincent, 1993], but do not attempt quantitative use. An interesting early case

arein-

of bedform measurements is by Sternberg [1967], who reported ripple migration veloc-
ities under tidal flow obtained using an underwater video camera directed downward at
the bed. Ripple crests were traced from a television monitor at 5 minute intervals and

the migration velocity ined from the i area between successive crest posi-
tions. Dyer [1980] reported observations of the frequency of sediment movement under
tidal currents which were estimated visually from close-range underwater video footage
of the bed. Boyd et al. [1988] used time lapse photo images to observe bedform type
and migration under waves in 10.5 m water depth. Conley and Inman [1992] used video
in the nearshore to obtain qualitative observations of sediment suspension in relation to
fluid-granular boundary layer flow observations.

The observations ized in the i were obtained under ambient
lighting itions. As previ i the primary limitation of video, in energetic
iti is visibility. lighting is an effective method of increas-

ing the video signal-to-noise ratio, extending the range of suitable visibility conditions.
This technique can also simultaneously provide a means of determining position in the
camera field of view, allowing quantitati i to be made. Various

lighting techniques have been used successfully for imaging floc particles and plankton in
the deep ocean [for example, Honjo et al., 1984; Lenz et al., 1995; Ratmeyer and Wefer,
1996]. Lasers are a convenient light source and have been used underwater in a variety



of imaging applications, mostly associated with Remotely Operated Vehicle (ROV) vision
systems. Laser spots at fixed points in the camera field of view have been used to obtain
size estimates of benthic organisms [Tusting and Davis, 1992|. A photo-multiplier tube
receiver synchronized to a rastered laser light point has been used to enhance ROV vision
for underwater salvage operations [Kulp et al., 1993]. Fournier et al. [1993] report another
ROV vision system utilizing a range-gated laser light source. The lasers used in these
applications are argon-ion, He-Ne or diode pumped Nd: YAG lasers. The very recent de-
velopments in efficient, higher power diode lasers in a wide range of wavelengths will no
doubt soon lead to an increase in their use over carlier laser technologies.

Though any of the previously mentioned techniques would be suitable for quantitative
measurement of bedforms, there are very few instances in the literature of the use of struc-
tured lighting for bedform measurements. Wilkinson [1986] used a flood light and shadow
bar to obtain ripple geometry measurements from photo images. Ripple wavelength and
height were determined from the shadow cast by the bar, knowing the relative positions of
the camera, light source and bar. A similar technique was used on the continental shelf by
Li and Amos [1998].

The laser-video system to be described in this thesis was developed with the goal of

time series of i i i images of structure in the sus-
pended sediment field and simultaneous bed profiles over a length greater than a wave
orbital diameter. The realization of this idea uses compact low—power diode lasers to pro-
duce an illuminated section which is viewed from the side by a small black—and-white
CCD camera. The system is shown conceptually in Figure 1.3. Once the camera field
of view is calil position in the i i plane can be ined to
accuracy. This very high ion in ison to typical MHz-
acoustic systems, for example, which can realize millimeter resolution in range, but for
which the size of the "footprint” of the beam pattern leads to spatial averaging of the bot-

tom return over several i in the hori l. In a slant ori ion, the width of
the beam pattern can be utilized to advantage, but ripple height information cannot be
obtained, and the far sides of ripples can be in acoustic shadow. In the context of the



Figure 1.3: Cartoon of the laser—video imaging system concept. Ripples are profiled where
the laser sheet intersects the bed and suspended material is also illuminated. A camera
images the laser section from the side.

measurements to be presented in Chapter 3, the low relief (< 0.5 cm) of the observed
transition ripples required the high spatial resolution of the laser-video system to obtain

accurate measurements of ripple geometry.

1.4 Bedform Migration Observations

Bedforms appear to migrate as sediment is removed from one ripple slope and deposited
on the other. Under oscillating flow, this requires a flow asymmetry for the same reason as
it is required for sediment transport in general. Individual grains involved in the migration

process may travel distances greater than a ripple gth between being
and deposited. Bedform transport, defined by the volume of sediment contained in the

migrating bedforms, can then occur through a ination of bedload and ded load
modes of sediment transport. There is no accepted relationship governing the relative
contribution to bedform transport by both modes, though Bagnold [1941] argues that for
large scale bedforms and possibly ripples, the migration rate is in proportion to the total

sediment transport load.



Two relationships for bedform transport Q, as a function of ripple geometry and mi-
gration velocity have been proposed. Bagnold [1941] defined Q. as

Qr = Mp,(1 —€) 12)

where 7, is ripple height, M, is ripple migration velocity, p, is the sediment density and €
is the porosity of the bed. Allen [1970] defined

Q. = %,,,M,p.(x =) 3

These relationships differ by a factor of 2, reflecting the difference between including (for
a ripple of roughly tri; profile displaced by a gth) the area swept by the
advancing ripple face per time and the ripple volume per width per time. One perhaps
defines a maximum, and the other an average [Amos et al., 1999].

A brief summary of some of the relevant observations of ripple migration reported in
the literature follows. Sternberg [1967] made video measurements of ripple migration (as
discussed in Section 1.3) and flow velocities in a tidal channel in 20 m water depth. Under
unidirectional flow, he found

M, = (1.451t012.6) x 107" uj, (1.4)

where u)g is the 5S-minute averaged horizontal velocity 10 cm above the bed. In the near-
shore zone, Dingler and Inman [1977] found positive correlation between onshore ripple
rate and Longuet-Higgins’ [1957] ing velocity,

5 2
u, = —(2::“) S (1.5)
where a, is the orbital semi-excursion, w is the wave radian frequency and c is the wave
phase speed. u, depends on orbital velocity squared or flow energy since aow ~ 2uyms.
This predicts ripple migration only in the direction of wave propagation. Boyd et al.
[1988] observed ripple migration in 10 m water depth off a sand beach. Their “type 1"
ripples were most likely transition ripples, and were observed migrating in both on and
offshore directions. They found no significant relationship between velocity skewness



and ripple migration velocity citing i itivity and i ility of the

flow meters and possibly characteristics of the vertical structure of the nearbed flow field
as possible reasons. They state that offshore migration of ripples was observed under
the largest waves during two storms, when onshore directed streaming velocity would
be strongest. Vincent and Osborne [1993] report observations of ripple migration on a

macro-tidal beach. They looked for a relationship between ripple migration velocity and
three di: i Shields (see Equation 1.1), wave Reynolds
number

Rey = Domso (1.6)
v

and mobility number

2

v = (’(—2:‘% n
where v is the kinematic viscosity of water and s is the sediment specific gravity. umax
was defined as the average of the highest one-third of the maximum current speeds (or
the significant velocity) in the shoreward half cycles of the waves only. Similar to u,,
the three parameters 65, Re,, and ¢’ are all representative of wave flow energy. They
found no significant relationship between the observed migration velocity of “small” rip-
ples and any of the three parameters. They observed transition ripples on at least one
occasion, but do not separate ripple types beyond “large” and “small”. Amos et al. [1999]
observed ripples in i flow itions on the i shelf. The
ripples they observed were primarily current formed (unidirectional) and they found the
migration velocity to be a function of the current component of the combined flow. Fi-
nally, Traykovski et al. [1999] observed migration of ripples in 12 m water depth. They
observed i onshore migration and found qualitati: between the
cumulative integrals of u? and ripple displacement.

To summarize, the observations of Sternberg [ 1967] and Amos et al. [1999] were under
unidirectional or combined flows. Under waves alone, Dingler and Inman [1977] found
correlation between ripple migration velocity and a measure of flow energy (u,), while
Vincent and Osborne [1993] found no correlation between ripple migration rate and any




of several similar flow energy parameters (625, Re,, and ¢’). These results were biased
toward the onshore ripple migration direction. Boyd et al. [1988] failed to find corre-
lation between ripple migration and orbital velocity skewness (including observations of
transition ripples), but cited probable inadequacy of the velocity measurements. The ob-
servations of Traykovski et al. [1999], similar to the observations to be reported here,
support a i ip between velocity sk and ripple migration, but are limited to
the onshore migration direction.

It should be pointed out that the large majority of ripple migration observations were of
ripple types other than transition ripples (with the exception of some of the observations
of Boyd et al. [1988] and Vincent and Osborne [1993]). It is quite probable that the

mechanisms involved in migration of vortex ripples, for example, are quite different than
those involved in migration of transition ripples. These ripple types occur under different
flow conditions and couple with significantly different boundary layer flows, necessitating
separation of ripple types when looking for i ips between ripple migration and
the fluid forcing. The fu i for an y in the oscillating flow,

however, remains in any case.

1.5 Wave Orbital Velocity Forcing in the Nearshore

Nearshore dynamic processes are primarily forced by the incoming waves. Examples
include longshore currents driven by non-normally incident waves, undertow and rip cur-
rents, all of which can move sediment, ulti ining beach The
morphology in turn controls the large scale flows, making the large scale system intrinsi-
cally nonlinear.

‘Waves in the nearshore undergo nonlinear evolution while shoaling over a sloping bot-
tom. The general characteristics of the local wave forcing are usually given by bulk mea-
sures such as the peak spectral period, 7. and root-mean—square surface elevation, (ims,
or significant wave height, Hy/3 (the average height of the one third largest waves). As
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Figure 1.4: Example wave forms illustrating skewness and asymmetry. The y axes could
represent surface elevation or a component of wave orbital velocity and all have been

(a) Asi idal wave form d zero skewness and asymmetry to a time
series. (b) A wave form showing positive skewness (peakedness) and zero asymmetry. (c)
A wave form showing non-zero asymmetry.

shoaling progresses, waves become more peaked and lean toward shore. The manifesta-
tion of this nonlinear process in time series ities can be ibed in terms

of higher statistical moments, specifically wave skewness S and asymmetry A. Skewness

describes the departure from symmetry about zero of the distribution of the demeaned

ki of a time series z(t) is determined from
Elz]

= E PR

S (1.8)

where E[ ] is the expectation value (see Equation 1.34) and r has been demeaned. Asym-
metry is the skewness of the Hilbert transform of the time series. The Hilbert transform
phase shifts each Fourier component of the time series by 7/2, so that the even and odd
components are exchanged. Even functions have non-zero skewness and zero asymmetry,
and odd functions have zero skewness and non—zero asymmetry (consider E[cos® 6] and
E[sin’ 6] in Equation 1.8). In terms of quantities that would typically be measured in the
nearshore (surface elevation or orbital velocity, for example), Figure 1.4 shows examples

of wave forms that would i skewness or Yy to a time series. A

purely sinusoidal wave form, in the time series sense, has zero skewness and zero asym-
metry. Waves with flattened troughs and peaked crests are positively skewed and waves
that lean toward one side have non-zero asymmetry. As waves shoal they evolve from
in deep water, i ing in sk and y until they attain a shape

exaggerated enough that they break.
In the nearshore, incident wave energy is distributed over a spectrum of frequencies.




Nonzero wave skewness arises as a result of nonlinear interaction between the frequency
constituents of the wave forcing during the shoaling process. For narrowbanded waves,
self-self i ion can lead to the p of ics and to positive skewness,
as in the usual Stokes expansion. Hasselman et al. [1963] showed that a difference inter-
action between two wave trains of different frequency (as in a bimodal spectrum) gives

negative skewness associated with the beat or wave group frequency response. In the pres-
ence of a broad band wave spectrum, si; sum and di interac-

tions are possible and the resulting wave skewness is the sum of the positive and negative
contributions from all interactions. Elgar and Guza [1985a] presented clear examples of
the evolution of bimodal, narrow and broad banded bottom pressure spectra (and the as-
sociated wave skewness and asymmetry) through these nonlinear interactions as waves
shoal.

The most basic second—order theory describing ocean waves uses the Stokes expan-
sion. Many of the observed second-order flows, for example, drift or mass transport ve-
locity [Longuet-Higgins, 1957], can be derived following this approach. This comes from
solving the (i i inviscid) Lapl quation, with appropriate boundary
for a linear first order potential, plus a perturbation (second-order) term,

¢ = ¢ +¢? = ¢ sinwt + ¢y sin 2wt (1.9)

where ¢, and ¢ are coefficients which depend on wave amplitude a, water depth & and
vertical position z. The horizontal velocity u is given by

u=d—o=u;cnsut+u2cnsm (1.10)
dz
where
_  coshk(h—z)
w = aw—m § (L
3 cosh 2k(h —

.
w = etk (112)



and k is the wavenumber, 27 /wavelength. In order that the expansion is valid, the pertur-
baticn term must be much smaller than the first order term, i.c.
ja%hw/(kh) _ 3 ak
aw/kh A(kh)?

<1. (1.13)

The quantity 3ak/4(kh)® is known as the Ursell number, Ur. The requirement that Ur <
1 means that wave amplitude and steepness are limited to small values as kh becomes small
in shallow water. The Stokes expansion description of u yields a wave orbital velocity with
positive skewness.
The significance to sediment transport of a skewed horizontal orbital velocity, is that
skewness a mi h between the i and durations of the
maximum forward and backward velocities over a wave cycle. If more sediment can be
mobilized during one half wave cycle than the other, then this represents the potential for
net transport of material. Under flow conditions near the threshold for sediment movement,
it is possible for sediment to be in motion only during that part of the larger velocity wave
phase when the critical value of shear stress is exceeded. In symmetric waves, though
much material may be moving, the net transport will be zero. The shoaling of waves as
they enter shallower water, however, precludes this hypothetical situation in the natural
nearshore. One of the primary difficulties in sediment transport measurement is that the
net quantity is the small difference between two sometimes large and generally uncertain
quantities.

