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Abstract. This paper presents the development of a newand Herbers, 1986; Katsaros and Atakturk, 1992; Stolte,
approach, based on wavelet spectrum analysis, for the det994; Babanin, 1995; Banner et al., 2000). These very ardu-
tection of breaking waves in a time series of surface waveous studies involve an observer who counts or marks break-
fluctuations. The approach is shown to be capable of producing events by visually monitoring wave probes either in situ
ing equivalent wave breaking statistics as field measurementsr by subsequently viewing videotapes made during obser-
based on detection of whitecaps at a fixed point of observavations. Arguably the most accurate, such an approach is
tion. This wavelet-based approach is applicable to both deepevertheless subject to human error and is too manually in-
water and finite depth environments. Based on applicationsensive and time consuming to be broadly applied in wave
of this approach to the analysis of available field data, a novetesearch.

classification of wave breaking processes that consists of in- Lately, innovative methods using acoustic, optic, or other
cipient, developing, and subsiding phases is proposed. methods of measuring breaking waves began to be used.

: : Lowen and Melville (1991); Ding and Farmer (1994); Ba-
Keywords. Meteorology and atmospheric dynamics (waves banin et al. (2001) employed various kinds of acoustic sig-

i::ﬁjgges) ~ Oceanography; physical (instruments and teChﬁatures of breaking waves to single them out. Jessup et

al. (1997) invented an optical method of quantifying break-
ing events based on infrared imaging of the skin layer tem-
perature changes associated with the breaking. Gemmrich
1 Introduction and Farmer (1999) used void fraction conductivity measure-
ments at sea to describe the scale and occurrence of breaking
The surfaces of oceans and lakes are rarely at rest. Wingiaves. Smith et al. (1996) and Phillips et al. (2001) studied
waves are ubiquitous features on these surfaces, and so afige speed distribution spectral properties of breaking events
breaking waves. As long as there are wind waves of all scalegising high range resolution radar.
and all frequencies, there are breaking waves in the form of Reliability of direct wave breaking measurements has im-
whitecaps woven in the midst of the wind waves. The studyproved greatly over the years. Most of them remain, however,
of wind waves relies on the measurements of surface ﬂUCVery expensive. Deployment, maintenance, and exploitation
tuations from a variety of instruments, such as wave staffsof those sophisticated devices in the open ocean conditions,
accelerometers, pressure, acoustic, and laser sensors, amqggtticularly at extreme wind seas, which are of the most inter-
others. There are vast amounts of wave records accumulateskt, is often a challenging task, clearly impossible to operate
over the past decades. Being an intricate part of the wincbn a long-term or even regular basis.
waves, on the other hand, the breaking waves have mani- As arecourse to direct measurements, breaking wave stud-
fested themselves as an elusive object for experimental, pajes have generally resorted to theoretical, numerical, and sta-
ticularly field, investigation. Undoubtedly, most of the vast tistical analysis of breaking waves along with supplements
amounts of the time series records of wind waves collectecf laboratory measurements. Essentially, the endeavors have
contain breaking waves; nevertheless, most of the convenpeen directed at studying instability characteristics of wind
tional study of wave data analysis applied to these time sewaves as well as setting wave breaking criteria. Longuet-
ries recordings were performed as if the breaking waves werg{iggins (1997) has a detailed review of progress made on
entirely absent. breaking wave studies over the past three decades. Paradox-
Until recently, visual observations of breaking events wereically, however, there is still a clear lack of direct field mea-
the only reliable means of breaking detection (Holthuijsensurements for verification.
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iting fraction of gravitational acceleratior, to define the

Table 1. Summary of the Black Sea data usdd;g is the wind .
breaking event.

speed at 10 m height,, is the peak wave number.is the standard

deviation wave amplitude. The present paper is aimed at testing the Liu (1993) break-
ing detection approach on the basis of field data. The data
Record No. Ujg, m/s  kp, rad/m a, m were obtained under a variety of wind-wave conditions in a
211 o5 o011 021 finite depth environment in Lake George, Australia and in the
538 10.7 0.12 0.92 deep water at the Black Sea.
242 10.0 0.29 0.25
244 8.7 0.25 0.22

2 Experimental data and initial identification of break-
ers
Black Sea Record No. 211

(m)
i

The two data sets included synchronized time series of sur-
face elevations and wave breaking marks. Both have been
extensively used to study the breaking statistics and detailed
i T A B B description of the breaking detection procedure, as well as
e relevant environmental conditions given in Babanin (1995);

N Babanin and Soloviev (1998); Banner et al. (2000) and Ba-
banin et al. (2001). Here we shall briefly summarize the rel-
evant features.
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Um The Black Sea is a large water basin, extending some
1200 km east-west and more than 400 km north-south. Most
R i 1 I of the sea is over 1000 m deep, and therefore wind waves de-
2040 0 80 A e 0 160 1% 200 20 240 velop in ocean-like conditions. The major difference, com-
pared to the ocean, is the rareness of swell in the Black Sea
Fig. 1. Black Sea sample results. Vertical bars indicate breakingbecause of its enclosed location, and an absence of strong
events. surface currents. This makes the Black Sea a convenient site
for field observations of deep water waves in their relatively

