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Abstract 

Bubbles and turbulence are produced by breaking waves in the surf zone. Mea­

surements obtained during a field experiment at the beach near Scripps Pier in 1997 

found dissipation rates measured beneath the wave troughs to be an order of mag­

nitude less than the divergence of the wave energy flux. Estimates of the energy 

required to entrain air and the energy dissipated by bottom boundary friction were 

found to be too small to account for this difference. Most of the energy is therefore 

likely to be dissipated above the wave trough. 

Turbulence acts to diffuse the bubbles throughout the water column. When the 

interval between successive breaking waves is less than the subsequent rise time or 

dissolution time of the bubbles, a persistent bubble cloud is generated. The inter­

action between bubbles and turbulence is also examined, and observations suggest 

bubbles do not have a significant effect on the turbulence. 
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1 Introduction 

Waves acquire energy from open ocean winds and carry it to coastal regions, where 

much of the energy is released through wave breaking and decays as turbulence. 

The continuous approach and breaking of waves in the nearshore region generates 

the currents that drive sediment transport, resulting in a perpetually evolving beach 

morphology. Turbulence also plays a role in sediment transport. At the sea floor, 

turbulence generated through the interaction of the currents and the passing waves 

with the bottom topography lifts sediment into suspension, enabling it to be swept 

away by the currents. 

In the middle of the water column, turbulence is diffused upward from the bot­

tom boundary layer, and downward from the surface, where breaking waves generate 

stronger, less steady turbulence. Results from both laboratory [Nadaoka et al., 1989] 

and numerical studies [Lin and Liu, 1998] suggest that turbulence generated by the 

breaking mechanism dominates in this region, and may be the dominant source even 

at the very bottom, as in the case of plunging breakers [Ting and Kirby, 1996]. 

Large clouds of bubbles are also generated by breaking waves. Bubbles enhance 

the transfer of gas between the atmosphere and the ocean [Farmer et al., 1993], and 

persistent breaking frequently leads to supersaturation of the near surface layer [Keel­

ing, 1993]. Considering the extent of wave breaking in the ocean, bubbles cannot be 

ignored when studying global air-sea interactions. Although the mechanisms leading 
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to breaking in the surf zone differ from those in deep water, the small scale processes 

occurring within the breaking wave crest are similar [Miller, 1976], and the mecha­

nisms of bubble formation observed in the surf zone should also apply to the open 

ocean. 

An understanding of the formation and evolution of bubbles is equally important 

when using acoustics to study the sea. At low densities, bubbles reduce the speed 

of sound in water [ Leighton, 1994], while at large densities, acoustic signals can be 

completely blocked [Farmer et al., 2000, accepted]. Bubble clouds have been observed 

to continuously block signals for up to several minutes. Bubbles also contribute to the 

ambient noise field in the ocean [Leighton, 1994], with sound being emitted during 

entrainment as well as through the collective oscillation of the bubbles. 

Many researchers have recognized the direct effect turbulence has on the evolu­

tion of the bubble population, primarily in keeping the bubbles in suspension [ Thorpe, 

1984a; Nielsen , 1993]. Less studied is the effect bubbles have on turbulence. Nadaoka 

et al. [1989] mention that the buoyancy introduced by air bubbles is expected to influ­

ence the evolution of turbulent eddies, but found this to be beyond the scope of their 

laboratory study. George et al. [1994] speculate that bubbles present during a natural 

surf zone experiment may have been the cause of variations in the measured veloc­

ity spectral slopes, but were unable to confirm this without bubble measurements. 

Melville et al. [1997] also found variations in the spectral slope in a natural surf zone 

study. Outside the surf zone, the spectral slope clearly indicated the existence of an 

inertial subrange, whereas significant departures from the expected slope occurred in 

the presence of frequent wave breaking. Melville et al. [1997] suggest intermittency 

prevents an inertial subrange from being maintained in the surf zone. During a lab­

oratory experiment, Pidgeon [1999] ident ified small turbulence structures that she 

believed were created by the wakes of air bubbles. However, her imaging technique 

was incapable of measuring the flow in the presence of bubbles, so the small struc­

tures were visible only after the bubbles had risen out of the field of view. Bubble 
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size measurements were not made during this experiment either. 

Many studies of laboratory beaches have been performed [ Nadaoka et al., 1989; 

Lamarre and M elville, 1991; Ting and Kirby , 1996], and detailed numerical studies 

of breaking waves are beginning to emerge [Lin and Liu, 1998]. Although the results 

cannot always be extended to real beaches, the ability to partially isolate individual 

processes makes these two approaches invaluable. For instance, currents can be re­

moved from the system, beach morphology can be controlled, and waves can be made 

to repeatedly break in the same location. Laboratory and numerical studies are also 

important because of the relatively few experiments that have been performed in the 

natural setting. When experiments on natural beaches are performed, they generally 

focus only on turbulence [Thornton, 1979; George et al. , 1994], or on bubble entrain­

ment [ Terrill, 1998]. Studies comprising a comprehensive set of measurements in the 

natural setting are still required. 

This thesis is a result of such an experiment. One aim is to study the energetics 

of the natural surf zone through a comparison of the energy input derived from the 

surface wave field with the energy dissipation measured within the surf zone. The 

energy dissipated by the entrainment of air and bottom friction is also examined. 

Another aim is to provide a qualitative description of bubble-turbulence interactions 

and to discuss the generation of persistent bubble clouds. 

Chapter 2 provides the background physics required to analyze and interpret the 

data. Chapter 3 describes the field experiment and data set. Energy calculations are 

provided in chapter 4, followed, in chapter 5, by a discussion of the results. Finally, 

chapter 6 summarizes the main results , and suggests directions for further study. 
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2 Theoretical Framework 

2.1 An Introduction to the Surf Zone 

Much of the energy that waves acquire from the wind as they travel across the ocean 

is ultimately dissipated in the nearshore region. The currents that drive sediment 

transport are generated by repeated wave breaking [Komar , 1998] . Turbulence is 

generated by individual breaking waves. 

The surf zone is defined as the region shoreward of the point at which waves 

break. Because the incoming waves are highly irregular , and the location of initial 

breaking depends in part on the ratio between the trough-to-peak wave height and 

the water depth, no single break point exists . It is useful to calculate the significant 

wave height , an average of the largest one-third of the waves present [Inman et al., 

1971], and define the surf zone as the region shorev;ard of the point at which the 

signi.fi,cant waves break. A wave begins to break when the ratio of the wave height 

to water depth falls in the range 0. 7 to 1.2, with the specific value depending on the 

deep water wave slope and the beach slope [Battjes , 1974]. 

Two distinct regions are present within the surf zone. Immediately following the 

onset of breaking, a wave undergoes a rapid and significant change in shape. This 

occurs in the transition region. The bore region describes the zone in which further 

changes to the wave are more gradual. The transit ion region has a cross-shore width of 
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approximately eight to ten water depths, while the bore region occupies the remainder 

of the surf zone [Svendsen, 1991]. Depending on the width of the bore region, which 

depends on the beach slope, the surf zone can range anywhere from tens to hundreds 

of metres [Miller, 1976]. 

Plunging Breaker Spilling Breaker 

Figure 2 .1: The two predominant breaker types: plunging and spilling. 

The type of breaking wave depends on the deep water wave slope ( the wave height 

to wavelength ratio, H / >...) and the beach slope. In theory, the breaker type can be 

classified according to the Iribarren number, 

m 

~o = (Ho/ >...0)1/2' (2.1) 

where m is the beach slope, and the subscript "0" denotes deep water wave properties 

[ B attjes, 197 4]. The two most frequently observed breaker types are illustrated in 

Figure 2.1. Surging breakers, with ~o > 3.3 [Battjes, 1974], tend to occur on beaches 

with the steepest slope, although since the collapsing wave surges up the beach face , 

a surf zone through which bores propagate does not exist. Plunging breakers, with 

0.5 < ~o < 3.3 [Battjes, 1974], occur most frequently on steeply sloping beaches, 

resulting in narrow surf zones [Thornton , 1979]. In contrast , spilling breakers, with 

~o < 0.5 [Battjes , 1974], tend to occur on beaches with mild to intermediate slopes, 

where the waves exist as bores for a much longer period of time. The energy in the 

spilling breaker is therefore lost at a slower rate over a larger area than in the case of 

the plunging breaker [Komar , 1998]. 
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Lin and Liu [1998] divide the wave breaking process into three distinct stages. 

The first stage is characterized by irrotational flow [ Battjes, 1988] as the wave height 

increases and the forward face of the wave steepens and overturns. The flow becomes 

rotational during the second stage when the overturning crest impinges on the wave 

trough. As a result of the vortices and turbulence that are generated, the wave 

experiences a rapid transition in shape, including a sharp decrease in height . The 

final stage of breaking occurs farther shoreward, where the wave evolves more slowly 

as a turbulent bore. 

The mechanisms just described occur in both spilling and plunging breakers, al­

though at different size scales [Miller, 1976; Thornton, 1979]. At larger scales, the 

crest jets out and plunges into the wave base, creating an initial vortex with a length 

scale on the order of the water depth. Splashing may also generate a succession of 

additional vortices of decreasing strength. At smaller scales, the jet is weak , and 

appears to spill down the face of the wave, creating much weaker vortices that tend 

not to extend beneath the wave trough. Natural breaking waves exist as a gradation 

between these extremes, with properties intermediate between the two. 

From photographs of entrained laboratory bubbles, Nadaoka et al. [1989] deter­

mined that the eddies created by wave breaking fall into two types: horizontal eddies 

parallel to the wave crest and obliquely descending eddies trailing the crest. Since 

the multiple horizontal eddies created by a single breaking wave all rotate in the 

same direction, a high rate of energy dissipation must exist in the region between the 

successive eddies where the shear rate is high [Battjes, 1988]. 

2.2 Small Amplitude Linear Wave Theory 

As a result of the changing water depth waves approaching the nearshore region 

undergo a transformation in shape. In contrast to the fairly sinusoidal deep water 

waves , waves in water of intermediate to shallow depths have sharper peaks separated 
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by wider, flatter troughs. Many theories have been developed to model nearshore 

waves, including cnoidal wave theory, solitary wave theory, and high order Stokes 

wave theory. Sarpkaya and Isaacson [1981] provide a nice description and summary 

of results for each of the theories. 

Linear theory provides the simplest description of waves. Since it describes mono­

chromatic sinusoids perfectly, linear theory can be applied to the individual Fourier 

components of any wave train. Linear theory is based on the following assumptions: 

the water is incompressible and inviscid; the flow is irrotational; and locally, the 

bottom is horizontal. Small amplitude theory further requires that the amplitude 

of the wave is much less than both the wavelength and the water depth. Figure 

2.2 illustrates the parameters and coordinate system used in the following somewhat 

abridged discussion of linear theory, which can be found in greater detail in many 

texts (see, for example, Kundu [1990], Sarpkaya and Isaacson [1981], or Dean and 

Dalrymple [1991]). 

z 

X 

h 

Figure 2.2: Parameters used in the development of linear theory. (The figure is not 
drawn to scale.) 

For an irrotational flow , a velocity potent ial, </>, can be defined such that 

fJ cp fJcp 
u - fJx' w = fJz' (2.2) 

where u and w are the horizontal (in the direction of wave propagation) and vertical 
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velocity components, respectively. For an incompressible fluid , it follows that 

Substituting equation (2.3) into (2.2) yields Laplace's equation, 

EJ2¢ 82¢ 
ox2 + f}z2 = 0, 

which is subject to the bottom boundary condition 

8¢ 
oz = 0 at z = -h. 

To first order, the small-amplitude kinematic surface boundary condition is 

8¢ ory 
oz = ot at z = 0, 

and the dynamic surface boundary condition is 

8¢ 
ot = -gry at z = 0, 

8 

(2.3) 

(2 .4) 

(2.5) 

(2.6) 

(2 .7) 

where g is the acceleration due to gravity. The wave is assumed to be a simple sinusoid 

represented by 
H 

Tl= 2 cos(kx - wt), (2.8) 

where k is the wavenumber, and w is the angular wave frequency. 