1.6 Orbital Velocity Dependence in Sediment Transport
Models

It is not the purpose of this thesis to examine sediment transport processes or modeling
in detail (there will be no computed transport results presented, for example). A brief
description of some of the commonly cited cross-shore transport models will be given,
however, to highlight, firstly, the importance of finding a u® (or skewness) dependence in
the field, and then, the imp of ining the iate exponent in the velocity




dependence. The skewness and the cube of velocity are intimately related in that skewness
is equal to the cube of the demeaned velocity normalized by the cube of the root-mean—
squared velocity (Equation 1.8). In very general terms, the sediment transport models can
be divided into those that are based on an energetics argument (following Bagnold [1963])
and those based on a bed stress argument (as in Madsen and Grant [1976]).

The energetics argument, as originally put forward by Bagnold [1963], follows the
reasoning that the sediment transport rate Q is proportional to the rate of wave energy
dissipation near the bottom W, or

Q = KW (1.14)

where Q is defined as the immersed weight transport rate of sediment per unit width of
flow with units of mass/time®, and W is the rate of energy dissipation near the bed, with
the same units. K is a di i i which Bagnold d into
contributions from bedload and suspended load. The energy dissipation is due to bottom

friction, so

W = nu (1.15)

where 7, is the bed shear stress and u is a representative orbital velocity outside the bound-
ary layer. The bottom stress is given by

n» x pul (1.16)
where p is the water density. This gives the result
Q x u*. [(BE))

This basic model has subsequently been extended by Bailard and Inman [1981] to include
time varying velocities, and also used, for example, in equilibrium beach profile modeling
by Bowen [1980] and bar evolution by Gallagher et al. [1998].

An alternate line of reasoning, as originally proposed by Meyer-Peter and Miiller
[1948] for unidirectional flow, is based on the movement of material in response to the



applied bed shear stress. Using laboratory data, they looked for an empirical relation of
the form

Q x 7f (1.18)
where Q is as defined above (units of mass/time®). They found £ = 3/2, i.e.
Q x u?. (1.19)

In oscillatory flow, Madsen and Grant [1976] found an empirical result for the volume
transport rate, Q(t), proportional to the third power of a time-varying Shields parameter

60) o nlt) = 3 fuplu(t)]u(t) . (120)
Their result, in non—dimensional form, is
Q n(t) ]‘
wb [(ﬂ: - p)gD a2ty

where w, is the fall velocity of a sphere with diameter D. This gives
Q o fu(®)u(t)® . a2

Note however that in Equation 1.20, 7 is a function of the wave friction factor f,,, which
may also contain velocity dependence, as discussed further below. Q has dimensions of
length?/time, and can be related to Q by

Q= (p—p)gDQ. (1.23)

Sleath [1994] developed a model for bedload transport in oscillatory flow from first
principles which divides sediment transport into inertial and viscous flow regimes, fol-
lowing the work of Bagnold [1954]. Briefly summarizing, a mobile layer thickness & is
defined in terms of the concentration profile,

1 /=
= — 3 1.24;
é Cm[.c'i‘ (124)
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where C is sediment concentration and C, is the reference concentration at the stationary
base of the mobile layer. The velocity and concentration profiles are assumed to be gen-
eralized forms in terms of the non-dimensional vertical coordinate =’ = z/4. Based on
the empirical results of Bagnold [1954], in the inertial regime, the particle-particle shear
stress Ty, in the mobile layer is given by

T x (‘;—") 25
which by scale arguments, gives
2
T, x (;) 3 (126)

It is assumed that the tangential stress T} is proportional to the normal stress P, at the
bottom of the mobile layer: Ty = K B. B, is taken to be equal to the vertical integral of
the immersed weight of the sediment, and so P, o 6C. Thus, Ty x K;Cmd. Assuming
that at the bottom of the mobile layer T, = 7, the shear stress at the bed, then

™ ox & (1.27)
which combined with Equation 1.26 gives
uox 872, (1.28)
The volume rate of sediment transport is given by

Q= fqu: (1.29)
o

where Q is defined previously. Combining Equations 1.28 and 1.29 and using a general-
ized form of the concentration profile gives

Qx 5/ uCde x 82 x 7 (130)
0

in the inertial flow regime. This is Sleath’s central result which he shows to be consistent
with available laboratory data. The 7%/? dependence arises through the proportionality of
the mobile layer thickness on bottom stress. The Bagnold relationship (Equation 1.25)
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gives a velocity scale which has a 5*/? dependence, with an additional factor of § com-
ing from the vertical integral in the transport. Returning to the original definition for 7,
Equation 1.16, this suggests a u® dependence of transport rate on velocity.

While Bagnold [1963] shows a u® dependence in the transport rate and Madsen and
Grant [1976] show u®, the Sleath [1994] model exhibits a u® dependence. The review
of sediment transport modeling by Dyer and Soulsby [1988] states that the exponential
dependence of 7, in models found in the literature ranges from 3/2 to 7/2. Another more
detailed summary of the range of velocity dependence is given by King and Seymour
[1989]. They recast the variables used by the various authors as transport rate/wave en-
ergy dissipation Q/W and find, among 7 models, the exponential dependence on Shields
parameter (x u?) varies between 0 and 3/2, giving u an exponent between 0 and 6 (recall-
ing that W x «®). In addition to showing different power law dependence, they find that
the predictions for Q/W by the 7 models at a Shields parameter value of 1, for example,
span 2 orders of magnitude. A similar listing of models, with some overlap, is given by
Horikawa [1988]. The majority in Horikawa's list have u® dependence, with some models
showing u° and a few showing other exponents in the range 1 to 2.

A further consideration is the shear stress dependence on the wave friction factor f,,.
This has been treated as a constant by some authors [Bagnold, 1963], however, it more
often contains hidden velocity dependence. An example of this is in the commonly used
empirical fit for f,, by Swart [1974] (to the earlier semi—empirical relation by Jonsson
[1966]) for rough turbulent flows over a flat bed with fixed grain roughness

o
fo=exp (54213 [@] = 5.977) (131)
where D is the median grain diameter. This contains u dependence in a, the orbital semi—
excursion (see Section 1.4). This gives f,, a weak dependence on averaged u (an exponent
of about —0.3 for a grain diameter of 175 um and typical values of a). Apart from the
u dependence, there is large inty in assigning an priate value to the rough-
ness length (2.5D in the above example), particularly in the case of oscillatory flow over
bedforms. There is an extreme shortage of roughness measurements for movable beds in
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oscillatory flow [Sleath, 1995].

In summary, existing sediment transport models exhibit dependence on a range of
powers of wave orbital velocity, including (u°) which is related to velocity skewness.
Higher order statistical moments such as skewness can be used to describe aspects of the
behaviour of dynamical systems that arise through nonlinear processes. Bispectral analysis
is a powerful tool used in the study of nonlinear interactions, as will be described in the
following section.

1.7 Bispectral Analysis

As discussed in Section 1.5, wave shoaling and the associated evolution of wave skew-
ness and asy y are nonlinear Higher order spectral analy-
sis, more particularly bispectral analysis, allows identification of nonlinear i ions in

time series. One of the first applications of this technique was to the study of waves by
Hasselman et al. [1963]. Since then, it has been used extensively [Elgar and Guza, 1986;
Herbers and Guza, 1994; Elgar et al., 1995; Doering and Bowen, 1995; Norheim et al.,
1998).

If u(t) describes a continuous stationary function of time which has been demeaned,
then the spectrum is given by the Fourier integral transform

1 [
Pla) = / R(re-~dr (132)
)
where the prime denotes a continuous quantity, and

R(r) = Efu(t)u(t+7)] (1.33)
is the autocorrelation of u(t), T is a time lag, and E[ | is the expectation value, defined by

1 [T
Efx(9)] = lim & / () dt = (z(t))- (134)

T==T J_1p

For a stati process, the ion value and ble average (... ) are equivalent.




Similarly, the bispectrum is defined as
40
L / / (i, m)e™ =" dr dry

B'(wi,wg) = w

where
S'(r,m) = Efu(t)u(t+n)u(t+ )| .
is a two—dimensional autocorrelation function with time lags 7, and 7.
The inverse relations for R'() and S'(my, 72) are
420
R(r) = j P'(w)e™" dw
-
and
-~
stum) = [ [ Blaen o da.
-

By setting 7 equal to zero in Equations 1.32 and 1.37,

+oo

RO = Euef] = [ Plw
-x

and equivalently, from Equations 1.35 and 1.38,

§0.0 = B = 15 [ [ Blnwndindon.
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(1.35)

(1.36)

(137

(1.38)

(1.39)

(1.40)

Examining Equations 1.39 and 1.40, it can be seen that where P’ gives the spectrum of

energy (u?), B' gives the (bi)spectrum of u®. By integrating the power spectrum, the
variance of the time series is recovered (Parseval’s theorem). Integration of the bispectrum

gives the third moment of the time series.

The convolution operation in Equation 1.33 is symmetric about T = 0, and therefore

Pw) = P(-w).
Similarly, for the bispectrum,
B'(wi,wy) = B'(wz,w1)
= B'(wi,~w1 —ws)
- B’(-ul _wivwl)
= Bl(wz, —wi—wn)
= B'(~wi—wsw).

(1.41)

(1.42)



‘This means that the spectrum is described by the values in the frequency range 0 < w < 0o
and the bispectrum is defined by its value in the octant 0 < w; < 00,0 < wy < wy.

In the case of a discretely sampled time series, the power spectrum is determined from
complex Fourier coefficients F(f;) by,

P(fi) = E[F(f)F(f)] (143)
and the bispectrum is calculated from
B(fi.f2) = E[F(A)F(L)F"(fi+ f2)] (1.44)

where * denotes the complex conj The upper limit is then ined by
the Nyquist frequency so that P is defined in the interval 0 < f, < fy and B within the
triangle in the (f1, f2) plane with vertices (0, 0), (fv/2. fn/2) and (fw, 0).

‘The spectrum given by Equation 1.32 is an unambiguous description of the time series
if the frequency components are at random phases, i.e. the process described by the time

series is Gaussian. If, for example, there is dynamically unrelated energy occurring at
the frequency of a harmonic, this cannot be separated using the power spectrum. The
bispectrum, however, can be used to identify energy at frequencies that are the sum or
f other energy ini ies. If the p is truly Gaussian, B’ — 0.

A result of Equation 1.40 is that the skewness of a discrete time series can be deter-

mined from

_ S RBUL)

s EW?

(145)

where R{} denotes the real part, taking care in the summations to account for the calcu-
lation region, which generally includes part of one octant only. The other third moment
quantity mentioned in Section 1.5 is the wave asymmetry. This can be calculated from the
bispectrum by

X, S{BU )}

4= B

(1.46)

where S{} denotes the imaginary part.
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The bispectrum is a complex quantity and can be cast as biamplitude and biphase.
In this instance, a more convenient measure of the coupling between frequencies is the

of the bi or bi given by
B(fi,

)= RO P T e
which has values between zero and one [Kim and Powers, 1979]. For this normaliza-
tion, the 95% confidence limit for zero bicoherence is \/6/degrees of freedom [Elgar and
Guza, 1988]. The bi isil of wave

There are differing opinions on which of several methods of bicoherence normalization
is appropriate [Elgar and Guza, 1988; Henderson and Bowen, 2000]. The normalization to
be used here is one of the more common found in the earlier literature, though it exhibits
frequency resolution dcpendcm:c For the purposes of the analysis presented in Chapter 3,
where the relati by freq pairs are i (at the same
this well characterized method suffices.

The results of the orbital velocity bispectral analysis presented in Chapter 3 are in the
form of bicoherence and R{ B} colour contour plots in the ( f}, f2) plane. Only one octant
of the plane needs to be shown, since this is a complete description due to the symmetry

relations (Equation 1 42) igni! peaks in bi identify two ies of the
three inan i i d ibuting signi energy to the ti ies. In the case of
aself-self ic) i ion, two of the three ies are the same, which shows

as a peak located on the fi = f, line. Significant bicoherence at frequency pairs in the (f1,
f2) plane may indicate a sum or difference interaction, since the condition is only that the
three frequencies involved satisfy |f3| = |f;  f2|. In general, peaks in bicoherence are
usually accompanied by peaks in [R{B}|, but the converse is not necessarily true. R{B}
can have posmve or neganve values — a positive (mgﬂuv:) peak indicates an interaction
between positive (neg: to the overall integrated
skewness of the time series.
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1.8 Organization of the Thesis

This thesis is presented in four chapters and an appendix. Following this introductory
chapter, description is given in Chapter 2 of the laser-video system which was outlined

conceptually in Section 1.3, with iption of the camera calibrati as well
as i details of the 'y and field Observations obtained from
the field deployment and results of their analysis are presented in Chapter 3. This includes
presentation of ripple geometry and migration velocity measurements and analysis of the
wave forcing with comparison to second—order and linear wave theories. The thesis is

summarized in Chapter 4. Appendix A contains discussion of the mathematical formula-
tion of the second-order wave theory results presented in Chapter 3. Appendix B contains
expansion on the orbital velocity dependence of the observed ripple migration velocity.



Chapter 2
Experiment Design and Deployments

The following chapter describes the design of the laser-video imaging system, the video
field—of-view calibration procedure, the bed profile finding algorithm and a test profile
case, and the i ion during at the National Research
Council (NRC) Wave Research Flume and in the field at Queensland Beach, Nova Scotia.
Finally, a few sample images from the two deployments are presented, showing instan-
taneous two-dimensional structure in the suspended sediment field and the simultaneous
bed profile.

2.1 Laser-video System Design and Specifications

The wet end of the laser-video system consists of two basic parts: the diode lasers, which
provide the structured lighting, and the imaging camera. These components were selected
for compact size, modest cabling and power requirements, and economy. A camera and
two lasers (one without its pressure case) are shown in Figure 2.1. On the dry end, the data
are recorded using standard S—-VHS video equipment. The following section describes the
wet end components in more detail.