There remains a need or wishful expectation for a fast andPure state, not perturbed by wave-swell and wave-current in-
inexpensive method of breaking detection, which would al-teractions.
low the utilization of available wind-wave time series data Four wind wave records, analyzed in the present study,
without relying too much on uncertain geometrical proper- were taken from an oil rig situated on a 30-m deep sea shelf
ties of the breaking waves. The advance of wavelet transfor60 km offshore in the northwest region of the Black Sea.
mation analysis has possibly brought this expectation a littleFetch and depth environment constituted ideal deep water
closer to realization. development conditions, with peak frequencigs, ranging

Mori and Yasuda (1994) considered that there is a suddeirom 0.16 to 0.27 Hz (wavelengths, from 20 to 60 m), sig-
surface jump at wave breaking, and interpret it as a shockificant wave heightsiiy, about 1 m, wind speed&jo, from
wave and then defined a shock wavelet spectrum, using dis8.7 to 10.7 m/s at 10 m height, and mature wave development
crete wavelet transform and the Meyer (1989) wavelet to de-stages ol/1p/c,=1—-1.7, wherec, is phase speed of waves,
tect occurrences of such surface jumps. They verified theiwith f, the frequency (Banner etal., 2000). A brief summary
method on laboratory-generated waves, breaking randomlyef relevant wind-wave properties is summarized in Table 1.
and found a good detection rate. However the use of discrete The waves were recorded by an array of high-precision
scales and the ratio of two adjacent wavelet coefficients as aire wave gauges, deployed beyond the zone perturbed by
criterion for breaking detection lacks clear physical meaningthe platform legs. The breaking events were labelled elec-
for the process. tronically by an observer (AVB). The observer, located 16

Liu (1993) used continuous wavelet transform and them above the wave probe array, monitored one of the wave
complex valued Morlet wavelet (Farge, 1992; Liu, 2000) probes and triggered a signal whenever a whitecap of any
to obtain a time-frequency wavelet spectrum that effectivelysize occurred at the probe. The signal was recorded syn-
provided a localized frequency energy spectrum for each datahronously with the wave data. An example of wave record
point in a given time series. This spectrum can then be useavith breaking waves, marked as vertical bars, is shown in
to define an average wave frequeney,and thus combine the upper panel of Fig. 1. The waves propagate at a speed
with the local wave amplitudez, to obtain a local surface of 8 m/s, and thus it is difficult for the observer to place the
accelerationgw?, which would be compared to a given lim- marks precisely. So the marks, even though they are short,

o

i

o
4

o

Average Frequency (Hz) Local Amplitude (M) syrface Fluctuation
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Fig. 2. Lake George sample results. Vertical bars indicate breaking

events. Fig. 3. Histogram of acceleration to gravitation ratio in Black Sea
data.

only indicate the presence of breaking waves and not an ex-
act position of whitecapping over the wave phase. tect the breakers and evaluate their properties, were supple-
Another set of wave breaking was recorded from a re-mented by synchronous video recordings of the surface spot
search vessel in the Black Sea and the Mediterranean Seaf interest.
by means of an accelerometer buoy. Wave measurements by The data we used here are wave recordings taken by wave
this buoy are described in Babanin et al. (1993), and environtesistance probes, and breaking detections were performed
mental conditions during the measurements given in Banneby means of bottom pressure probes (Donelan, et al. 2004).
et al. (2000). Again, the observer watched the buoy fromThe breaking waves generate acoustic pressure and enhanced
the vessel and triggered the signal to register the passage ptessure at high frequencies, which was sensed clearly by
a whitecap over the buoy. Both the ship and the buoy werehe collocated hydrophone (Babanin et al., 2001). The same
drifting, the buoy being deployed far beyond the zone per-boosts of pressure were also detected by the pressure probes.
turbed by the ship and connected to the ship by a long, loos&uccessful detection of the breaking events by the probes was
cable. The observer was about 10 m above sea level, allowingerified with the synchronized video records. The pressure
a clear view of whitecaps with scales down to the size of thesignal was smoothed by applying a running average filter.
buoy (less than a meter). In the present paper, this set of data An example of such a wave record with the bottom pres-
was used to obtain the histograms of maximal acceleration irsure indicated breaking events marked as vertical bars, as

the breaking wave (Fig. 3). shown in the upper panel of Fig. 2. Data records, used in
the present study, were conducted during AUSWEX (AUs-
2.2 The Lake George data set tralian Shallow Water EXperiment), the last stage of the Lake