Applying boundary conditions (2.6) and (2.7) to the Laplace equation (2.4), the 

velocity potential is found to be 

,1-._ Hwcoshk( z+ h) . (k _ ) 
'f' - 2 k sinh kh sm x wt · (2.9) 

From the definition of the velocity potential (2.2), it follows that the water particle 

velocities are given by 

_ H cosh k( z + h) (k _ ) 
u - w . h kh cos x wt 2 sm 

(2 .10) 

and 
H sinh k(z + h) . 

w = 2 w sinh kh sm(kx - wt). (2.11) 
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The linear dispersion relation, 

w = Jg k tanh kh , (2.12) 

is found by substituting the velocity potent ial (2.9) into (2. 7) , and can be used to 

calculate the phase speed, c = w/k . 

The energy of t he wave is composed of kinetic energy resul ting from the motion of 

water particles at all depths, and potential energy result ing from the rise and fall of 

the water surface . The kinetic energy, averaged over the wave length and integrated 

over t he water column, is given by 

1 p ('jo 
KE= 2,).. Jo - h (u

2 + w 2
) dz dx, (2.13) 

which, using equations (2.8), (2.10) and (2.11), can be simplified to 

(2.14) 

where 'T/2 = ½ J/ 'T/2dx. T he potential energy is given by 

1 (' { 1/ 
PE = pg>.. } 

0 
} 

0 
z dz dx. (2.15) 

Upon simplification of (2.15) , the total energy density, Etat = KE+ PE, is found to 

be equally part itioned between kinetic and potent ial, 

1 - 2 
KE= P E = - pgrJ2. [J m- ] 

2 
(2. 16) 

The energy is t ransported by t he wave at the group speed, defined as c9 dw/dk. 

As mentioned at the beginning of the section, waves undergo a t ransformation as 

t hey enter the nearshore region. The nonlinear steepening of shoaling waves results 

in amplitudes that are on the order of t he water depth, so t hat small- amplitude linear 

theory is no longer applicable. However , rather than applying the more complex, 

higher-order theories , a good approximation to the small-amplitude theory can be 
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obtained by substituting equation (2.8) with the real wave fi eld. Writing the surface 

wave field as 

(2.17) 
n 

the amplitude, An, and the phase, c/>n, of each component , n, can be determined from 

Fourier decomposition of the time series. Then, for example, the horizontal velocity 

can be computed from 

(2.18) 

He [1997] describes the numerical steps involved in applying Fourier theory to a time 

series of surface elevation. 

As will be seen later , the velocity and the wave energy can be successfully calcu­

lated when the experimentally measured wave field is applied as the surface boundary 

condition since no at tempt is made at predicting the evolution of the wave train. 

2.3 Isotropic Turbulence 

Big whirls have little whirls that feed on their velocity, 
and little whirls have lesser whirls and so on to viscosity. 

- Lewis Fry Richardson 1 

Turbulent flows occur at many different scales, from kilometre sized atmospheric 

boundary layer flows, to centimetre sized flows in the surf zone. A wide range of 

scales also exists within a single turbulent flow , with eddies ranging from a size on 

the order of the width of the flow, down to the smallest viscous scale. The input of 

energy generally occurs at the largest scales, and is subsequently transferred to smaller 

and smaller scales unt il it is lost to viscous dissipation . In order for turbulence to 

be maintained, a continuous input of energy must therefore exist. Although many 
1 Richardson wrote this poem [Richardson , 1965] to summarize his 1920 paper entitled "The supply 

of energy from and to Atmospheric Eddies". 
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flows are random and highly nonlinear, it is this dissipative nature of turbulence that 

distinguishes it from other irregular flows. 

Energy is extracted from the mean flow by the largest eddies and is dissipated 

by the smallest. At all intervening scales, energy is neither produced nor destroyed, 

but rather "cascades" from larger to smaller scales. 2 According to Kolmogorov 's the­

ory, the inertial subrange is the range of wavenumbers within the cascade where the 

flow is isotropic , and the energy spectrum is independent of both the large scale 

energy-containing eddies and the viscosity. Within the inertial subrange, the three­

dimensional energy spectrum is dependent only on the rate of energy transfer across 

the range, and therefore on the dissipation rate, and is found by dimensional argu­

ments to be 

(2.19) 

where E is the rate of dissipation, k is the wavenumber, and A = 1.5 is a univer­

sal constant, valid for all turbulent flows [Kundu, 1990]. For isotropic turbulence, 

the relation between the three-dimensional spectrum, cp ( k), and the one-dimensional 

spectrum of the longitudinal velocity fluctuations , </>i(k) , is given by Hinze [1975] as 

(2.20) 

Substituting equation (2.19) into (2.20) , the one-dimensional spectrum is found to be 

(2 .21) 

The spectrum of the transverse velocity fluctuations is related to the spectrum of the 

longitudinal velocity fluctuations by ¢2 = ½¢1. 

The inertial subrange occurs in the range 

z-1 « k « T/-1, (2 .22) 
2 Tennekes and Lumley [1972] provide a nice qualitative description of the cascade in terms of a 

waterfall analogy. Lewis Fry Richardson also captured the essence of this concept in the poem 
quoted at the beginning of this section. 
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where l is a typical length scale of the largest eddies, and the Kolmogorov microscale, 

(2.23) 

is the length scale of the smallest eddies. An order of magnitude estimate for t he 

dissipation rate is given by 
u'3 

E ~ ­ [ ) 
(2. 24) 

where u' is a typical scale for the turbulent velocity fluctuations. Inserting equation 

(2.24) into (2.23) , and defining the turbulent Reynolds number as Re ~l, where U 

is a velocity scale of the largest eddies, 

'TJ R -3/ 4 T ~ e . (2.25) 

A necessary condition for the occurrence of an inertial subrange is therefore a high 

Reynolds number flow [Tennekes and Lumley, 1972] . The larger the Reynolds number , 

the greater the size difference between the energy-containing eddies and the eddies 

at which the energy is dissipated, and the broader the inertial subrange. According 

to Tennekes and Lumley [1972], a "sufficiently large" Reynolds number is Re » 105
, 

which corresponds to l / 'TJ » 103
. 

2.4 Bubbles 

Oceanic bubbles are generated by many mechanisms, including the impact of rain 

on the ocean surface and biological sources. The primary source of bubbles near 

t he ocean surface is wave breaking [Monahan , 1993]. Following a breaking event, 

bubbles are arranged into plumes. By comparing photographs taken above the waves 

to underwater images , Deane [1997] determined that the foam patterns at the sea 

surface are an approximate map of the location of the underwater plumes. Figure 

2.3, a photo taken from Scripps Pier in May 1999, illustrates the init ial plumes, which, 

as observed by Deane [1997], tend to lie in lines parallel to the wave front . 
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Figure 2.3: A photo taken from Scripps Pier in May 1999, illustrating the near­
surface pattern of bubbles trailing a breaking wave. 

Deane and Stokes [1999] used optical techniques to study the mechanisms of air 

entrainment and bubble formation in the first few seconds following wave breaking in 

a natural surf zone. They observed two primary mechanisms responsible for bubble 

creation. First , cavities of air trapped beneath the falling wave crest deform and split 

into bubbles. Second, the overturning jet forces long, thin filaments of air into the 

water at the point where the jet crashes into the wave front, and these subsequently 

break up to form bubbles. Larger bubbles are rapidly broken down into smaller bub­

bles by turbulent pressure fluctuations [ Garrett et al., 2000] . By examining successive 

images, Deane and Stokes [1999] determined that most bubbles are formed within the 

first 100 ms following the impingement of the crest into the wave front. 

After initial formation, the bubble size distribution undergoes both a temporal and 

a spatial evolution as the bubbles dissolve, rise buoyantly to the surface, and advect 

in the presence of turbulence and background currents. The dynamics of individual 

bubbles depend in part on both the bubble radius and the properties describing the 

boundary between the gas inside the bubble and the surrounding water. Sea water 

contains organic impurities that accumulate on the bubble wall to form a complete 

surrounding "skin" within tens of seconds following bubble formation [ Thorpe , 1982]. 
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Bubbles around which a skin has formed are called "dirty" bubbles to distinguish them 

from "clean" bubbles that lack a coating. The walls of dirty bubbles have a greater 

ability to withstand a stress, so the bubbles behave dynamically as rigid bodies. The 

surface coatings also reduce the rate at which the bubbles dissolve [Leighton , 1994]. 

The buoyant rise speed of a bubble depends on its shape. For the bubbles consid­

ered later, with radii less than 300 µm , surface tension prevents any departure from 

the spherical shape from being very large [Thorpe, 1982]. The rise speed can then be 

found by balancing the buoyancy force with the drag force , 

(2.26) 

where a is the bubble radius, wb is the rise speed, and Cv is the drag coefficient 

[Keeling, 1993]. In terms of the bubble Reynolds number, Re = 2a;:b, the drag 

coefficient fo r creeping flow around a smooth sphere is Cv = 24/ R e. Rise speeds 

obtained with this value are illustrated in Figure 2.4. 3 

10-2
~-----~--~ 

101 102 

a [µm] 

Figure 2.4: Bubble rise speeds due to buoyancy. 

The dissolut ion of a bubble depends on both its size and the state of the boundary 

wall. In order to balance the addit ional pressure result ing from the surface tension, 

3The values illustrated in Figure 2.4 correspond more closely with Figure 1 in Keeling [1993] than 
the speeds obtained with the CD reportedly used by that author, CD= k! (1 + 0.566 ffe)- 1

/
2 ! 
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the internal pressure of a bubble at rest, Pi, must be greater than the pressure in the 

surrounding liquid , PL [Leighton, 1994], 

2, 
Pi = PL+- , 

a 
(2.27) 

where 'Y is the surface tension. As a resul t of the excess pressure, the part ial pressure 

of gas within the bubble is usually greater than in the surrounding water, and the 

bubble will tend to dissolve. As the bubble dissolves, the radius decreases, which, 

by equation (2.27), increases the excess pressure, and the bubble will continue to 

dissolve. In the case of dirty bubbles, the skin eventually restricts the decrease in 

surface area, impeding fu rther dissolution. 

2.5 Discussion 

From the discussion in this chapter, a quali tative descript ion of the processes occurring 

during wave breaking can be formulated. Energy is transferred from the breaking wave 

into the water column, generating the eddies that decay into turbulence. The energy 

is transferred to increasingly smaller scales, eventually being dissipated as heat. 

The collapsing wave crest also injects bubbles into the water column. The evolu­

tion of the bubble size distribution is determined by a number of factors. The buoy­

ancy force tends to shift t he peak in the volume-scaled size distribution to smaller 

radii as the largest bubbles are the first to disappear at the surface . Turbulent diffu­

sion mixes the bubbles throughout the water column, and therefore acts to delay the 

surfacing of the bubbles. 

Initially, the number of small bubbles will remain nearly const ant with dissolv­

ing bubbles replenishing the disappearing small bubbles. However, dissolut ion of the 

smallest bubbles is impeded as they acquire surface-active materials. Persistent bub­

ble clouds will be generated if wave breaking occurs frequent ly enough for a sufficient 

number of the bubbles to remain in suspension from one event to the next . 
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3 Direct Measurements 

3.1 The Experiment 

Between 1-14 March 1997, the Acoustical Oceanography Research Group from the 

Institute of Ocean Sciences (IOS) participated in a collaborative experiment near 

Scripps Pier, La Jolla, California, to study the effects of bubbles on high frequency 

acoustic propagation. Investigators from the Marine Physical Laboratory at Scripps 

Institution of Oceanography (SIO), the aval Research Laboratory, the Applied 

Physics Laboratory at the University of Washington, and the National Center for 

Physical Acoustics also participated in the experiment. 

