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Abstract approved:

This thesis presents the details of a large-scale laboratory experiment to study the

turbulence generated by waves breaking on a fixed barred beach. The data set includes

comprehensive measurements of free surface displacement and fluid velocity for one

random and one regular wave case.

Observations of the time-averaged turbulent kinetic energy per unit mass, k, show that

the turbulence generated by wave breaking was greatest at the bar crest and did not

fully dissipate prior to reaching the bed. This indicates that, even in a time-averaged

sense, wave breaking turbulence may be important for near-bed processes on a barred

beach. Onshore of the bar, turbulence was generally confined to the upper part of the

water colunm and dissipated once the waves reformed (approximately 1.5 wavelengths

onshore of the bar crest). The turbulent structure was the same in the random and

regular wave cases; however, the magnitude of k was much less in the random wave

case, despite similar offshore wave conditions.
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Three methods were used to separate the wave-induced and turbulent components of

velocity: ensemble averaging, high-pass filtering, and a differencing method proposed

by Trowbridge (1998). The magnitude of k varied by as much as a factor of 5 among

these methods, but qualitatively, the cross-shore and vertical structure was

independent of the method used. The differencing method agreed closely with

ensemble averaging in terms of the magnitude and structure of time-averaged

quantities and in the signature of the time-dependent turbulent kinetic energy. Given

this agreement and the general acceptance of ensemble averaging as an appropriate

method to separate wave-induced and turbulent components of velocity for regular

waves (Svendsen 1987), the differencing method appears to be the most suitable for

application to random waves, such as those observed in the field.
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Large-Scale Laboratory Observations of Wave Breaking Turbulence on a Fixed
Barred Beach

1. General Introduction

The coastal zone is a densely populated region vital to trade, tourism, and recreation.

Our attraction to the coast is reflected in the fact that more than half of the U.S.

population currently lives within 50 miles of the coastline and the population density

in coastal regions is 2-3 times larger than in the nation as a whole (U.S. Commission

on Ocean Policy 2004). This is also a highly dynamic region where large changes in

the shoreline can occur over timescales ranging from hours to years. To use the coastal

zone effectively, coastal managers must possess tools to accurately predict how the

shoreline will change. However, the development of these tools has been limited by

our understanding of the processes governing sediment transport and the difficulty in

obtaining detailed measurements of nearshore processes within this region.

One process important to sediment transport is wave breaking within the surfzone,

where organized wave energy is converted to turbulence which can initiate sediment

suspension or keep particles in suspension (Fredsøe and Deigaard 1992). At the

surface of the ocean, the magnitude of this turbulent energy is much larger than the

turbulence generated in the boundary layer near the seabed. However, wave breaking

turbulence decays as it is transported to the bottom and the degree to which it

contributes to the near-bed turbulent energy is unclear. To accurately predict sediment



transport the distribution of turbulence generated by wave breaking and the bottom

boundary layer must be known.

Experiments aimed at understanding wave breaking turbulence have been conducted

in small- and large-scale laboratory flumes as well as the field. The data obtained in

these experiments have formed our understanding of turbulence in the nearshore and

are briefly summarized in the following section.

1.1 Literature Review

1.1.1 Small-Scale Laboratory Experiments

The majority of experimental work that has formed the foundation ofour

understanding of wave breaking turbulence was conducted in small-scale, long (or

"two-dimensional") wave flumes. These flumes were typically on the order of 50 m

long, 1 m wide, and 1 m deep with a planar beach at one end to initiate breaking

(slopes ranging from 1:20 - 1:40). Regular waves were used in these tests with wave

heights ranging from 10 cm < H0 <22 cm, and periods from 0.9 s < T< 5.0 s. Glass

sidewalls allowed the use of laser-Doppler-velocimeters (LDV) to measure the flow

field and video/photographic techniques to visualize the characteristic features of the

flow.
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Stive (1980) conducted one of the first experiments specifically designed to study the

internal flow field of breaking waves in the inner surf zone. In this experiment, Stive

(1980) measured the velocity and pressure fields under spilling breakers and showed

that the quasi-steady breaking wave model proposed by Peregrine and Svendsen

(1978) qualitatively agreed with the observed periodic and turbulent velocities in the

inner surf zone. This model essentially consists of a turbulent mixing region at the face

of the broken wave (i.e. a "roller" or "bore") that spreads and decays into a wake

region behind the crest.

Two-years later, Nadaoka and Kondoh (1982) identified several key features of the

flow field in a detailed study of spilling and plunging breakers. The flow field was

separated into two zones in the cross-shore direction: a transition zone near the onset

of breaking, and the bore-establishment zone, also referred to as the inner surf zone. In

the inner surf zone, the flow consisted of an upper layer and a bottom layer. In the

upper layer, visual observations revealed the presence of large-scale eddies, small-

scale turbulence, and entrained air. In the bottom layer, LDV measurements revealed

small-scale turbulence that originated in the upper layer along with small-scale

turbulence generated in the bottom boundary layer. Large turbulent velocities were

observed 5 mm above the bottom that were not characteristic of boundary layer

turbulence (turbulence in the boundary layer should be correlated with the wave phase

or an increase in the near bottom wave velocity). This observation indicated that the

turbulence from wave breaking reached the bed.
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Svendsen (1987) utilized the turbulent velocities obtained from the previous two

experiments along with additional measurements by Stive and Wind (1982) and

Hattori and Aono (1985) to investigate the time-averaged structure and temporal

variation of the turbulent kinetic energy due to waves breaking on a plane slope. In

every case the time-averaged turbulent kinetic energy showed little vertical variation

and was large near the bottom. This supported the idea that large-scale vortices

generated by wave breaking create intense mixing that transports turbulence from the

surface to the bed. Additionally, the temporal variation of turbulent kinetic energy was

small in Stive and Wind's (1982) tests, indicating that time-averaged quantities are

appropriate for describing the turbulence under breaking waves. Svendsen (1987) also

reviewed the three different methods used in these experiments to separate the wave-

induced and turbulent components of velocity (ensemble averaging, correlation with

the free surface, and high-pass filtering). He concluded that ensemble averaging was

the most suitable (or only) method when considering regular waves, but could not be

extended to random waves in the field, which was a problem with no clear solution.

Nadaoka et al. (1989) conducted a second experiment to investigate the structure of

the large-scale vortices, or eddies, observed by Nadaoka and Kondoh (1982). Using

flow visualization techniques, Nadaoka et al. (1989) concluded that the large-scale

eddies produced by wave breaking were one of the most important features in the surf

zone due to the intense turbulence and vorticity produced by them. These eddies were

two-dimensional and horizontal around the wave crest (axis of rotation parallel to the



crest), and transformed into three-dimensional, obliquely descending eddies behind

the wave (axis of rotation approximately 450 to the direction of wave propagation).

These eddies created large Reynolds stresses in the upper water column, and

observations showed that they transported tracer particles all the way to the bed. This

confirmed that wave breaking turbulence, and specifically the large-scale eddies

generated by wave breaking, may act as a mechanism for the suspension of sand.

Ting and Kirby (1994) also observed large-scale eddies while investigating differences

in the undertow and turbulence generated by spilling and plunging breakers. They

found fundamental differences in the flow fields associated with these breaker types,

despite similar deep water wave conditions. In the spilling case, the undertow and

turbulent intensity showed a strong dependence on depth, but very little variation with

wave phase. Whereas, in the plunging case, the undertow and turbulent intensity were

virtually uniform with depth and large turbulent intensities were highly correlated with

the passage of the wave crest. This resulted in a net offshore transport of turbulence by

the mean flow (including the orbital wave motion) in the spilling wave case and a net

onshore transport of turbulence by the mean flow in the plunging wave case. Ting and

Kirby (1994) suggested that the transport of turbulence can be correlated to the

transport of sediment; therefore, the spilling wave case would correspond to an

eroding beach and the plunging wave case would correspond to an accreting beach.

5
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Cox et al. (1994 and 1996) collected detailed observations of the turbulence within

the boundary layer and in the upper water column in the presence of spilling waves on

a roughened slope. They showed that offshore, turbulence was confined to the

boundary layer, whereas in the inner surf zone, the turbulence generated by wave

breaking spread and decayed downward, which was consistent with what had been

observed in previous experiments. Cox and Kobayashi (2000) identified intermittent

and coherent events caused by large-scale eddies that spread into the boundary layer in

the surf zone. The turbulent energy contained in these eddies was an order of

magnitude larger than the turbulence generated locally within the boundary layer,

indicating that they may be important for the suspension of sediments, as suggested by

Nadaoka et al. (1989).

1.1.2 Large-Scale Laboratory Experiments

Despite the attention that wave breaking turbulence received in small-scale flumes,

large-scale research on wave breaking turbulence has been limited. It should be noted

that although there is an absence of large-scale laboratory data focusing specifically on

wave breaking turbulence, large-scale wave flumes have been used to study other

nearshore processes, including cross-shore beach profile change. These tests are

summarized by Dette et al. (2002) and are omitted here since they do not directly

address wave breaking turbulence. Sancho et al. (2001) conducted the SPANWAVE-

SPPORITA experiment in the Canal de Investigacion y Experimentación Maritima

(CIEM wave flume) at the Polytechnic University of Catalonia in Barcelona, Spain.
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Their objectives were to obtain detailed large-scale measurements of the turbulence

and mean flow present over a fixed barred beach using regular and random waves. The

model beach was constructed ofnon-smoothed concrete and designed to approximate

an equilibrium bar based on observations from Duck, NC and the SUPERTANK

experiment (Kraus et al. 1992). Measurements of the free-surface elevation, pressure,

and water particle velocity were collected. Thus far, only the experimental setup

(Sancho etal. 2001) and characteristics of the mean flow (Tomasicchio and Sancho

2002) have been presented; therefore, no conclusions can be made regarding the

turbulence generated by wave breaking.

1.1.3 Field Experiments

In addition to the small- and large-scale laboratory tests, field experiments have been

conducted to observe the turbulence generated in the surf zone. George et al. (1994)

used hotfilm anemometry to estimate the turbulent dissipation rate (e) and turbulence

intensity (u') from spilling and plunging random waves at Scripps Beach in La Jolla,

CA. Turbulence from wave breaking was largest at the surface and decayed slowly

toward the bottom, consistent with the strong vertical mixing observed in the

laboratory. However, the magnitude of the Froude scaled turbulence intensity

(u'/.ji) was as much as a factor of 4 smaller than the laboratory results of Stive

(1980) who used monochromatic waves and a different technique to extract the

turbulent signal.
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Trowbridge and Elgar (2001) analyzed the balance of turbulent dissipation with shear

production and the depth-averaged wave energy dissipation over a sandy beach in

Duck, NC. They estimated that shear production balanced dissipation, but both were 2

orders of magnitude less than the depth-averaged energy loss in the wave field. This

indicated that wave breaking turbulence did not influence the turbulent energy at the

measurement location, which was I m above the bottom in approximately 4.5 m of

water. This may have been due to the fact that the field observations were in the outer

surf zone, whereas wave breaking turbulence was most influential in the inner surf

zone of the laboratory.

1.2 Summary

Small-scale laboratory experiments have established the importance of wave breaking

to the production of large-scale eddies and turbulence within the surf zone, which may

act as a mechanism for sediment suspension. Field tests have qualitatively confirmed

these observations; however, they lack the high spatial resolution and simplified

forcing necessary to make a direct comparison. Large-scale laboratory experiments

focused on the turbulence generated by wave breaking can be used to confirm the

observations from small-scale tests, but are virtually non-existent.

In light of this, the experiment discussed in this thesis was conducted to provide a

synoptic picture of the turbulence generated by random and regular waves breaking

over a fixed barred beach at prototype scale. It is written in the manuscript format and
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organized as follows: Section 2 includes the manuscript, which discusses the details

of the experiment, a comparison of three methods to separate the wave-induced and

turbulent components of velocity, and observations of the time-averaged turbulent

kinetic energy over the bar. Section 3 provides a summary of the major conclusions.