The diode lasers operated in the visible red range at 685 nm wavelength (Power Tech-
nology Inc., PM series). Each laser was fitted with line-generating optics that produced
a fan-shaped beam of light of about 70° by less than 1/2°. The optical power output of
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Figure 2.1: Photograph of the camera and two lasers, one with pressure case and one
without. A penny is included for scale.

each of the two lasers used in the NRC experiment was 16.5 mW, and two additional lasers
used at Queensland Beach, about 55 mW. Each was housed in a cylindrical pressure case
approximately 3 cm in diameter by 10 cm long (pictured in Figure 2.1) with a glass win-
dow at one end. There was a thermal conductor (copper collar) between the diode laser
and the inside of the pressure case, as diode laser lifetime can be limited by overheating.
In deployment, pairs of lasers were mounted so that the light beams overlapped to extend
the illuminated area. The light transmission length was short enough (less than 4 m at
the longest) that the higher absorption coefficient for red light in water than, for example,
blue—green light was not a limitation.

The laser illuminated section was imaged using a wide-angle, black-and—white un-
derwater video camera (DeepSea Power and Light, Micro-SeaCam 1050). The camera
housing is 5 cm in diameter by 10 cm long with a field of view of 77° (vertical) by 98°
(horizontal). During the experiment at NRC, lights were turned off when video data were
collected, and in the field, data collection was limited to twilight and nighttime hours.
During the field deployment, the cameras were fitted with red filters to exclude some back-
ground light, but even with the filters, the laser light was not detectable against daytime
light levels.

In there are some i i ding the ination of laser wattage

and sensitivity of the camera CCD array. At the time the system was designed, the highest



power diode lasers available in that model series were used. Subsequently, power outputs
have increased. Higher laser wattage to obtain bed profiles during the day would require
a secondary laser system for daytime use since the strongest light reflection from the bed
during clear water nighttime operation sometimes saturated the CCD detector. In this case,
a higher laser power output at night would not have been beneficial. In fact, the effect
of light scattering from the sediment interface, making the bed profile line less distinct
(discussed further in Section 2.3), was more evident in the case of the 55 mW lasers. In
terms of imaging the sediment, this ion, if wi enough across the
CCD array, activates the automatic iris in the camera (a common self—defense feature in

most solid-state cameras). This reduces the amount of light received potentially to the
point where it is no longer possible to discriminate the much lower intensity illumination
of the suspended sediment. More power is not necessarily a good thing for either bed
profile or suspension imaging.

An asset of the laser—video system is its small independent parts that can be mounted
among other i without il ing or adding signi bulk to the total instru-
ment array. The diode laser cases and cameras were mounted using shaped PVC blocks,
hose clamps and U-bolts (the instrument frames are described in Section 2.4). Each pair
of lasers was powered with 5 VDC 120 mA and the camera, 15 VDC 110 mA, by single
strands of a multi-element cable. A single RG58U coaxial element returned video data to
shore. These constitute relatively modest power and cabling requirements.

2.2 Field of View Calibration

A necessary first step in extracting meaningful position data from video images is cali-
bration of the field of view. The image must be d for wide-angle lens di

and perspective, and a conversion factor applied to recover world coordinates from the
pixel locations. The following section describes a procedure which was developed that
follows a ination of the i ibed by Nomura et al. [1992] and Holland
etal. [1997).
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The camera geometry and coordinate systems are shown in Figure 2.2. The point P
has world coordinates (z., ¥.,) in the object plane. In the absence of wide-angle lens dis-
tortion, this point would be projected onto the image plane at point R, with discrete pixel
coordinates (u;, v;). Radial distortion by the camera optics moves the projected point to
R, with pixel coordinates (i}, v7), where the primed notation indicates the lens distortion.
The object plane corresponds in position to the laser—illuminated section and the image
plane, to the camera CCD array. The point at which the optical axis crosses the image
plane, (cy, c,), is the centre of radial lens distortion and does not in general coincide with
the centre of the image plane. In the diagram, the object plane is shown approximately
parallel to the image plane. In reality, this is not often the case. The three angles ¢, 8
and ¢ define the pitch, yaw and roll of the object plane relative to the image plane. Pixel
coordinates (u}, v}) refer to the array position in the 720 x 480 digitized buffer recovered
by frame grabbing, which differs from the actual size of the CCD array (537 x 505 el-
ements). The origin in pixel coordinates in a grabbed image is in the upper left comer,
corresponding to a world coordinate position in the negative z., positive y,, quadrant (the
camera electronically inverts the picture to a normal orientation).

World coordinates are extracted from pixel coordinates through the following three—
step procedure. First, pixel coordinates are aligned with the optical centre (c,,c,) and a
scale factor applied to the z—coordinate.

i = (4 — cu)d:
yi=c -y
The scale factor d. results from the mismatch between the aspect ratio of the frame buffer
(4/3) and that of individual pixels. For example, for a frame buffer of size 640 x 480
pixels, d. equals 1. Second, a radial correction is applied to compensate for the wide—
angle lens:

@0

Ri=R,- AR 2
where

AR =sR? + KR, @3)
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Figure 2.2: Camera calibrati i system ition. The point P, located in the
object plane, is pmjecud onto poml R in the image plane. Radial distortion by the wide—
angle lens is ford ion of the projection from R; to R;.
and R, = /722 + ?,? Then,

Ricosa; 2.4

R;sina;
where

o, M 2.
a; = arctan z @53)

and «, and x; are camera specific parameters discussed later in this section. Third, a thin—
lens approximation is used in relating the undistorted frame buffer coordinates to world
coordinates. The triangle including R;, the optical centre (c,, c,) and the point where the
optical axis crosses the lens is geometrically similar to the triangle including that same
point, P and the projection of P onto the optical axis, accounting for the pitch o, roll &
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and yaw 6 of the object plane. In matrix notation,

] [aallz]

- —— (2.6)
] Tu
[r7r8] s,
Yo
where the rotation matrix coefficients are given by
rn r2ra
s | =
)
cosycosd cosusindsing —sinwcoso cossingcoso + sinYsing
sin¢cosd sinysindsing +cosvcosd sinysinfcosd — cos Ysing @n

—sind cosfsino cosfcoso

and ¢. is the distance along the optical axis between the lens and object plane. The variable
{ represents the distance between the lens and the image plane in pixel units and is a fitted
parameter. The matrix Equation 2.6 is solved for the world coordinates z., and y..

‘The quantities c,, ¢, k1 and x; were determined for each camera in the laboratory as
follows. The reverse of the above procedure was applied to a least squares minimization
of the difference between calculated and digitized grid point locations on a 55 cm by 50
cm grid (5 cm spacing, 132 points) placed at a known position relative to the camera, both
submerged. Figure 2.3 shows the radial correction AR’ (Equation 2.3) plotted against R..
The function AR’ is shown as the solid line, and the symbols show the difference between

digitized grid point locations and their world i to pixel
R.—R))fora y calibration of camera 1. The dif between these
plotted values and the function AR’ is minimized to ine the camera

The scatter in the plotted points, Figure 2.3b, shows that aside from a few outliers, the
digitization error is less than the pixel resolution.

Subsequently, for each deployment, / and the angles ¢ and 6 were determined by a sim-
ilar process after an on-site calibration using the same grid placed in the laser-illuminated
plane. To reduce the number of minimizati ¥ can be ined from the
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Figure 2.3: Camera lens radial correction factor as a function of uncorrected radius R;
for camera 1. (a) The solid line is the function AR’ and the + symbols are the difference
between uncorrected digitized grid point locations and 5 cm spaced world coordinate loca-
tions converted to pixel coordinates (R — R') using the reverse of the calibration procedure.
(b) Residual radial correction i.e. the scatter in the points plotted in (a).

Table 2.1: for cameras used in the NRC
and Queensland Beach experiments. c, and c, define the optical centre in the 720 by 480
pixel frame buffer. d. defines the pixel aspect ratio. s, and ; are radial lens distortion
correction parameters.

Cam. | ¢, (px)) | co (px)) | d: Ky K2
#1 320.1 | 237.8 | 0.889 | -1.662x 10 0.0106
#2 332.7 | 262.6 | 0.889 | -1.620x10~° | 0.0173

mean bed slope if § is small. Parameters determined for each of the two cameras used are
shown in Tables 2.1 and 2.2.

Figure 2.4 illustrates an example of a captured frame used in the site-specific calibra-
tion procedure for the NRC Note the wid resulting in
the “barrel” effect. The grid has been placed in the plane of the laser-illuminated section
(the laser light sheet can be seen intersecting the investigator's thumb). The x symbols
mark the digitized grid locations used in the minimization scheme to determine the site—
Other i labeled in the video image can

gle lens di

specific camera




Table 2.2: Site—specific calibration parameters for the NRC and Queensland Beach (QB)
experiments. [ is a fitted parameter, £ is the measured distance from the camera to the
object plane and ¢, 6 and ¢ define the pitch, yaw and roll of the object plane relative to the

image plane.

35

Cam. [ L(px) [t cm) | & [ b
NRC [#1 | 4794 | 666 |-18.7°| 02° | 0.0°
QB #1 4062 | 880 | -5.6° |-0.3°|-1.0°

#2 4490 | 943 |-12.8°| 9.9° | 6.9°

Instrument frame
\

Figure 2.4: Sample video image used in the NRC experiment site—specific calibration. The
image pixel coordinates, with the origin in the upper left, are shown on the axes. The x
symbols show the digitized grid locations used in the fit for determining the site—specific

camera calibration parameters.



be pared with later di ion of the NRC dep (Section 2.4.1, Figure 2.6). For
the Queensland Beach field site-specific calibration, 2 SCUBA diver positioned the grid
in the illuminated plane.

The world coordinate size of a pixel in the grabbed video frame depends on the radial
position of that pixel from the optical centre and the range to the camera. In the NRC
experiment video data, the size of a pixel near the centre of the frame is 1.2 mm by 1.4

mm and a pixel in the lower left corner, farthest from the camera, is 2.7 mm by 3.6 mm.

In images from the Q! Beach i where t were used, for the
offshore looking camera a centre pixel is 1.9 mm by 2.1 mm, and at the corner, 3.5 mm by
3.8 mm. For the alongshore looking camera, pixels are 1.5 mm by 2.2 mm at the centre
and 3.2 mm by 4.0 mm in the comer. The world coordinate position is assigned at the
centre of a pixel.

2.3 Bed Profile Finding

The algorithm for determining the position of the bed in the video images is based on the
fact that it is the brightest object in view. Though the width of the incident laser beam on
the bed was about 2 mm, scattering by grains on the sand surface led to broadening of the
line seen in the video image. Sediment in motion on the bed increased this effect. The
position of the bed in the images is determined by finding the middle of this wavy stripe
by a simple method which will be described in this section, with results from a test case.
The image conditioning necessary for determination of the bottom profile was mini-
mal. A one or two pixel horizontal wander in the position of the image in the grabbed frame
buffer was i found and d by locating the i of the colons in
the VCR. time stamp (by 2-D correlation to a standard colon image) and shifting the image

in the frame buffer array accordingly. The images were then masked to exclude the ar-
eas outside that surrounding the laser line, including leeway for large bedforms. For each
column (u}) of the frame buffer array, the pixel y—coordinates of the log intensity values
greater than 70% of the maximum value in that column were passed to the next step. If
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there were 3 or more points fitting this criterion, these pixel-log intensity points were then
interpolated onto a regular 1/10 pixel spaced grid using a cubic interpolation. The pixel
position of the maximum value of the fitted log intensity curve, at sub—pixel resolution,
was taken as the bed elevation (v]). After the intensity peak location in each column in
the unmasked area of the frame buffer has been determined, world coordinates (2., y.)
of the bed profile are then determined from these (u!, v}) pixel coordinates by the method
described in Section 2.2.

In conditions of good visibility, one fi be sufficient ine the bed profile.
In cases where a significant amount of sediment is in suspension such that parts of the

laser line are intermittently shadowed or obscured, the profile can be pieced together by
the parts of ive images ining the strongest bottom signal. This

technique can also extend the length of the usable profile when visibility is very poor.

The world coordinate calibration procedure and the bed profile finding algorithm were
tested with a known bed geometry. An artificial rippled surface 90 cm long was made
from plywood with triangular ripples ranging in trough—to-trough length from 10 to 20
cm and in height, from | to 5 cm. The profile was illuminated by a laser line and a grid

ibration was The video ined ripple di ions are shown in Figures
2.5. The ge deviation of the i ions (height and length) from the actual
measurements is 2 mm for this test case.

The test case serves as a check on the calibration and bottom finding procedures with
the following reservation. For each deployment, the site specific geometry and calibra-
tion ine the ion and potential for deviation from the true ripple
profile. The test case was set up purposefully to be representative of the geometry of the
deployments (¢ about 1 m, ¢, ¢ and # nonzero). Some of the deviation seen in the test
case results is due to the calibration, some due to the profile finding, and some due to
uncertainty in locating the ripple crests and troughs in the found profile. It is not possible
from this type of test to determine the relative contribution by each of these sources of er-
ror. The consistently low estimates of ripple length and trend in height indicate a potential
(small) error in determination of one of the angles (most likely 6). In the laboratory and
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Figure 2.5: Bed profile finding algorithm test ripple results. a) Ripple height finding and
b) ripple length finding. Solid lines show the one-to—one line and dashed lines are linear
regressions, with r? values as given.

field data, based on the observed ing of the illumi laser line by ing on
the bed surface, it is estimated that in any particular observation the profile finding and
peak and trough location uncertainties represent a larger potential for deviation than the
calibration.