Instruments were deployed in the water to the north of both the seaward and 

shoreward ends of the pier. The bathymetry 32 m north of the pier is illustrated in 

Figure 3 .1 a. 1 The general layout of the instruments is illustrated in Figure 3 .1 b, and 

Table 3.1 provides a summary of the inst ruments. 

A CTD and five 100 kHz Doppler side-scan sonars were fixed to the piling at t he 

seaward end of the pier. The sonars were directed horizontally towards the surf zone 

( only two of the beams are illustrated in the figure). A permanent installation of the 

Army Corps of Engineers (ACE) measuring wave height and period was also located 

at the seaward end of the pier. 
1 Coastal Environments was contracted by the SIO group to survey the bathymetry on 17 February, 

1997 [Terrill, 1998]. 
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Figure 3.1: ( a) Bathymetry 32m north of Scripps Pier when the mean water depth 
at the surf fram e was 2m. (b) Layout of the instruments during the 1997 
experiment. 
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Instrument Location h [m] f s [Hz] 

100 kHz pier 5 2 

ACE pressure pier 2.5 1 

CTD pier 3 0.02 

Dopbeam surf 1.75 40 

Pressure surf 0.5 4 

Resonator surf 1.5 2 

Table 3 .1: Location (where 'surf' denotes the surf fram e), height above the sea floo r, 
and sampling frequency of the instruments. 

Within the surf zone, a frame supporting a number of instruments was fixed to 

the sea floor (Figure 3.2). The frame was installed during low tide, and was able to 

record data only once the tide was high enough to fully submerge the instruments. 

The instruments supported by the frame included a pressure sensor , an acoustical 

resonator, a thermistor , a conductivity cell , a coherent Doppler, and an underwater 

video camera. 

The tide was predominantly semi-diurnal , resulting in two surf zone measurement 

periods per day. The hourly mean water depth, significant wave height , salinity, and 

water temperature at the seaward end of the pier are illustrated in Figure 3.3. 

At the seaward end of the pier , the slope is approximately 1:25, and decreases to 

1:70 approximately 50 m farther shoreward (Figure 3. l a) . Using this gentle slope, 

which remains constant throughout the entire surf zone, and the deep water wave 

properties derived from the pier-end measurements, the Iribarren number was found 

to fall in the range 0.08 :S ~o :S 0.46. The spilling breaker should therefore be the 

dominant breaker type; indeed, this is what was observed in the video that was taken 

from the pier during the experiment. 
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Figure 3.2: Photo of the frame installed in the surf zone. The coherent Doppler and 
the acoustical resonator are visible in the photo. 

9 1.5 

:[8 1 E 
Cl) 

"O 
i= 7 

~ 

<fl 

0.5 I 

6 
5 6 7 8 9 10 

0 
11 

16 33.7 

33.6 ~ 
:) 
Cf) 

33.5 
a.. 
~ 

33.4 
11 

12 '------'------'-----.._ ___ _._ ___ __,_ ___ ~ 
5 6 7 8 9 10 

March 1997 [Days] 

Figure 3.3: Oceanographic conditions at the seaward end of the pier during the ex­
periment. (a) The tide measured by the CTD and the hourly significant 
wave height measured by the ACE pressure sensor. (c) Hourly water 
temperature and salinity measured by the CTD. 
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3.2 Sampling Space 

An interesting feature of measurements obtained in the nearshore region from a sta­

tionary platform is the simultaneous spatial information that is provided by a time 

series . As seen in Figure 3.4a, the instantaneous water depth changes by a significant 

fraction of the mean water depth with each passing wave. Figure 3.4b illustrates the 

variable sampling depth of the instrument. 
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Figure 3.4: ( a) The natural reference frame where heights are measured with respect 
to the sea floor. The instrument samples at a fixed height above the sea 
floor while the surface elevation changes with each passing wave. (b) A 
frame of reference where depths are measured with respect to the water 
surface. The instrument effectively samples at variable depths . Start 
time: 9 March 1997 22:00:11. 
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Over longer time scales, the mean water depth changes with the changing t ide, as 

illustrated in Figure 3.5a. By changing the frame of reference to one where the mean 

water level is fixed, as in Figure 3.5b, it is clear that the instruments sample different 

regions of the surf zone. At the peak of high tide, the frame is located seaward of 

the surf zone. As the tide recedes, the frame gradually passes through the surf zone 

before eventually becoming exposed. 

High Tide ------

Sea Floor 

(a) 
Surf Frame 

Break Point 

Low Tide 

(b) 
High Tide 

Figure 3.5: Schematic of the surf zone illustrating two different frames of reference . 
( a) Temporal measurements obtained by instruments sampling at a fixed 
location in the presence of a changing tide. {b) Spatial measurements 
obtained by instruments sampling different regions of the surf zone as a 
result of the changing water depth. 

One consequence of this second form of spatial sampling is that a t ime series mea­

surement obtained at a fixed location can be transformed into a function of horizontal 

distance. From Figure 3. la, the slope of the seafloor is nearly constant in the vicinity 
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of the surf frame . Using the relation, 

6.h 
m = 6.x' (3.1) 

where m is the beach slope, the local mean depth , h, can be transformed to a cor­

responding horizontal spatial variable, x. Taking measurements as a function of the 

new variable , spatial gradients can then be computed. This method will be applied 

in the next chapter to obtain the dissipation rate from the wave energy flux. 

3.3 The Measurements 

3.3.1 Surface Elevation 

The pressure was measured at the seaward end of the pier and within the surf zone. 

Following Kundu [1990] in applying linear theory to the Bernoulli equation, the total 

pressure recorded by a transducer, 

cosh k(z + h) 
p = -pgz + pgTJ cosh kh ' (3.2) 

is the sum of a hydrostatic component and a dynamic component resulting from the 

vertical accelerations generated by the passage of waves. The dynamic component 

tends to enlarge the wave beyond the hydrostatic case by stretching both the crest 

and the trough. Figures 3.6a and 3.6b compare the hydrostatic case, TJ = P~ (p + z), 

to the full inversion of equation (3.2) , 

1 cosh kh 
TJ = pg cosh k(z + h) (p + pgz), (3.3) 

for theoretical sinusoids in deep and shallow water, respectively. Typical values for the 

wave properties were used to construct the sinusoids. The magnitude of the dynamic 

effect decreases with decreasing water depth. 

In the shallow water limit (~ « 1) the pressure field is completely hydrostatic. 

According to Kundu [1990], the limit is a very good approximation for h < 0.07>.. 
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March 1997 23:15:00. 
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Within the surf zone during the experiment, typical values for h and >. were 2 m and 

35 m, respectively, yielding ~ = 0.06. The pressure field within the surf zone was 

therefore sufficiently hydrostatic for f/ = ..!...(p + z) to be used to obtain the surface 
pg 

wave field directly from the pressure measurements. 

In the deeper water at the end of the pier, typical values for h and >. were 6 m 

and 45 m, respectively, yielding ~ = 0.13. Equation (3.2) must therefore be inverted 

in order to obtain the surface wave field from the pressure data [ Wang et al., 1986]. 

Differences of up to 10 cm from the hydrostatic case can be observed in Figure 3.6c. 

3.3.2 Velocity 

High resolution measurements of the velocity field in the surf zone were obtained with 

a 1.72 MHz Sontek coherent Doppler sonar. Despite problems with the processing 

scheme that resulted in useful data being collected only in five minute segments at 

near-hourly intervals , various phases of the tide were sampled , and velocity measure­

ments were obtained in the presence and absence of frequent wave breaking. 

From 5-6 March, the sonar faced the incoming waves in a cross-shore orientation, 

while from 7 March until the end of the experiment, the orientation was longshore. 

Turbulent velocity fluctuations were measured in both cases: while in the cross-shore 

orientation, they were superimposed on the wave orbital field and rip currents; while 

in the longshore orientation, they were superimposed on longshore currents. The ap­

proach of the incoming waves was predominantly normal to the beach. However , since 

the instantaneous direction of the incoming waves will depend on the local seafloor 

topography, the velocity measurements obtained while in the longshore orientation 

may contain a small wave orbital component. 

The pulse-to-pulse coherent Doppler sonar transmits a series of short pulses and 

observes the change in phase of backscatter between successive transmissions, with 

each return representing a different range bin [ Zedel et al. , 1996]. Although it is 

particles in the water, not the fluid , that cause the backscatter, sand grains can be 
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treated as passive tracers if the particle response time is less than the Kolmogorov 

time microscale. The part icle response t ime is defined as Tp = w 8 / g, where Ws is the 

still-water settling velocity [Zedel and Hay, 1999]. At the beach near Scripps Pier, the 

sand grains ranged in size from 200 - 500 µm [Deane, 1997]. With settling velocities 

in the range 25 - 70 mms- 1 [Freds¢e and Deigaard, 1992], the sand particles have 

response t imes of 2 - 7 ms. Since the Kolmogorov microscale, TK = ( ~) 112
, is on the 

order of 30 ms, t he particles present during the experiment can be assumed to move 

passively through the water. 

The radial velocity is derived from the Doppler relation, 

C de/> 
V = 41rf dt ' (3.4) 

where c is the speed of sound in water, f is the sonar frequency, and !f is the phase 

rate of change. When the change in phase is greater than 180°, an aliased velocity 

is measured . The result ing time series is "wrapped" about zero, bounded above and 

below by the maximum unambiguous velocity, 

C 
Vmax = ±-

1
, 

4 T 
(3.5) 

where r is the time between successive pulses. The velocities are "unwrapped" ac­

cording to the scheme described by He [1997]. Figure 3.7 compares a short velocity 

time series before and after the ambiguity has been resolved. 

The unwrapping scheme assumes the backscatter remains coherent between suc­

cessive transmissions. The advection of particles into and out of the sample volume, 

turbulence-induced random scatterer motion, and beam divergence all contribute to 

decorrelation [ Cabrera et al. , 1987]. Although the effect of beam divergence is small, 

since the angular width of the beam is only 1.5° [Zedel and Hay, 1999], a loss of 

coherence is expected as a result of the rapidly changing velocity field immediately 

following a breaking event. Fortunately, for the analysis of the turbulence field, the 

essential step is spatial unwrapping, an inherently more robust procedure than the 

temporal unwrapping. 
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Figure 3 .7: {a) Sample of wrapped data. (b) Th e same segment of data after the 
unwrapping procedure has been applied. Th e cross-shore velocities are at 
0.5 m from the instrument. Start time: 6 March 1997 19:35:09. 

The coherent Doppler samples the two-dimensional velocity field. Figure 3.8a 

compares the velocity extracted at a single range to the orbital velocity obtained by 

applying linear theory to the surface elevation. The measured velocity is the super­

position of the turbulent fluctuations on the orbital velocity. In the two-dimensional 

velocity field in Figure 3.8b, the alternating bands of blue and red highlight the dom­

inant orbital velocity component , and the fine scale modulation is the turbulence. 

The turbulence, defined here as the velocity that remains after linear spatial de­

trending, is illustrated in Figure 3.8c. (See section 4.3 for further discussion of the 

detrending method.) Coherent structures of varying sizes are clearly visible. These 

are advected through the sampling region by the orbital velocity. Where the advec­

tion of smaller eddies is not in phase with the orbital movement of the water, such as 

at t ~ 134 s, the advection may be caused by large scale eddies or by vertical motions 

that cannot be resolved by the instrument. 
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Figure 3.8: ( a) The orbital velocity derived from the surface elevation and the velocity 
measured 0.8 m from the sonar. (b) The velocity field. (c) The turbulent 
velocity field. Start time: 6 March 1997 19:35:09. 
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3.3.3 Air Content 

The quantity of air in the water can be described in two ways. The bubble size 

distribution, usually represented as n(a)da, is the number of bubbles per unit volume, 

n(a), in the radius range [a, a+ da], where the radius increment, da, is generally 

assumed to be one micrometre. The contribution of each radius range to the total 

volume of air is found by scaling the number of bubbles by the corresponding volume, 

4 
Vr(a) = 31ra3n(a)da. (3.6) 

The total quantity of air in the volume of fluid is often required , and is simply the 

integral over all radii of the volume-scaled bubble size distribution, 

/3 = ~Jr J a3n(a)da. (3.7) 

Because n(a) is the number per unit volume per unit radius increment, f3 is the ratio 

of the volume of air to the sample volume, and is therefore known as the air fraction. 2 

\Nithin the surf zone, bubbles range in size from the background bubbles of order 

10 µm to those of order 10 mm existing immediately following a breaking event . 