Additional information that could not be included in the manuscript due to page

limitations is included in Appendices A - G and noted within Section 2 using brackets

(e.g., [Refer to Appendix A. 1 for ...]). Appendix A contains additional information on

the experimental setup and wave conditions. Appendix B provides further detail on the

repeatability of the wave conditions and post-processing of the velocity time series.

Example applications of the methods used to extract the turbulent signal from the total

velocity are shown in Appendix C. The alongshore variation of turbulence estimates

over the bar are given in Appendix D. Appendix E describes a preliminary analysis of

the correlation between wave breaking and changes in the mean flow. Appendices F

and G contain presentations of this research from the 29th International Conference on

Coastal Engineering held in Lisbon, Portugal, and the Oceans/Techno-Ocean'04

conference held in Kobe, Japan in November, 2004, respectively.
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2.1 Abstract

The details ofa large-scale laboratory experiment to study the turbulence generated by

waves breaking on a fixed barred beach are presented. The data set includes

comprehensive measurements of free surface displacement and fluid velocity for one

random and one regular wave case. Observations of the time-averaged turbulent

kinetic energy per unit mass, k, show that the turbulence generated by wave breaking

was greatest at the bar crest and did not fully dissipate prior to reaching the bed. This

indicates that, even in a time-averaged sense, wave breaking turbulence may be

important for near-bed processes. Onshore of the bar, turbulence was generally

confined to the upper part of the water column and had dissipated once the waves

reformed (approximately 1.5 wavelengths onshore of the bar crest). The turbulent

structure was the same in the random and regular wave cases; however, the magnitude

of k was much less in the random wave case, despite similar offshore wave

conditions. Additionally, three methods were used to separate the wave-induced and

turbulent components of velocity: ensemble averaging, high-pass filtering, and a

differencing method proposed by Trowbriclge (1998). The magnitude of k varied by

as much as a factor of 5 among these methods, but qualitatively, the cross-shore and

vertical structure was independent of the method used. The differencing method

agreed closely with ensemble averaging in terms of the magnitude and structure of

time-averaged quantities, and in the signature of the time-dependent turbulent kinetic

energy. Given this agreement, the differencing method appears to be the most suitable

for application to random waves, such as those observed in the field.

11



2.2 Introduction

In the surf zone, wave energy is transformed into turbulent energy through breaking.

The turbulence generated by wave breaking can dominate surf zone flows

(Trowbridge and Elgar 2001) and processes of sediment suspension (Fredsøe and

Deigaard 1992). Furthermore, the difficulty in making direct observations of surf zone

turbulence has hindered our ability to adequately quantify and predict sediment

transport. Prototype-scale laboratory experiments have been suggested as a facilitator

for improved understanding of the processes of breaking waves and their associated

turbulence (Thornton et al. 2000).

Prototype-scale laboratory experiments are necessary because many of the existing

studies on wave breaking turbulence have been conducted in small-scale laboratory

flumes (e.g., Stive 1980, Nadaoka and Kondoh 1982, Ting and Kirby 1994, Cox et al.

1995) and scaling issues may arise when extrapolating hydrodynamic quantities, such

as the vertical variation of horizontal turbulence intensity, to field conditions.

Additionally, most of these experiments were conducted using planar beaches, and

only recently has attention been given to complex bathymetries such as a barred beach

(e.g., Sancho et al. 2001), despite the numerous modeling efforts for predicting field-

observed bar motions (e.g., Hoefel and Elgar 2003). In the laboratory, repeatable wave

conditions and the use of a fixed bed provides a unique opportunity to collect a

detailed, synoptic data set without the influence of three-dimensional wave and current

12



fields, tides, and wind. It also allows the use of sensitive instrumentation likely to

be damaged in a field deployment.

The objective of this experiment is to provide a large-scale, synoptic picture of the

time-averaged turbulent kinetic energy in the nearshore, and to determine whether the

turbulence from wave breaking is transported to the bed on a barred profile.

Additionally, we compare three methods to separate turbulent and wave-induced fluid

velocity components to determine whether the method used affects the magnitude or

spatial structure of the turbulence estimates. Section 2.3 briefly describes these three

methods, followed by the experimental setup and post-processing of the data in

Sections 2.4 and 2.5, respectively. Section 2.6 outlines the application of each method

to the data and Section 2.7 compares the turbulence estimates from all three.

Observations of the cross-shore and vertical structure of the turbulence generated over

the bar are presented in Section 2.8, followed by the main conclusions in Section 2.9.

2.3 Methods to Separate Wave and Turbulent Motions

In the nearshore, the observed fluid velocity (u) can be decomposed into mean, wave-

induced, and turbulent components as follows:

u=i+ü+u' (2.1)

where an overbar denotes time-averaged (mean) quantities, a tilde denotes wave-

induced quantities, and a prime denotes turbulent quantities. Separating the wave-

induced and turbulent components is difficult and several methods are suggested in the

13



literature. Svendsen (1987) reviewed three of these methods and compared scaled

measurements of the time-averaged turbulent kinetic energy per unit mass (k)

obtained from the laboratory experiments of Stive and Wind (1982), Nadaoka and

Kondoh (1982), and Hattori and Aono (1985), where k is defined as:

2 (2.2)

where u, v, and w are the cross-shore, alongshore, and vertical velocities, respectively.

Despite the different methods used to separate the turbulent signal, Svendsen (1987)

observed that characteristic features, such as a weak variation of k over depth, were

consistent for all of the measurements when scaled using the squared shallow water

wave speed. In this work, three separation methods were applied to the two data sets

collected. This allowed for a direct comparison of the turbulent quantities and

eliminated errors that may arise when scaling the results obtained from different

experiments. In addition to comparing two of the methods reviewed by Svendsen

(1987), ensemble averaging and high-pass filtering, we added a third technique

proposed by Trowbridge (1998).

2.3.1 Ensemble Averaging

When regular waves are studied, the wave-induced velocity can be estimated by

averaging the same point in the wave phase over many successive waves (ensemble

averaging) and the turbulent component can then be estimated using Eq. 2.1. This

method has been used extensively in the literature (e.g., Stive and Wind 1982, Ting

14
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and Kirby 1994, and Cox etal. 1995) and Svendsen (1987) concluded that it must

be considered the only well-defined way of separating wave and turbulent motions

when discussing regular waves. It also has the advantage of allowing large, low-

frequency vortices, typically neglected by other methods, to be recorded as turbulence,

provided they are not identically repeated wave to wave. An obvious limitation of this

method is that it cannot be applied to truly random waves in the field. However, in the

laboratory this method can be applied to random waves by collecting many

realizations of the same velocity time series at a single location and averaging these

realizations to obtain the wave-induced velocity.

2.3.2 High-Pass Fi!tering

When waves are not repeatable, high-pass filtering can be used to separate the wave-

induced and turbulent components ofvelocity by specifying a cutoff frequency

separating the wave and turbulent timescales, then applying standard filtering

techniques to isolate the high-frequency (turbulent) component. Choosing an

appropriate cutoff frequency can be difficult, and it is possible that a single cutoff

separating these scales is physically unattainable (Nadaoka et al. 1989). Depending on

the cutoff frequency chosen, this method may neglect large-scale vortices produced by

breaking that are of a lower-frequency than the higher harmonics of the organized

wave motion. In fact, Svendsen (1987) observed that scaled turbulence estimates

obtained using the high-pass filtering method were generally smaller than those

obtained using ensemble averaging.
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2.3.3 Dfferencing

Trowbridge (1998) proposed a technique that utilizes the difference between the

measured velocities (Lxu) from two closely spaced sensors to estimate the average

turbulent velocity variance and covariance between the sensors. For example, the

turbulent velocity variance in the cross-shore direction ('') can be estimated as

follows:

(77) !var(Au) (2.3)

where ( ) is used to note a spatial average between the sensors, u is the total velocity,

and Au = u1 - it2, where u1 and u2 are the observed total velocity from each of the two

sensors. This method can be applied to random waves and requires that the sensors be

separated such that the wave component of velocity is correlated and the turbulent

component is uncorrelated between the two sensors. In general terms, this means that

the separation distance between the sensors must be slightly larger than the largest

eddy produced by wave breaking. In addition, this separation should be perpendicular

to the direction of wave propagation (i.e. parallel to the wave crests), which causes

errors when the seas are multidjrectional.



2.4 Experimental Setup

2.4.1 Large Wave Flume and BarredProfile

The experiment was conducted in the large wave flume at Oregon State University's

O.H. Hinsdale Wave Research Laboratory. The basin is 104 m long, 3.7 m wide, and

4.6 m deep with a programmable flap-type wavemaker equipped with active wave

absorption and maximum wave capability of H= 1.6 m at T= 3.5 s. For this project, a

model beach was constructed by fixing concrete slabs to the sidewalls of the flume,

resulting in the piecewise continuous profile shown in Figure 2.1 c. The model

bathymetry approximated the bargeometry for the average profile observed on

October 11, 1994, of the DUCK94 field experiment (e.g., Garcez Faria et al. 2000) at

a 1:3 scale. The model was compressed in the cross-shore relative to field-observed

bars due to the limitation of the flume length. Nevertheless, it captured the

hydrodynamic processes ofwave breaking and reforming common to natural barred

beaches. The friction factor,f, was estimated using the semitheoretical expression

developed by Jonsson (1966) for rough turbulent flow:

where A,, is the excursion amplitude at the bed estimated using linear wave theory and

k is the Nikuradse sand roughness typically estimated using the grain diameter

(k = 2d50). Using an estimate range of 0.04 mm <k <02 mm and the breaking

wave heights and periods listed in Table 2.1 in a water depth of 0.80 m, estimates of

the wave friction factor fell in the range of 0.005 <f <0.007. In comparison,
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applying the same approach to the average wave conditions from the 8-meter array

on October 11, 1994, at Duck, NC (Hmo = 1.8 m, T = 6.6 s, h=8.3 m) with

d50 = 0.2 mm yielded a friction factor off 0.008. [Refer to Appendix A.1 for

additional information on the model beach construction.]

2.4.2 Wave Conditions and Free Surface Measurements

In this study, a random time series approximating a narrow banded sea (TMA

spectrum, 7=20) was used to study the wave breaking process under forcing similar

to the field. Regular waves were also used to allow the ensemble averaging technique

to be applied. In both cases, the target offshore wave height and period were scaled

using the average significant wave height (H,,,0 = 1.8 m) and peak period (T 6.6 s)

observed at the 8-meter array on October 11, 1994, of the DUCK94 field experiment.

Active wave absorption was used for the regular wave case. It was not used for the

random wave case because it limited the size of the waves that could be generated.

Additionally, preliminary investigations using similar wave conditions and the

underlying 1:36 planar beach indicated that active wave absorption did not

significantly reduce energy at low frequencies for the random wave case.

Resistance-type wave gages sampling at 50 Hz were used to measure the free surface

elevation (17) at 28 locations in the basin. To validate the repeatability of the

experiment, 6 gages remained fixed during the study (x = 23.45 m, 45.40 m, 52.73 m,

60.04 m, 70.99 m, 81.97 m) and one was mounted on the wavemaker (x = 0.00 m).

18



Additionally, 77 was measured using three wave gages mounted on a movable cart

used for collecting velocity profiles, as shown in Figure 2.2.

The deep water and breaking wave characteristics for the random and regular cases are

listed in Table 2.1.

Table 2.1. Deep water and breaking wave conditions measured during the experiment.

T H0 L0 Hb Lb cb tdur Nwav

5 m m m m - mm -

The subscripts Qo and ()b are used to denote deep water and breaking parameters,

respectively. For the random wave case, T is the spectral peak period and H is the

significant wave height calculated using zero-uperossing. For the regular wave case T

and H are the ensemble averaged wave period and wave height calculated using zero-

uperossing. In both cases the deep water wave length (L0) and wave height (H0)

were calculated using linear wave theory. The average slope on the offshore side of

tanabthe bar (tan czb = 1/18) was used to calculate the Iribarren number [b
= jHb IL0)

is noted that the values obtained for 4b are slightly below the plunging criterion

0.4 < <2.0 suggested by Battjes (1974). However, the random waves were

observed to be both plunging and spilling as far offshore as x =42 m, and the regular

waves were plunging at x = 53 m. Approximately N 342 waves were recorded in the
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Random 4.0 0.59 25.0 0.64 10.9 0.35 20 342
Regular 4.0 0.64 25.0 0.75 10.9 0.32 10 150



random wave case, which exceeds the minimum of 200 prescribed by Goda (2000)

for a repeatable sea state. For the regular wave case, N = 150 waves were used,

exceeding the number used in previous studies (e.g., Ting and Kirby 1994: N 100,

Cox et al. 1995: N= 50).