It should be noted that O(1 mm) horizontal and vertical resolution over a length of 1

m is very high in comparison to other bedform As in
Section 1.3, acoustic i can offer milli range ion, but typically there
is some degree of spatial averaging due to the finite size of the hnmpamem *“foot print™
(of the order of i in size), ined by the B

2.4 Deployments

The laser-video system was deployed twice in 1995 in collaborative experiments with Dal-
housie University. The first laboratory experiment acted partly as a testing phase, though
a quantity of good quality data was obtained. The subsequent field deploymcnl took ad-
vantage of a few imp to the system by the y The
following sections describe the sites and the it ions used
in each instance.
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2.4.1 National Research Council, Ottawa

The advantages of working in a controlled laboratory setting are particularly appreciated
when testing new techniques or equipment. This section describes the experimental setup
at the NRC Wave Research Flume where it was possible to easily access the equipment

the depl (as evi by the presence of the investigator in the image

in Figure 2.4), as well as offering complete control of the wave forcing environment.

The instruments were mounted on a 3 m section of antenna mast, triangular in cross-
section, placed with one side as the base and fixed to cross-members bolted to the sides of
the wave flume. A side view of the NRC experiment set-up is shown in Figure 2.6a, which
can be compared with the video image shown in Figure 2.4. The NRC Wave Research
Flume is 97 m long by 2 m wide by 3 m deep and was filled to a depth of 1.5 m during the
experiment. The instruments were placed above a 10 m long, 10 cm deep, bed of sand (Dso
= 186 ;um) located next to a viewing window approximately 2/3 of the way down the flume
from the wave paddie. The laser beams were oriented vertically with the wide dimension
parallel to the axis of the flume. The camera was located on a separate support member
— its position is better shown in the plan view, Figure 2.6b. Other instruments deployed
included three Mesotech 810 acoustic concentration profilers, a pair of Acoustic Doppler
profilers [Zedel et al., 1996], a Sontek Acoustic Doppler Velocimeter (ADV), wide and
narrowbeam scanning sonars [Hay and Wilson, 1994), capacitive wave gauges, and other

current meters and vid ij from Dalhousie University.

Laser-video data were ized with il time by including a system-wide
time code in the frames using a Horita VG50 Time Code Generator.

Within the limits imposed by mechanics and shallow water wave theory, the NRC
Wave Research Flume facility offered extensive control of the wave forcing. Waves were
generated by a hydraulically actuated piston and absorbed by a 17 m long grid of metal

mesh. Series of regular 3 and 3.5 second period waves of increasing height from 20 to
70 cm were run, as well as artificial “groups” (cosine tapered minute long regular wave
trains), and JONSWAP spectrum runs at increasing significant wave heights (30 to 50 cm).
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Figure 2.6: Instrument array configuration at NRC, Ottawa, in side (a), and plan (b) views.
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Figure 2.7: Map of south—central Nova Scotia showing St Margarets Bay and the
Queensland Beach field site location in relation to Halifax. (Coastline downloaded from
http://crusty.er.usgs.gov/coast/ html, World Vector ine.)

2.4.2 Queensland Beach, Nova Scotia

In the fall of 1995, a joint field i was atQ Beach, Nova
Scotia. This was also the site of a previ ive field i in 1987 [Vincent
etal., 1991]. This section describes the site and details of the deployment there.

Queensland Beach is a pocket beach between rocky headlands and is oriented almost
normal to wave energy coming in through the narrow mouth of St. Margarets Bay. The
location of the beach opposite the mouth of the bay is indicated in Figures 2.7-2.9. The
experiment z-axis, determined from surveyed instrument frame post positions, is oriented
12° west of true north, as shown in Figures 2.8 and 2.9. The dashed line in the figures is
drawn perpendicular to the observed ripple crests, as discussed further in Chapter 3.

The mean beach profile from three surveys near the end of the 10 day deployment is
shown in Figure 2.10. The instrument frame was located 60 m offshore of the mean water
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Queensiand Beach

o
Qi

Figure 2.8: St Margarets Bay and the Queensland Beach field site. The 20, 10 and 5
fathom depth contours are shown. The experiment co—ordinate z-axis is shown, west of
true North. The dashed line is perpendicular to the orientation of the ripple crests during
the night of yearday 261, as determined from fanbeam sonar images. (Adapted from
Canadian Hydrographic Service Chart #4386.)
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Queensland Beach

Figure 2.9: Detailed y of the area i i Q Beach.
The 25, 20, lS 10, 5 and 3 fathom contours are labeled, as well as the experiment z-axis,
and a 0 the i ripple crest ori ion on the night of yearday 261

(dashed line). (Adnp(ed from Canadian Hydrographic Service Field Sheet #1595.)
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Figure 2.10: Mean beach profile at the time of deployment at Queensland Beach. The
dashed line shows the mean water level and the dotted lines, the highest and lowest tides
during the 10 day experiment.

line, where the mean water depth was 3.2 m, with maximum and minimum depths during
the deployment of 4.1 and 2.4 m. The beach slope at that location was about 2°. Samples
of the quartz sand collected at the site had a sieved median diameter of 175 um.

The deployment configuration is shown in side and plan views in Figure 2.11. The
instruments were mounted on a 3 m section of antenna mast cantilevered offshore from a
rigid support frame (not shown in Figure 2.11). The legs of the support frame were jetted
~3 m into the sand bed, positioned in a 1.5 m by 2 m rectangle (long sides in the along-
shore direction). The local bedform field was monitored to a radius of 5 m using a fanbeam
rotary sidescan acoustic system [Hay and Wilson, 1994; Hay and Bowen, 2000]. A rotary
pencilbeam acoustic system profiled bed elevation on a cross—shore line to a range of 5 m,
as well as operating periodically at fixed slant angles (10° below horizontal in the offshore
direction and vertically upward) with centimeter radial resolution [Hay and Bowen, 2000].
Flow measurements were made with a dual beam Coherent Doppler Profiler (CDP) system
[Zedel and Hay, 1999]. Other instruments deployed include acoustic backscatter sonars,

pressure sensors, optical sensors and ic current meters.

In this deployment, instead of being directed straight downward as they had been at
NRC, the lasers were mounted obliquely to increase the horizontal extent of the laser
light sheet. An alongshore laser line was added to the system with the aim of adding that
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Figure 2.11: Side view (a) and plan view (b) of the instrument array configuration at
Queensland Beach. In (b), the laser illuminated lines and the path that the pencilbeam
followed along the bed are shown by the gray lines, and the frame outline is dashed.
Experiment coordinates are shown with X positive onshore and z positive upward.



dimension to the observations of bedforms and suspension events (sample images from the
offshore looking camera are presented in Section 2.6). As shown in Figure 2.11b, there
were two shore-normal laser lines. The observations presented in Chapter 3 are from the
single laser line closest to the alongshore looking camera.

2.5 Data Overview

A brief description of the various data types that have been used in this work is presented in
this section. Since the results presented in Chapter 3 derive from the field observations, the
following description will be oriented toward instruments relevant to that data set, though
many of the same instruments were used in both deployments.

‘The acoustic data (pencilbeam and fanbeam sonars, CDP, etc.) were collected through
a system of networked PC nodes which controlled data acquisition and storage, while
maintaining a common time synchronization [Craig et al., 1995]. In the field, the acoustic
systems operated on a half hour duty cycle through active wave conditions, and on a one
hour cycle when wave energy was low. There were two approximately 8 minute CDP runs
per half hour ing at a profile isition rate of ~30 Hz), one each of approximately
8 minute upward looking and slant i runs (at a profil isition rate of ~8 Hz),
one 5-scan rotary pencilbeam sonar run and one 5-scan rotary fanbeam run (360° rotation
per scan). Some of these runs occurred simultaneously. All acoustic data were stored in a
binary format as time-gated profiles of signal i d to range-
gated profiles using the speed of sound in sea water with 0.9 cm range resolution. The
recovery of velocities from the raw CDP data is discussed in Zedel and Hay [1999]. In
this work, only the velocity values at a point 20 cm above the bed in the CDP vertical
velocity profiles have been used.

The laser-video system operated continuously during nighttime hours, from approxi-
mately 1900 to 0700 h local time. The video data were recorded in S~VHS format (400
horizontal lines per frame) at a time lapse rate equivalent to 6 hours per 120 minute tape
(a frame rate of 10 Hz), or 12 hours per tape during very calm wave conditions (a frame
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rate of 5 Hz). Frames were grabbed from tape for post—processing with a resolution of 720
by 480 pixels using a Digital Processing Systems Inc. Perception Video Recorder system.
The post-processing and analysis (both of video images and acoustic data) were performed
using Mathworks Matlab (versions 5.0 to 5.3) and the Image Processing Toolbox (version
2.1).

2.6 Sample Laser-Video Images

This section includes a few samples of the laser-video data from both the NRC and
Queensland Beach experiments. These demonstrate the capabilities of the system for
imaging the sediment in suspension and the bed profile.

The images shown in Figure 2.12 are typical examples from the NRC experiment video
data recovered from tape with a basic level of post-processing. The images have been cor-
rected for radial distortion and perspective, cropped to about 1/4 height, and are calibrated
in centimeters. The gray scale has been reversed for better reproduction (in the raw data,
the laser light is white against a black background).

These frames were recorded during a series of 3.5 second period monochromatic waves
approximately 30 cm in height (recall the water depth was 1.5 m). The direction of wave
travel is from left to right. The three images span 0.6 seconds immediately following the
flow reversal. In the first image, the flow is static after the passage of a wave crest. In
the second and third images, the flow is accelerating leftward under the following trough,
shown by the u velocity vector. The nearbed orbital velocity in the third frame is approxi-
mately 30 cmVs to the left, estimated from the motion of the suspended sediment cloud in
the video footage.

The dominant feature in the images is the dark bed profile showing ripple features of
varying lengths from approximately 10 to 20 cm. Overlayed in white is the bed profile line

by the i ibed in Section 2.3.

The suspension event associated with the ripple crest at the centre of the images is typ-

ical of events seen in lower energy conditions in both the wave flume and field data. This
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Figure 2.12: Three sample distortion—corrected images from the NRC experiment. The
direction of wave travel is from left to right. The gray scale has been reversed. The three
images are at 0.3 s intervals under 3.5 second regular waves, starting as flow is reversing
to leftward, indicated by the velocity arrow labeled u. The white line shows the recovered
bed profile. Axis units are world coordinate centimeters.
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shows suspension of sand by flow i ing with the as described by Sleath
[1982], and i as Bed Load- Load iate mode transport us-
ing the Shibayama classification [Horikawa, 1988]. The vorticity of the sediment cloud

rotation isting from its ion at the ripple crest during the preceding

wave quarter period) is clearly visible in the video footage, though is not evident in the
single frames. The range of intensity values included in the imaged suspended material
is not large enough to infer concentration of sediment in suspension, however this infor-
mation can be derived from the simultaneous acoustic backscatter data. It also appears
that the acoustic devices can detect lower concentrations of suspended material than the
laser-video system. Ultimately, the acoustic and video data can be combined.

An alongshore laser line and offshore-looking camera were added to the instrument
array for the Queensland Beach deployment. Figure 2.13 shows a series of corrected
images from that data set. As in Figure 2.12, the axes are in calibrated centimeters, the
gray scale has been reversed and the images span a time of 0.6 s. The wave orbital velocity
is directed away from the camera (offshore) during the decelerating half of the reverse
flow phase. The video footage shows a small component of alongshore velocity directed
toward the right (westward) during the time when these data were recorded. The lower
background gray level in these images compared to those in Figure 2.12 is due to the
lower level of ambient light.

The bed profile shown in white in the three frames was determined from a frame later
in the same wave period when suspended material was not obscuring the bottom reflection,
as itis in the first image. The bedforms at the time these images were recorded (determined
from fanbeam scanning sonar images collected shortly before and after) were well-formed
short—crested irregular ripples. The simultaneous cross-shore profile shows ripple lengths
between 15 and 20 cm and heights of | to 2 cm.

The larger of the two suspension events pictured shows interesting structure. Its along-
shore di ion is i 10 cm: this rep the first ified field obser-
vation of the alongshore length scale of a sediment suspension event. The video footage
shows clockwise rotation of the cloud of sediment as it is being carried offshore from its
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Figure 2.13: Three sample distortion—corrected images from the Queensland Beach field
experiment. The camera is looking in the offshore direction. The gray scale has been
reversed. The three images span 0.6 seconds while flow is decelerating, directed away
from the camera (offshore). The white line shows the bed profile. Axis units are world
coordinate centimeters.
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point of origin, located onshore of the illuminated plane. The cross-shore extent of this
cloud could be inferred by stacking successive images as it passes the illuminated section

with the wave orbital velocity for ison with the hore scales ined from
the orthogonal view.

These samples are taken from data collected while visibility conditions were optimal.
Obviously, visibility in the field is highly variable. Of ten operational nights at Queens-
land Beach, visibility could be considered good to fair more than half of the time (limited
most commonly by the presence of clouds of weed fragments). This was combined with
favorable wave conditions (Shields parameter greater than 0.2) for portions of only two
nights, giving in total, about 6 hours of laser-video data during other than quiescent con-
ditions. The laser-video observations presented in Chapter 3 were collected during a 1.5
hour period on the first of those two nights.