Instruments for measuring bubble size distributions are generally capable of detecting 

a limited range in radii , and are further limited to a particular air fraction range. For 

instance, at very high air fractions, instruments using acoustical techniques tend 

to saturate as limitations in the electronics are reached [Vagle and Farmer, 1998] . 

Photographic techniques will also misrepresent the true bubble size distribution when 

large bubbles block small bubbles from view [ Stokes and Deane, 1999] . Consequently, 

the use of more than one technique is desirable, and for this study, data collected 

by t he resonator were analyzed in conjunction with data obtained by a conductivity 

sensor. An in-depth comparison of several bubble size measurement techniques can 

be found in Vagle and Farmer [1998]. 

An acoustical resonator mounted on the surf frame was used to measure bubble 

size distributions. Built at IOS, the resonator is a modification of the design developed 
2 In the literature, the air fraction is sometimes referred to as the void fraction. 
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by Medwin and Breitz [1989]. As its name suggests, the acoustical resonator uses both 

an acoustical field and resonant interactions to detect the bubble field. Knowledge 

of the acoustical properties of bubbles is required in order to understand how the 

resonator operates. 

A bubble of a given radius has many modes of oscillation, the simplest being a 

radial expansion and contraction about the equilibrium volume. Like simple harmonic 

oscillators, bubbles pulsate at a natural frequency. When the surface tension and heat 

conduction are negligible, the resonant frequency is given by 

1 (3r p) 1;2 fR(a) = - - , 
21ra p 

(3.8) 

where r = cp/ cv is the ratio of the specific heats of the gas within the bubble, and P 

is the hydrostatic pressure. The resonant frequency therefore has a dependence not 

only on the bubble radius, but also on the depth at which it is located. When an 

acoustic pulse at the natural frequency is applied, the bubble's response is like that 

of a damped, forced linear oscillator [Leighton, 1994]. 

A bubble can be very effective at subtracting energy from the acoustic wave field: 

when at the resonant frequency, the extinction cross-section, which characterizes the 

amount of energy a bubble can extract from an incident wave field, is several orders 

of magnitude greater than the geometric cross-section! Some of the energy absorbed 

by the bubble is isotropically re-radiated in the form of new acoustic waves, while the 

remainder is lost to thermal and viscous damping. 

The acoustical resonator consists of two identical circular discs, one acting as 

a transducer, the other as a hydrophone. In the absence of bubbles, a broadband 

acoustical field generated by the transducer will set up many resonant modes in the 

intervening volume. Bubbles that exist in the water will extract energy at their nat­

ural frequencies , thereby attenuating the resonant peaks detected by the instrument. 

Inverse methods are used to relate the attenuation at each resonant frequency to the 

number of bubbles at the corresponding radius. Further details of the instrument and 

the inverse methods can be found in Farmer et al. [1998]. 
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Due to frequent wave breaking, the air content within the surf zone is generally 

quite high. Particularly during low tide, the air fraction is frequently greater than 

10- 4
, the level at which the resonator saturates. At air fractions greater than 10- 4 , 

the bulk conductivity method may be used. 

The conductivity of a bubble-water mixture , l7e, is much less than that of bubble­

free water, 170 . An estimate of the air fraction can be obtained by comparing the 

measured conductivity to the conductivity of bubble-free water. For air fractions less 

than 0.6, 
3 - Jg - 8r,2 

{3 = 2f/ ) (3.9) 

where 'T/ = 1 - ~ [Ninnis , 1991]. 

The conductivity of water has a strong dependence on temperature, and a lesser 

dependence on salinity [Lamarre and Melville, 1992] . A thermistor was installed near 

the conductivity cell on the surf frame, and salinity was measured by the CTD at the 

end of the pier. Since the near shore region is well mixed , the salinity measurements 

provide a good background mean level, although local fluctuations remain unknown. 

The resonator is suitable for measuring air fractions ranging from 10- 8 to ~ 10- 4 , 

whereas the conductivity sensor provides good results for air fractions greater than 

10- 4 . The two sensors should therefore overlap for air fractions in the range from 

10- 4 to 5 x 10- 4
, and for a nice example of this overlap, refer to Figure 8 in Vagle and 

Farmer [1998]. In practice, the unknown fluc tuations in salinity introduce sufficient 

error in the conductivity measurements at low air fraction that this clean overlap is 

not generally observed. As the amount of air in the water increases, the effects of 

the water temperature and salinity decrease, and the conductivity sensor yields good 

results at the upper end of the overlap range [ Svein Vagle, personal communication, 

2000]. For air fractions greater than 10-4 the resonator data was replaced by the 

conductivity data. Figure 3.9 illustrates a segment of air fraction data before and 

aft er the saturated values were replaced. 

The conductivity sensor measures the bulk content of air , and can only be used 
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Figure 3.9: Air fraction before and after the saturated resonator data were replaced 
by the conductivity data. Start time: 8 March 1997 10:01 . 

to replace the resonator air fraction data. When the resonator saturates, the bubble 

size distribution is meaningless, and such data were therefore fl agged so as not to be 

used in the later analysis . 
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4 Results 

4.1 Sea State 

The heights of the incoming waves are continually changing in response to the presence 

and duration of offshore storms. Larger waves break farther offshore, thereby changing 

the location and width of the surf zone. Greater incident energy is associated with 

larger waves, making it essential to sort the data according to sea state. 

The hourly significant wave heights obtained at the seaward end of the pier have 

been divided into four categories, as illustrated in Figure 4.1. The difference between 

the extreme significant wave heights is approximately one metre. The significant 

wave heights illustrated in Figure 4.1 were found to be typical, spanning nearly the 

full range of 0.2 - 1.4 m observed during the entire month of March. 

4.2 Wave Energy Flux 

As a deep water wave approaches the shore and proceeds into water of increasingly 

shallower depth , interactions with the sea floor result in a wave height that increases, 

and a wave length and velocity that decrease such that the period remains constant 

[Komar, 1998]. 

Recall from equation (2.16) that the energy density is proportional to the mean 
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Figure 4.1: Hourly significant wave heights, Hs [m}, measured at the seaward end of 
the pier. 

square surface elevation, which, for a pure sinusoid, is given by 

(4.1) 

As a wave shoals, the wave height H increases, and by equation ( 4.1), the energy 

density is not conserved. Kamphuis [1991] determined from a sandy beach laboratory 

experiment that the energy lost to bottom friction and to percolation through the 

sand was negligible, so prior to breaking, there should exist neither a source, nor a 

sink, of wave energy. Until the wave begins to break, it is the rate at which energy is 

transmitted [Komar , 1998], or the energy flux, 

1 
F = -(Etot c9 ), [W kg-I m2

] 
p 

that is the conserved quantity. 

(4.2) 

A wave begins to lose energy at the onset of breaking, and continues to do so as 

it transforms into a propagating bore. o longer conserved, the energy flux into a 

given volume will be larger than the flux out [Freds¢e and Deigaard, 1992], and the 

rate of energy dissipation, integrated over the water column, is given by 

1° c dz= - dF. [W kg-Im] 
-h dx 

(4.3) 
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The dissipation rate determined from the gradient of the wave energy flux is a useful 

quantity to calculate as it provides an upper bound on the rate of turbulent energy 

dissipation. It predicts the actual dissipation rate only when turbulence is the sole 

sink of wave energy. 

In chapter 2, the kinetic energy of a sinusoid was found to equal the potential en­

ergy. This is verified in Figure 4.2, where the kinetic energy computed from equation 

(2.14) is compared with the potential energy, computed from (2.15). In each of the 

four different wave trains analyzed ( a monochromatic sinusoid, and three segments of 

real wave trains), we do in fact find KE ~ PE, and only in the presence of frequent 

breaking at low tide in the surf zone is the difference greater than 2%. 

Since no assumption regarding the form of TJ was made in the derivation of the 

potential energy, the energy flux will be calculated using 

( 4.4) 

The energy flux is illustrated in Figure 4.3. Each point represents an average over 

30 minutes. At the seaward edge of the surf zone, near x = -50 m, the energy flux 

measurements are still distinctly separated according to sea state. Within the surf 

zone, x ~ -20 m, the values at each depth are of the same order of magnitude, 

regardless of the incident wave field. This confirms the idea discussed by Komar 

[1998] that on mildly sloping beaches, the wave energy reaching the shoreline remains 

essentially constant. Larger incident waves break farther offshore, and if the water 

depth continuously decreases, the energy is simply dissipated over a wider surf zone. 

On a more steeply sloping beach, the energy flux would remain distinctly separated 

according to sea state until much closer to the shoreline. 

An expanded view of the wave energy flux measurements within the surf zone 

is provided in Figure 4.4. A straight line least squares fit was used to obtain the 

integrated dissipation rate. The rates increase with increasing wave height. 
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Figure 4.2: Energy calculated for various wave forms. The surf zone high tide has 
been displaced upward by 1. 75 m for easier visibility. The sine wave was 
created with "typical" incoming wave values for wave height, length and 
period. (The unexpected difference in KE and PE in this monochromatic 
sine wave was introduced by the numerical nature of the computation.) 
Average values of KE and PE [J m-2J were calculated over 30 minute 
segments; for clarity, only 5 minutes are illustrated. 
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Figure 4.3: The wave energy flux derived from 30 minute segments of sea surface 
elevation data. Using slopes obtained from the plot of the bathymetry, 
the mean water depth has been converted to horizontal distance. The 
origin is the location of the surf frame when in 2 m of water. 

4.3 Dissipation Measurements 

Turbulence has traditionally been derived from time series measurements obtained 

from a single point in space. When therms velocity fluctuations are much less than the 

orbital velocity, (u' 2 ) 112 « U, and the advection time of an eddy past the instrument 

is much less than the characteristic eddy timescale, the turbulence will appear 'frozen' 

[Lumley and Terray , 1983]. For a steady background flow, 

</>( k) = ¢(!) 
21r /U (4.5) 

can be used to derive the wavenumber velocity spectrum from the frequency domain. 

With the ability to obtain spatial measurements nearly simultaneously, the coher­

ent Doppler sonar provides an alternative approach to the one just described. The 

wavenumber spectrum can be obtained directly from each 'snapshot' in time. Even 

though the horizontal range of the sonar, R, is short compared to the wavelength, 
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R/ >. ~ 0(1/50) , linear trends are visible when the mean is removed , and are most 

pronounced in the transition regions between the peaks and the troughs in the ve­

locity fluctuation field (Figure 4.5a). (Compare this to the velocity field in Figure 

3.8c where, during the same time interval, the linear trends have been removed.) The 

effect the various detrending schemes have on the velocity spectrum are illustrated 

in Figure 4.5b. To avoid the risk of removing larger scale eddies, a lower order de­

trending scheme is desirable. Based on the small R/ >. estimate , the linear detrending 

scheme should be adequate for removing the irrotational motions. As will be shown, 

the inertial subrange is not expected to extend to the lowest measured wavenumber , 

so the choice of detrending scheme is not that critical. 

At high wavenumbers , the spectrum flattens out. If this is noise, then simply av­

eraging several successive velocity measurements should reduce the noise level. Since 

the goal is to reduce the random noise without affecting the eddies, a limit on the 

number of successive records that can be averaged together is imposed by the time 

scale of the energy transfer through the inertial subrange, and by the time scale of 

particle advection across the range of the sonar. A time scale of energy transfer 

may be taken as T ~ (k2c: )- 1/ 3 _ Using a typical dissipation rate observed by George 

et al. [1994] of E = 10-2 W kg - 1 m, and k ~ 21r x 10 rad/m (which will be shown to 

fall within the inertial subrange), a time scale associated with the energy transfer is 

T ~ 0.3 s. This is less than or equal to the advection time scale of particles across 

the sonar path, in either orientation. With a sampling interval of 1/25 s, the eddies 

should remain correlated between successive records if no more than 8 records are 

averaged together. 