0 10 20 30 40 50
x Imi

Figure 2.1. Cross shore variation ofH (a) and i (b) for the random wave case.
Surveyed bathymetry and locations of velocity profiles P1-P7 (c). Wavemaker located
at x = 0, still water shoreline indicated by (--).

Figures 2.la and 2.lb show the cross-shore variation ofHand mean water level (ii)

for the random wave case, clearly showing the shoaling (x < 50 m), breaking

(50 m <x <60 m), and reforming (x> 60 m) regions. The measured variation in i
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was consistent with Bowen et al. (1968) who found that the maximum set-down

occurs slightly onshore of breaking. [The cross-shore variation of H and J for the

regular wave case is shown in Appendix A.2.]

2.4.3 Velocity Measurements

Vertical profiles of velocity time series were recorded at seven cross-shore locations

(P1 -P7, Figure 2.1 c). Of primary interest were the profiles at the bar crest (P4), where

wave breaking was most intense, and just onshore of the crest where wave breaking

turbulence was carried onshore (PS and P6). At each of the 7 cross-shore locations,

time series were recorded at 8 vertical locations: 1 cm, 5 cm, and 10 cm above the

fixed bed, followed by 5 additional elevations evenly-spaced between 10 cm above the

bed and trough level.

At each vertical location, velocities were sampled synchronously at 50 Hz using three

3D, down-looking SonTek 16 MHz Micro Acoustic Doppler Velocimeters (ADVs).

The ADVs were collocated in the vertical and cross-shore, but separated in the

alongshore (Figure 2.2). The alongshore separation was designed to test whether each

ADV observed the same wave-induced component of velocity when applying the

differencing method. For the random waves, the spacing between the ADVs was

26 cm and 60 cm with the outermost ADVs 137 cm and 142 cm from the sidewalls.

This allowed for as large a separation scale as possible while minimizing the effect of

the sidewalls on the observed velocities. For the regular wave case, only two ADVs

21



were used (A500 and A507) with a 60 cm alongshore spacing. The coordinate

system, shown in Figures 2.lc and 2.2, was x positive onshore, z positive up, andy

consistent with a right-hand coordinate system. The origin was located at the

intersection of the wavemaker and the still water line. [Refer to Appendix A. 1 for

photographs of the instrument cart.]

A

142 cm

A

Incident Wave Crests

Figure 2.2. Plan view of the movable instrument cart with the locations of the ADV
array and three wave gages shown. All three ADVs were collocated in the vertical and
cross-shore directions.

To obtain a synoptic data set, the same 20 minute random time series was run at each

of the 8 elevations for all 7 profiles (56 total runs), and each run was synchronized to

the start of wavemaker motion. Data for the regular wave case were collected in

60 minute runs, during which time the velocity was measured at 4 elevations in the

profile by recording at each elevation for 10 minutes. The first 5 minutes of each

A Wave Gage

ADV

137cm
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60 minute run were eliminated to allow the wave conditions to reach a steady state.

The still water interval between each run was 20 minutes for both random and regular

waves.

2.5 Data Reduction

2.5.1 Free Surface

All free surface data were reduced using ensemble averaging techniques. For the

random wave case, this consisted of averaging 56 realizations of the 20 minute time

series for each of the 7 fixed wave gages, and 8 realizations for the three wave gages

on the movable cart with the ADV array. For the regular wave case, approximately

8400 waves were averaged for each of the fixed wave gages, and 1200 waves were

averaged for the gages on the cart. Seaward of breaking, the average standard

deviation of the ensemble averaged wave was less than 1.0 cm (1.5 % of full scale)

and 1.5 cm (2.4% of full scale) for the random and regular wave cases, respectively,

verifying the repeatability of the wave conditions. [Figures illustrating this

repeatability are included in Appendix B. 1.1

2.5.2 Velocity

All velocity time series were post-processed to address three sources of noise: signal

dropouts and spikes, Doppler noise, and instrument vibration. Signal dropouts due to

instruments coming out of the water, and signal spikes caused by air bubbles or a lack
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of particulate matter within the flow are common when using ADVs in the surf zone

(e.g., Elgar et al. 2001). In this test, valid measurements were defined as those having

a signal-to-noise ratio (SNR) greater than 10 dB and correlation greater than 70%,

where these quantities are the average value along all three ADV beams. Additionally,

the phase-space-threshold criterion outlined by Goring and Nikora (2002) was used to

identify spikes that were not identified by the SNR and correlation thresholds. After

invalid samples were identified, a cubic spline between valid samples was used to

replace them. The median percentage of the record identified as invalid was 2.3% and

2.7% for the random and regular wave cases, respectively, with significantly higher

values (20-30%) near trough level at P4 and P5. Figure 2.3 shows the raw and

despiked cross-shore velocity spectra for ADV A500 at P4, 34 cm above the bed. The

-5/3 slope, characteristic of an inertial subrange, is biased high in the raw data at

frequencies above 2-3 Hz. This is indicative of white noise in the data, and the energy

associated with that high-frequency portion of the spectrum is typically referred to as

the noise floor. It is clear that after removing signal dropouts and spikes, the noise

floor was significantly reduced and more accurate estimates of the turbulent velocity

variance were obtained.
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Figure 2.3. Typical raw (light) and despiked (heavy) cross-shore velocity spectra. Data
are from the regular wave case P4, 34 cm above the bed. -5/3 slope added for
reference (--).

Doppler noise, white noise present at all frequencies, is inherent in all coherent

Doppler velocimeters and can significantly bias velocity variance estimates

(Nikora and Goring 1998). After removing signal dropouts and spikes, the magnitude

of the Doppler noise floor was estimated from the high-frequency portion of the

spectrum and integrated over the frequency range used to estimate the variance. This

yielded an estimate of the noise contribution to the variance, and was subtracted from

the total variance prior to estimating turbulent quantities, such as k.

101
101 100 101

[Hz]
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Finally, velocity data were filtered to remove noise from high-frequency instrument

vibration caused by breaking waves hitting the 40 cm stem on the ADVs and the

supports used to deploy the ADVs in the flume. Noise due to vibration of the ADV

stem was present in the u and v components of velocity and centered at 24 Hz, as

shown in the despiked spectrum in Figure 2.3. In the u component of velocity, a 7th

order Chebyshev type II low-pass filter with a corner frequency of 20 Hz was used to

remove this noise from the record. Vibration from the supports used to deploy the

ADVs was only present in the v component of velocity and occurred at frequencies

between 12 - 20 Hz. A 6th order filter of the same type with a cutoff frequency of

10 Hz was used to remove this noise along with the noise from the ADV stem

vibration from v. The w component of velocity was unaffected by any vibration and

was not filtered.

Accounting for these sources of noise significantly reduced estimates of k for both

the random and regular wave cases. The average percent reduction in k for all of the

measurements was 27%, 52%, and 22% for the ensemble averaging, high-pass

filtering, and differencing methods, respectively. [A more detailed explanation of the

post-processing of velocity time series can be found in Appendix B.2.J

2.6 Application of the Turbulence Separation Methods

Each of the three methods described in Section 2.3 were applied to the post-processed

data using the following procedures. The ensemble averaging technique was applied to
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the regular wave case by separating individual waves using a zero-uperossing

technique, scaling the wave period to T= 4.0 s, then computing the wave component

of velocity. This was to ensure that the velocity was averaged relative to the same

point in the wave phase because the wave period in the surf zone varies slightly, even

when running regular waves (Svendsen 1987). Additionally, low-frequency

fluctuations in the velocity that would have been recorded as turbulent velocities

("pseudo-turbulence") were removed by high-pass filtering the raw signal at

0.0625 Hz (one-quarter of the peak wave frequency) prior to ensemble averaging.

After calculating the wave component of velocity, the turbulent component was

estimated by subtracting the wave component from the total velocity between the

zero-crossings used to separate each wave. The ensemble averaging technique was

also applied to one elevation of the random wave case by repeating the same random

time series 7 times at PS with all three ADVs 32 cm above bed (21 realizations). In

this case, each time series was treated as a "wave" and the procedure described above

was applied.

The high-pass filter selected to isolate turbulent motions from wave-induced motions

was a 7th order Chebyshev type II filter with a cutoff frequency of 1 Hz. This cutoff

was chosen based on visual inspection of the low-frequency end of the -5/3 slope in

the power spectral density of the observed cross-shore velocity. A cutoff of

1 Hz also corresponds to 4 times the peak wave frequency, and is lower than the cutoff

of Nadaoka et al. (1989) who used approximately 7 times the peak wave frequency.
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The results obtained using this method are highly sensitive to the cutoff chosen and

it was found that increasing it by a factor of 2 reduced the magnitude of k by 40% in

both the random and regular wave cases.

As described earlier, the method of Trowbridge (1998) requires that the waves be

unidirectional. This assumption was valid offshore (P1 -P3) and for the breaking region

over the bar crest (P4-P6) in the random and regular wave cases. However, during

regular wave runs, the waves were not alongshore uniform in the inner surfzone (P7).

This alongshore partial standing wave was not observed for waves with longer periods

(T = 7 s) that would break continuously from the bar crest to the shoreline, or for

waves with shorter periods (T= 2 s) that would quickly reform after breaking on the

bar. Due to these alongshore inhomogeneities in the inner surf zone, differencing

estimates should be treated with caution at P7, and it is noted that all three methods

estimated little turbulent kinetic energy at this location.

[Examples of the application of all three methods in the time and frequency domains

are included in Appendix C along with illustrations of the potential sources of error.]

2.7 Comparison of Turbulence Separation Methods

To illustrate the application of each method to a typical time series, Figure 2.4 shows

the temporal variation of u and k, where k is the time-dependent turbulent kinetic

energy per unit mass. Data are from the regular wave case at P5, 10.4 cm above the



bed. In this figure, the ensemble averaging and high-pass filtering methods were

applied to ADV A500 and the differencing method was applied to A500 and A507. It

is noted that the ensemble averaging and high-pass filtering methods estimated k at a

single location, whereas the differencing method estimated the average value of k

between the two sensors. The time-averaged value of k for the entire time series, equal

to k for the ADVs used, is also shown with a horizontal dashed line.
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Figure 2.4. Time variation of u (a) and k from the ensemble averaging (b), high-pass
filtering (c), and differencing methods (d). Average k for the time series indicated by
(--). Data are from the regular wave case, P5, 10.4 cm above the bed, using ADV
A500 for (a-c) and A500 and A507 for (d).
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In this figure we see that the magnitude of k was similar where the ensemble

averaging and differencing methods were applied, and both were about five times

larger than the values from high-pass filtering (note the change in y-axis scale).

Furthermore, despite the regular forcing, all three methods exhibited an intermittent

nature, whereby the instantaneous value of k was an order of magnitude larger than the

average value, as observed by Cox and Kobayashi (2000). The signatures from the

ensemble averaging and differencing methods were qualitatively similar and made up

of a few large events, whereas the signature from high-pass filtering contained many

more short events. This difference is attributed to the fact that the high-pass filtered

data only contained energy at frequencies greater than 1 Hz. A detailed study of the

intermittent properties is left for future work.

To provide a synoptic picture of how the separation method affected the magnitude

and spatial structure of the turbulence, estimates of k from each method were

compared. For the random wave case, Ic was estimated independently using each

ADV, and the value reported herein is the average of the three. The same procedure

was followed for the regular wave case, but only ADVs A500 and A507 were used

because of problems with the synchronization of A595. It is important to note that it is

impossible to compare the results of each method to the true value; therefore, we can

only indicate whether each method consistently provides a low/high estimate and

assume that the true value lies somewhere among the three. [The alongshore variation

of k was not significant and the details are included in Appendix D.J
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Figure 2.5 shows the vertical variation of k estimated using all three methods at P4

P6 for the random and regular wave cases. In both cases the high-pass filter provided a

low estimate of despite the fact that a lower cutoff than Nadaoka et al. (1989) was

used. This was most likely due to energy neglected from large eddies with frequencies

lower than 1 Hz, and is consistent with the comparisons made by Svendsen (1987).