Chapter 3
Results

The following chapter describes work based on field observations which were made during
the Queensland Beach experiment. The emphasis is on a one-day storm event occurring
on September 18 (yearday 261), 1995. A summary of the relevant wave conditions is given
first, followed by presentation of ripple geometry and migration observations. It is shown
that the observed linear transition ripples were anorbital type ripples and migrated offshore
during the growth phase of the storm and onshore during storm decay. Further. it is shown
that the observed rippie migration was correlated with the skewness of the nearbed orbital
velocity. The orbital velocity forcing is then examined, in part using bispectral analysis. It
is shown that the observed velocity skewness arises through nonlinear interaction between
frequency components of the wave field. The observed orbital velocity forcing is shown
1o be comparable to predictions based on second-order, nonlinear wave interaction theory.

3.1 Overview of Wave Forcing Conditions, Yearday 261

This section describes the conditions through the storm event on yearday 261 which pro-
vided the wave forcing environment for the bedform observations reported later in this
Chapter.

A summary of the storm history is given in Figure 3.1. The storm waves gained ampli-
tude starting early in the day, peaking in significant wave height at about 8:00 GMT and
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had subsided by 18:00 GMT (local time differed from GMT by —3 hours and all times
are given in GMT from this point forward). The significant wave height H) 3 and peak
wave period T¢ are shown in Figure 3.1a. Both were calculated from surface elevation (¢)
time series extracted from upward looking pencilbeam sonar data — the significant wave
height is four times the standard deviation of ¢ [Thornton and Guza, 1983] and T¢ is the
surface elevation power spectral peak period. Figure 3.1b shows the dimensionless shear
stress (grain roughness Shields parameter), given by

ol e
ﬁ.s—zfu E=1eD’ a1y
where
0.194
fo=exp (5.213 [ﬂLD] = 5.977) . 32)

D is the median grain diameter, @, = urmsT,/7 is the significant orbital semi-excursion,
T, is the wave orbital velocity spectrum peak period, w = 27/T} is the wave radian
frequency, s is the sediment specific gravity (2.65 for quartz) and g is acceleration due
to gravity. f, is the wave friction factor for rough turbulent oscillatory flow over a flat
bed of fixed grains, as discussed previously in Section 1.6. The wave orbital velocity u
is i from the 8-minute CDP records at of 20 cm height above the
bed, and is positive onshore. Figure 3.1c shows the time history of the ripple types that

were present in the local area as observed from the half hourly fanbeam sonar images [Hay
etal.,, 1999]. The ripple types have been categorized as “I” for irregular, “X" for cross,
“L” for linear transition, and “F~ for flatbed.

The relevant features of this storm event were an initial growth of significant wave
height, accompanied by a shift to longer peak wave period, and evolution of bedform type
from irregular through cross and linear transition ripples to flatbed when wave height was
maximal. This was followed by a decay in wave height and evolution of bedform type
through cross and linear transition ripples back to irregular ripples. The time series of
ripple type shows that two forms of ripples were often present at the same time. A lag is
apparent in the progression of ripple types during the waning stages of the storm relative
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Figure 3.1: Time evolution of the storm event on yearday 261, 1995 (time in hours GMT).
(a) The period of the surface elevation spectra peaks T (solid) and significant wave height
Hy 3 (dashed); (b) dimensionless shear stress (grain roughness Shields parameter); (c) the
ripple type present as observed from the fanbeam sonar images: [ = irregular, X = cross, L
= linear transition, F = flatbed. Intervals [ and II are shaded gray (see text).
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to the peak and decay in the wave forcing, which has also been observed elsewhere [Hay
and Wilson, 1994].

Two time periods have been shaded gray in Figure 3.1 and have been labeled Intervals
[ and II for convenient reference. Transition ripples were present throughout both intervals
for Shields parameter values between 0.3 and 0.5. Interval [ falls during the growth phase
of the storm event in the period before flatbed and Interval II is during the decay of the
storm after flatbed. Two instances where linear transition ripples have been identified but
have not been included in Intervals I or [T were while the waves were near the peak height
and near the end of the storm at low Shields when the ripples may be

relict.

As waves shoal, the orbital velocity skewness increases as the waves become more
peaked in profile. When the wave subsequently breaks, the skewness decreases sharply
[Elgar and Guza, 1985b]. Simultaneously during shoaling, wave asymmetry evolves from
close to zero in deep water toward large negative values. Inside the breaker zone, the

ly ics of the flow are signi more complex than outside, particularly in the be-
haviour of these higher—order quantities. Table 3.1 lists the observed percentage of break-
ing counted from the upward looking pencilbeam sonar records, along with the water depth

h, peak surface elevation spectral period T¢ and significant wave height H) /3. The wave
breaking height H; was calculated from 0.56 H,(Lo/ H,)**, where L, = ¢T¢/2r and H,
is the deep water significant wave height calculated from H,/; [Fredsge and Deigaard,
1992]. H, represents the height that the largest waves required for breaking in the local
water depth. Also shown is Thornton and Guza's [1983] breaking wave percentage As,
given by

Hewi\*
Ab=( = ) (33

where 7 is 0.44 and Hym, = H/3//2 [Thomton and Guza, 1989].

To interpret the values presented in Table 3.1, consider that if the significant wave
height, H,/3, was equal to the wave breaking height, Hj, then the percentage of waves
observed to be breaking should be approximately 33%. The observed percentage of waves
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Table 3.1: Wave breaking observations from upward looking pencilbeam sonar records.
is the water depth, T¢ is the surface elevation spectral peak period and H\/3 = 4(rm, is
the significant wave height. Hj, wave breaking height, is calculated from Hy3. A, is the
percentage of waves breaking calculated using Equation 3.3.

time (GMT) [ h (m) [ T¢ (s) | Hyja (m) [ Hi (m) | A, (%) | obs. %
Interval [
545 38 | 41 096 [H] 3 B
39 | 39 10 L1 3 1
6:45 38 | 73 10 14 4 13
Interval II
10:15 334 | 89 | 097 12 5 23
10:45 32 | 83 | 080 L1 3 0
1:15 31| 77 | 084 12 4 0
11:45 31 | 89 | o073 Ll 2 0
12:15 30 | 89 | 066 10 2 0
12:45 29 | 83 | 065 09 2 0
13:15 29 | 83 | 059 08 1 1

breaking was always less than this value, consistent with H,/; being consistently less
than H,. During Interval I, some wave breaking was observed (about 10 %). Analysis to
be presented in Section 3.4 shows that during Interval [, the wave spectra were bimodal
with short period sea and long period swell peaks. In this case, significant wave height
(calculated from surface elevation variance) is ill-defined. In instances where the sea and
swell waves interfere constructively, for example, larger waves than either the swell or
sea result. During Interval [I, with the exception of the 10:15 GMT run, no waves were
breaking. The upward looking pencil beam record at 10:15 GMT contains a few very large
breaking events which injected bubbles deep into the water column, persisting for many
wave periods and making identification of subsequent breaking events uncertain. The
predicted percentage A, does not compare well with the observations, being low during
Interval [ and high during Interval II. This is consistent with the similar poor comparison
between A, and observed wave breaking reported by Lippmann et al. [1996]. The wave
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breaking behaviour may have been modified by wind. The beach log notes moderate—
to-strong winds backing from south to easterly over that day. The observed overall low
percentage of waves breaking, however, shows that the measurement area is indeed outside
the breaker zone, so that wave breaking is not a consideration.

3.2 Linear Transition Ripple Geometry

In this section, ions of linear ition ripples are p which were obtained
using three independent instruments; the fanbeam and pencilbeam sonars and the laser—
video bed profiling system. The fanbeam sonar gave an overview of the bedform field
in the area surrounding the site of the instrument frame, showing the degree of three—
dimensionality, spatial extent and ori ion of the The I ideo system

gave local high-resolution bed profiles allowing detailed measurement of bedform ge-
ometry and migration. The pencilbeam sonar profiles provided verification of the ripple

igration and observati de during the growth phase of the storm, as well
as measurements during the decay phase of the storm when daylight prevented use of the
laser-video system.

Figure 3.2 shows samples from two fanbeam sonar images collected at 6:10 and 11:10
GMT, during Intervals [ and Il respectively. Each is a plan view of the bedform field ina 4
m longshore x 2 m cross—shore area on the offshore side of the instrument frame. Linear
transition ripples are evident in both images as long—crested, short O(10 cm) wavelength
features. [t is possible to follow a single ripple crest across the entire 4 m extent of the
lower image. Bifurcations were present along some of the ripple crests. The upper image,
from Interval I, shows that linear transition ripples coexisted with longer wavelength cross
ripples (see Figure 3.1c). The orientation of the transition ripple crests was inclined at
about 15° to the y-axis of the experiment coordinate system, as shown in the maps, Figures
2.8 and 2.9. These images show that the transition ripple wavelength and crest length were
similar during both the growth and decay phases of the storm.
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Figure 3.2: Fanbeam scanning sonar images of linear transition ripples collected at 6:10
GMT during Interval I (top), and 11:10 GMT during Interval II (bottom). Offshore is
toward the top of the images and distance is measured along the bed from the instrument.
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Figures 3.3 and 3.4 both show time series of bed profiles over a 90-minute time in-
terval, 5:00 to 6:30 GMT during Interval I, obtained using the laser-video system. The
bed profiles were extracted from the raw video data as described in Section 2.3. In Figure
3.3, each profile is an average of 40 raw profiles from images grabbed from tape at 2 Hz.
Figure 3.4 shows a stack of further averaged profiles (5 of the profiles in Figure 3.3 are
averaged for each profile in Figure 3.4). The mean bed slope of about 2° (see Figure 2.10)
has been removed. Dropouts in the laser-video bed profile data are due to the laser light
reflected from the bed being obscured by material in suspension. This happened more
frequently at the ends of the laser beam pattern where the light intensity was lower. The
laser-video system was much more sensitive to turbidity than the acoustic sensors. At the
end of this time series, prior to the transition to flatbed, the light signal from the bed was
obscured entirely.

The linear transition ripples shown in Figures 3.3 and 3.4 are seen to migrate offshore
throughout the duration of this time series. These ripples were not “ephemeral” — in fact,
the bedform coming into view at the beginning of the time series persists for the entire
record, long enough to migrate across the entire field of view. This is confirmed by the
raw video footage, which shows the largest waves driving sheet-like flow which undulates
over the low relief bedforms without planing off the ripple crests.

Detailed analysis of the geometry of these bedforms is made possible by the high spa-
tial resolution of the laser-video bed profiles. Figure 3.5 shows the time evolution of the
ripple wavelength A, and height 7, through the 1.5 hours shown in Figure 3.3. The skew-
ness S, and asymmetry A, of the ripple profiles are also shown. For these calculations,
the central 40 cm of each 20-second averaged profile was interpolated onto a regularly
spaced horizontal axis (profiles containing drop—outs in this region were not included).
‘Wavelength was found from the spatial lag ing to the first nonzero

tion peak, and height from 2y/2 times the root mean square bed elevation. Ripple profile
skewness and asymmetry (using the Hilbert transform method, see Section 1.5) were also
calculated from the interpolated profiles. The time series of ripple statistics were broken
into 8-minute time bins and averaged.
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Figure 3.3: One and a half hour time series of bed elevation profiles obtained using the
laser-video system during Interval I, starting at 5:00 GMT. The colour scale denotes eleva-
tion and offshore is toward the top. The laser-video profile origin is located approximately
25 cm seaward of the fanbeam origin.
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Figure 3.4: Further averaged bed elevation profiles obtained using the laser-video system
during Interval I. Shown are 5—profile averages of the same time series as in Figure 3.3,
offset by 0.25 cm each, with time progressing from bottom to top.  is positive onshore.
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Figure 3.5: Ripple geometry over 1.5 h during Interval I: (a) Ar; (b) height
¢+ () bedform pmﬁle skewness S, (x)and asymmen-y A, (o). Each point is an 8-minute
average of from 20- d averaged profiles. The errorbars show

plus or minus one standard deviation.
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The variations in wavelength and height over the 1.5 hour period are small, with the
mean wavelength being 8.5 cm + 0.5 cm, and height, 3 mm £ | mm. This gives a steep-
ness 7,/ A, of 0.04. Nielsen [1981] found 7, /A, = 0.342 — 0.34y/8, 5 for field conditions,
which for a Shields parameter of 0.4 (see Figure 3.1) predicts 7, /A, = 0.07 — higher than
for these bedforms, though lying within the scatter of the observations that the empirical
relation was based on [Nielsen, 1981, Figure 6]. The wave orbital diameter doubled over
1.5 hours from about 0.5 m to about | m with no significant change in ripple geometry.
The ripple profile skewness and asymmetry show that the ripples are somewhat peaked
in profile (positive S;) and lean toward the offshore (negative A;). Both of these prop-
erties can be verified by inspection of the profiles shown in Figure 3.4. The calculated
asymmetry of the bedforms is sensitive to the bed slope, which has been removed. Clifton
[1976] reported observations of ripple asymmetry as a function of Auy/s = [ufs| = |uysl.
the difference in the averaged one-third largest velocities during the forward and reverse
flows, noting that asymmetric ripples generally migrate, and in the direction of their slip
face. The low relief of these transition ripples indicates that the steeper face was not in
fact a slip face and that the mode of migration may not have been by avalanching, however
they were asymmetric in the direction of migration nonetheless.

I of the were also obtained from the pencilbeam
sonar operating at a fixed slant angle of 10° below horizontal, and directed offshore. Each
image in Figure 3.6 is an 8-minute time series of acoustic intensity profiles. The acoustic

backscatter from the ripple slopes facing the instrument appear as dark bands. The centre
of the acoustic i the bed i 4.2 m along the bed from
the instrument, which is at (z, y) = (~3.2 m ,—0.27 m) in fanbeam coordinates (Figure
3.2), or 2.9 m offshore of the centre of the laser-video profile. Range along the bed is
calculated from the instrument height above bottom, correcting for the slant angle and

assuming a flat bed with a 2° offshore slope. The raw acoustic data were often saturated

in intensity near the centre of the beampattern. The profiles shown are taken from the

offshore shoulder of the beampattern and have been high—pass filtered to remove the long
intensity ion due to the itself.