George study when the lake become very shallow (see Ta-

The recent Lake George experiment, conducted in a shallowle 2). Therefore, these records contrast to those of the
lake in New South Wales, Australia during 1997-2000, wasdeep Black Sea and represent the other end of wave devel-
a complex field study designed to simultaneously measurepment — bottom-limited and strongly wind-forced waves,
spectral and directional functions of all major source termsunder winds ofUio/c,=4.7—7.5, with peak frequencies
that are driving the evolution of wind waves in a finite depth f»=0.53—-1.32 Hz (wave lengthg ,=0.9—3 m), and signif-
environment (Young et al., 2004). One of the essential goalscant wave heighH, about 0.1 m.
of the experiment was to adequately detect breaking events,
as the breaking determines the whitecapping wave dissipa-
tion, enhances the wind input (Banner, 1990; Young and Ba3  Principles of wavelet breaking detection technique
banin, 2001) and may effect the wave-bottom interaction at
shallow water by means of injecting the turbulent jet into the Wavelet analysis has come into flourishing existence over the
shear bottom boundary layer. past two decades and emerged as one of the approaches to ex-

To reliably measure the wave breaking and associated eftend the popular, century old Fourier Analysis. One of its dis-
fects, a number of independent but integrated techniquesinguishing features is its capability to analyze time varying
were employed, as described in Sect. 3.3.1 in Young esignals with respect to both time and scale, which provides a
al. (2004). Measurements, allowing us to automatically de-link to capturing rapid changes in dynamic properties of the
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Table 2. Summary of AUSWEX data.Uqg is the wind speed at solve the Iogal amplitudez,, and local ff?q“e”CW' from the
10 m heightk, is the peak wave numberjs the standard deviation measured time serieX|(¢), of real multi-scaled seas.

wave amplituded is the water depth. Liu (1993) suggested to use the time-frequency wavelet
spectrumWyx (w, t), to obtain the instantaneous values of ef-
RecordNo. Ujp, mis kp radim a.m d.m fec'Five wave amplitude_z, and frequencygp, from the time
series of surface elevationd(r) as
4 6.6 7.2 0.013 0.31 )
8 11.9 2.3 0.039 0.32 1 o0
9 120 21 0034 029 Wx(@.1) = Cy ‘/_oo X@lol 2y o = 0ldr| . @)
10 8.1 3.1 0.019 0.33 _ S N .
11 10.6 29 0.020 0.32 whereCy, <oo is the admissibility condition and the function
14 7.1 5.6 0.015 0.27 Y is the mother wavelet. Here we use the Morlet wavelet
15 7.3 2.5 0.016 0.28 given by

1 .
V() = 17 (eflmt . efmz/Z)eftz/Z7 (3)

wave surface and associating them with the breaking prowherem=xn,/2/In2 is chosen to fit the wavelet shape.
cesses. This Fourier analysis extension is particularly effec- Once a localized frequency spectrum at each time moment
tive using continuous wavelet transform with the complex- #; is known:
valued Morlet wavelet that practically provides a local en-
ergy spectrum for every da'sz\ point o); 51e time series. Onecp"(w) = [Wx (@ D)=, “)
of the earlier, successful applications of this kind towardswith characteristic wave amplitude and frequency at the mea-
studies of wave spectral properties was done by Donelasurement point, it replaces the localized spectrum by an
et al., 1996), where a method of nonstationary analysis okequivalent characteristic monochromatic wave.
directional spectra was developed and shown to be able to As the characteristic frequency, average frequency
obtain instantaneous wave propagation directions, amplitud¢Rice, 1954) was chosen:
and phase of a spectral frequency component, as well as wave
X ’ . Wn 2 1/2

number related time-dependent information. 2oy @ @i (@) dw

The classical concept of studying the wave breaking pro-%i = b (w)dw )
cess forged the use of a limiting value of wave steepness be- hop
yond which the continuous surface cannot sustain (Longuet- wherew, is the localized frequency at the local energy
Higgins, 1969). Equivalently, assuming a linear dispersionpeak, w, is the cutoff frequency, and is a number which
relationship, the wave surface will break when its downward| j, (1993) introduced to denote the start of the frequency
acceleration exceeds a limiting fractiop, of the gravita-  range covering the wave breaking process. We generally car-

®)

tional acceleratiorg, i.e. when ried the cutoff frequency up to 2.5 times the peak frequency.
The value ofA generally lies between 0 and 2=1, for
aw->7Yy§. (1) example, means that we expect waves of peak frequency and

higher to be breaking and therefore disregard the contribution

When it is applied to a monochromatic wave, this ap- gf those beloww,, in the determination of the characteristic

proach is straightforward, even though there are uncertaintie
about the value of the limiting fractiop. In theoretical stud- wave. . .

. o ' . For the local amplitudey, Liu (1993) rather crudely used
ies of the limiting steepness Stokes wave, it has generally

been assumed that=0.5 (Longuett-Higgins et al., 1963 a;=X (t;) '—Y for an'init_ial application. A more tenable ap-
Snyder and Kennedy i983). More recent Iabora,tory st’ud—proaCh will be applied in this paper which is based on con-

ies (Hwang et al., 1989) have shown thais closer to 0.4, sidering the case of a simple monochromatic wave that has

: , n acceleratiomo? cogwt+¢) to infer that an appropriate
Some field measurements (Holthuijsen and Herbers, 1986@ - . . .
further indicate that the value ¢f should be even lower. haracteristic amplitude at local timeshould be given as

The greatest difficulty to applying the limiting downward 4; = A, cogp;), (6)
acceleration approach to the real sea waves, however, is not
the uncertain value of, but rather the fact that the natural where the local amplituds; is given from the analytic enve-
wave fields are multi-scaled and therefore the surface elevaope signal ofX (#;), obtained by means of Hilbert transform:
tion at any point and any instance of time is a superposition, .