Figure 2.5. Vertical variation of k for random (a-c) and regular (d-f) waves at P4 - P6
using ensemble averaging (tx), high-pass filtering (o), and differencing (*) techniques.
Ensemble averaging estimate from the repeated random wave runs included at P5 (A).
Trough level indicated by (--), bottom of the figure indicates the fixed bed.
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In the regular wave case, k estimates from the differencing method were

approximately 26% larger than the ensemble averaging values. If ensemble averaging

is considered to be a well-defined way to separate wave-induced and turbulent

motions for regular waves, then these results indicate that the differencing method can

be used to reasonably estimate k in the presence of regular waves. This can be

extended to random waves as well, because this method does not require that the

waves are repeatable. This conclusion is supported by the ensemble averaging

estimate for the repeated random runs at P5.

The vertical variation of k, shown in Figure 2.5, was similar among all three

methods, indicating that the structure of k was not affected by the method used to

extract the turbulent signal. This is verified in Figure 2.6, where scatter plots of k

estimated using each method show that the three methods are linearly correlated in

both the random and regular wave cases (r2 > 0.93). Data from P3 were not included

here because the high-pass filtering estimates were significantly biased by wave

harmonics above 1 Hz at P3 due to the highly nonlinear waves near the onset of

breaking.
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Figure 2.6. Scatter plot of k obtained from: differencing and high-pass filtering for
random waves (a), ensemble averaging and high-pass filtering for regular waves (b),
and differencing and high-pass filtering for regular waves (c). Slope of the best fit line
and r2 value shown on plot.

2.8 Turbulence Observations Over the Bar

2.8.1 Cross-Shore and Vertical Variation of k

Figure 2.7 shows the cross-shore and vertical variation of k, where the estimates from

ensemble averaging and differencing have been scaled to the high-pass filtering

estimate using the ratios (slopes) given in Figure 2.6 (i.e. for the random wave case, all

differencing estimates were divided by 5.0). All three methods show the same vertical

and cross-shore variation, which gives us confidence that the observed structure of k

is accurate.
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In the region where waves were breaking (P4-P6), estimates of k were largest near

trough level and decayed with depth, as expected. Directly over the bar crest (P4), k

was significant throughout the water column, even 1 cm above the bed. Interestingly,

this seems to be a localized feature, as only a few meters onshore (P5), k was

confined to the upper portion of the water column, a trend that continued onshore.

Approximately 1.5 wavelengths onshore of the bar crest (P7) there was very little

turbulence within the water column, consistent with observations that the waves had

reformed at this location. Offshore of the bar crest (P3), estimates from the ensemble

averaging and differencing techniques suggest that turbulence generated at P4 may

have been advected offshore and confined to a region near the bottom. This is the only

location where the maximum value of k was not near trough level. Offshore of

breaking (P2) k was approximately zero and provides an indication of the noise level

in our estimate of k. Estimates from P1 were also near zero and not included in

Figure 2.7. [Estimates from P1 are included in Appendix D for completeness.]
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It is interesting to note that in the regular wave case, k estimated 1 cm above the bed

was an order of magnitude larger at P4, where wave breaking was intense, than at P2

and P7, where the waves were not breaking. If the increase in /c at P4 was due to

boundary layer processes, we would expect it to be accompanied by a large change in

the peak near bottom wave velocity. However, the peak wave velocity measured

1 cm above the bed at P4 was only 25% less than the velocity at P2 and 2% less than
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the velocity at P7, far from an order of magnitude change. This, along with the

vertical variation of k, suggests that the increase in near-bed turbulent kinetic energy

at P4 was due to turbulence generated by breaking waves at the surface that was

transported to the bed, and not bottom boundary layer processes.

Although the structure of the turbulence was similar for the random and regular wave

cases, the magnitude of k was significantly smaller in the random wave case

(approximately 5 times smaller at P4), despite similar offshore wave conditions. This

is most likely due to inherent differences in the wave breaking properties for regular

and random wave fields. For example, the reviewers noted that the surf zone created in

the random wave case was broader than in the regular wave case. This allowed the

wave energy to be dissipated within a larger volume of water and reduced the average

turbulent energy observed at a fixed point in the water column. Additionally, the

percentage of waves that broke over the bar was smaller in the random wave case

because it contained waves that were small enough to propagate over the bar without

breaking. A portion of the difference observed by George etal. (1994) between scaled

estimates of turbulence intensity obtained from laboratory tests using regular waves

and field observations where random seas exist may be explained by the difference

observed here in the random and regular wave cases along with the fact that different

methods were used to separate the wave-induced and turbulent components of velocity

in the lab and field tests.
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2.8.2 Local Isotropy

The isotropy of the turbulence was analyzed in the region where large turbulent

velocities were observed (P4, P5, P6 - only elevations greater than 10 cm above the

bed). Table 2.2 shows the ratio of the three components of the velocity variance to 2k

for the random and regular wave cases using all three separation methods. This

indicates the relative importance of each component of the variance to k. Values from

other characteristic flows are provided as a reference (Svendsen 1987).

Table 2.2. Isotropy of the average turbulence in the upper water column where wave
breaking was observed. Values are the ratio of the average turbulent velocity variance
to 2k, where the averaging is applied to all measurements greater than 10 cm above
the bed. Data for other flows are from Svendsen (1987).

From this table we see that the ensemble averaging and differencing methods

consistently produced turbulence estimates that were not isotropic and were dominated

P4 P5 P6
Method I,uu vv ,iww I,uu -vv Iiww IIuu -vv F?ww

E High-Pass Filter 0.40 0.30 0.30 0.36 0.32 0.32 0.35 0.31 0.34

Ensemble Average - - - 0.38 0.34 0.28 - - -

Djfferencjn. 0.48 0.31 0.21 0.45 0.32 0.23 0.46 0.29 0.25

High-Pass Filter 0.34 0.34 0.32 0.33 0.35 0.32 0.34 0.33 0.33

Ensemble Average 0.42 0.33 0.25 0.40 0.34 0.26 0.38 0.34 0.29

Differencing 0.47 0.32 0.21 0.49 0.30 0.21 0.48 0.29 0.23

Homogen. Isotrop. 0.33 0.33 0.33

Plane Wake 0.42 0.26 0.32
' Bound. Layer

__(inner)
0.62 0.28 0.10



by the cross-shore component of the variance This is similar to a plane wake,

but unlike a plane wake, the vertical component 7?) was the least important.

Estimates from the high-pass filtering method were not consistent with the other two

methods, despite the similarities observed in the structure of k. This suggests

relatively large anisotropy in the lower-frequency (less than 1 Hz) observed fluid

motions compared to higher-frequency (greater than 1 Hz) fluid motions. The

similarities observed between the ensemble averaging and differencing methods

further indicates that these methods can be used to analyze the details of wave

breaking turbulence. In every case, the near-bed turbulence (less than 10 cm above the

bed) was anisotropic due to confinement of the vertical component of the variance by

proximity to the bed.

2.9 Conclusions

Data obtained as part of a large-scale laboratory experiment to study the turbulence

generated by waves breaking on a fixed barred beach were presented. This data set

included synoptic measurements of the fluid velocity and free surface elevation for

one random and one regular wave case. The fluid velocity was measured at 7 locations

within the cross-shore. At each location 8 points were measured in the vertical

direction, beginning 1 cm above the bed and extending to approximately trough level.
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An analysis of the cross-shore and vertical variation of the time-averaged turbulent

kinetic energy per unit mass (k) showed that:

Wave breaking turbulence was largest at the bar crest (P4) and influenced the

entire water column, indicating that it may be important for near-bed processes

on a barred beach, even in a time-averaged sense. Landward of the bar (P5, P6)

the turbulence was confined to the upper layer and had dissipated once the

waves reformed (approximately 1.5 wavelengths onshore of the bar crest, P7).

The cross-shore and vertical structure of the turbulence was similar in the

random and regular wave cases. However, the magnitude of Ic in the regular

wave case was as much as 5 times larger than the random case, despite similar

offshore wave conditions.

The magnitude of k varied by as much as a factor of 5 based on the method

used to separate the wave-induced and turbulent velocities, but the cross-shore

and vertical structure of k was independent of the method used.

The differencing method proposed by Trowbridge (1998) appeared to be the

most promising as it agreed closely with ensemble averaging and can be

applied to random wave fields. This agreement was both in terms of the

magnitude and structure of time-averaged quantities (k and isotropy), and in

the signature of the time-dependent turbulent kinetic energy.

These observations are an important step toward understanding the dynamics of

nearshore turbulence. Future work will be aimed at addressing not only the
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mechanisms responsible for the vertical and cross-shore transport of the turbulence

generated by wave breaking, but also the contribution of shear production to the total

turbulent energy within the surf zone and the rate of turbulent dissipation (e.g., Ting

and Kirby 1995). We plan to investigate the intermittency observed in k and the effect

that intense wave breaking events have on velocities averaged over several wave

periods. [The preliminary results of this analysis are included in Appendix E.] Our

observations may also be used to aid in the development of numerical models aimed at

predicting the detailed hydrodynamics of waves breaking over a barred beach.
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3. General Conclusions

This thesis presented the details of a large-scale laboratory experiment designed to

study the turbulence generated by waves breaking on a fixed barred beach. Prototype-

scale laboratory experiments can improve our understanding of the turbulence

generated by breaking waves and the potential influence that it has on sediment

transport in the nearshore. The data set included synoptic measurements of the fluid

velocity and free surface elevation for one random and one regular wave case. In each

case, the fluid velocity was measured at 7 locations within the cross-shore. At each

location, 8 points were measured in the vertical direction, beginning 1 cm above the

bed and extending to approximately trough level.

An analysis of the cross-shore and vertical variation of the time-averaged turbulent

kinetic energy per unit mass () showed that in the region where waves were breaking

(P4-P6), estimates of k were largest near trough level and decayed with depth,

consistent with small-scale laboratory observations (e.g., Svendsen 1987). Directly

over the bar crest (P4), wave breaking turbulence influenced the entire water column,

resulting in large estimates of k 1 cm above the bed. This indicates that even in a

time-averaged sense, wave breaking turbulence may be important for near-bed

processes on a barred beach. Landward of the bar (P5, P6) the turbulence was

confined to the upper layer and dissipated once the waves had reformed

(approximately 1.5 wavelengths onshore of the bar crest, P7). This structure was
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similar in the random and regular wave cases; however, estimates of k were as

much as 5 times larger in the regular wave case, despite similar offshore wave

conditions. This may partially explain the difference in magnitude observed by

George et al. (1994) between scaled estimates of turbulence intensity obtained from

small-scale laboratory tests using regular waves and field tests where random seas

exist.

Three methods were used to separate the wave-induced and turbulent components of

velocity: ensemble averaging, high-pass filtering, and a differencing method proposed

by Trowbridge (1998). Qualitatively, the cross-shore and vertical structure of k was

independent of the method used; however, the magnitude of k varied by as much as a

factor of 5 between the methods. The differencing method agreed closely with

ensemble averaging in terms of the magnitude and structure of time-averaged

quantities, and in the signature of the time-dependent turbulent kinetic energy. Given

this agreement and the general acceptance of ensemble averaging as an appropriate

method to separate wave-induced and turbulent components of velocity for regular

waves (Svendsen 1987), the differencing method appears to be the most suitable for

application to random waves, such as those observed in the field.