Figure 4.6 illustrates the two effects averaging has on the spectra. As expected, 

t he noise level is reduced most noticeably at high wavenumbers , which changes the 

slope of the middle section of the spectrum. However, the level of the spectrum is 

also reduced at low wavenumbers. At high wavenumbers , the noise level decreases by 

4 x 10- 5 m 2 s2cpm- 1 after averaging over 5 records. Averaging over a further 5 records 
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Figure 4.5: ( a) Turbulent velocity fi eld obtained by removing the mean at each time. 
The sinusoid is the velocity derived from the surface elevation. Start 
time: 6 March 1997 19: 35:09. (b) The velocity spectrum for different 
spatial detrending schemes. 
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only reduces the noise level by an additional 5 x 10- 7 m 2s2cpm-1 . As the spectral 

slope does not undergo any further significant changes, averaging over 5 records seems 

to provide the best balance between reducing the noise without changing the level of 

the spectrum too much. An average over 5 records results in a final sampling period 

of 0.2 s. 

k-5/3 .... . -

101 

k [cpm] 

average over 1 record 
average over 5 records 
average over 10 records 

- -- - ·- · 

Figure 4.6: The effect of averaging on the velocity spectrum. The sampling interval 
of the raw data was 0.04s. After averaging over 5 records, it is 0.2 s; 
after averaging over 10 records, it is 0.4 s . Data file: 03061935. 

The noise level also has a small dependence on the environmental conditions: 

the noise level increases slightly as the air fraction increases (Figure 4. 7). Since air 

entrainment is associated with breaking waves, noise is therefore likely to increase 

with increasing levels of turbulence. 

Recall from Section 2.3 that if an inertial subrange exists, the dissipation rate 

can be obtained from the spectrum in the wavenumber range l- 1 << k « 'T/- 1
. The 

scale at the lower end of the wavenumber range is determined by the largest eddies. 

According to Svendsen [1987], l is only a fraction of the water depth , l ~ 0.2h - 0.3h. 

George et al. [1994] used l ~ 0.25h in their analysis. \iVith a mean water depth at the 

surf frame on the order of 2 m, l ,......, 0.5 m for this study. 
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Figure 4. 7: The noise level of the velocity spectra as a function of the fraction of air 
in the water, f3 . 

From section 2.3, an estimate for the dissipation rate can be obtained from 

u'3 
E~ ­ [ ) 

(4.6) 

where u' is a typical scale for the turbulent velocity fluctuations. Inserting ( 4.6) 

into the Kolmogorov microscale (2 .23) , the largest expected wavenumber can then be 

estimated from 
= (l/3[) 1/4 

'r/ 3 . u' 
(4.7) 

Taking v = 10-5 m 2 
/ s as a typical oceanic value of the eddy viscosity, and u' ~ 

0.05 m/s, 

'r/ ~ 2.5 X 10-4 m. (4.8) 

The inertial subrange is therefore expected to appear m the wavenumber range 

2 cpm « k << 4000 cpm. 

As illustrated in Figure 4.5b, the spectra were measured over the range 1 cpm < 

k < 40 cpm. Although the lowest wavenumbers are not expected to fall within 

an inertial subrange, according to theory, all higher wavenumbers should . From 

observations in the natural surf zone, Tim Stanton found the existence of an inertial 

subrange at centimetre scales [personal communication, 2000] . However, for k 2: 
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20 cpm, n01se dominates . The dissipation rates will therefore be calculated from 

spectral values in the range 

4 cpm :s; k :s; 20 cpm, ( 4.9) 

which corresponds to length scales of 5 - 25 cm. 

The nature of the turbulence is expected to depend on the location within the 

nearshore region . Although waves are repeatedly breaking in the surf zone, breaking 

at any fixed point in space is unsteady. High intensity turbulence will therefore 

be intermittent , and it is likely to be dominated by the effec ts of strong shear and 

buoyancy. Seaward of the main breaker zone, turbulence diffuses upward from the 

bottom boundary, and in the presence of a rip current, may also be advected from 

farther inshore. Strong shear and large air fractions are less likely to occur, and the 

turbulence is expected to be more steady, and of lower intensity. 
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F igure 4 .8: Histograms of the spectral slopes from 5 minute data segm ents . ( a) High 
tide when there were f ew breaking waves {10 March 10:24). {b) Low tide 
in the presence of frequ ent breaking (8 March 10:00) . 

Some evidence of this difference can be found in the spectral slopes, which are 

computed by a least squares fit in the inertial subrange. Figures 4.8a and 4.86 illus­

trate histograms of spectral slopes at high and low tide, respectively. Outside the surf 

zone, the spectral slope tends to - 5/3, whereas in the presence of frequent breaking, 
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the slopes tend to be more steep. Application of Kolmogorov 's theory to compute 

the dissipat ion rate requires a spectral slope of - 5/3 within the inertial subrange. 

However , when interpreting the data, it is important to keep in mind that this is a 

necessary, but not sufficient , condit ion of the Kolmogorov theory. 

In chapter 2, it was found that the velocity spectrum could be written in terms 

of t he dissipation rate. Inverting equation (2.21) , the dissipation rate is given by 

(4.10) 

If an inertial subrange exists, c should be independent of k over t hat range. The 

sample illustrated in Figure 4.9 indicates there is some variability, so the dissipation 

rate is taken as t he mean, c = c(k) . Most of t he dat a fall within the range 1 x 10-6 
-

5 x 10- 3 W kg- 1 , alt hough some rates are as low as 2 x 10- 3 W kg - 1 and as high as 

5 X 10- 2 w kg- 1 . 
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Figure 4.9: Th e dissipation rate as a fun ction of wavenumber (10 M arch 1997 
10:24 :26) . 

Along with the surface elevation and air fraction, a sample t ime series of the 

dissipation rate is illustrated in Figure 4.10. Based on the slope of t he front of the 

wave, t he (6 ) indicate waves that are likely spilling breakers. (No pier video recording 

was available for this segment to confirm these guesses .) Examination of several other 

segments revealed no clear relationship between the breaking wave and the dissipation 

rate, although because the air fraction was not exceptionally high, this may be due 

to t he weak nature of the breaking waves. 
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4.4 Bubble Evolution 

Wave breaking leads to the injection of air into the water column and the subsequent 

formation of air bubbles, as described in Chapter 2. Figure 4.11 illustrates the jump 

in air fract ion following a gently spilling breaker, in this case, an increase by three 

orders of magnitude. The fluctuat ions with each passing wave, an indication that 

the bubble cloud tracks the surface, illustrate the non-stationarity of the clouds. The 

fixed instrument therefore samples different vertical sections of the cloud as the water 

depth changes. The composit ion of the bubble cloud also changes, as indicated by 

the decrease in mean air fraction over the 40 seconds fo llowing the breaking event. 

Although not resolved by the fixed sensor, it is also important to consider the possible 

advection of the clouds by mean currents. 

4 (a) 

~3.5 
E 
I='" 3 
+ 
..c 2.5 

Spilling breaker ------

2 '----'---------'------'------_..__---------'-----' 
50 100 150 200 250 

-4 10 ~(b-)------.-----..----------,-----------.-----,-------, 

50 100 150 
Time [s] 

200 250 

Figure 4.11: (a) Surface profile . (b} Air fra ction measured at 1.5 m above the sea 
floor. Start time: 10 March 1997 10:24:25. 

The size distribution also changes after a breaking event. Figure 4.12 illustrates 
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the volume-scaled size distribut ion prior to, and following the event indicated in Fig­

ure 4.11. The distributions are each averaged over approximately 45 seconds . Several 

changes are observed. As expected from the increase in air fraction, there is an in­

crease in the volume contribution at each bubble size. The volume-scaled distribution 

becomes flatter fo llowing the wave breaking, and the bubble size contributing most to 

the air fraction shifts to a larger radius. Before breaking, the peak was near 45 µm; 

after breaking, the peak increased to nearly 130 µm. Compare these values with those 

in the open ocean, where at a sampling depth of 0. 7 m, the shift in peak contribution 

was from ~ 80 µm to ~ 200 µm [Farmer et al., 1998]. Terrill and Melville [2000] 

found that radii in the range 60-90 µm contribute most to the air fraction at 1- 2 m 

downstream from laboratory breaking waves. 
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Figure 4. 12: The volume-scaled bubble size distribution averaged over approximately 
4 5 seconds before and after the breaking event in Figure 4- 11. 

The air fraction level prior to the breaking event illustrated in Figure 4.11 is 

assumed close to the background ambient level since there was no breaking directly 

over the instrument for at least 5 minutes , although some bubbles may have advected 

into the path of the resonator from breaking farther in-shore. This isolated breaking 

is a rare occurrence. From observations made at high t ide from Scripps Pier, waves 

generally approach the beach in packets. This can be seen in the short segment 
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of surface wave profi le at the end of the pier illustrated in Figure 4.2. Within any 

part icular packet , consecut ive waves generally break, followed by up to several minutes 

without breaking. There are few waves from which the evolution of t he bubbles can 

be examined without being affected by subsequent injection events . 

How does the bubble size distribut ion evolve immediately fo llowing a breaking 

event? The time series illustrated in Figure 4. 13 was chosen because of the lull in 

breaking that allows an analysis of the decay of bubbles from a single event over 

approximately 60 seconds. Some caution must be taken with this analysis as the ad­

vection of the bubble cloud may introduce variations that cannot be removed. Figure 

4. 13a illustrates the surface wave profile. Figure 4.13b illustrates t he air fraction, 

wit h the numbers indicating the t imes at which the volume-scaled size distribut ions 

in Figure 4.1 4 were extracted. (For comparison, the dissipation rates measured in the 

surf zone were also included in Figure 4. 13c, but discussion of turbulence will be left 

until the next chapter.) Several main features are observed in the size distributions in 

Figure 4. 14. First , the volume cont ribut ion decays with each successive profile, sup­

port ing t he view that no breaking occurred between 65-105 seconds. It also suggests 

that bubbles are cont inually being lost at the surface. Second , within 40 seconds, the 

peak shifts from 100 µm to 60 µm. Finally, the number of small bubbles fluctuates, 

possibly being an indicator of larger bubbles dissolving into smaller bubbles . 
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Figure 4.13: ( a) The surfa ce elevation. (b) The air fraction; the numbers represent 
the times at which the volume-scaled bubble size distributions illustrated 
in Figure 4 .14 were extracted. { c) The dissipation rate. Start time: 5 
March 1997 20:04:00. 
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Figure 4.14: Volum e-scaled bubble size distributions extracted at the times indicated 
by the numbers in Figure 4.13b. The size distributions were extracted 
only when the instrument was between 0.35 - 0.55 m beneath the (level) 
surface. 
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5 Discussion 

5. 1 Energy Considerations 

In the previous chapter, energy dissipation rates integrated over the water column 

were calculated from the change in wave energy flux. Since it is unlikely that the en­

ergy is dissipated uniformly over the entire water depth, the significant wave height 

will be used as a normalizing length scale. The normalized wave energy dissipation 

rates can then be compared with the rates derived from the turbulent velocity fluctu­

ations (which were not integrated over the water depth). As illustrated in Figure 5.1, 

the mean turbulent energy dissipation rate measured at 1.75 m above the sea floor is 

always less than the mean wave energy dissipation rate. This was expected, as the 

wave energy dissipation rate provides a maximum bound on the rate at which the 

energy is dissipated. 

It is interesting to note a few features of the rates illustrated in Figure 5.1. 