X (cm)

2468 2468 2468

2468 2468 2468 2468
time (min)

Figure 3.6: 8—minute slant pencilbeam sonar runs starting at 5:10, 5:55, 6:25 GMT (a,
b, and c¢), during the growth phase of the storm (Interval I), and 11:25, 11:55, 12:25 and
12:55 GMT (d, e, f, and g), toward the end of the decay of the storm (Interval II). Off-
shore is toward the top of the images. Note offshore ripple migration in images a—c, and
onshore migration in images d—g. The 22 minute gap between pencilbeam runs makes the
identification of particular ripple crests in successive images uncertain.
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Figure 3. 7 The stilion of the observed linear transition ripples in orbital diameter—ripple
length space, i ized by grain diameter. Symbols indicate observations
from Interval I (o) and from Interval I (7).

The first three images in Figure 3.6 were recorded during the growth phase of the storm
(Interval I), and the last four, during storm decay (Interval II). It can be seen that ripple
migration was offshore during the growth of the storm, consistent with Figure 3.3, and
onshore during Interval IT as the storm subsided. While migration was offshore, the on-
shore ripple faces (dark bands) appear to have been wider than while they were migrating
onshore toward the instrument. This is consistent with asymmetry of the ripple profile in
the direction of migration, as already seen from the laser-video data during Interval I.

Comparison can be made between the laser—video profile time series and the slant

pencilbeam acoustic data. Ripple from the pencil sonar bed
profiles, by the same method as for the laser-video profiles, average to 8.5 cm in both
Intervals I and II. This is further confirmed by the fanbeam sonar images. The ripple

profile is only i ly indistinct in the p

sonar data (gray vertical bands)

when material is of i ion to obscure the bed. In the case of

image f, the ripples may have been erased by the flow. Both sets of measurements indicate,
however, that in general the ripples persist for much longer than a wave period time scale.

The observed lack of dependence of ripple wavelength on wave orbital diameter, and



large orbital diameter—to-ripple wavelength ratio (5 to 10) are defining features of anor-
bital ripples [Clifton and Dingler, 1984]. Figure 3.7 diagrams ripple type in terms of ripple
wavelength and wave orbital diameter, i ionalized by grain diameter. The shaded
regions are adapted from Figure 1.1. The positions of the observed linear transition ripples
in this parameter space are shown by the symbols, using the average ripple wavelength of
8.5 cm, the significant wave orbital diameter calculated from the CDP orbital velocities
(2a1/3 = 2uensT,/7), and the median grain diameter, 175 m. The larger orbital diameter
cases lie within the anorbital ripple area of the diagram, while the lower orbital diameter
cases fall in the suborbital range. Wiberg and Harris [1994] found anorbital ripple wave-
length to depend on grain diameter as Au, = 535D. They also found anorbital ripple
height to be loosely dependent on wave orbital diameter, such that nyn, < 2a/100. For a
median grain diameter of 175 um and orbital diameter of | m, these criteria yield Ayno =

9 cm and nuq < | cm, consistent with the present ripple observations.

3.3 Transition Ripple Migration Velocities

of ition ripple migration velocity are in this section. The
migration velocity during Interval [ was determined from the laser-video profiles and from
the slant pencilbeam sonar data, while during Interval II only pencilbeam sonar data are
available.

The transition ripple migration velocity was calculated by the same method from both
data sets — displacement was determined by finding the spatial lag of the peak correla-
tion between successive 30-second mean bed profiles. The laser-video ripple migration
velocity data were subsequently broken into 8-minute segments to match the length of the
pencilbeam sonar time series. Figure 3.8 shows the 8-minute averaged migration veloci-
ties calculated by this method from both data sets, along with the nearbed orbital velocity
skewness S, the mean nearbed flow velocity U and velocity asymmetry A,. Intervals [
and II are shaded. There are no migration velocity data for the period between 7:00 and
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Figure 3.8: Ripple migration velocity and orbital velocity forcing conditions during the
storm. (a) Ripple mi, i i i

velocity M,

8
Hours, yearday 261
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sonar (e) and

laser-video (o) data sets. (b) Nearbed orbital velocity skewness S,.. (c) Mean nearbed
velocity . (d) Nearbed orbital velocity asymmetry A,. All are averages over 8-minute
time series. Intervals I and II, when linear transition ripples were observed, are shaded.



10:00 GMT during flatbed conditions. Between 10:00 and 11:00 GMT, bedform migra-
tion direction was switching between on and offshore over the 8-minute runs with net rates
close to zero. These low migration velocities are distinct from low values at the beginning
and end of the storm when the Shields parameter was small (Figure 3.1), and there was no
coherent migration of the irregular ripple field.

During Interval I, ripple migration was offshore (negative). Near the middle of Interval
I1. ripple migration reversed to the onshore (positive) direction.

The maximum observed offshore migration rate was about 0.012 cm/s (0.7 cm/min)
and the maximum onshore rate was about 5 x 10~ cm/s (0.3 cm/min). These values may
be compared to those reported by Dingler and Inman [1977]: a maximum rate of 4.2
cm/min, in the onshore direction only.

Comparison of Figures 3.8a and b shows that the orbital velocity skewness was nega-
tive while ripple migration was in the offshore direction, and evolved to positive as ripple
migration direction reversed to onshore. In fact, the correlation between transition rip-
ple migration velocity and orbital velocity skewness or u® is better than 0.7, as shown in
Figure 3.9. Ripple migration velocities and orbital velocity skewness measurements from
Intervals I and II only are shown. The regression lines have a small negative offset in mi-
gration velocity for zero skewness or u*. This negative offset is consistent with the small
offshore mean nearbed flow velocity during both intervals (see Figure 3.8c): that is, the
mean current would drive offshore migration even for zero skewness. This is discussed
further in Appendix B, along with the correlation between ripple migration velocity and
other higher powers of orbital velocity.

As discussed in Section 1.4, Dingler and Inman [1977] found positive correlation be-
tween ripple migration rate and Longuet-Higgins' [1957] nearbottom streaming velocity,
u, = 5(aw)?/4c, where c is the wave phase speed. This would predict ripple migration
only in the direction of wave propagation, contrary to what was observed in Interval I. The
observations reported here therefore imply a fundamental difference in the mechanism of
ripple migration than that suggested by Dingler and Inman [1977].
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Figure 3.9: Transition ripple migration velocity M, plotted against orbital velocity skew-
ness S, (a) and (demeaned) orbital velocity cubed u* (b) with linear regressions (dashed
lines). The e symbols show migration velocities during Interval [, and the ¥ symbols,
during Interval II.
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3.4 Wave Orbital Velocity Spectra

A more detailed description of the wave orbital velocity forcing responsible for the ob-
served bedform type and migration is presented in this section.

Figure 3.10 shows the wave orbital velocity power spectral density over the two inter-
vals, calculated from the eight 8-minute CDP runs during Interval I, and from ten runs
during Interval [I. The CDP runs were low—pass filtered and resampled at 9.6 Hz (deci-
mating to 4096 from 12000 samples) to roughly match the pencilbeam sample rate of 8 Hz
for skewness calculations. For spectral analysis, the CDP records were then broken into
512 sample segments with 75% overlap and windowed with a Hanning window.

During Interval II, the orbital velocity spectra were essentially unimodal, while the
spectra during Interval [ were distinctly bimodal. It is also evident that the spectra re-
mained quasi-stationary through the duration of Interval II, whereas there was a progres-
sive strengthening of the lower frequency peak during Interval L. All 8 runs from Interval
I were included in the following analysis, despite the apparent lack of stationarity com-
pared to the orbital velocity spectra in Interval II. This was necessary in order to obtain
the number of degrees of freedom required for significance of the bicoherence results to
be presented later. All the velocity spectra from Interval [ exhibit bimodality with similar
peak frequencies, which will be demonstrated to be the feature of importance.

Ensemble-averaged spectra for the two intervals are shown in Figure 3.11, with the
peaks relevant to the following discussion indicated by the arrows and labeled. The spec-
tral density during Interval [ is bimodal in the incident wave band, with peaks at 0.14 and
0.23 Hz (f; and f}). The Interval IT spectrum exhibits a single dominant peak of lower
frequency at 0.12 Hz (fy;), with a small shoulder at 2f;; (0.24 Hz). The spectra indicate
evolution of the wave forcing from locally generated short period seas to longer period
swell.
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Figure 3.10: Power spectral densities of CDP measured nearbed orbital velocities during
Interval I (a) and Interval II (b). The spectra in each pair (solid and dashed lines) come

from 8-minute CDP runs started 10 minutes apart, labeled with the start time of the first.
An offset proportional to the time from the first spectrum in each interval has been applied.
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Figure 3.11: Ensemble averaged power spectral densities of nearbed orbital velocity dur-
ing Interval I (solid) and Interval II (dashed). The 95% confidence limit is shown as an
error bar with each curve (126 degrees of freedom for Interval I, 158 for Interval II). The
spectral peaks are labeled f; and f; for Interval L and f;/ for Interval I
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Table 3.2: Frequency pairs showing signi at the 95% level
for Intervals I and II. The last column indicates the sign and magnitude of R{B} at those
frequencies.

GO VAGY) [R(BY

Interval [
Peak | | 023 (fp [023(/) 001
Peak2 |0.14(f) |0.09(f;— fn) | -0.06
Peak3 | 023(f) | 0.14(f) +0.03

Interval IT
Peak4 | 0.12(fr) |0.12(fi) +0.15
Peak 5 | 0.24 (2f1r) | 0.12 (fir) | 0

3.5 Origin of the Orbital Velocity Skewness — Bispectral
Analysis
Skewness can be considered a measure of wave nonlinearity, since nonzero skewness

arises in the wave form through nonlinear processes. This section contains further exam-
ination of the orbital velocity forcing using bispectral analysis. The mathematical forms

for the bisp and bi were in Section 1.7.
Figure 3.12 shows the orbital velocity bicoherence for the two intervals, at fxeqncncws
below 0.4 Hz. The lowest contour is the 95% level. The

with 2-point merging in both frequency dimensions, is 0.037 Hz. Areas of significant
bicoherence indicate frequency pairs (fy, f2) that are involved in either sum or difference
interactions. The frequency locations of the signil i peaks are
in Table 3.2, with reference to frequencies labeled in Figure 3.11 (note that the bicoherence
peak positions match the spectral peak positions to within the lower bicoherence frequency
). Three bil peaks signil at the 95% level are present
in [nterval I (Peaks 1, 2 and 3, Table 3.2) and two in Interval II (Peaks 4 and 5, Table 3.2).
Figure 3.13 shows the real part of the bispectrum of the orbital velocity for the two
intervals. Significant nonzero R{B} is limited to frequencies below 0.4 Hz. The real
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part of the bispectrum is related to skewness by Equation 1.45. The sign of R{B} at
frequencies (f;. f2) indicates the sign of the contribution to the overall skewness arising
from the interaction involving those frequencies. The last column of Table 3.2 indicates
the value of R{ B} at the frequencies of the bicoherence peaks.

During storm growth, the bimodal orbital velocity spectrum shows the development of
a progressively more energetic lower frequency swell peak, with the higher energy peak
shifting from the 0.23 Hz (f}) peak to the 0.14 Hz (f;) peak (sce Figure 3.10a). The
real part of the bispectrum for Interval I (Figure 3.13a) is negative around Peak 2 (Table
3.2), while Peak | is a positive self-self interaction peak of lesser magnitude. Peak 3
has positive R{B} showing a sum interaction between frequencies f; and f, but has
lower bicoherence. The large negative R{ B} Peak 2, and negative values at surrounding
frequencies, lead to an overall negative integrated orbital velocity bispectrum (negative

Peak 2 shows a di i ion between ies f; and f7, the peak
frequencies of the bimodal Interval I orbital velocity spectrum: (fi, fa, fi + f2) = (f1,
fi =i fp-

During storm decay, the dominant peak in the unimodal velocity spectrum is the swell
peak which increased in energy through Interval I, and evolved to a lower frequency, 0.12
Hz (f17) (see Figure 3.10b). The real part of the corresponding bispectrum shows a strong
positive self-self interaction peak (Peak 4, Table 3.2). The harmonic, Peak 5, is associated
with essentially zero R{ B}. The small negative peak in R{B} at (f1, f2) = (fi, 0.02 Hz)
has very low bicoherence. The orbital velocity skewness in Interval I is dominated by the
large positive self-self interaction shown by Peak 4.

The positive skewness associated with naturally occurring waves can be understood
as a self-self interaction. In shallower water, there is a near—resonant energy transfer

to higher harmonics, as can be described by the usual Stokes expansion. This is seen

lly as a train of ic peaks ing the peak, or a
wide—spread broadening of the spectrum [Elgar and Guza, 1985b, 1986, present exam-
ples|. Since these harmonics are phase-locked to the primary forcing frequency, the result
is a superposition of even harmonics in phase with the primary peak.
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Figure 3.12: Bicoherence of nearbed orbital velocity during Interval I (a) and Interval I
(b), with 256 degrees of freedom in (a) and 320 in (b). Successive contours are (.05 apart.
The lowest bicoherence contour is at the 95% confidence level. The colour scales are
slightly different, as indicated by the colour bars on the right.
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Figure 3.13: The real part of the bispectrum of the nearbed orbital velocity during Interval
1 (a) and Interval II (b). The dashed contours of R{B} are negative values and solid are

zero and positive, at intervals of 0.01 in (a) and 0.025 in (b). The colour scale has been set
s0 the zero levels are equal in the two plots, but are scaled differently.
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Physically, the effect on skewness of the difference frequency interaction can be under-
stood through the following argument. The long wavelength difference frequency inter-
action has a group or bound wave response, driven by the gradient of the radiation stress
[Longuet-Higgins and Stewart, 1962]. In terms of surface elevation, the bound wave is
manifested as a depression of the mean surface elevation under the largest waves of the
group. There is a corresponding lift under the smallest waves at the beginning and end of
the group. A peaked wave (positively skewed otherwise) in the middle of the group rides
on the depressed surface and can have negative skewness if there is sufficient negative
offset due to the bound wave. The bound wave response is a second-order effect, though
it may only require a small offset to reverse the sign of the wave skewness. In the case
of naturally occurring waves, high frequency content of the surface elevation may lead to
positive surface elevation skewness even in the presence of groups. Near the bed, however,
the corresponding orbital velocities will have been, in effect, low-pass filtered by depth

of the higher ies and can therefore exhibit negative skewness even if
the surface elevation is positively skewed.