These observations are an important step toward understanding the dynamics of

nearshore turbulence. Future work will be aimed at addressing not only the

mechanisms responsible for the vertical and cross-shore transport of the turbulence
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generated by wave breaking, but also the contribution of shear production to the

total turbulent energy within the surf zone and the rate of turbulent dissipation (e.g.,

Ting and Kirby 1995). We plan to investigate the intermittency observed in k and the

effect that intense wave breaking events have on velocities averaged over several

wave periods. Our observations may also be used to aid in the development of

numerical models aimed at predicting the detailed hydrodynamics ofwaves breaking

over a barred beach. Additionally, we plan to use our observations to drive the two-

phase sediment transport model of Hsu etal. (2004) including a source of turbulent

kinetic energy from wave breaking at the upper boundary to investigate the effect that

wave breaking turbulence has on the suspension and entrainment of sediment.
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Appendix A. Experimental Setup

A.! Model Beach Construction

The following section provides additional detail regarding the model beach

construction, scale of the experiment, and instrumentation discussed in Section 2.4.

Figure A. 1 is a schematic of the model bathymetry that was used during the planning

and construction of the model beach. It should be noted that the dimensions given in

this figure are approximate and it is not to scale.

Vvemaker

F! I

n 0 122 1341 16.15 19.81 27,13
F 1

81.96 89.31 98.76

Figure A. 1. Schematic of the model bathymetry used during the planning and
construction of the model. All dimensions are approximate and the figure is not to
scale.

The model bar geometry approximated the bar geometry observed on October 11,

1994, of the DUCK94 field experiment (e.g., Figure 2 Garcez Faria etal. 2000) and

several key features were compared to estimate the model scale. These are shown in

Table A. 1 where hd is defined as the distance from the free surface to the underlying
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planar beach at the bar crest, hcr is defined as the depth at the bar crest, h is defined

as the depth at the bar trough, and w is defined as the width of the bar.

Table A.1. Comparison of the model bar geometry to the average profile observed on
October 11, 1994, of the DUCK94 field experiment.

hd her h W

[ml [m] [m] [m]

Table A. 1 shows that the model scale was approximately 1:3 and compressed in the

cross-shore. This was due to the limitation of the flume length; nevertheless, it

captured the hydrodynamic processes ofwave breaking and reforming common to

natural barred beaches.

The model beach was constructed by fixing concrete slabs (3.7 m x 3.7 mx 0.15 m) to

the sidewalls of the flume as shown in Figures A.2 and A.3. The construction was

carried out over a three week period by a team of approximately nine students and lab

staff. During operation water is present underneath the beach and can flow between

each of the concrete slabs. To prevent this, aluminum plates (0.0381 m thick) were

fixed over the gaps between each slab and along one of the sidewalls of the flume at

every location onshore of x = 27.13 m. The slabs were installed flush against the other

sidewall of the flume and foam sealant was used to fill small gaps there. Figure A.2

shows these features along with the clips used to secure the beach. It is noted that
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these features disturb the flow locally, which is why all of the velocity

measurements were carried out more than 1 m from the sidewalls and at the center of

each slab (1.8 m from the aluminum seals between the slabs). In the future, I suggest

fixing a plate to the bottom of each gap and filling it with foam, because this foam

provides a good seal and can be shaped to minimize the flow disturbance.

Figure A.2. Installation of the model beach, looking offshore.
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Figure A.3. Completed model beach, looking onshore from approximately P1 (left),
and looking offshore from approximately the still water shoreline (right).



Figure A.4 illustrates the breaking type and location for the regular wave case. The

fixed wave gage on the left side of the photograph (at the transition in paint) was

located at x = 53 m. It is clear from these photos that the regular waves were plunging.
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Figure A.4. Regular wave beginning to break (right, crest at x 50 111) and impinging
(left, crest at x 53 in).

The instrumentation cart used for collecting velocity profiles is shown in Figures A.5

and A.6 (refer to Figure 2.2 for a schematic). This cart was constructed for this

experiment by Terry Dibble, Christopher Scott, and Takayuki Suzuki in one month

and cost approximately $5000. All three types of instrumentation used during the

experiment are shown in Figure A.5. The three wave gages that moved with the

instrument array are shown on the left, the ADV array is shown in the center, and one

of the 6 wave gages fixed to the sidewall is shown on the right. Figure A.6 shows the

instrumentation cart being used during the experiment.
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Wave gages that
move with cart

Fixed wave gage

Figure A.5. Movable instrumentation cart (schematic shown in Figure 2.2). The
instruments that moved with the cart are shown (3 wave gages, 3 ADVs) along with
one fixed wave gage. View is looking onshore.

Figure A.6. Instrumentation cart operating during the experiment.
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A.2 Regular Wave Characteristics

Figure A.7 shows the cross-shore variation of H and mean water level () for the

regular wave case, which was not shown in Section 2.4.2 due to the page limitations of

the manuscript. The shoaling (x < 50 m), breaking (50 m <x <60 m), and reforming

(x> 60 m) regions are clearly shown.
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The variation in H near x 70 m was due to the alongshore partial standing wave

discussed in Section 2.6. The variation in H in the shoaling region (30 m <x <45 m)

I I I I

(c) P1 P2 P3 P4 P5 P6 P7

IIIIIT
10 20 30 40 50 60 70 80 90

10 20 30 40 50 60 70 80 90
x [m]

Figure A.7. Cross shore variation of H (a) and (b) for the regular wave case.

Surveyed bathymetry and locations of velocity profiles P1 -P7 (c). Wavemaker located
at x = 0, still water shoreline indicated by (--).
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was observed during the experiment and thought to be due to a malfunctioning

wave gage on the instrumentation cart. Regular wave tests were conducted using a

range of wave heights (0.2 m < H <1.0 m) and periods (2.7 s < T <8 s) to

investigate this possibility. One of the three wave gages on the cart was collocated in

the cross-shore with the fixed wave gage at x = 23.45 m, and the suite ofwave

conditions were run. This process was repeated three times to compare each of the

three wave gages on the cart to the fixed wave gage. In every case, the wave height

measured using the wave gage on the cart agreed closely with the fixed wave gage

(within 2 5 cm or 5% of full scale), indicating that the variation in H observed in the

shoaling region was not due to instrument error.
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Appendix B. Data Reduction

B.1 Repeatabifity of the Wave Conditions

Figures B. 1 and B.2 illustrate the repeatability of the wave conditions measured

seaward of breaking and in the inner surf zone for both the random and regular wave

cases. In each figure, the ensemble averaged wave (solid) is shown ± one standard

deviation (dash). In the random wave case (Figure B.l), only a portion of the time

series is shown, and is representative of the entire 20 minutes.

735 736 737 738 739 740

Figure B. 1. Ensemble averaged free surface elevation (solid) ± one standard deviation
(dash) measured seaward of breaking (a) and in the inner surf zone (b) for the random
wave case.
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Seaward of breaking the variation in the waveform was very small with an average

standard deviation of 0.8 cm and 1.1 cm in the random (Figure B.la) and regular

(Figure B.2a) wave cases, respectively.
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Figure B.2. Ensemble averaged free surface elevation (solid) ± one standard deviation
(dash) measured seaward of breaking (a) and in the inner surf zone (b) for the regular
wave case.

In the inner surf zone the variation in the waveform was larger due to the presence of

wave breaking. The average standard deviation was 1.3 cm and 1.9 cm in the random

(Figure B. ib) and regular (Figure B.2b) wave cases, respectively.



B.2 Post-Processing of Velocity Time Series

B. 2.1 Signal Dropouts and Spikes

All velocity time series were post-processed to address three sources of noise: signal

dropouts and spikes, Doppler noise, and instrument vibration, as discussed in Section

2.5.2. Signal dropouts and spikes were identified using the signal-to-noise ratio (SNR)

and correlation values returned by each ADV, along with the phase-space-threshold

criterion outlined by Goring and Nikora (2002).

The first two indicators (SNR and correlation) are directly output by the ADV for use

in data quality control. The SNR recorded by each ADV is a measure of the intensity

of the reflected acoustic signal, and is used to ensure that the reflected signal is

stronger than the ambient noise level. SonTek recommends that users maintain a SNR

of at least 15 dB for high-resolution measurements and 5 dB for measurements of the

mean current (SonTekIYSI 2001). In this test, valid samples were identified as those

having an average SNR along all three ADV beams of at least 10 dB. In addition to

recording the SNR, each ADV also returns the correlation coefficient, a measure of the

correlation between successive acoustic transmissions (pulse-pairs), which provides an

instantaneous indicator of the signal quality (Zedel et al. 1996). Valid samples were

defined as those with an average correlation along all three ADV beams of at least

70%, as recommended by SonTek (SonTek/YSI 2001).
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The phase-space-thresholding technique developed by Goring and Nikora (2002)

detected abnormally large changes in the magnitude and direction of the velocity that

were not identified using the SNR and correlation thresholds. This method utilizes the

Universal criterion from normal probability distribution theory, which states that the

expected absolute maximum value (2a) of a normal, random variable with zero

mean and standard deviation o, is given by:

,%a='J2lnna (B.l)

where n is the number of samples in the record. Goring and Nikora (2002) observed

that when the velocity (u) and its first (Au) and second derivatives (A2u) are plotted

in three-dimensional phase-space, good data are clustered in an ellipsoid. Invalid data

are identified as those outside of the ellipsoid with bounds given by the expected

maximum value along each axis, calculated using Eq. B.l (e.g., the maximum value

along the Au axis is Ao- J2lnn cr). The detection of sustained spikes was

improved by high-pass filtering the data using a 6th order Chebyshev type II high-pass

filter with a cutoff frequency of 1 Hz prior to applying this technique. This was

consistent with Goring and Nikora's (2002) suggestion that long-scale fluctuations be

removed before applying this method. Figure B.3 illustrates the need for and

effectiveness of this technique for a cross-shore velocity time series recorded near the

trough level of a non-breaking wave at P1. The samples from t = 170.75 s - 171.25 s

are clearly not valid, but were not identified using the SNR and correlation thresholds.

These dropouts were most likely due to the phase limitation of the pulse-coherent



processing used by the ADV (Sonlek/YSI 2001) and were effectively identified

using the phase-space-thresholding method.
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Figure B.3. Example of a sustained signal dropout identified by the phase-space-
thresholding method. Raw (dash-dot) and despiked (solid) cross-shore velocity under a
non-breaking wave near trough level at P1 are shown from ADV A500. Note that the
dropout was identified using phase-space-thresholding (o), not SNR (L) or correlation
thresholds (A).

Samples identified as invalid by any of the three methods discussed above were

replaced using a cubic interpolation tool (Piecewise Cubic Hermite Interpolating

Polynomial (pchip), used in MATLAB 7.0®). Visual inspection indicated that this

was an appropriate method to replace invalid samples, as shown in Figure B.3, and

was very similar to the method suggested by Goring and Nikora (2002) (third-order
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Figure B.4. Example of a velocity time series with very little despiking. Total raw
(dash) and despiked (solid) velocity time series are shown (a) along with samples
identified as invalid by SNR (s), correlation (A), and phase-space (o) thresholds for a
few waves (b). Data are from the cross-shore component of velocity from ADV A500,
32 cm above the bed at P2 in the regular wave case.
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polynomial fit to twelve points on either side of the spike). Nobuhito Mon at Osaka

City University in Japan provided the MATLAB code and guidance in implementing

the phase-space-thresholding technique.

Figures B.4 and B.5 show examples of records with very little and extensive

despiking, respectively. In each figure, the total raw (dash) and despiked (solid) time

series are shown in the upper panel (a), along with a detailed look at a few waves,

including the points identified as invalid by each method, in the lower panel (b).
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Figure B.5. Example of a velocity time series with extensive despiking. Total raw
(dash) and despiked (solid) velocity time series are shown (a) along with samples
identified as invalid by SNR (LI), correlation (A), and phase-space (o) thresholds for a
few waves (b). Data are from the cross-shore component of velocity from ADV A507,
1.7 cm above the bed at P3 in the regular wave case.

Tables B. 1 - B.4 delineate the percentage of the record identified as invalid using the

despiking routine discussed above along with the maximum spike duration for each

ADV in the random and regular wave cases. These tables indicate the extent to which

the despiking was applied at each location. The values given are the maximum from

the three components of velocity since the results did not vary by more than a few

percent between them.
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Table B. 1. Percentage of the record identified as invalid and the maximum spike
duration for the random wave case at P1 -P3. Values are the maximum from the three
components of velocity.