2 ; = |Hilbert(X;)| @)

of an unlimited number of wave components, and the quan-
tity on the left-hand side of Eq1) cannot be readily calcu- and local phasep;, can be obtained from the wavelet spec-
lated from a time series of wave data. If it was possible totrum, Wy (w, t).
estimate this quantity, then this simple, familiar notion could In order to obtain the phase information of the time series,
be readily used to identify breaking waves in the time seriesthe mother wavelet to be used should necessarily be a com-
It is not immediately clear, however, how to pertinently re- plex one, such as the Morlet wavelet shown above, which is
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what we used here. So the calculation of the phase is giver
as

Black Sea Record No. 211

[N

o

S[Wx (w,f)]} ®)

R[Wy (@, )]

with the wavelet phase spectrum at eaeh; over the same
range betweenw, andw,.

Sample results of average frequency and local ampli-
tude based on wavelet spectrum analysis, as obtained fror
Egs. 6) and @) respectively, using.=1, are shown in the
middle and bottom panels of Figs. 1 and 2, respectively.
There remains to be determined the limiting fractipn,as
the threshold for wave breaking that can be rendered througt
assimilation with measured data.

p(w,1) = tan‘l{
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4 Comparison of the experimental and wavelet detec-

tion breaking statistics Fig. 4. (a) Comparing breaking events detected from wavelet ap-

L Lo : . : proach in red dots with Black Sea measurement in green vertical
Determination of the limiting fractiory in deep water is bars. (b) Local steepnesgk. The straight line showg=0.2, the

based bOFh on direct measurement_s of surface acceleration fhosen threshold valudc) Instantaneous wave spectra in relative
the breaking waves an_d on compansons Qf the measur_emen%its (colour scale below). The horizontal axis is the time axis, same
and the wavelet breaking detection techniques to provide thggs in the top two panels.

same breaking statistics. Feasibility of the approach is ver-

ified by means of predicting shallow watgron the basis

of knowledge of the deep-water limiting fraction. A reality ose events is very low and their statistics are poor. Oc-
check is also discussed. casional high values of the acceleration could have been reg-
istered if the accelerometer was shaken by, for example, a
direct hit by a plunging breaker jet or by a jerk of the ca-

Even though recent advances in the wave breaking studieBl® connecting the buoy to the mother ship. The histogram
indicate that no wave surface properties may serve as a critshows that continuous distribution with re_llable statistics of
rion for the wave's ability to break (see, for example, Banner®breakingl€d t0 @napreakindg value of approximately 0.3, and
and Tian, 1998), itis clear that once the wave is breaking, theV® shall use this as a reference value jom deep water.
downward acceleration of the water particles on the breaking! "€ limiting fractiony in shallow water is expected to be
crest will be determined by a ratje in connection with the different due to reasons to be discussed below in Sect. 4.3.
centrifugal acceleration of the particle and gravitational ac-
celerationg. The exact measure of however, is rather elu- 4.2 A practical approach
sive and yet to be ascertained. As it was mentioned above, in
classical studies (Longuet-Higgins et al., 1963; Snyder and-ollowing the supposition inferred in Sect. 3, our essential
Kennedy, 1983), it has been enacted generally=85, al-  task basically boils down to finding the pertinent valuesifor
though indirect inference of the acceleration based on laboandy used to detect wave breaking events based on a wavelet
ratory (Hwang et al., 1989) and field measurements (Holthui-approach. Amidst the redundant choices and combinations of
jsen and Herbers, 1986) indicate that the valug should  the values of andy, we settled on a plausible and practical
be 0.4 or even lower. approach: to match, as closely as possible, the number of
At the Black Sea measurement, some of the breakingoreaking waves estimated from the wavelet approach for a
waves were measured by an accelerometer, and therefottéme series with the number of the measured breaking waves.
direct estimates of maximal accelerati®feakingin such a In so doing, for each available time series data set, we can
wave are available. A histogram of the distribution of thesereadily resolve a rationgt value from a giver. value. A
estimates for 742 breaking events is shown in Fig. 3. physically sound value af, in turn, can be chosen on the
To define the limiting fractiory, we are interested in the basis of knowledge of the lower bound of the frequency scale
maximal detected value of accelerati@geaking While be- of waves which are expected to break. This knowledge is
ing on a breaking wave, the accelerometer was not necessadvailable for both deep water breakers (for example, Banner
ily located at a point of maximal acceleration, and thereforeéet al., 2000) and finite depth breakers (Babanin et al., 2001).
not all the events depicted in Fig. 3 are indicative of the lim- The top panels of Figs. 4 and 5 present the results of the
iting acceleration sought after to defipe applications of this approach to the sample cases in the Black
As can be seen from the histogram in FigagreakingVal- Sea and Lake George, shown in Figs. 1 and 2, respectively.
ues of up to B¢ were detected, although the number of The results were obtained fae=1. With measured breaking

4.1 Experimental perspectives
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Lake George Record No. LG8 so that its average length is of the order of half its ultimate
length, the width of the broken patch”. At this stage, the
wavelet method will detect the breaking, because the down-
ward acceleration will clearly exceed the threshold value,
while the visual technique implemented at the Black Sea and
the acoustic technique implemented at Lake George will not.
The two experimental techniques make use of the whitecap-
ping occurrence at the basic measurement spot and, unless
the incipient point of the breaking will happen exactly over
the spot, they will fail to detect the wave crest as a breaking
crest.