Although the integrated wave energy dissipation rate increases with increasing sea 

state (Figure 4.4) , since a larger gradient in the wave energy flux corresponds to a 

larger incident wave field , the normalized rates are all approximately H~ dF / dx ,...., 

2 x 10- 3 W kg - 1
. The measured dissipation rates show no dependence on the sea 

state either. The only visible trend in the measured rates is a slight decrease with 

increasing water depth. In the deeper water , the instrument is both farther from the 



5. Discussion 51 

~-------------------------------------
10 -

I 
O> • .6. ~ o . ..::t:. 10-4 

0 • X >t) X 0 X a 

~ . 
w 

.6. 
10-5 X Hs < 0.6 

0 0 0.6 < Hs < 0.8 
• 0.8 < Hs < 1.0 • 

.6. Hs > 1.0 

10-6 
-60 -50 -40 -30 -20 -10 0 10 20 

Distance from surf frame when in 2 m of water 

Figure 5.1: Comparing the mean wave energy dissipation rate ( dashed line) to the 
mean measured turbulent dissipation rates (symbols). The symbols rep­
resent the different sea states originally defined in Figure 4- 1. 

surface and farther off-shore from the main breaker line, where fewer breakers pass 

directly over the instrument. Since the dissipation rate decreases with decreasing 

frequency of breaking, it is likely that breaking waves are the primary source of en­

ergy at the height of the instrument. In contrast, as the water depth decreases and 

the frequency of breaking increases, the measured dissipation rates tend to level off, 

suggesting some manner of saturation is reached. This saturation may be physical , 

or it may be a limitation imposed by the instrument. 

Since the energy dissipation rates measured within the water column are less than 

the maximum determined by the changing wave heights, the energy must either be 

dissipated elsewhere in the water column or by other mechanisms. Several investiga­

tors, including Svendsen [1987] and Ting and Kirby [1996], have suggested that most 

of the energy in a spilling breaker is dissipated above trough level. If dissipation due 

to bubble injection and as a result of bottom friction is found to be small compared 
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to the available energy, then it is likely that most of the energy is indeed dissipated 

in the near-surface layer above the instrument. 

5.1.1 Energy Loss through Bubble Entrainment 

The entrainment of air is a sink of wave energy because work is required to overcome 

the buoyancy force of the bubbles. Since the bubbles eventually rise to the surface, this 

change to potential energy is only temporary. Some of the energy may be transferred 

into turbulent kinetic energy by the wakes generated by the rising of the bubbles. 

The increase in potential energy associated with the entrainment of air is calcu­

lated from the difference in potential energy before and after mixing. Consider a thin 

surface layer of air of thickness l::,.d and density Pair, overlying a layer of bubble-free 

water of thickness d - l::,.d and density p. After mixing, the bubbly water will occupy 

the full mixed layer d, and using the conservation of mass, will have a density of 

p' = p - (p - Pair) ~d. The change in potential energy associated with the mixing is 

given by 

!::,.PE 
1

0 1 - .6.d 10 
p' g -d z dz - (pg - d z dz + Pair g -.6.d z dz ) 

1 g [ (p - Pair) l::,.d d - (p - Pair) 6d2
] . (5.1) 

Taking l::,.d to be small , since l::,.d « d, the last term is negligible. Furthermore, since 

Pair« p, equation (5.1) simplifies to !::,.PE=½ pg ( ~d) d2
. Recalling the definition 

of the air fraction, for any given surface area, /3 ,Yair = t:,.dd, and the change in 
t otal 

potential energy can be further simplified to !::,.PE = ½pg f3 d2
. 

The rate of creation of potential energy over a wave period is equivalent to the 

rate of loss of wave energy, and is given by 

(5.2) 

where T is the wave period. Immediately fo llowing a breaking event, the air fraction 

above the wave trough is very high, with /3 ~ 0(10- 2
) [Deane and Stokes, 1999]. 
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Taking d = 0.5 m to be a typical wave height, and a mean wave period of T ~ 10 s, 

the rate of creation of potential energy is B ~ 1.3 x 10- 3 W kg - 1 m. This value is on 

the same order of magnitude as the rate of dissipation of the wave energy. 

Since the large bubbles rise rapidly to the surface, air fractions of this magnitude 

are rarely observed at the depth of the instrument , and are furthermore unlikely to be 

observed deeper in the water column. Taking f3 ~ 10- 4 as being more representative 

of the air fraction throughout the entire depth d ~ 2 m, B ~ 2 x 10-4 W kg - 1 m. 

The bubbles that are entrained to the depth of the instrument are therefore unlikely 

to be the dominant sink of energy in a breaking wave. However, the energy required 

for the initial entrainment of air in the region of high bubble density above the wave 

trough is significant. 

5.1.2 Energy Loss at the Bottom Boundary 

Earlier calculations of wave energy flux involved the assumption that energy was not 

dissipated prior to breaking. However, since percolation through sand, friction at the 

boundary, and movement of the sea bed are all energy sinks, there is likely to be at 

least a small loss at the sea floor. Shemdin et al. [1978] found that at the bottom 

boundary, the dominant sink of wave energy is dependent on the characteristics of 

the sea floor: percolation dominates when the sea floor is composed of a coarse sand 

(mean diameter > 0.5 mm); bottom friction dominates when the sand grains are 

fine (mean diameter < 0.4 mm); and bottom motion dominates when the sea bed is 

composed of silt , clay, or soft organic matter. According to Deane [1997], the beach 

near Scripps Pier is composed of a fine grain sand , with a mean particle diameter in 

the range 0.2 - 0.5 mm, so friction is expected to be the dominant energy dissipation 

mechanism near the bot tom boundary. 

As a result of the interest in sediment transport, the interactions of waves and 

currents with the sea bed have been well studied, particularly by coastal engineers. 

According to Sarpkaya and Isaacson [1981] the average rate of dissipation for an 
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oscillatory flow is 

D = T U, (5.3) 

where T is the shear stress at the bottom, u is the velocity at the outer edge of 

the boundary layer , and the overbar denotes a temporal average. In the li terature 

[J onsson , 1966; Grant and Ma dsen, 1979; Christoffersen and J onsson, 1985], the 

shear stress is commonly defined in terms of a coefficient of friction, J, as 

Let t ing u = u0 cos wt , we find that 

1 
T = -ju2 . 

2 
(5 .4) 

(5 .5) 

For a boundary layer of thickness 6, where 6 « h, the velocity developed by linear 

theory is 
H l 

uo = u((5 - h) = 2w sinh kh (5 .6) 

Typical values of the wave parameters in t he surf zone are as fo llows: T = 6 s; 

,\ = 35 m ; H = 0. 5 m; and h = 2 m. The velocity just above t he boundary layer is 

t hen found to be u0 ~ 0.6m/s. 

Determination of the friction factor is less straight fo rward , and is generally de­

termined from laboratory studies [Jonsson, 1966]. The following empirical relation is 

suggested by Freds¢e and D eigaard [1992]: 

(
a )-1/4 

f = 0.04 k: , (5.7) 

where a8 is the maximum horizontal amplitude of the motion just above the boundary 

layer , and kN is the Nikuradse bottom roughness. Using linear theory and 6 « h, 

t he amplitude of horizontal displacement of a particle at depth 6 - h is given by 

H l 
ao = - ---. 

2 sinhkh 
(5.8) 

Using the same typical values for the parameters as before, a8 ~ 0.6 m . 
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The effect of the bottom boundary is parameterized by the Nikuradse bottom 

roughness, kN, which has units of length. Shemdin et al. [1978] found that with a 

continuous covering of ripples on the sea floor, kN was on the order of the ripple 

height, whereas in the absence of a steady covering of ripples, kN was on the order 

of the sand grain diameter. At the beach near Scripps Pier, ripples are present 

outside the surf zone, but within the breaker zone, ripples make up only a very sparse 

covering [Dale Stokes, 2000, personal communication]. Choosing an intermediate 

bottom roughness of kN = 0.01 m, the coefficient of friction is found to be f ~ 10-2 . 

So D rv 4 X 10- 4 Wkg- 1 m, and 

D - 1 

-dF/dx ~ 2 x 10 . (5.9) 

The energy dissipated at the bottom boundary is much less than the total energy 

dissipated by the wave. 

5.1.3 Turbulent Kinetic Energy in the Water Column 

The previous calculation compared the wave energy dissipation to the bottom bound­

ary dissipation. What follows will examine the eddy viscosity, an indirect comparison 

of the observed turbulent kinetic energy to that generated by the interactions of the 

currents and the wave orbital motion with the sea floor. Christo.ffersen and Jonsson 

[1985] developed a generalized model with variable current speed and direction to 

predict the eddy viscosity field. Vagle et al. [in press, 2000] used the Christo.ffersen 

and Jonsson [1985] model to study bubbles carried seaward by rip currents, and a 

modification of this implementation is used in the following. 

In addition to the water depth, the model requires input parameterization of the 

waves, the current , and the bottom boundary. The current is parameterized by the 

speed , U, and the direction, </> , taken with respect to the cross-shore axis. Insignificant 

changes were observed as </> was varied from O (cross-shore) to 1 (longshore) . U was 

varied from Oto the maximum observed current speed of order 1.5 m/ s. The waves are 
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parameterized by the horizontal amplitude of the wave above the bottom boundary, 

the mean wave period, T, and the wave angle with the cross-shore axis, 0. As before, 

the bottom boundary is parameterized by the Nikuradse bottom roughness, kN. 

The model , described in detail in Christoffer-sen and Jonsson [1985], used an iter­

ative procedure to calculate the shear stress, r. The eddy viscosity is then obtained 

from 

_ { KZ ( 1 - f) ff fl < Z 5: h 
llT-

f3kN [ii- 0 '.S z '.S c5 

where K = 0.40 is the von Karman constant, /3 = 0.0747 is a turbulence constant, Tm 

is the maximum of, and Tc is the magnitude of the steady part of, the bed shear stress. 

Figures 5.2a and 5.2b illustrate the theoretical eddy viscosity fi eld for the average rip 

current speed and the maximum expected velocities, respectively. The dashed white 

lines indicate the height of the coherent Doppler sonar above the sea floor. 

According to Svendsen [1987], the eddy viscosity is related to the turbulent kinetic 

energy by 

ZIT= [../f, (5.10) 

where l is a turbulent length scale and k = ½ ( u'2 + v'2 + w'2 ). The coherent Doppler 

sonar measured only one component of the velocity ( u for the first two days; v for the 

remainder of the experiment). According to Svendsen [1987], laboratory studies have 

found that for breaking waves, u'2 > w'2 and v'2 ~ O(w'2), with the exact relation 

being best described by that for a plane wake: 

( 
u'2 v'2 w'2 ) 

2
k, 

2
k, 2k = (0.42, 0.26 , 0.32). (5.11) 

Using the above relation, and following Svendsen [1987] in choosing l = 0.25h since 

l is length scale associated with the energy-containing eddies, the eddy viscosity for 

each data segment can be computed. Since the model requires a time independent 
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current, a steady state is being assumed. For this reason, an average eddy viscosity 

will be computed for each of the 5-minute data segments. 

Figure 5.2c compares theory (lines) to observations (x). The observed eddy vis­

cosities are much greater than theory, suggesting that the turbulence generated at the 

bottom boundary is not a dominant sink of wave energy. Note that the one theoretical 

profile having the same order of magnitude as the observations was produced using 

gross overestimates of the input parameters. Although velocities of 1.0 m/ s were 

recorded during the 1999 experiment, steady state currents rarely rose much above 

the average of 0.2 m/ s. The same is expected to hold during the 1997 experiment 

since the sea states were similar. The roughness of 0.5 m is similarly unreasonable in 

this particular part of the nearshore region. 

5.1.4 Discussion 

The energy dissipated during the entrainment of air to the depth of the instrument and 

at the bottom boundary were both found to be an order of magnitude less than the 

total energy dissipated by the wave, suggesting that neither process is the dominant 

sink of wave energy. 

The most realistic eddy viscosity predicted by the model (the solid line in Figure 

5.2c) was much less than those derived from the measurements. More importantly, 

to achieve the observed values, gross overestimates of the parameters were required, 

indicating that a very different physical environment would be necessary before the 

bottom turbulence would show such large intensities. Particularly during low tide, 

it is unlikely that the instrument measured any significant bottom generated turbu­

lence. The turbulence measured by the sonar must therefore be the result of surface 

processes . 