Prof.
Distance

above bed
A500 A507 A595

% mv. Max Dur. % mv. Max Dur. % mv. Max Dur.
[cm] {%] [s] [%J [s] [%] [SI

1 1.2 2 0.42 3 0.74 2 0.44
1 5.3 3 0.50 3 0.80 3 0.64
1 10.2 3 0.42 3 0.52 2 0.56
1 38.0 3 0.36 2 0.32 2 0.32
1 66.0 2 0.48 2 0.30 2 0.32
1 94.0 3 0.50 3 0.54 3 0.48
1 122.0 4 0.44 4 0.64 5 0.56
1 140.0 5 1.30 5 1.24 5 1.28
2 1.1 1 0.34 2 0.38 1 0.26
2 5.2 2 0.40 2 0.38 1 0.26
2 10.2 2 0.38 2 0.40 1 0.30
2 32.0 2 0.28 2 0.40 2 0.22
2 54.0 3 0.34 2 0.44 2 0.44
2 76.0 4 1.66 4 1.42 5 1.12
2 98.0 5 1.28 5 0.70 6 0.56
2 115.0 5 1.32 6 1.54 6 1.36
3 1.1 4 1.22 6 0.62 32 2.72
3 5.1 3 1.06 3 0.94 3 1.92
3 10.2 4 1.18 3 0.70 3 0.46
3 17.2 4 1.22 3 1.62 3 1.92
3 24.0 5 1.24 3 0.62 2 0.42
3 31.0 5 1.98 3 1.78 2 1.08
3 38.0 4 2.02 3 1.52 3 1.40
3 45.0 4 1.76 3 1.04 3 1.72
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Table B.2. Percentage of the record identified as invalid and the maximum spike
duration for the random wave case at P4-P7. Values are the maximum from the three
components of velocity.

Prof.
Distance

above bed
A500 A507 A595

% Inv. Max Dur. % Inv. Max Dur. % mv. Max Dur.
[cm] {%] [s] [%] [s] [%] [s]

4 1.2 5 1.80 5 1.72 5 1.50
4 5.2 4 1.20 4 2.22 4 1.32
4 10.2 4 2.00 4 1.56 4 2.22
4 16.2 5 1.54 5 2.06 4 2.30
4 22.0 6 2.26 5 1.50 4 1.48
4 28.0 7 3.18 5 3.60 6 2.12
4 34.0 6 3.78 7 2.82 6 3.12
4 40.0 7 2.76 6 2.42 7 2.70
5 1.1 2 0.88 2 0.38 2 0.66
5 5.1 2 1.26 2 0.58 2 1.36
5 10.0 2 0.82 2 0.54 2 0.46
5 21.0 3 1.18 2 2.52 3 1.32
5 32.0 4 1.76 3 2.22 4 1.64
5 43.0 4 2.28 5 1.64 5 2.14
5 54.0 6 2.24 6 2.26 6 3.24
5 65.0 9 1.90 11 3.18 11 2.20
6 1.2 1 0.24 1 0.32 2 0.38
6 5.1 2 0.32 2 0.24 2 0.60
6 10.1 1 0.40 2 0.30 2 0.52
6 24.0 2 0.30 2 0.42 2 0.46
6 38.0 2 0.76 2 0.62 2 0.58
6 52.0 3 0.46 2 0.42 2 0.60
6 62.0 3 0.64 2 2.30 2 1.04
6 75.0 3 0.62 3 1.26 3 1.58
7 1.2 1 0.34 1 0.64 1 0.32
7 5.0 2 0.68 2 0.58 2 0.36
7 10.1 2 1.04 2 0.72 2 0.36
7 19.0 1 1.68 2 0.62 2 0.98
7 28.0 2 2.72 2 1.74 2 0.54
7 37.0 3 1.78 3 1.28 3 0.64
7 46.0 3 0.52 3 1.08 3 0.50
7 55.0 3 0.44 3 0.52 4 0.96



Table B.3. Percentage of the record identified as invalid and the maximum spike
duration for the regular wave case at P1 -P3. Values are the maximum from the three
components of velocity.
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Prof.
Distance

above bed
A500 A507

% mv. Max Dur. % mv. Max Dur.
[cm] [%] [s] [%] [s]

1 1.2 1 0.24 3 0.32
1 5.2 1 0.14 2 0.34
1 9.8 1 0.16 2 0.36
1 38.0 1 0.32 1 0.36
1 66.0 1 0.28 1 0.22
1 94.0 2 0.26 2 0.44
1 120.0 4 0.44 5 0.58
1 140.0 8 0.68 11 1.22
2 1.2 0 0.18 1 0.14
2 5.0 1 0.20 1 0.20
2 9.8 1 0.22 1 0.36
2 32.0 1 0.14 1 0.14
2 54.0 1 0.20 1 0.24
2 79.0 4 0.36 5 0.38
2 98.0 5 0.32 5 0.30
2 120.0 6 0.36 7 0.42
3 1.7 16 0.28 40 0.74
3 5.1 1 0.32 3 0.20
3 10.1 1 0.24 3 0.22
3 17.3 1 0.22 3 0.24
3 24.0 1 0.28 3 0.30
3 31.0 11 0.28 13 0.28
3 38.0 6 0.62 9 0.40
3 45.0 5 0.38 9 0.52



Table B.4. Percentage of the record identified as invalid and the maximum spike
duration for the regular wave case at P4-P7. Values are the maximum from the three
components of velocity.
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Prof.
Distance

above bed
A500 A507

% mv. Max Dur. % mv. Max Dur.
[cm] [%] [sJ [%] [s}

4 1.2 15 0.88 15 1.08
4 5.3 3 0.54 5 0.8
4 10.2 4 0.84 6 1.16
4 16 7 1.36 10 1.3
4 22 10 1.72 14 1.64
4 28 11 1.62 17 2.06
4 34 16 2.34 23 2.1
4 40 20 2.44 32 2.2
5 2.7 2 0.5 6 0.64
5 4.8 1 0.34 3 0.32
5 10.4 2 0.36 5 0.92
5 21 5 1.62 5 1.96
5 32 5 1.38 8 2.96
5 43 7 2.16 13 2.36
5 54 13 1.6 21 1.7
5 65 25 1.8 32 2.12
6 1.1 2 0.22 2 0.26
6 5.1 1 0.2 2 0.26
6 10.1 1 0.24 1 0.2
6 23 1 0.2 1 0.18
6 36 1 0.4 1 0.22
6 49 1 0.32 2 0.32
6 62 2 1.22 1 0.58
6 75 4 1.38 3 0.74
7 1.1 2 0.5 2 0.32
7 5.1 2 0.22 1 0.24
7 10 1 0.22 1 0.2
7 18.9 1 0.26 1 0.24
7 28 2 0.28 2 0.32
7 37 2 0.32 2 0.24
7 46 3 0.28 2 0.42
7 55 4 0.28 3 0.32



B.2.2 Doppler Noise

Figure B.6 illustrates how the noise contribution to the velocity variance from Doppler

noise was accounted for in estimates of k. As discussed in Section 2.5.2, Doppler

noise is white noise present at all frequencies and is inherent in all coherent Doppler

velocimeter measurements. The magnitude of the Doppler noise is constant at all

frequencies and was estimated from the noise floor (flat portion of the spectrum)

present at high frequencies (Figure B.6). The magnitude of the noise floor was

integrated across the frequency range used to estimate the variance and subtracted

from the total variance prior to computing time-averaged turbulent quantities.
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Figure B.6. Despiked cross-shore velocity spectrum for the regular wave case at P4,
34 cm above the bed. Data are from ADV A500 and have been filtered to remove
instrument vibration. The Doppler noise contribution to the variance is shown by the
shaded region.
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B.2.3 Instrument Vibration

Figures B.7 and B.8 illustrate the high frequency instrument vibration discussed in

Section 2.5.2. As the waves hit the 40 cm stem on the ADV, it vibrated horizontally

and created a peak in the energy near 24 Hz in both the u and v components of

velocity (Figures B.7 and B.8). The waves also hit the supports used to deploy the

ADVs, shown in Figures A.5 and A.6. These supports were much more rigid in the

cross-shore than the alongshore direction, and as a result, the vibration of the supports

only appeared in the v component of velocity at frequencies between 12-20 Hz

(Figure B.8). The noise contribution due to this instrument vibration was removed by

low-pass filtering the data, shown by the dashed line in Figures B.7 and B.8. Details of

the filters used are provided in Section 2.5.2.
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Figure B.7. Despiked (solid) and filtered (dash) cross-shore velocity spectra. Noise
due to vibration of the 40 cm stem on the ADV shown at 24 Hz in (a) and magnified in
(b). Data are from ADV A500 at P4, 5.3 cm above the bed in the regular wave case.
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Figure B.8. Despiked (solid) and filtered (dash) alongshore velocity spectra. Noise due
to vibration of the 40 cm stem on the ADV shown at 24 Hz, and noise due to vibration
of the ADV supports shown between 12 Hz - 20 Hz in (a) and magnified in (b). Data
are from ADV A500 at P4, 5.3 cm above the bed in the regular wave case.



Appendix C. Example Applications of the Turbulence Separation Methods

The following sections illustrate the application of each of the three methods used to

separate the turbulent and wave-induced components of velocity in both the time and

frequency domains. Examples are shown for all three components of velocity because

in other sections the cross-shore component is typically shown and these examples

provide the reader with a glimpse of time series and spectra from the other two

components of velocity. A description of each method along with the details regarding

their application can be found in Sections 2.3 and 2.6, respectively.

C.1 Ensemble Averaging

Figures C. 1 - C.3 illustrate the application of the ensemble averaging method to all

three components of velocity for the regular wave case at P6, 62 cm above the bed

(near trough level). Data are from ADV A500 and were high-pass filtered to remove

low-frequency motions prior to applying the ensemble averaging technique, which is

discussed in further detail below. In the time domain, the wave-induced component of

velocity was the portion of the record repeated over approximately one wave period

and the turbulent component was the difference between the total and wave-induced

components. This was clear in the cross-shore (Figures C.la and C.lb) and vertical

(Figures C.3a and C.3b) components of velocity. However, because the waves were

alongshore uniform, the wave-induced component had little meaning in the alongshore

direction and the turbulent component resembled the total velocity (Figures C.2a and

C.2b). In the frequency domain, energy at the peak wave frequency (0.25 Hz) was
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significantly reduced (Figures C. 1 c - C.3c), providing an excellent indication of the

effectiveness of ensemble averaging in removing the wave-induced component of

velocity.

100

f (HZJ

Figure C. 1. Application of the ensemble averaging technique to the cross-shore
velocity from ADV A500 at P6, 62 cm above the bed in the regular wave case. The
time domain contains the total (a, solid), wave-induced (a, dash), and turbulent (b)
components of velocity. The frequency domain (c) contains spectra for the total (light)
and turbulent (heavy) components of velocity. All data were high-pass filtered to
remove low-frequency motions.
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Figure C.2. Application of the ensemble averaging technique to the alongshore
velocity from ADV A500 at P6, 62 cm above the bed in the regular wave case. The
time domain contains the total (a, solid), wave-induced (a, dash), and turbulent (b)
components of velocity. The frequency domain (c) contains spectra for the total (light)
and turbulent (heavy) components of velocity. All data were high-pass filtered to
remove low-frequency motions.
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Figure C.3. Application of the ensemble averaging technique to the vertical velocity
from ADV A500 at P6, 62 cm above the bed in the regular wave case. The time
domain contains the total (a, solid), wave-induced (a, dash), and turbulent (b)
components of velocity. The frequency domain (c) contains spectra for the total (light)
and turbulent (heavy) components of velocity. All data were high-pass filtered to
remove low-frequency motions.

When using the ensemble averaging method, care must be taken to remove low-

frequency velocity fluctuations, primarily in the cross-shore component of velocity,

prior to computing the turbulent component of velocity. The reason for this is

illustrated in Figure C.4. In the upper two panels (Figures C.4a and C.4b), the low-

frequency component was not removed from the time series, resulting in an apparent



increase in the magnitude of the turbulent velocity from t 315 s - 330 s when the

wave component was subtracted from the total velocity.
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Figure C.4. Illustration of pseudo-turbulence generated by low-frequency fluctuations
in the cross-shore velocity. Data are from ADV A500 at P6, 62 cm above the bed in
the regular wave case. Data that have not been high-pass filtered are shown in (a) and
(b). Panels (c) and (d) are data used in this test, which have been high-pass filtered.