T
*‘

o

Surface Fluctuation (m)

T
:

Local Steepness ak

g The developing stage is characterized by the lateral spread
2 of a breaking with a higher probability of whitecapping

g1 appearance for the crest to pass over the measurement

§0 spot, so a developing breaker should be readily detected by

. : : ! S — the whitecap-oriented measurements. But the developing

x10” breaker also exhibits an increasing of wave front steepness

_ _ _ until it subsides. Rapp and Melville (1990, Subsect. 3.4)
Fig. 5. (@) Comparing breaking events detected from wavelet ap-defined the front steepness as the ratio of crest-to-front-
proach inred dots with Lake George measurement in green Verticajerocrossing height to crest-to-front-zerocrossing length and
bars.(b) Local steepnessk. The straight line shows=0.6, which ghqved that it is larger, compared to the incipient break-
is the chosen threshold valug) Instantaneous wave spectra in rel- ing front steepness, for both spilling and plunging breakers
ative units (colour scale below). The horizontal axis is the time aXiS’Even though the fro’nt steepness is not unambiguously Iinkea
same as in the top two panels. . - .

P P to the maximal instantaneous downward acceleration along
the profile of a characteristic wave Eg5)+€(8), this is an

indication that the overreaching acceleration values Eq. (

waves shown as green vertical bars, breaking events detect . : i
by the wavelet approach are shown by the red dots. For refe(r?-]q"jly persist through the developing stage, and thus the de

. ! . . veloping breaker will be detected by the wavelet method as
ence, the figures also include plottings of corresponding Io-WeII
cal steepnessk, obtained through Egs. (1), (5) and (6) and i , - . i
given in the middle panel, with the resolvedvalue plotted The relaxing or subsiding stage of breaking has not re

. . eived as much attention in the literature as the develop-
as the red line, and the corresponding contours of wavelei]

trum displaved in the lower panel for referen ing breaking. Therefore, it is not quite clear, for example,
spectru splaye € lower panetfor reterence. what will happen to the breaking crest once it has reached its

An examination of the results indicates that the wavelet apj,aximal length, according to Phillips et al. (2001), or when
pro'ach alon.g with thg measurements are generally SUCCeSHre front steepness of the breakers, described by Rapp and
fulin capturing breaking wave events at many occasions, alye|yille (1990), starts to decrease. But at some stage it will
though at some other occasions one of them fails to detec{i4rt 1o decrease. For the Black Sea waves, shown in the top
a breaker while the other indicates that the breaking has OChanel of Fig. 4, mean front steepness was 0.045. The second
curred. Since the measurement is also basically an approacthq the third breakers, picked up by the visual method, have a
to capture breaking events, it is not unexpected that both thg.,n; steepness of 0.052 and 0.075, which is greater than the
measurement and the wavelet approach should be anticipatgdean steepness as one can intuitively expect for a breaking
as relevant to different phases of wave breaking. wave. The first breaker, however, which was also detected vi-

There is, at the present, no widely established classificasually because a whitecapping crest propagated past the mea-
tion of wave-breaking phases, but we may envision a sin-suring wave probe, has a front steepness of 0.011, well below
gle breaking event as passing through several distinctivehe mean wave steepness. Clearly, this broken wave, which
stages from both the external appearances of the breakingill carries along a whitecapping patch, is not expected to be
and the underlying physics involved. These stages are incipdetected by the wavelet method based on Epci(terion.
ient breaking, developing breaking, subsiding breaking, and During the final stage of breaking, whitecaps are left be-
residual breaking. hind and are decreasing in size as entrained bubbles rise to

At the incipient stage, the wave starts to find that its con-the surface but spatial evolution of mixing continues as the
tinuous surface becomes strenuous to sustain, so it is abottirbulent front is moving downstream (Rapp and Melville,
to break or has just started breaking. An incipient breakerl990; Melville and Matusov, 2003). This stage will not be
does not have much whitecapping coverage as the breakindetectable by either wavelet or whitecapping oriented mea-
crest does not arise to rapidly overturn along its entire lengthsurement approaches and therefore has no significance for
This is how Phillips et al. (2001) described the developmentthe current study.
of the crest breaking: “A single breaking event is generally In summary, we would like to point out that we expect
initiated at some point on the wave crest and spreads laterallppoth the breaking measurements and the wavelet approach to
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detect the same breaking events only at the developing stagr 1 ‘ ‘ ; ‘ ‘ ‘ ;
of the breaking phases. The incipient breakers will be de- o
. 0.9r [

tected by the wavelet method and will not be detected by the

. Lake George data
measurements. The subsiding breakers, on the other hanc 08
will be detected by the measurements, whereas the wavele | o
method will fail to pick them up.