3.6 Comparison with Linear and Second-order Theories

This section contains discussion of the observed orbital velocity skewness. Comparison is
made between the velocity skewness observations and skewness of velocities derived from
surface elevation time series using frequency-dependent linear theory. Then the negative
velocity skewness observed during Interval [ is compared to predictions by a second-order
wave interaction formulation described by Wells [1967], based on the work of Miche
[1944] and Biésel [1952). The positive velocity skewness observed during Interval II is

to of a Stokes ion of nearbed velocity.
Nearbed orbital velocity can be calculated from time series of surface elevation us-
ing linear depth ion. Thornton and Guza [1989] have shown

that spectra of orbital velocity calculated from surface elevation measurements using this
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method give good agreement with spectra of measured velocities for wind wave frequen-
cies (0.05 and 0.3 Hz). Surf: levation was by the i sonar, directed
upward, in 8-minute runs. Spectral frequency components of each surface elevation time
series were depth attenuated to 20 cm above the bed using linear theory and the full disper-

sion relation, and the velocity by inverse Fourier The skewness of

the resulting time series was then computed. Figure 3.14 shows the comparison between
measured and calculated orbital velocity skewness for both Intervals I and II. Though
there is a bias toward higher computed velocity skewness and some degree of scatter (r*
= 0.55), the points lie close to the 1:1 line, indicating that the linear theory prediction of
the third moment of velocity (from () is roughly consistent with that of the CDP velocity
measurements. This agreement suggests that, in the absence of nearbed measurements,
linear theory can be used to estimate orbital velocity skewness from surface elevation time
series. This is not entirely expected since, as has been demonstrated in Section 3.5, there
are nonlinear contributions to the observed velocity spectra.

The skewness of the surface elevation itself is also shown in Figure 3.14. This is al-
ways positive: the high frequency components leading to positive skewness of the surface
elevation are filtered out by depth attenuation in the calculated orbital velocity, as was
described in the previous section. The ensemble-averaged surface elevation power spec-
tral densities for the two time intervals are shown in Figure 3.15, calculated from three

8-minute upward looking i sonar surf: levation time series in Interval I, and
seven runs in Interval I1. Comparing Figures 3.11 and 3.15, it can be seen that the sur-
face elevation spectra show more high frequency content than the nearbed orbital velocity
spectra. This is more evident in the Interval [ case, where the high frequency shoulder of
the higher frequency wind wave peak in the surface elevation spectrum has been lost in
the corresponding nearbed velocity spectrum. The depth attenuation process acts as a low
pass filter with a half-power point (in 3.8 m water depth) at a frequency of 0.25 Hz.

Over the duration of the storm event, the change in sign of wave orbital velocity skew-
ness was associated with evolution of the wave forcing. Negative skewness, as seen
in Interval I, can arise from interaction between waves through a mechanism such as
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Figure 3.14: Comparison of measured velocity skewness with that of velocity calculated
from surface elevation for both Intervals (¢). Comparison with velocity skewness cal-
culated by the MBW method, described in following text, is also shown (%). The ¥
symbols indicate the skewness of the measured surface elevation S¢. The dashed line is a
least squares linear regression to the e symbols (linear velocity calculation comparison).




Figure 3.15: Ensemble averaged power spectral densities of surface elevation ¢ measured
by upward looking pencil beam sonar during Interval I (solid) and Interval II (dashed).

that described by Miche [1944) and Biésel [1952]. The orbital velocity, u, arising from
two monochromatic colinear wave trains, including second—order interaction, is given by
[Biésel, 1952; Miche, 1944]

u= 3" {Acoswit + Bicos2wit}

i=1

+ o cos{(wa + wi)t] + Doy cosf(wa —wi)t] (34)

where A; and B; are the Stokes first and second-order coefficients and S,; and D, are

d—order sum and di i i i The i are depth de-
pendent ions of the i and ies of the two wave trains (see Appendix
A for the full equations). Note that the velocity form of Hasselman et al."s [1963] more

general spectral representation can be shown to be equivalent to Equation 3.4 for the case
of two co-linear discrete frequency wave trains. Wells [1967] derived the second and third
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moments of u, based on Equation 3.4, given by

a1y -~
B[] = 5 3 (A2 +B?) + 5(S + Dh) 63
< iml &
and
3¢ 3
ER) = 33 Al + gldohiS + AsiD) 36

Orbital velocity skewness is then given by Equation 1.8. This approach for calculation of
nearbed velocity skewness will henceforth be referred to as the MBW method.

Second—order interaction leads to positive or negative orbital velocity skewness in the
MBW formulation, depending on the balance between the positive terms (A;, the harmonic
B, term and the sum S»; term) and the negative difference D, term. For a given pair of
wave trains, skewness is a function of water depth, and height above the bottom (see Ap-
pendix A). Note that the mathematically simpler solution for two wave trains presented by
Longuet-Higgins and Stewart [1962] is not appropriate here since that derivation requires
that the two wave numbers (or frequencies) differ by only a small amount.

The velocity skewness at depth predicted by the MBW method was calculated from
surface elevation quantities (wave amplitudes, wave numbers and frequencies) determined
from the indivi 8-mi spectra aged spectra are shown in Figure
3.15). The velocity skewness was calculated for three times during Interval [ when CDP
and upward looking pencilbeam runs coincide, shown in Table 3.3. In each case, the

wave amplitude, a, at each peak frequency was ined from twice the squ t of
the integrated surface elevation power spectral density (including the peak value and one
point to each side in the i il i.e. the signil wave i The issue of

the appropriate wave amplitude values to use is relevant since Interval I velocity skewness
values can be calculated which agree very closely with the measurements (less than 2%
difference) when twice the wave amplitudes shown Table 3.3 were used.

For validity of the second order i ion of velocity ion 3.4),
the ratios of the second order coefficients B;, S, and Dy, to the first order coefficient A,
(the Ursell numbers) must be small. These are listed in Table 3.3 for the pairs of waves at
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Table 3.3: Comparison of the skewness of CDP measured orbital velocity and velocity
skewness calculated using the MBW theory at three times during Interval I (h = 3.8 m).
Values determined from each of the two surface elevation spectra peaks are given for wave
amplitude a (in meters) and kh, with the primed notation referring to values for frequency
f}- The Ursell numbers, Ur, are the ratios of the second order terms to the first order term
for the two wave trains (Ur = B/ A, Urs = Su/Aand Urp = Dy /A).
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Figure 3.16: Position in k—w space of the interacting and forced waves during Interval L.
The bimodal spectra peak free waves are indicated by the o symbols and A and 77 denote
the sum and difference interaction waves. The line shows the dispersion relation curve.



frequencies f; and f} at each of the three times. The values of Urp are large. This indi-
cates ification of the di response in shallow water [Phillips, 1960].
The largest value, Urly ~ 0.4, coincides with the poorest comparison between calculated
and measured velocity skewness (in the sense that the sign is incorrectly predicted), indi-
cating that this case is probably outside the range covered by the weakly nonlinear second
order theory.

The values of kh for the higher frequency (f7) waves are almost equal to or greater
than | (Table 3.3), indicating that these waves are dispersive. Figure 3.16 illustrates the
positioning of the sum and difference wave numbers and frequencies during Interval [,
relative to the dispersion relation. Free waves at the peak frequencies of the bimodal
spectrum, f; and f}, lie on the dispersion relation curve. The forced sum and difference
interaction waves lie above and below the curve, assuming parallel wave vectors. That the
forced waves lie off the dispersion curve implies that these interactions are non-resonant
[Phillips, 1960; Herbers and Guza, 1991]. As Phillips pointed out, however, even though

the di is the i of the response is inversely pro-
portional to the di between its freq and that of the free wave of the same wave
number, i.e. a larger response is expel:wd for a smaller displacement from the dispersion
curve, as indicated here for the di ion as 10 the sum i

During Interval II, the average orbital velocity skewness was positive, as shown in
Table 3.4. An estimate of the velocity skewness for the case of a wave with a unimodal

can be made using the Stokes expansion relation-
ship for u (Equations 1.10~1.12). The results of this calculation, averaged over Interval
I are also shown in Table 3.4. The wave period was almost constant with an average
value of 8.5 s and water depth decreased from 3.4 to 2.9 m over the time period. The

a, of the peak waves was ined by the same method as de-
scribed for Interval I. The question of choice of wave amplitude arises again here as in
the Interval [ case: the values of a for each 8-minute run were about 30% smaller than
the significant wave amplitudes given by /4(C?) (Table 3.1). Even using these smaller
amplitudes, (Ssiokes) does not compare well with the observed velocity skewness. In this




Table 3.4: C ison of bl ged CDP orbital velocity skewness
and skewness calculated using a Stokes expansion for u in Interval II. The ensemble—
averaged wave amplitude a (in meters), kk, and Ursell number are also shown.

(Smeas) | (Sstokes) | (a) | (kh) | (Ur)
012 | 0 027]042] 033

case, the Ursell number is not small (> 0.3) so that the Stokes expansion second order
term is larger than a “perturbation” — this situation is outside the range of validity of this
approach. A Boussinesq-type model [Elgar and Guza, 1986, e.g.], which can reproduce
shoaling i such as sk and y evolution, is probably needed in this

case.

Figure 3.17 shows the wave number frequency relationship between the primary (f;;)
and harmonic during [nterval I1, relative to the dispersion relation. The self-self interaction
leading to the ic is a sum i ion. The smaller di of the

frequency from the free wave dispersion relation (compare Figure 3.16) implies a large
sum interaction response during Interval IL.

The variation of velocity skewness with distance above bottom can also be examined
using both the MBW theory and velocities calculated from surface elevation measure-
ments. The orbital velocity skewness observed near the bed during Interval I was negative
while the surface elevation had positive skewness. Figure 3.18 illustrates the skewness
calculated both from velocities derived from surface elevation time series by frequency—
dependent depth attenuation using linear theory and by the MBW calculation, for the same
wave periods and amplitudes as presented in Table 3.3.

The results shown in Figure 3.18 demonstrate that in this water depth, both calculation
methods recover negative velocity skewness near the bed from positively skewed surface
elevation time series. The two calculations show different forms of depth dependence, but
both have a low level of depth dependence near the bed and cross from negative to positive
values at comparable heights in these cases. The nearly constant skewness with height
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Figure 3.17: Position in k-w space of the primary (o) and harmonic (A) waves during
Interval 1. The line is the dispersion relation curve calculated for the mean water depth of
32m.

near the bed suggests that the nearbed measurement height is not a critical factor in veloc-
ity skewness measurement outside the boundary layer. With only a single measurement
point, further comparison would be speculative. The very close agreement between the
CDP measurement and the skewness of the depth attenuated velocity in the case shown in
Figure 3.18a is coincidental, as can be verified by examining Figure 3.14.

3.7 Angle of Wave Incidence

The effects of I wave inci and, ially of more rel 10 wave
interaction, directional spread in the incoming wave forcing [Elgar and Guza, 1985b; Her-
bers and Guza, 1994] have not been considered in this analysis. Figure 3.2 clearly shows
the ripple crests were aligned about 15° from the y-axis of the measurements, in a di-
rection roughly parallel to the large scale shoreline of the head of the bay (shown by the
dashed lines in Figures 2.8 and 2.9). This means that the measurements of ripple wave-
length and migration velocity, shown in Figures 3.5 and 3.8, are approximately 3% larger
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Figure 3. IB Calculated velocity skewness as a function of height above bottom: MBW
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than the actual crest-normal values. This is a i small dif that

has not been made. If it is supposed that the ripple crests were oriented normal to the
dominant wave incidence direction, then in this case, the measured horizontal orbital ve-
locity would be i smaller by 4% than in a ripple crest oriented
coordinate system. The effect of an velocity has not

been assessed, however, multiplication by a constant factor does not affect the skewness
of u. The one-dimensional approach which has been taken here, despite these potential
complications, appears to provide a reasonable explanation of the observations.

3.8 Summary and Discussion

Anorbital linear transition ripples have been observed during both the growth and decay
phases of a storm event. High resolution bed profile measurements during storm growth
show little variability in the ripple geometry despite a doubling in wave orbital diameter.
Acoustic (fanbeam and il sonars) show the ripples had the same
ripple wavelength during both storm phases.

‘The migration velocity of the linear transition ripples is shown to have reversed direc-
tion through the course of the storm, migrating offshore during storm growth and onshore
during storm decay. The migration velocity is well correlated with the measured orbital
velocity skewness and with the third power of velocity r?>0.7.

The observed orbital velocity skewness has been shown to originate in nonlinear in-

between of the wave forcing. Bispectral analysis shows
that a difference interaction between the peak components of the bimodal velocity spec-
trum during storm growth led to the observed negative orbital velocity skewness. During
storm decay, the velocity spectrum was dominated by a lower frequency swell peak, which
through a self-self interaction, gave positive orbital velocity skewness.