300 305 310 315
t (si

320 325 330



76

This increase in turbulent energy, or "pseudo-turbulence," is a direct result of the

ensemble averaging technique, not physical processes, and was accounted for by high-

pass filtering all velocity data at 0.0625 Hz prior to using this technique, as shown in

Figures C.4c and C.4d. In doing this we see that the pseudo-turbulence present from

t = 315 s - 330 s was minimized and a more accurate estimate of the turbulent velocity

was obtained.

C.2 High-Pass Filtering

Figures C.5 - C.7 illustrate the application of the high-pass filtering method to isolate

the turbulent component of velocity. The data are from ADV A500 at P4, 34 cm above

the bed in the random wave case. In this case, the turbulent spectrum does not contain

significant energy contributions from the peak wave frequency or its harmonics,

indicating that the 1 Hz high-pass filter was effective in removing the wave

component of velocity. This is no coincidence since the cutoff frequency was chosen

to minimize the amount of pseudo-turbulence caused by energy present in the wave

harmonics. However, this cutoff neglected turbulent energy at frequencies lower than

1 Hz and the turbulent quantities obtained using high-pass filtering were smaller than

the other two methods.
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Figure C.5. Application of the high-pass filtering technique to the cross-shore velocity
from ADV A500 at P4, 34 cm above the bed in the random wave case. The time
domain contains the total (a, light), wave-induced (a, dash), and turbulent (b)
components of velocity. The frequency domain (c) contains the total (light) and
turbulent (heavy) components of velocity.
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Figure C.6. Application of the high-pass filtering technique to the alongshore velocity
from ADV A500 at P4, 34 cm above the bed in the random wave case. The time
domain contains the total (a, light), wave-induced (a, dash), and turbulent (b)
components of velocity. The frequency domain (c) contains the total (light) and
turbulent (heavy) components of velocity.
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Figure C.7. Application of the high-pass filtering technique to the vertical velocity
from ADV A500 at P4, 34 cm above the bed in the random wave case. The time
domain contains the total (a, light), wave-induced (a, dash), and turbulent (b)
components of velocity. The frequency domain (c) contains the total (light) and
turbulent (heavy) components of velocity.
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Figure C.8. Illustration of pseudo-turbulence generated by wave energy at harmonics
higher than the 1 Hz cutoff frequency. Data are the cross-shore velocity from ADV
A500 at P3, 38 cm above the bed in the regular wave case.

In Figures C.5 - C.7 there appeared to be little wave energy at frequencies greater than

1 Hz, indicating that the high-pass filter effectively removed the wave energy from the

total velocity. However, examining the cross-shore turbulent spectrum from ADV

A500 at P3, 38 cm above the bed in the regular wave case (Figure C.8c), it is clear that

this cutoff was not successful in eliminating energy present at higher wave harmonics

in every case. This highlights the problem associated with this method. At breaking,

where the waves were highly non-linear and the turbulent velocities were large, the

overlap in scales between the waves and turbulence eliminated the possibility of
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specifying a single cutoff frequency to separate the two. A low cutoff would bias

the turbulent energy high by including energy from the wave harmonics; however, a

high cutoff would bias the turbulent energy low by neglecting contributions from low-

frequency vortices.

C.3 Differencing

Figures C.9 - C. 11 illustrate the application of Trowbridge' s (1998) differencing

method to the measured velocities from ADVs A500 (u1) and A507 (u2) at P4, 34 cm

above the bed in the random wave case. The upper panel (a) shows a portion of the

total velocity time series from each ADV, followed by the difference in the middle

panel (b), given by:

Au=u1u2 (C.1)

The lower panel (c) contains the velocity spectra from u1, u2, and Au. The power

spectral density for Au was divided by 2 per Eq. 2.3 and represents the average

turbulent energy between the ADVs. In the frequency domain (Figures C.9c - C.1 ic),

the wave energy was significantly reduced, indicating that this method effectively

separated the wave-induced and turbulent components of velocity.
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Figure C.9. Application of the differencing technique to the cross-shore velocity at P4,
34 cm above the bed in the random wave case. Data are from ADVs A500 (light),
A507 (heavy), and the difference between A500 and A507 (dash).
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330

Figure C. 10. Application of the differencing technique to the alongshore velocity at
P4, 34 cm above the bed in the random wave case. Data are from ADVs A500 (light),
A507 (heavy), and the difference between A500 and A507 (dash).
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Figure C. 11. Application of the differencing technique to the vertical velocity at P4,
34 cm above the bed in the random wave case. Data are from ADVs A500 (light),
A507 (heavy), and the difference between A500 and A507 (dash).

In the regular wave case, the bias in the differencing estimates at P7 (Section 2.6), was

due to an alongshore partial standing wave and is illustrated in Figures C.12 and C.13.

The data in these figures are from ADVs A500 and A507 near the trough level (55 cm

above the bed) of non-breaking waves; therefore, very little turbulent energy is

expected. Figure C. 1 2b indicates that there was turbulent energy present; however, it

is clear from the upper panel (Figure C. 1 2a) that this pseudo-turbulence is a direct

result of the differencing technique. The non-zero alongshore component of velocity

(Figure C. 13) confirms that the alongshore partial standing wave created a component
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of velocity parallel to the sensor separation and violated the assumption that each

sensor recorded the same wave-induced component of velocity. This was the only

location affected by this standing wave and did not influence our conclusions due to

the lack of turbulent energy observed at P7.
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Figure C.12. Illustration of pseudo-turbulence generated by the alongshore partial
standing wave when using the differencing technique. Data are the cross-shore
velocity at P7, 55 cm above the bed in the regular wave case from ADVs A500 (light),
A507 (heavy), and the difference between A500 and A507 (dash).
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Figure C.13. Alongshore velocity at P7, 55 cm above the bed in the regular wave case.
Data are from ADVs A500 (light) and A507 (heavy).
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Appendix D. Alongshore Variation in Turbulence over the Bar

This section provides additional detail regarding the alongshore variation of k, or the

variation among the three ADVs aligned parallel with the wave crest. Throughout

Section 2, the average value of k was calculated using estimates from all of the

ADVs in the array. It is useful to examine how k varied in the alongshore direction

(parallel to the wave crests) to determine if the average value of k was biased by

alongshore variations at each measurement location.

Figures D.1 and D.2 show the variation between all three ADVs in the random wave

case at all 7 profiles using estimates from the high-pass filtering and differencing

methods. The high-pass filtering estimates (Figure D.l) showed little alongshore

variation at every location, with the exception of P3 (Figure D.lc), indicating that the

average value reported in Section 2 was not biased by alongshore variations in the

turbulence.
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Figure D. 1. Alongshore variation of k computed using the high-pass filtering method
in the random wave case for profiles 1-7 (a-f). Data from ADVs A500 (x), A507 (+),
and A595 (El) are shown. Trough level indicated by (--), bottom of the figure indicates
the fixed bed.

The differencing estimates (Figure D.2) exhibited a similar trend. It is important to

note that we expect estimates of k to decrease as the spacing between the sensors

decreases because the turbulence between the sensors will become correlated and

recorded as wave induced motion. This explains why in almost every case, the

estimates from the difference of ADVs A507 and A595 (smallest spacing) were

slightly less than estimates from the other two ADV pairs.
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Figure D.2. Alongshore variation of k computed using the differencing method in the
random wave case for profiles 1-7 (a-f). Data are from the difference of AD Vs A500
and A507 (x), A500 and A595 (+), and A507 and A595 (D). Trough level indicated by
(--), bottom of the figure indicates the fixed bed.

Figures D.3 and D.4 illustrate the alongshore variation in the regular wave case at all 7

profile locations using estimates from the ensemble averaging and high-pass filtering

methods obtained using ADVs A500 and A507. The differencing method was not

included because only two ADVs were used in the regular wave case (refer to Section

2.4.3), resulting in a single differencing estimate. As in the random wave case, there

was little deviation in the alongshore direction at every measurement location, with the

exception of P3. The reason for the deviation at P3 is unclear, but the fact that it was
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Figure D.3. Alongshore variation of k computed using the ensemble averaging
method in the regular wave case for profiles 1-7 (a-f). Data from ADV A500 (x) and
A507 (+) are shown. Trough level indicated by (--), bottom of the figure indicates the
fixed bed.
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observed using two different separation techniques indicates that it was not a

product of the method used to separate the wave-induced and turbulent components of

velocity.
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Taken as a whole, Figures D. 1 - D.4 indicate that the average value of k reported in

Section 2 was not biased by variations in the alongshore direction and accurately

reflects the average turbulent energy within the water column.
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Appendix E. Correlation of Wave Breaking and Changes in the Mean Flow

This section contains a preliminary investigation into the possibility that periods of

intense, sustained wave breaking force changes in the mean flow calculated over

timescãles of several wave periods. In the random wave case, observations indicated

that significant changes in the magnitude and direction of the low-frequency (less than

0.0625 Hz) component of the cross-shore velocity (uLF) were correlated with changes

in the turbulent energy within the water column. It is possible that this was due to

groups of plunging waves injecting mass into the water column that quickly returned

offshore, resulting in an increase in the mean offshore velocity. To investigate this in a

qualitative sense, the mass flux was computed by depth integrating u (a "slowly

varying undertow") to trough level:

Q(t)
fL.

ULF (z, t)dz (E. 1)

The time-dependent, depth integrated turbulent kinetic energy, kmt was estimated

from the high-pass filtered data and provided a proxy for the presence and intensity of

wave breaking. This was averaged using a trailing average of 4 wave periods, k,, , to

allow time for the mass introduced by breaking to return offshore and compared to Q.

All data are the average from the 3 ADVs used in the random wave test.

kmt (t) IL.k(z, t)dz (E.2)
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Figure E. 1 illustrates the correlation found between kta and Q directly over the bar

crest (P4). Note that in this figure -Q is plotted (i.e. a positive value indicates an

offshore-directed flow) and -Q and kta are nonnalized by Qmax and 2(kta)max,

respectively, for plotting. In this figure we see that strong offshore flows correlate with

intense and sustained wave breaking events, indicating that wave breaking is not only

important in terms of the turbulence generated, but also in forcing changes in the mean

flow. Further work is needed to extend these results to other cross-shore locations and

include additional terms in the horizontal momentum equation such as the mean water

level gradient.

-0.5 I I

0 100 200 300 400 500 600
t [s]

Figure E. 1. Time variation of the normalized mass flux below trough level (-Q) (light)
and the normalized depth integrated turbulent kinetic energy (kia) (heavy) at the bar
crest (P4).



Appendix F. Presentation at ICCE 2004. Lisbon, Portugal

This work was presented at the 29th International Conference on Coastal Engineering

(ICCE) in Lisbon, Portugal and published in the proceedings (Scott et al. 2004). The

conference took place September 19-24, 2004. The presentation was 12 minutes long

with additional time for questions and consisted of a total of 32 slides excluding

transitional slides, shown in Figures F. 1 - F.4.

Travel was funded by the O.H. Hinsdale Wave Research Laboratory under National

Science Foundation (NSF) grants. The week long conference was attended by several

students from Oregon State University and included a number of interesting talks.

During this conference I was able to meet with Dr. Tom Hsu and begin discussing the

possibility of collaborating on future research using the data set described in this

thesis. This led to the opportunity to attend Woods Hole Oceanographic Institution as

a guest graduate student and work with Dr. Hsu in March, 2005.
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Figure F.1. Slides 1-8 presented at ICCE 2004. Organized lefi to right, top to bottom.
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Figure F.2. Slides 9-16 presented at ICCE 2004. Organized left to right, top to bottom.
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Figure F.3: Slides 17-24 presented at ICCE 2004. Organized left to right, top to
bottom.
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Figure F.4: Slides 25-32 presented at ICCE 2004. Organized left to right, top to
bottom.
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Appendix G. Poster Presented at Oceans/Techno-Ocean'04, Kobe., Japan

The work contained herein was also presented in a poster competition at the

Oceans/Techno-Ocean'04 conference in Kobe, Japan on November 10-11, 2004. The

Office of Naval Research (ONR) and National Defense Center of Excellence for

Research in Ocean Sciences (CEROS) fund this program which provides students with

the opportunity to experience an international conference and present their research by

covering the cost of travel, lodging, and registration. Abstracts relating to coastal and

ocean engineering were accepted from 43 students from the U.S. and abroad.