The relative duration of the different breaking phases is not 06
clear, especially those of the incipient and subsiding phases >0.5- o o
If we assume that the durations are similar, then the break- | o , o~ Black Sea data
ing statistics, i.e. number of breakers detected on the basis o °
measurements and those obtained by the wavelet approact %3 ?

will be the same even though there will be no 100% match o2
of waves indicated as breakers. There is no experimental evi-
dence available to support or disprove this assumption. Wher
more evidence becomes available, this assumption may be Qo091 11 12 13 14 15
corrected or modified. For the time being, however, we shall A
presume the relative duration of the incipient and subsiding
phases to be equal and make use of this assumption for caFig. 6. The lambda-gamma graph. Circles indicate data from Ta-
ibration of the wavelet method based on the experimentables 3 and 4. Stars show conversion of finite depth valueg of
breaking statistics. according to Eqs 9)—(12).

As one might have expected, there are breaking cases that
our wavelet approach captured, there are breaking cases the ) ) o
wavelet approach did not capture, and there are cases that ti¥§/ope crest and in fact may happen outside of a visible wave
approach anticipated as breaking but were not realized b@roup- Such events can be seen aroupd the 70th and the 205th
the measurement. They are all attributes of the wave breakS€conds of the Black Sea record in Fig. 4, where the second
ing phases. Therefore, it must be unrealistic to expect perfectigher-frequency peak appears in the instantaneous spectrum
matchings between the measurement and the detection frofd shifts up the average frequency; respective breakers are
the wavelet approach. Nevertheless, the approach of matcifletected by both measurements and the wavelet method.
ing breaking percentages as we used here would be the only The secondary peak is a rather permanent feature of shal-
rational course to pursue toward practical applications. Relow water spectra, and the Lake George spectra in particular.
sults ofy value assessments for different values basedon ~ Therefore, one would expect wave breaking to occur more
applications of the matching breaking percentage approacfrequently beyond obvious group structure at finite depths,
to the Black Sea and Lake George data are given in Tables 8nd to occur more frequently in general. The first expectation
and 4, respectively. is supported by Fig. 5, where many breakers are associated

Another interesting insight provided by the wavelet With rising instantaneous secondary peaks, and the second
method pertains to the relation between the wave breakingxpectation relates to the known fact that breaking rates are
and wave groupiness. Donelan et al. (1972), followed by amuch higher in the finite depths, compared to the deep water
number of experimental and theoretical research (Holthui-(for example, Babanin et al., 2001). Again, we do not claim
jsen and Herbers, 1986; Banner and Tian, 1998; among othto have found a cause for wave breaking, but only an indica-
ers), reported that the majority of the breaking events takelor, as the reason for respective pulsation of the instantaneous
place within the group structure close to the peak of the groupvave spectrum is determined by the underlying physics, like
envelope. Figures 1-4 show that breaking does happen bébat of the evolution of nonlinear wave groups of Banner and
yond the obvious groups of dominant waves, and the instanTian (1998), and further discussion is beyond the scope of
taneous spectra plotted in Figs. 3—4 indicate why this may bdhe present paper.
the case.

Once the limiting acceleration criterion Ed) (s applied 4.3 They—Ax graph
to the instantaneous wave Eg8)(8), which is characteris-
tic of the instantaneous wave spectrum shown in the botton¥e plotted the mean values ¢f shown in Tables 3 and 4
panels of Figs. 3—4, occurrence of the breaking event willversus the corresponding values joto yield two distinc-
be dependent on the product of characteristic amplitude tive and surprisingly smooth—2 curves for shallow (Lake
and characteristic average frequencysquared. The peak George) and deep (Black Sea) water conditions. The curves
of the envelope of dominant waves will give rise to the am- are shown in Fig. 6.
plitude @, but not to the frequency. If the amplitude rise While the clear distinction between the shallow and deep
results in overshooting the threshold value Hg, the wave  water conditions is by no means unexpected, it presents a tan-
will break at the wave group crest. If, however, deformation gible challenge for an analytical and physically sound inter-
of the instantaneous spectrum leads to the rise of the averagmetation of these results. Previously, we postulated that the
frequency, this will indicate wave breaking far from the en-  limiting downward acceleration is determined by the balance

0.11
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Table 3. Adaptedy values from Black Sea data.

Rec. No. 1 =038 A=0.9 A=10 A=11 A=12 A=13 Ar=14

211 0.1800 0.1940 0.2150 0.2630 0.2950 0.4100 0.6200
238 0.2050 0.2230 0.2550 0.3300 0.4350 0.6400 0.8000
242 0.2878 0.3070 0.3650 0.4750 0.6280 0.8750 1.1000
244 0.2690 0.2950 0.3500 0.4750 0.6780 0.9200 1.2000

Mean 0.2354 0.2547 0.2963 0.3857 0.5090 0.7113 0.9300
Std. Dev  +£0.0512 +0.0549 +0.0728 +0.1066 +0.1770 +0.2354 +0.2676

Table 4. Adaptedy values from AUSWEX data.