Since the measurements account for only a small portion of the dissipated wave 

energy, most of the energy must be dissipated at depths shallower than the level 

of the sonar. Estimates of the energy dissipated during the entrainment of large 



5. Discussion 

0 0 
40 

200 

-1 30 -1 150 

E 
N 20 N 100 

-2 -2 
10 50 

-3L.........---~--~-___, -3~------~--
50 vT [cm2ls) -50 0 

X [m] 
-50 

0 

-0.5 

·+·.;.~~: ~-. ·· · ' '''''' ,,, ' '' ,, ' ' 
(C) ',' ·~ ., ·x ··x . ..... ,,x X 

- .... · - . ···x··· ·· · 
, ' ' . ' X . . " .... ' ... ... ... X 

I -1 
X '' 

.... ... 
' 

... 
' 

X 

' X 
N ' ' 

.... 

-1 .5 

-2 
0 50 100 150 200 250 

vT [cm
2
/s] 

50 vT (cm2ls) 0 
X [m] 

U = 0.2 mis 
U = 1.0 mis 

U = 1.5 mis 
U = 1.0 mis, ~ = 0.5 

300 350 400 

58 

Figure 5.2: The theoretical eddy viscosity, vr, calculated for a current of speed ( a) 
U = 0.2 m/ s and (b) U = 1.5 m/ s. The dashed white lines indicate 
the height of the sonar. (c) Theoretical vr extracted at the instrument 
height (lines) compared to vr derived from the measured turbulent velocity 
fluctuations (x ). Except where otherwise specified, kN = 0.01. The solid 
line is the most likely curve, since the average background currents were 
unlikely to rise above 0.2 m/ s 
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volumes of air in the region above the trough level were found to be comparable 

to the dissipated wave energy. This suggests that the energy dissipation is further 

localized to the region between the wave trough and crest. Moreover, the energy 

dissipated by a breaking wave is dominated by two processes: turbulence and the 

entrainment of air to a level above the trough. 

5.2 The Generation of Persistent Bubble Clouds 

5.2.1 Processes Affecting Bubble Clouds 

As discussed in chapter 2, bubble clouds are created when air pockets injected into 

the water column by breaking waves collapse to form bubbles. If bubble injection 

events occur at intervals less than the time it takes for the bubbles to disappear, 

either by rising to the surface or through dissolution, a persistent bubble cloud is 

generated. An acoustical barrier inhibiting signal propagation is thereby created by 

these clouds, or bubble barriers. While of obvious relevance to the development of 

acoustical remote sensing in the surf zone, the presence of the quasi-steady bubble 

barrier provides some insight into the balance between different physical processes in 

the environment. 

The main processes controlling the generation and persistence of the bubble barrier 

are the intermittency of the breaking events, bubble buoyancy and dissolution, and 

turbulence. The effect of the intermittency is independent of the other processes, 

and determines the frequency at which bubble replenishment will occur. There is 

a complex interplay between the remaining processes, and these will be explored 

in detail in the next section through a consideration of the relevant scales . First, 

however, the effect of each process taken in isolation will be discussed. 

Buoyancy Effects. Bubbles rise buoyantly at a rate determined by the bubble size, 

with rise speed increasing with increasing radius (Figure 2.4). Buoyancy acts to sort 

the bubbles according to size. 
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Bubble Dissolution. Bubbles tend to dissolve at a rate dependent on the bubble 

size, the state of the bubble wall, and the saturation level of the water. For very high 

saturation levels , a bubble may even increase in size. 

Turbulence. In addition to a buoyant rise, bubbles are moved passively by fluid 

motions. Turbulent diffusion mixes the bubbles throughout the water column and 

t herefore acts to delay the surfacing of bubbles that are advected deeper than the 

initial injection depth. 

The interdependence of the processes increases the complexity of the system. For 

instance, the bubble rise speed will decrease as the bubble dissolves. Scale analysis 

will be used to look at limiting cases, and this, in addition to a simple model, will be 

used to discuss the generation of persistent bubble barriers. 

5.2.2 Scale Analysis 

Turbulence-Buoyancy. In the presence of turbulence, the bubble has a vertical velocity 

of w = wb + w'. Only when w' « wb is the effect of turbulence negligible, with the 

bubble rising to the surface as if in still water. In all other cases, the turbulence 

intensity is sufficiently large to have an effect on the resulting bubble motion. In the 

extreme case where turbulent diffusion dominates, as might occur for the smallest 

bubble sizes, buoyant effects are insignificant. 

Turbulence-Dissolution. If turbulent diffusion dominates the bubble advection 

because the bubble is very small (and not because the turbulence is exceptionally 

strong), the bubble will dissolve long before reaching the surface. 

Buoyancy-Dissolution. Dissolution effects, which can be ignored when the rise 

time of the bubbles is much less than the time it would take that same bubble to 

dissolve, are expected to be negligible for the largest bubbles, which have a large 

rise speed and a long dissolution time. When the two time scales are on the same 

order of magnitude, the processes become coupled, since the decreasing radius of the 

dissolving bubble will result in a decreasing rise speed and an increasing dissolution 
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rate. Eventually, when the bubble is small enough, the buoyancy effects may even 

become negligible. The bubble size at which the effects become coupled is depth­

dependent since a greater injection depth will result in a longer rise time. 

The generation of sustained bubble clouds requires that a sufficient number of 

bubbles survive from one injection event to the next. Bubbles at the extreme ends of 

the size spectrum are likely to disappear between events due to dissolution (at small 

sizes) and surfacing (at large sizes). The intensity of the turbulence, which controls 

the diffusion of bubbles, and the frequency of breaking will determine whether bubbles 

at intermediate sizes will persist . 

5.2.3 A Simple Model for the Turbulent Diffusion of Bubbles 

The effect turbulence has on a single bubble can be modeled as a random walk 

problem. For a cloud of bubbles, the distribution with time is better described by 

diffusion. Consider a cloud composed of bubbles of a single radius . The spatial 

distribution evolves from the initial delta function, centered about the injection depth, 

into a Gaussian distribution. The spreading cloud rises at the buoyant rise speed. 

A simple model of diffusion will be used to explore the persistence of bubble clouds 

in turbulent water. Changes in bubble size due to dissolution and pressure effects will 

be ignored, although a comment on the time scale of dissolution will follow in the 

next section. 

The model is based on the advection-diffusion equation ( discussed in more detail 

in Fischer et al. [1979]) , 

(5.12) 

where N is the number density, and K v is the diffusion coefficient. Following Thorpe 

[1984b], we assume that the turbulent diffusion coefficient for bubbles, Kv , is equal 

to that of momentum, the eddy viscosity vy . The solution to the problem when a 
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solid boundary is imposed at the bottom is 

N(z t) = No ( e-[z-(zo+wbt)]2 / 4Kvl + e-[z-(-2h-(zo+wbt))]2/4Kvl) 

' J41rKvt ' 
(5.13) 

where z0 is the injection depth , wb is the rise speed of the bubbles, and h is the water 

depth. 

The diffusion of bubbles as a function of time and depth is illustrated in Figure 

5.3a for bubbles with a = 150 µm. The distribut ion spreads with time, and the peak 

in the distribution will reach the surface in the same time as the still water rise time 

of a single bubble. Half the bubbles remain suspended when the peak surfaces, so, 

if the distribution is very spread out, t he remaining bubbles will stay in suspension 

longer than for the case of a narrow distribution. 
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Figure 5 .3: The diffusion of bubbles within a cloud. ( a) Time evolution for bubbles 
of radius a = 150 µm and Kv = 0.02m2 

/ s . (b) Distribution after t = 5 
seconds for different values of the diffusion coefficient, Kv. 

According to this simple model, the spread in the distribution is dependent only 

on the level of t urbu lence. Figure 5.3b illustrates the spread in t he distribution after 

5 seconds for three different values of the diffusion coefficient, corresponding to the 

extreme and mean values of t he eddy viscosity t hat were derived from the turbulence 

measurements in t he surf zone. The bubbles very quickly become evenly distributed 

throughout the water column in high turbulence levels. 
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The spread of the bubble cloud is important when discussing persistent bubble 

barriers . Unless a large portion of the water column is filled with bubbles, a true 

barrier will not exist. For the Gaussian solut ion, the standard deviation is given by 

CJ = J2 K vt, and a cloud with a full width of 2 CJ will contain approximately 68% of 

the bubbles ini t ially inj ected. Ignoring for the moment the bottom boundary, the 

widt h as a function of t ime is illustrated in Figure 5.4. 
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Figure 5.4: The cloud width as a function of time. 

Before proceeding to a discussion of bubble cloud lifet imes, a discussion of disso­

lution times is necessary. Using model calculations provided by Svein Vagle [personal 

communication, IOS , 2000], simple estimates for the time a bubble takes to dissolve 

were obtained, where dissolution in this model is said to occur when the bubble ra­

dius is zero. When isolated from pressure effects by forcing the bubble to remain at a 

depth of 1 m , dissolut ion is dependent on the gas saturation of the water and the bub­

ble size, as illustrated in Figure 5.5. At saturation levels greater than approximately 

110%, bubbles grow in size . Dissolved oxygen measurements obtained at the end of 

the pier during t he 1999 experiment found saturation levels close to 105%. The same 

will be assumed for the 1997 experiment, when no dissolved oxygen measurements 

were made. 
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Figure 5.5: Dissolution time as a function of water saturation level. Th e bubbles were 
forced to remain at a depth of 1 m to eliminate pressure effects. Symbols 
represent bubble radius: 20 µm ( o); 50 µm ( 6); 100 µm ( *); 300 µm (D). 

Various time lines as a function of bubble radius are summarized in Figure 5.6. 

The solid line is the still water rise time, corresponding also to the time it takes for 

the center of the bubble cloud (of uniformly sized bubbles) to rise to the surface. 

Except for very small bubbles, this time is always less than the dissolution time of a 

bubble of the same size. The shaded regions denote, for different turbulence levels , 

the bubble sizes for which a cloud will still contain at least half the initial number 

of bubbles when the cloud width is half the water depth. The bottom boundary 

therefore represents the time required for the cloud width to grow to half the water 

depth . The life time of the bubble cloud is limited by bubble dissolution at smaller 

radii , and surfacing of half the bubbles at larger radii. 

5.2.4 The Bubble Barrier 

A bubble barrier occurs when a bubble cloud persists for an extended period of time. 

Predicting when a bubble barrier can be created requires a knowledge of the lifetimes 

of the bubbles in the water and the frequency at which bubbles are renewed through 
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Figure 5.6: Tim e lines of the various processes as a function of bubble radius. The 
still water rise time is equivalent to the time required for the peak in the 
distribution to reach the surface. Th e dissolution time is for 105% water 
saturation. Th e shaded regions denote times when at least half the bubbles 
at th e indicated radii exist as clouds spanning half the water depth or 
more. Turbulence levels are as f ollows: A (shading): Kv = 0.002 m 2 

/ s; 
B (vertical hatching) : Kv = 0.02 m2 
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0.2m2 / s . 
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wave breaking. From Figure 5.6, bubbles of sizes detected by the resonator have 

lifet imes ranging from 4 - 300 seconds. Once t he frequency of injection events has 

been established, the occurrence of bubble barriers can then be discussed. 

The intermit tency of inj ection events is determined directly from t he frequency 

at which waves break. Casual observation of the video taken from t he pier reveals 

t hat the frequency of breaking at any one location depends on the phase of the t ide. 

Waves tend to arrive in packets, with the first and last few waves being smaller 

than the central ones. As the water depth decreases, the number of breaking waves 

within the packet increases , with the central waves being the first to break. Three 

15 minute segments on 8 March 1997 were examined and the results are summarized 

in Table 5.1. The third column lists the number of adjacent breaking waves within 

a packet, and the final column lists the average time interval between successive 

breaking groups. During low tide, this corresponds to t he wave period, which for the 

experiment ranged from approximately 5 to 10 seconds . At other t imes, the interval 

between successive breaking groups ranged from 1-10 minutes, since in deeper water, 

t he interval between breaking events was observed to be as great as 10 - 15 minutes. 