The negative orbital velocity skewness observed during storm growth has been favor-
ably compared with skewness predicted by the MBW second-order wave theory. A Stokes
description of the nearbed orbital velocity does not contain enough wave shoaling physics
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to accurately represent the positive skewness observed during storm decay.

Presuming that ripple migration is related to sediment transport, these results suggest
a possible explanation for the commonly observed beach storm cycle. During a typical
storm cycle, sediment is removed from the beach during the initial stages of the storm and
replaced as the storm passes. The results above show that as a storm grew in intensity,

locally d wind waves i with swell that came in with the storm. In the

shoaling region of the beach, this bimodal wave energy spectrum led to negative skew-

ness (and offshore migration) through 1l di i i In contrast, as
the storm waned, unimodal residual swell produced positive skewness (and onshore mi-
gration) through sum interactions. The transport direction in the shoaling region may not
directly reflect the transport at the shoreline where the storm cycle is typically observed. It
is also being presumed, therefore, thai on an unbarred profile like Queensiand Beach, the
transport direction in the two areas is directly related.

In future experiments, it would be useful to measure the beach profile change at the
shoreline in order to examine the cross—shore variation in sediment transport, and the
directional wave spectrum offshore in order to resolve the dependence of wave-wave in-
teractions on the angular spread of the incoming wave field.



Chapter 4
Conclusions

The two deployments of the laser-video system have demonstrated the effectiveness of
the technique. High resolution bedform profiles have been successfully obtained in the
field through a range of wave conditions almost up to the flatbed threshold. The sediment
suspension imaging capability of the system has been verified, clearly showing the time
and spatial scales and rotational motions of suspension events, as well as providing the
first measurements of the alongshore length scales of suspended sediment clouds.

Field observations of linear transition ripples (low relief, long crested, anorbital bed-
forms) obtained using the laser-video system are part of a very comprehensive data set
which also includes high quality nearbed velocity and scanning sonar bedform measure-
ments. The transition ripples existed in moderately energetic flow conditions, for which
sediment transport rates can be large. In light of the difficulty of obtaining good esti-
mates of sediment transport, this set of observations provides valuable insight into sedi-
ment transport processes in the shoaling region under intermediate energy conditions.

The acoustic bedform measurements show that the wavelength and overall pattern of
the transition ripples were similar during both the growth and decay of a storm event under
a similar range of wave energies. The very high spatial resolution of the laser-video system
allowed detailed observation of ripple shape. The mean transition ripple wavelength was
8.5 £ 0.5 cm and height, 0.3 £ 0.1 cm. During offshore migration, the ripple profiles were
slightly positively skewed and pitched forward in the direction of migration.
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The ripple migration rate was highly correlated with the skewness and third moment of
the wave orbital velocity (r* > 0.7). Both onshore and offshore ripple migration was ob-
served, with average rates of —0.4 cm/min offshore and 0.2 cm/min onshore. The average
orbital velocity skewness was —0.17 (0.16) during offshore (onshore) ripple migration,
and skewness and migration velocity were for both h irecti A

weak offshore mean flow velocity (—3 cm/s average) resulted in a small negative offset in
ripple migration velocity. As far as the author is aware, these observations provide the first
evidence of both onshore and offshore skewness-related ripple migration.

During storm growth, the wave power spectral density was bimodal and the bispectrum
indicated a difference interaction between the sea and swell frequency waves, producing
negative orbital velocity skewness. In contrast, during storm decay the orbital velocity
had a single swell frequency spectral peak, and the bispectrum showed positive skewness
arising through self-self interaction of the incident swell. The average negative orbital ve-
locity skewness predicted by a finite-depth second-order wave interaction theory (Wells
[1967], based on the two-frequency equations of Biésel [1952]) was —0.10, roughly con-
sistent with the observations. A more complete wave description may be required to model
the observed positive velocity skewness, which was overpredicted at 0.6. The range of va-
lidity of the second—order theory was exceeded in this case, as indicated by Ursell numbers
greater than 0.3. Work is underway on implementation of the more general Hasselman
etal. [1963] second~order theory which uses the full velocity spectrum.

In summary, therefore, the results presented in this thesis show that the direction of
ripple migration in the wave shoaling region was either onshore or offshore depending
on the sign of the nearbed wave orbital velocity skewness. Furthermore, the sign of the

skewness was ined by nonlinear i ions between of the wave field.

In parti 1l i ions produced negative skewness during storm
growth, while swell-swell sum interactions produced positive skewness during storm de-
cay. Presuming that ripple migration is related to sediment transport, these results suggest
that skewness variation arising from 1l and swell-swell i jons is a possible
mechanism for the commonly observed beach storm cycle.
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Appendix A

A Theory of Second-order Nonlinear
Wave Interaction

The results of the bispectral analysis presented in Section 3.5 indicate that a difference
interaction between wave trains at a pair of frequencies was responsible for the negative
skewness of the nearbed orbital velocity observed during the growth phase of the storm
(Interval [). In his 1967 paper, Wells gives an analytic form for the skewness of the orbital
velocity arising from second—order interaction between a pair of wave trains, based on the
work of Biésel [1952] and Miche [1944]. Biésel's equations, also appearing in Appendix
2 of Wells" paper, are given below.
The nearbed orbital velocity is given by

¥
u=Y {Aicos(kiz —wit) + Bicos2(kix — wit)}
=1
N ot

+ 30 DSy cos{(ks +ky)z ~ (wi +w)t] + Dy cos{(ki = )z = (wi —wi)el} (A1)
=1 =1
where . is the wave radian frequency, k is the wave number and, in this case, V, the
number of interacting wave trains, is 2. The coefficients are given by
coshki(h - z)

Ao sinh k:h

(A2)
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5
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DYy = [mrmh(k, + k,)h] y (A.10)
Dysi= “’; I:’: (A.11)
The coefficients A; and B; are the Stokes i i ions 1.11 and 1.12.

This expression for u, therefore, derives from considering, in addition to the harmonic
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term, the higher-order sum (S;;) and difference (D,;) frequency terms. It is required that
the full dispersion relation be used in relating k and w, i.e.

w? = gk, tanh kih . (A12)

As Biésel [1952] noted, these equations are not suitable for use in very shallow water since
the quantities £;; and F; become unstable as the ratios D,;;;/ Dy:; and C,;;/Cyi; approach 1.
The orbital velocity skewness is then given by

_ Bl
S = g (A13)
where Wells [1967] derived the second and third moments of u as
L& L
Blul) =5 Y (A +B) + EZZ(S: +D3) (A.14)
<=t =1 j=1
and
3 N 3 N il
E[w’) = i S AB+ 53N (AAS, + AAD;) (A.15)
=l il jml

This approach for determining the nearbed velocity skewness has been referred to in the
text (Chapter 3) as the MBW method.

A principal result reported by Wells [1967] is the suggestion of water depth depen-
dence of the nearbed velocity skewness calculated for a pair of wave trains, with positive
values near shore and negative values in deeper water. Note that the velocity skewness at a
particular water depth is calculated as if the bottom were flat at that location, independent
of bottom slope or wave shoaling i Figure A.1 il the depth
of the skewness calculated by the MBW method for pairs of waves with the peak wave
periods and amplitudes taken from surface elevation spectra at two times in Interval [
(dashed lines). The 6:15 GMT run gave results similar to the 5:45 GMT run and is not
shown. In shallow water, the curves terminate where the water depth reaches 0.8 times the
wave height of the larger of the two input waves, a standard wave height breaking criterion
[Fredsge and Deigaard, 1992]. At the depth that the measurements were made (indicated
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Figure A.1: Skewness as a function of depth calculated by the MBW method at 5:45 GMT
(a) and at 6:45 GMT (b). The water depth at the instrument location is marked by a vertical
line. The dashed lines show the skewness calculated from Equations A.14 and A.15. The
solid lines show skewness of u time series constructed using Equation A.l. The dash-
dotted lines show the result of an adjustment to the MBW skewness calculation discussed
in the text. The skewness of the CDP measured velocity at each time is indicated by the
symbols (e).

by the vertical line), the skewness of the velocity measured by the CDP is also shown. The
solid curve shows the skewness calculated directly from the velocity given by Equation
Al

The dashed and solid curves in Figure A.1 show a marked divergence in shallow wa-
ter, near the depth where measurements were made. The reason for this divergence was
investigated by writing u (Equation A.1) as

w= 4Ty (A16)
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where [y includes the A; and B; (Stokes) terms and I, the S;; and D;; terms. The third
moment of u is then given by

Efu’] = (u*) = (T +T)°) (A17)
or as the sum of four terms
Efu’] = (T$ + 3030, + 30,3+ T3) . (A.18)

In Wells' derivation, products of the higher-order coefficients B;, S;; and D;; are assumed
to be small, which results in the [',[3 and I’} terms (terms 3 and 4) being neglected. Terms
1 and 2 give Equation A.15.

Figure A.2 shows the four terms of Equation A.18 as functions of water depth for the
same wave amplitudes and frequencies as in Figure A.1. It can be seen that the third term
can have finite size in shallow water, while the fourth term remains appropriately small.
Figure A.3 shows the Ursell numbers as a function of depth calculated for the two wave
trains at each of the two times. The six Ursell numbers were defined in Section 3.6 in
discussion relating to Table 3.3, where the values at the measurement depth are presented.
The traditionally defined Ursell numbers (Ur and Ur') are still small at the point where
the two skewness calculations diverge (< 0.1 in 3 of 4 cases shown), however the sum and
difference coefficient Ursell numbers are larger. This points to the source of the divergence
between the two skewness calculations.

The many terms of the full expansion for the third moment of u were re-examined
based on the results shown in Figure A.2. Two additional terms remain after time averaging
which are non—vanishing for finite Urs and Urp. Including these higher order terms,
Equation A.15 with N = 2 becomes

53w 3 3
Elw] = 73 AIBi+ 5(AASn + Ao ADa) + 5(BiSnDan + BiSn Do) - (A.19)

i=1
Note the ordering of the terms: $0(a*), 30(a*) and 30(a®). The dash—dotted lines in
Figure A.1, calculated using Equations A.14 and A.19, indicate that these terms account
for the difference between the two skewness calculations. The fact that these product terms
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Figure A.2: The four terms of Equation A.18 for the wave heights and periods at 5:45
GMT (a) and 6:45 GMT (b).
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Figure A.3: Ursell numbers as a function of depth at 5:45 GMT (a) and 6:45 GMT (b),
with line styles as follows: Ur —- —; Ur' —=; Urs —x—; Ur's ——; | Urp| —o=: | Urp| —e—.



can have finite size in very shallow water brings Wells' result of positive velocity skewness
near shore into question. The results of the parison of velocity sk values shown
in Table 3.3 are not invalidated by this, however, since the measurement depth fell (barely)
in the region where these higher order terms remain small.




Appendix B
Velocity Dependence Considerations

It was stated in Section 3.3 that the observed ripple migration velocity was well correlated
with the skewness of the nearbed orbital velocity, and to the cube of the orbital velocity,
where the orbital velocity is the demeaned total velocity. The following discussion con-
cerns correlation of ripple migration velocity to other higher powers of orbital velocity and
implications of the non-zero mean velocity.

Figure B.1 shows regressions of the ripple migration velocity against a range of odd
powers of the demeaned orbital velocity, u¢ where £ ranges from 3 to 7, and against veloc-

ity skewness. Ripple migration velocity was not signi! with

velocity squared (r* < 0.1). The results shown demonstrate that the observations also
support dependence of ripple migration velocity on the fifth power of the nearbed veloc-
ity. This is not entirely ising as u® and u® are (r* > 0.9). The
correlation between ripple migration velocity and the seventh power of orbital velocity,

however, is much poorer.

The nearbed velocity measured by the CDP was demeaned to determine the orbital
velocity, that part of the total nearbed velocity due to the waves directly. If the total
velocity, uotat = U + u, is considered, the effect of the mean velocity U on quantities
based on the time average of velocity cubed can be assessed by examining the cross term
3Uu?. Figure B.2 illustrates this quantity compared with u*, and normalized by E[u?]*/2,
compared with the skewness of u.
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Figure B.1: Regressions of ripple migration velocity and a range of odd power orbital
(demeaned) velocity quantities: skewness (a); velocity cubed (b); velocity to the fifth
power (c) and velocity to the seventh power (d). Measurements during Interval I are shown
by  symbols and during Interval II, by ¥ symbols.
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Figure B.2: Contribution of the mean velocity to ufmb,. in (a) normalized (—o-) and com-
pared to the skewness of u (—x~-), and in (b) unnormalized (o), compared to u* (-x-).
The time periods Intervals I and II are shaded gray.
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The sense of the mean velocity cross term contribution to u3,,,, during both Intervals [
and I is negative, or offshore, even during the time when ripples were migrating onshore
in Interval II. The dynamical significance of this term may be in the negative offset in
ripple migration velocity seen in all the regressions in Figure B.1. Including the mean
velocity, i.e. regressing to ufm,, does not signi y affect the i

for the cases shown in Figure B.1, but reduces the migration velocity offset to near zero,
as shown in Figure B.3. The negative mean nearbed velocity contribution in Interval I is
not large enough to reverse the sign of the largest positive u® values.
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M, (cmis)

Figure B.3: Regressions of ripple migration velocity and a range of odd power total ve-
locity quantities: total velocity cubed (a); total velocity to the fifth power (b) and total
velocity to the seventh power (c). Measurements during I[nterval [ are shown by e symbols
and during Interval II, by ¥ symbols.
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