Record No. A =0.8 A =0.9 A=10 A=11

4 0.3480 0.3825 0.4800 0.8170
8 0.4540 0.4900 0.5820 1.0500
9 0.4600 0.5150 0.6700 1.2355
10 0.2900 0.3280 0.4350 0.7680
11 0.3180 0.3500 0.4250 0.6690
14 0.2855 0.3180 0.4050 0.7070
15 0.4370 0.4820 0.5820 0.9730
Mean 0.3704 0.4094 0.5113 0.8885

Std. Deviation +0.0779 +0.0838 +0.1006 +0.2059

of the gravitational and centrifugal forces; the difference of whereq is the local wave amplitude. For the shallow water
the two curves should be possible to explain if we take intowith water depthi it can be shown that
account the difference between the centrifugal accelerations
for deep waterdgeep and finite depthdsnhaion) waves of the costt [k(d + a)]
same frequency. Conspicuously, this can be obtained if we Rshallow = a sinh[k(d + a)] sinh(kd) [ - (12)
consider what happens at the wave crest.

We expect that when the wave surface breaks once it can |, gssence, the orbits in shallow water are horizontally ex-

no longer sustain itself for some reason, the downward aCtgnqed so that the centrifugal accelerations are larger for the

celeration at the surface must have exceeded some threshoéc.}lme values of amplitude and frequency», and thus the
level that we wish to resolve. Effective downward aCC9|era'effective downward acceleration is smaller. which. in turn

tion of the real physical particles at the crest is the differenceg,4s to larger values of for shallow water cases. Clearly
between gravitational acceleration and centrifugal acceleraz o rection can be obtained from the ratioRahaliow/ Rdeep

tion caused by the motion of the particle along its orbit. TheAppIying this formulation to the foury values of Lake
latter is given byw?R, whereR is the radius of curvature of George data at values of 0.8, 0.9, 1.0, and 1.1 in Fig. 6

the motion of a particle on the breaking crest: successfully adjusted them closer to the deep water cases as
ddeep szdeep Raeep shown b_y th(_a plottings qf the four open stars.
= = ) The significance of this result extends deeper than merely
resolving the differences of the two curves. Our ability to
where Rgeep and Rshaliow are now radii of curvature at the pring together the two distinctly different results, obtained
highest points of wave orbits, configured as circles in deeprom explicitly different wave environments, by applying the
water and ellipsoids in finite depth. The curvature of the two- principles of physics, shows that the wavelet breaking detec-
dimensional curve defined by the=y(x) function is tion approach based on the limiting acceleration concept has

Ushallow CUZRshaIIow Rshallow

42y a clear physical meaning rather than just a technical measure.
1 _ L, (10) It allows us to apply a single approach for both deep and shal-
[1 v (d_y)z]S low waters and thus translate derived parametess afid A
dx from one environment into another.
(see, for example, Korn and Korn, 1968). Itis e_llso of interest to note that ba_sed on the Black Sefa ac-
Now in deep water we have celeration measurement, as shown in Fig. 3, we have picked

a reference value of 0.3 for; now the deep water—A curve
Rdeep= a, (12) based on Black Sea breaking wave measuremeistshown
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to be 0.3 ath=1. Thus,A=1 would be another appropriate 100
reference value to use, particularly as in Fig. 6 this value also
corresponds to the transition of the translated finite depth val-
ues ofy from underestimating to overestimating their deep .
water counterparts. It is certainly plausible to consider that
the wave breaking process covers the high frequency side=
of the spectrum, including the extent at peak energy, and it g
agrees with the deep water study of Banner et al. (2000) anc3, 50f

90+
807 A

70¢ A

om estimate

601

with the finite depth StUdy of Babanin et al. (2001), which § a0k Matching breaking percentage

both concluded that peak waves do break. A more refinedz £ v

analysis may require an introduction of a wave age depen-% sor

dence fori as, according to Banner et al. (2000), the peak § 2o My A A

waves do not break if the waves are old enough and thus® | v v v

A>1 may be expected in such circumstances, but this is left é‘w ar Matching exact breaker