Start t ime of h Number of adj acent Time between 
15 minute interval breaking waves breaking groups 

08:45 2.7 m 1-3 1-2 minutes 
09:45 2.4 m 1-7 ~ 30 seconds 
10:45 2.0 m ~ all the wave period 

Table 5.1: Summary of the number and frequency of breaking waves at various water 
depths on 8 March 1997. 

At low t ide , every wave breaks. For a wave period of 10 seconds and mean levels 

of turbulence, a persistent bubble cloud with a wide spectrum of bubble sizes will 

exist because according to Figure 5.6, bubbles with a radius less than 250 µm will 

not have reached the surface, nor will t hey have dissolved completely. Not even t he 
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smallest bubbles measured by the resonator will have dissolved. 

As the water depth increases, bubble replenishment occurs less frequently. The 

size spectrum of the bubble barrier is expected to become more narrow between each 

of the injection events. When the breaking waves occur at intervals of approximately 

30 seconds, bubbles with radii less than 150 µm are expected to persist. When the 

inj ection events occur at intervals of 1 minute, only bubbles of radii less than 100 µm 

will persist, except for the smallest bubbles which have time to dissolve completely 

between successive breaking waves. The number of smallest bubbles will not be zero, 

however , since the larger bubbles are also in the process of dissolving. No bubble 

wall will persist from one injection to the next if the time interval is greater than 5 

minutes. All the larger bubbles will surface, and the smaller ones will have time to 

dissolve completely. 

At lower levels of turbulence, the bubbles take longer to diffuse throughout the 

water column. However , in nature , bubbles are injected at all depths above the 

maximum injection depth , and a bubble wall may yet be created. 

The lifetime of a bubble barrier at any one location is also dependent on back­

ground currents. The lifetime may be extended if waves are breaking inshore of the 

barrier, and these new clouds are carried out by a rip current to replace the older, de­

caying clouds. Conversely, the lifetime may be shortened if there is either an onshore 

current or a longshore current. 

The bubble barrier can frequently be observed in the 100 kHz Doppler sonar data. 

The sonar was located at the end of the pier, with measurements being recorded along 

the shoreward path (Figure 3 .1). A short segment is illustrated in Figure 5. 7. The 

bubble clouds are regions of high acoustical backscatter. When the cloud is dense 

enough, the signal cannot penetrate beyond, and the areas shoreward of the clouds are 

therefore 'shadow' regions. Because the water depth steadily decreases , continuous 

breaking occurs, but only the cloud nearest to the sonar is observed. 

The cloud located at approximately 150 m persisted for at least four minutes , 
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Figure 5.7: Backscatter from beam 2 of the 100 kHz sonar. The dark bands are bubble 
clouds. The range is distance from the seaward end of the pier. 

from 22:09 to 22:13. Beyond 22:13, the cloud has either been advected out of the 

detection range of the sonar by longshore currents, or it has simply been blocked by 

an intervening injection event. The cloud must have been regenerated by breaking 

waves during this time interval. Bubbles with a radius of 35 µm, which have a resonant 

frequency of 100 kHz, would not otherwise survive, since they have a dissolution time 

of approximately 100 seconds. 

The previous discussion will also be used to re-examine the data segment in Figures 

4.13 and 4.14. Two bubble sizes in particular will be discussed: 35 µm because it has 

a resonant frequency of 100 kHz, and 100 µm because it is the radius at which the 

peak falls in the initial size distribution in Figure 4.14. 

Figure 5.8 illustrates the decay in the number of bubbles at these radii during the 

same time period as in Figure 4.13. The mean water depth is approximately 2 m, so 

that bubbles measured by the resonator must rise 0.45 m to reach the surface. The 

lifetime of the bubbles with a 100 µm radius is determined by the rise time, which 

in this case is approximately 30 seconds. In contrast, the 35 µm bubble lifetimes will 

be dominated by dissolution, which in 105% saturated water, is approximately 100 

seconds. From 0 to 20 seconds in Figure 5.8b, the resonator was saturated. For the 
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next 60 seconds, the air fraction in Figure 5.8a decays only slightly. The number of 

bubbles remains essentially constant. At approximately 60 seconds, there is a sharp 

decay in the number of 100 µm bubbles and the air fraction. The steady decline 

indicates that there were no injection events during this time. The number of smaller 

bubbles does not drop so dramatically because their numbers are being replenished 

by the larger bubbles that dissolve into smaller ones. Even after 60 seconds without 

replenishment, the number of 100 µm bubbles is still not negligible. Bubbles of size 

equal to or greater than 100 µm should have risen to the surface in 30 seconds or less, 

yet a fraction of them remain long after this, illustrating the turbulent suspension of 

bubbles. This cloud of bubbles would have blocked the 100 kHz sonar for the entire 

time segment, if no clouds had formed in the intervening region. 

5.3 A Final Look at Turbulence in the Surf Zone 

The slopes of the velocity spectra calculated from data collected during nearshore 

field experiments frequently deviate from the -5/3 inertial subrange theory. As 

discussed below, this difference has yet to be satisfactorily explained since, although 

some suggestions are offered in the literature, they are supported neither by discussion 

nor by data. What follows is not an attempt to explain this difference, but rather to 

illustrate what is observed when simultaneous bubble and turbulence measurements 

are made. 

From measurements obtained by a hot film anemometer in the lower portion of the 

water column within the surf zone, George et al. [1994] found the slopes were generally 

less steep than -5/3. They suggested bubbles may in some way be responsible for this, 

but lacking bubble measurements, were unable to provide support to this statement. 

Melville et al. [1997] obtained turbulence measurements in the nearshore region 

near Scripps Pier with a coherent Doppler. Outside the surf zone, a -5/3 slope was 

found for both longshore and vertical velocities. (For the longshore velocities, the 
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-5/3 slope was found in the range 6 - 30 cm: compare this to the region over which 

I computed the spectrum, 5 - 25 cm.) Within the surf zone, the slope was again 

significantly different from the theoretical -5 /3 slope. In contrast to George et al. 

[1994], they found a steeper slope, and explained this difference without reference to 

bubbles, suggesting instead that the intermittent generation of turbulence in the surf 

zone prevented an inertial subrange from being maintained. 

Returning to the histograms in Figure 4.8, it is seen that the spectral slopes 

obtained during the 1997 experiment are centered about the theoretical - 5/3 in deep 

water when the number of breakers is low. Like Melville et al. [1997], the slopes tend 

to steepen within the surf zone. This seems to be in contradiction with the results of 

George et al. [1994], although perhaps the difference in instrumentation and sampling 

depth may account for the discrepancy. 

The data collected in 1997 are unique in that simul taneous measurements of tur­

bulence and bubbles were obtained. Comparisons of air fraction with velocity spectral 

slopes will be made in an attempt to understand if it is the bubbles that are affecting 

the turbulence. The air fraction has been plotted against the spectral slope in Figure 

5.9. Only three segments where a small time lag between the instruments could be 

corrected with confidence were used in the plot. This included one at high tide (low 

air fraction) and two at low tide (high air fraction), hence the gap at air fractions 

near 10-3
. If bubbles were causing the slopes to deviate from theory, we would expect 

the slope to be near -5/3 at low air fraction and far from -5/3 at high air fraction. 

A very slight trend does exist, although even at low air fractions, the slopes are still 

less than -5 /3. This is not sufficient to state that bubbles have a significant direct 

effect on the turbulence. 
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6 Summary 

6.1 Summary 

This thesis examines the energetics of the nearshore region and the interactions be­

tween turbulence and bubbles. It fills a gap in experimental studies as it is the first of 

its kind , in the natural setting or the laboratory, to collect simultaneous measurements 

of turbulence and bubbles. The measurements were collected during a collaborative 

experiment in the surf zone near Scripps Pier in 1997 that was designed to study the 

effects of bubbles on high frequency acoustic propagation . Because many different 

investigators participated, a comprehensive set of results and references exist (see, for 

example, Vagle et al. [in press, 2000]) , from which a broader understanding of this 

particular environment can be gained. 

The measurements of primary interest to this study were the surface elevation, 

turbulent velocities , and bubble size distributions. With the water level oscillating as 

the tide moved in and out, measurements were obtained by the fixed instrument in 

various regions of the surf zone. Thus, in addition to a time series being obtained, on 

a longer time scale, measurements were collected as a function of distance from the 

main breaker line and as a function of depth beneath the mean surface. 

Potential and kinetic energy was estimated from the surface wave profile by apply­

ing linear wave theory to the Fourier decomposition of the time series. Linear theory 
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was found to provide excellent results even within the surf zone since the evolution 

of the nonlinear surface boundary was already known. The wave energy dissipation 

rate was then computed from the gradient of the energy flux. 

The wave energy dissipation rate was found to be at least an order of magnitude 

greater than the dissipation rate measured by the coherent Doppler within the water 

column. Simple calculations were therefore performed to estimate the magnitude of 

other possible energy sinks within the surf zone. At an order of magnitude less than 

the wave energy dissipation, neither the energy required to force bubbles into the 

water to the depth of the instrument, nor the energy loss to friction at the sea floor 

could account for the large wave energy dissipation. It would therefore appear that 

much of the energy is dissipated by turbulence in the region above the instruments 

where the turbulence rapidly decays, with only a small fraction diffusing into the 

interior of the water column. Some of the wave energy may also be dissipated during 

the entrainment of air in the high air fraction region above the wave trough. Also 

of significance is the low bottom boundary dissipation rate. Since the sea floor does 

not seem to play a dominant role in turbulence production, results from surf zone 

experiments can be translated to the open ocean with greater confidence. 

The role intermittency, bubble buoyancy, dissolution, and turbulence play in the 

generation of persistent bubble clouds was examined. A simple model for the diffusion 

of bubbles was used to determine the time required for a bubble wall to be generated. 

The effect bubbles may have on the turbulence was also explored, although no 

direct effect was observed. Some investigators suggested bubbles may be the reason 

spectral slopes frequently deviate from theory, but no obvious relation between air 

fraction and slope was observed. 
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6.2 Recommendations for Future Work 

This work is the first step towards observing the relationship between turbulence 

and bubbles in the natural surf zone. Much more could be gained by looking at the 

turbulence immediately following an isolated breaking event. To positively identify 

breaking waves, video recordings throughout the entire measurement period would 

be invaluable. Of particular interest is the rate of decay of turbulence and the depth 

dependence. A one-to-one comparison between bubble measurements and turbulence 

data was hindered by a drifting time lag between the two instruments. This lag could 

only be accounted for with confidence when the coherent Doppler was in a cross-shore 

orientation and could therefore measure the wave orbital velocity. Overcoming this 

problem requires either a solution to the time lag or positioning the coherent Doppler 

in a cross-shore orientation , although He [1997] recommended the long-shore orienta­

tion in order to minimize the effect of the wave motion in the turbulent calculations. 

Despite the spatial measurements that were provided by fixed instruments in 

the changing tide , an array of instruments would provide additional insight into the 

distribution with depth. This was attempted in 1999 when three frames , supporting 

five resonators and three coherent Doppler sonars, was positioned in the same location 

as the earlier experiment. Unfortunately, there was an unforeseen problem with the 

sonar ( the cable was violently ripped off the instrument during the first low tide!) 

It would be interesting to perform this experiment again , particularly in the same 

location so that insights and results from the previous experiments could be applied. 

The interactions between turbulence and bubbles should be revisited with longer 

segments of turbulence data to determine with greater certainty whether bubbles have 

a significant effect on the nature of turbulence within the surf zone. A controlled lab­

oratory study of this problem might be useful. Finally, a bubble model incorporating 

the interdependent processes is required , and is the topic of ongoing research. 
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