I attended the conference with Joe Long, another graduate student in the Ocean

Engineering program at Oregon State University. Our posters were the only two

focusing on coastal science and received less interest than some of the other posters on

ocean engineering topics. However, the poster shown in Figure G. 1 was awarded 3

prize in the student competition. In addition to attending the conference, Joe and I

were able to visit Takayuki Suzuki, who worked with us on this project, and Nobuhito

Mon in Osaka, Japan. It was an excellent trip and I'd highly recommend that students

search for opportunities such as this to present their research and experience other

cultures.

98



:OSLJ

Motivation & Objectives
21.1, o1N.onfbo., p eaaa 04.4.04,0!, 0 (Thorebe,. 48.7. ZtnOOJ

'BneOfoeq e.nts, boorncaouedany ywp and .a000,.meoy lunbod.ne. 40w rnpe,t.nllo
eempy n aon40oor.c01 cOntent (04,4,0001, 001 .0e e,O andeontoond 00.48 .aatpoto(yyoenooale
£a000.ldny eoprtm.rC. can domE. ed,.detta'

W&va *00/ froaklog.wao', /000cCad 0200mb 00.. oedratonaa.dsn4800 ds'tspeOt $cwtderalOoOolOp
mo. tow4 't. )o'eneqia.a. to atedoodeg cronk48o0aepe

On (toe 000(044. tn, 00,4 bond led oeoed.O.ey 04tlre incodent once 000/hens ranonde
og000tdt.ty (0 hoOted a det00nd ,p,00nn data ant at nor! doe. hyatndyflannon F,00n ttos data not a,
can belle ondanhtand (he infloeltod btwena P0a0(ng ontro nor#e.l and ensendlome 04o,oto.ee at
Idoloan. IOn boon thOm, Tho oondnrndaedng on nooeo9att* nflanovn pnn0/onc000 otn0000,Ofn9vel
214,00*

SURF ZONE TURBULENCE ESTIMATES FROM A LARGE-SCALE LABORATORY FLUME
Christopher P. Scott (scottc2engr.orst.edu), Daniel T. Cox, Timothy B. Maddux, Joseph W. Long, Emi E. Fujii

OH. Hinsdale Wave Research Laboratory, Dept. of Civil, Const. and Env. Engineering, Oregon State University

Comparison of Turbulence Separation Methods
To .0.90* (000ienoe in thn 00.4.1 aoen UOa (0060(19 000np0009 at 001000ly most be nspen.tnd
tent, OmIt wavn'lndooed and mean flow 0000p000nnt, 11031000.4001* p1000*0 and anoenat method,
coo.! to/u.n. Hen,, lb.. method, are 0oetp.ned

neqooe010oodaedeq tOO, come I - a g, 0010/ache .ed0000de 1902
l00000dtOIttrtdOd

lath, 000cp-t9o.bdarb*#

TO.. .nd..nd. 00. weds of Soe.rrde.n 110877 by atenody eonn#atiegth. fin(aovonagod nOthOtelo It fin.
!oaOm,(ant 0206(0 00004/, ) e540(0.404804 each oat!,, thnnd tlnttnod!, 11*9atkowcu(hono to aeeIpI,t
.opnultno,004I 04,0th 0(1700040509 m9tteo.nt teodn4*0000,

Figure G.1. Poster presented at Oceans/Techno-Ocean'04, Kobe, Japan

Wave Breakinq and Mass Flux
000erodooOl ottO. d000hnqoond1 0000(20.4000 01 rhO Onloolty onln.tod that than, noinOnd I ownetotloto
bnPoean Remade at loans. 0*011800 end. ellen!, ottotlOe*'dlr.Ood flow 40*009 the nandoon 10b20000 To
5hid tHeta none detaIl, Ito. depI 0 ordegrahod (cebdent to/atop en.rg, a pees4ded good (00/00(0, ton
ttt.onaan.o!yofoeene br.alenop ItO, coa, than a'oee.ged 00000*. (roleg .soa.ge 000l 0.Oa1, toe, to
.00005,10 toot!,. t*O0 10104,0504 by blodtong to I.b.m OtfCt000e 100(

50. mann the, 21 on,, thee oatco*at.d by (etaV,On!Q the 105/treodonnoy oonnpoeoeod 001,. ntOge01000te
0480079 (O44 9,a 14low1 canyong ood.dne,'totm000gh t.n.t TOO, .dely n.tyteg ,ondeteo O0.,00d0et.d
by (oonbp0000heotn4the a ace/mend 010atnody ottng ttn0400ncy cdl 0620 Ha, t(4 cethe woo.
Rods hnsoemny

Pigon. 7 dodmat.oth. cenetdroo b.namer b.,.04 (3ala1000000 dne0/tp oven fr. 040 one,! (P40 lOot.
that in 040 *goeo '421, PlottOd stlnh that a p0*00*0480* 0040.400 In O6nhooa-dodda,t hoc, and 00.000
am. tnoonandnd by 2(t,(.,, and Q,'0, tenp.otoo0(y. fon aoett/tg. 1100 igot. 000/pates (mat 1,e w.v. breakenp
pn0001,lono( only onportaet lmtenrlo p1(0. (obomeod cr./oodbn. and 00.0 lntnmao/On odh onoSetood, hod
olc000teotnt, ottoneng 00*19,000 11.. noanttoow onagnatod, and otteotloro Foathet *0010(0 nn*dedto
meter tHee qm.nhtleot the o.on.beo no tire eon th b.eatop

,EAvI(
Rtlfr'.hirI II

LA lit) RAT 0) (P 1

IdItAt..e.m.pa.a4*1,,400

/nsrrum.ntation
fld Test Conditions

A 0010y000enol

Oto/t orIOn eoanio*Ob1000cedIod/00106y sh000

Tho twb,40mb indenAfy Is hoped at (ho ban 00001, chow 04 pot,nrra.teo (0th. bndceO. bId 0900090
0040/nod to eon UPper 80., landt.or001the ham, and atf00000dy dog.hopatod a/tI/n IS wavOlenoIho of

0, 000400d 00009 TabOo 2.ltogoxe dl ondloales (toot a Olnord. ncahng (sane oa(ae 00,4
100* 00. .ae 0000 te00a,0004000 ndo0000.n00 Oo, 0'OncOO at 00 cr0000t,oro dccl naitital 10000 .02nd to each 00 Itt. entltrates 40(8th. OttO congA

pooflo at 0.70 iooaboehe both random dod 1000/uP onace COndo 0100 0*1 001st.

'7 (01 0 0 0,1 70 In'.'004 Obnierved ooeoIetoco between the depth indogcetod tl000erd (oloe(o crag! and (rca mono too to
P000w 41, 004 1,12 0,4,04070044 70 40 trough Idoel lnd000teo float o,,vo bnoattO,g 0 lmpcttara on9000otrg the mean 00.0 ao'onaged ocnn a too
0,'oOa 07.04447 nIl 'fl 1000 If 00 'F waDe 000040.

TIm 0001 hot o4l 00.0, 0, med (ogo400h. davelopeert of oono/00( nnodels dnA*wd to rondo!
l0.000lOOre hyotoopeaoA05 and 000,10,! tt.e,po.n.

Acknowledqements
Itoh demO wan onitlany forded by the lOa000al 3dec09 F000ldotlo
No CMSOPI4tO5TI. 000-024424,5*04 OCE'02011741 110.0000,09 0t (hIt (000
oa*. do. to 1,. oorarlbobo.nn 00000014, .,peooaPyT.ny RIhema attteWnl.

ReferencesFrom Fogor. Ott tt a1,,,tbal th.t011000.o8 l4.m.ay t.torg.8 40n (he ban and 00.1 loot oon010bo4,
0/CApote 148.100 r.00tdeg tin, bat The wdaeslg ((eat do. t000don.. Oeeora(nd by 00t0 bnedoog I,
0tIponta%jn.7,pgy(emItn($wghpg,cootrap,,ptyprLgyypeo8cor .064040,0409 1140 *00w aPOnafo (0
bp.te,loao Ioo.doed to (nt. ban .1001,., only 01.0 e001ne 00511010 (POt) II OOnfinOdto Ice ,çpan
poser. It (he 000mm aolomt, a tn*nd that coo/noOn ttnormooard (POt 000401 approoint.rely t 5

0.00,.,, Inn wtlo70 OdltGle000000l,c,oenoo 00,010
0000n.nnLA Olson. n toad 0*00*., 0.1 100020., 021
(0100mnooe.e.0. 5 neoOnoo00w0o'S..01,'0.'co,0o,o,nno0e0

vrovntnngttrn 01St. hon anool (PT) town I, 101,0 heholtmrncn 44(100 tOO, 0,0(00 600iOnn, 000,ostettt month
010000 obt.t'o'atwmo of nntot,nol *0*40 dl ItOh looatnto. 00105, 'mc 000.00000000.oc,nce0010000000 000 040000 00 no.0*0,4

1. Ohonmon In 448./he hydrodpnanoos 01 eprda, and tandono waves bnnd/eg on a 000rOd bode),,

2. Toe/ate (0501,01 Hnoolnnne,gy e10000ten learn ftcnn noetho4n coed a s000nIte naan'wdonnd
and tooboboat notnponor0c at Cod oEo0(y

knil)I°k(O4t
3 Analyze rho otosboshone and nwtocal cIIUOIUn, at tIle 00000,1010* gnnondtedbn 00400.51004000

4 tn004000btn the onn700tanoe of woo lonhong toronto tca'olOnaOtenoOOlCt
00,40,)..

Experimental Setup

WIlL. Largo W.v. Fium,

lOden 044,37 0000de. 4.Tmdnnp Conclusions('otn4 and P140w. 0 draw that th. Ir040ancy Ide, Ewayn 40O44*nO a low n.nlmate otO. oeddl 0,
mcd Obnl/ doe to tIe energy neglected neon cr5e .6010*40th Ile000nno,, lower than I Ha. and I,

bt000momweoahobyht 1.dtn0(p06000t3.4,h 0000010tOololitlthn obnievOti0000 DI So'OndOen (10071 Fogoon 4 aDo 440000 tOot he dollerenoing On.otttrnennllonipro4oln,y(nop4odol,oe60tootodyltoewoc.0nmakoongpnoeooceoab.nondbead1ho

6atho4ee/o'ametna(hnb.ngenme(oy
oboonved In a,, 40(001 a I hOOf 1$.

(nnra*gyn osgno.tn, 8700,4*520% ot 0060,1 denlved from noonmbln a'oen.gong Thnmeflwe (he
*hSOe00109 (*0Mg,, *h001d .e(imata a Idoly 006! ton random woo. ocanottlon,

nandonl end negodan moons hon beon nollecled.

0010n,pnñaoo,40tnoethOdo to o.yota,tn ho wavo.Otd000d and tosbclet 000nponando of oel000n 01,0000
tea.. Ott. Il, DonO. ('62 1604. tOoroan Fee. 20001, rn, Otto,, .15, 0140.1 profile 016 seems to b independent Of Ibne method usedto entrant the 170* *00,00000 oanthod 500400004 by Too,ohndgo 11*907 pr0004tOO t'Ontoate, otttw (0*540004040,00

(unbolleni n/trot at each 00440e. TO IrneotIgat, Ills pocob,*I7 ton eohnlatnb obtaonnd (non each enenay 0041000 25% 0101,000 0000lnod by 000,atohte averOatng
00(404040600 loOted 0 000wmlln lab). 2

'000090 nItoyle 0001.09.000154040001900 o*ttoOOt 040/1)00100,0010000(0 he lod000ndond or Inn
'0*02 co.o.0000000r0010a nan100noomooeo,rp.wn100000nn,n00000 method o,od to Ootl000 tOo t01121enoo