for future investigations. % 20 40 60 80 100

Number of breaking waves from measurement

4.4 A reality check—final counts of breaking waves
Fig. 7. Final counts of breaking cases.

Now that we have devised a feasible rational approach that
works reasonably well and leads to some encouraging novel
results, what we are not yet certain of is just exactly howand slightly underestimates that measured at the Black Sea.
well does it works. To make an objective assessment of theAt Lake George, the acoustic method used only allowed
performance of our approach, we simply picked theal- the detection of the dominant breakersif30% vicinity of
ues fori=1 given in Tables 3 and 4, applied them to our the spectral peak (Babanin et al., 2001), and therefore the
available data sets, and counted the resulted breaking evemtavelet method, whose performance is not limited by the
matchings between the wavelet-approach detection and thepectral peak band, may have an extra number of breakers
measurements. The results of our final counts of breakingontributing into the total statistics. At the Black Sea, on
cases are shown in Fig. 7. the contrary, the breakers were detected visually and did not
We have two kinds of counts shown here: the total break-have an upper-frequency bound, except that of the physical
ing counts, shown by the open triangles, and counts of pereapability of the observer to actually see small whitecaps.
fect matchings, shown by the triangles with a circle inscribedTherefore, the wavelet detection method may have failed for
inside. The Lake George shallow water cases are shown bgmall breakers whose profile was not sampled well enough
triangles with vertex points up, and the Black Sea deep watebut whose whitecapping was detected by the observer. This
cases are shown with triangular vertex points down. would lead to an underestimation of the deep sea breaking
The straight line through the points of total breaking rates. Another possible contributor into the observed deep
counts in the figure is the one-one correlation line, since thewater-shallow water variation in performance can be a differ-
adaption of they value was based on a closer matching of ence in relative durations of the breaking phases, as discussed
breaking percentages. The points follow the line with a 0.94below.
correlation coefficient and a 0.19 deviation indéx {.) de- The straight line through the perfect matching counts is a
fined as best linear fit line of the data. This line, to a large extent, is
the ultimate reality we have to face, i.e. the number of per-
, (13) fect matchings we can really amass. In terms of percentages,
the results ranges from a low of 16.7 percent (LG14) to a
where M is the total number of records available and high of 41.2 percent (LG9), with an average of 28.4 percent
Nmeasured@nd Nyavelet are the breaking cases detected by Of perfect matching cases. At first sight this result is rather
the measurements and by the wavelet method, respectivelgliscouraging, and we may have harbored an aspiration for
The general ability of the wavelet method to predict the more perfect matchings. On the other hand, by taking into
same breaking statistics as the measurements, based on sfnsideration the possible breaking stages that we alluded to
gle point observations, is very good. This implies that thebefore, this result may be just as good as what we can ex-
wavelet technique can be applied to surface elevation timgect. While the results might be less than exhilarating, we
series to estimate the breaking statistics at those wave scal@gay have just revealed the unvarnished reality of the general
which have a reasonably smoothly-resolved wave profile forthreshold-based approach for breaking wave detection.
a given sampling frequency, i.e. have a large enough number The slope of the lower line brings up an interesting con-
of surface elevation readings per front face of the wave anclusion regarding the duration of the breaking phases intro-
around the wave crest. duced in Sect. 4.2. This slope is roughly 1/3 of the one-to-
As seen in Fig. 7, the wavelet analysis somewhat overestione match curve, and that means that the second breaking
mates the total breaking percentage measured at Lake Georgéage, which corresponds to both the methods detecting the

1 | Nwavelet— Nmeasuredi
D.I. = + Z

Nmeasured
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same breakers, lasts for approximately 1/3 of the breaking mate of breaking waves that could not have been done
duration. Since we have supposed earlier that the first and  previously.

the third stages are of equal duration, that would mean that

all three breaking phases are of approximately the same du- — The approach uses the classical limiting downward ac-
ration. As we introduced the phases on the basis of physical ~ celeration concept, developed primarily for monochro-
and external appearance, this result makes the classification ~Matic waves (e.g. Longuet-Higgins, 1969).  With
of phases also viable from a practical point of view. A break- ~ Wavelet transform and time-frequency analysis, this
ing wave, having passed through one-third of its breakingac- ~ concept can now be extended to spectral waves, when
tivity in progress, may well be considered as having transited ~ @n instantaneous wave spectrum is replaced by an in-
into the next breaking phase. stantaneous characteristic wave Egg—(8), and ap-

The Black Sea and Lake George points are scattered pligd to actual sea wave measurements. The res.ult.s. can
evenly around the lower line, which means that the second b€ interpreted through basic wave physics and a limiting
phase duration does not depend on whether the breaking oc- value.of the acceleration that was obtained from avail-
curs in deep or in shallow water. If, however, the relative able field measurements.
duration of the first and third breaking phases changes in fi-
nite depth compared to the deep water, one should expect
separation of the Black Sea and Lake George data relative to
the mean upper curve. If, for example, in deep water, the in-
cipient phase, which corresponds to the wavelet method de-
tecting the breaking and the measurements failing, is shorter
than the subsiding stage, which corresponds to the wavelet
method failing and the measurements successful in breaking
detection, then for the Black Sea data, the wavelet technique
should underestimate the total breaking rates compared to the |, general, we think the approach can be used as a rightful
measurements, as is the case in Fig. 7. Similarly, if in shalyoo| for breaking wave detections in a time series. Hope-
low water the first stage is longer than the third stage, they|ly the wavelet approach and the results we present here
Lake George points should demonstrate an overestimatiogap pe effectively used for implementing further practical ap-
once the wavelet technique is applied, as is again the casgyoaches for resourceful detection of wave breaking events

in Fig. 7. The fact that there are only small deviations in 4nq the study of wave breaking statistics in the vastly avail-
the experimental points from the upper one-to-one Correla-ab|e time series data of ocean waves.

tion line provides indirect support for the assumption, made

in Sect. 4.2, about the relative equality of the duration of theacknowledgementsGLERL Contribution No. 1328 AVB grate-

first and third phases. fully acknowledges the financial support of the U.S. Office of Naval
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