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This study applied a new approach to distinguish between breaking waves and nonbreaking waves in the wind—wave
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4 time series through the use of wavelet analysis.
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In this paper, the wavelet power spectrum is computed to identify the variations in the energy content of the wind—wave
time series with time, and then it is integrated over frequency to provide the temporal variation of localized total energy.

The study shows that the fluctuations of the time series of wind—wave are highly intermittent, i.e, the energy at
different scales varies considerably with time. Furthermore, the local peaks of the energy densities correspond to the
events of wave breaking in the wind—wave time series.

ADDITIONAL INDEX WORDS: Morlet wavelet, wavelet power spectrum, intermittent.

INTRODUCTION

Wave breaking is an important subject in the field of coast-
al engineering. Extensive research has been conducted to an-
alyze wave breaking and its consequences. Breaking waves
play an important role in the exchange of mass, momentum,
and energy (AGRAWAL et al., 1992) and gases (WALLACE and
WIRICK, 1992) between the atmosphere and the ocean. Radar
reflectivity is used extensively in both laboratory and field
investigations of wave breaking (BANNER and PEREGRINE,
1993).

As stated by Liu (1993), “in the current stage of analyzing
the wind-wave time series two methods are employed: zero-
crossing method (ANONYMOUS, 1984) and spectrum analysis
using Fourier transform (KinsmaN, 1984). These methods
provide only general characteristics of waves in the measured
time series of wind—wave and lack the ability to give local
and time varying characteristics.” The aims of this paper are
summarized as follows:
® to use wavelet transform to analyze the variation of the

energy content of the wind—wave time series with time.
® to use the technique developed by Liu, (1993, 1994) to an-

alyze wave breaking in the measured wind-wave time se-
ries during the FETCH experiment.

RECENT STUDIES ON WAVE BREAKING

THORPE (1993) investigated the energy loss caused by
wave breaking and found that breaking waves with wave-
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lengths shorter than the dominant waves could contribute
a considerable amount of energy to the total turbulent ki-
netic energy dissipation rate in the ocean surface mixed
layer.

DawsonN, KrRIEBEL, and WALLENDORF (1993) conducted a
laboratory study of wave breaking in deep water with em-
phasis on the relative number of breaking waves observed at
a certain section. The results indicated that the average
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Figure 1. Wind-wave time series (segment 1).
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Figure 2. Wind-wave time series (segment 2).
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downward crest acceleration of breaking waves is one-third
the gravitational acceleration.

DiNG and FARMER (1994) analyzed the spatial and tem-
poral statistics of breaking waves and found that wave break-
ing occurs at multiple scales.

GEMMRICH and FARMER (2004) observed that wave break-
ing caused high levels of turbulence. HorRINOUCHI (2004)
used a mesoscale meteorological model to study the breaking
of waves and found that the disturbance of the initial insta-
bility developed into shear instability.

BRIDGES (2004) introduced a nonlinear theory that in-
cludes a mechanism for noisy wave breaking. MELsoM and
SAETRA (2004) developed a theoretical model for the near-
surface velocity profile in the presence of wave breaking
and stated that momentum is accumulated by growing
waves and is released upon wave breaking. ZHANG and
YUuAN (2004) established theoretical expressions for the ef-
fect of wave breaking on the air-sea fluxes of heat and
moistures.

DATA

The data used in this work were collected during the
FETCH experiment (DRENNAN et al., 2003). An ASIS buoy
was deployed on 18 March 1998 and remained until 10 April
1998. Two segments in the wind-wave time series are se-
lected as follows:

(i) The first segment (Figure 1) corresponds approximately
to the maximum wind speed observed during 6 hours of
wave generation.

(ii) The second segment (Figure 2) contains the maxi-
mum observed wave height in the wind-wave time se-
ries.

wavelet power spectrum

16

1 1 1

406

450

500

550

600 650 706

Time (sec)

Figure 3. Wavelet power spectrum of segment 1. For a color version of this figure, see page 137.
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Figure 4. Wavelet power spectrum of segment 2. For a color version of this figure, see page 137.
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Figure 5. Temporal variations of localized energy density for segment 1.

Figure 6. Temporal variations of localized energy density for segment 2.
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ANALYSIS METHOD
Continuous Wavelet

The continuous wavelet transform w(a, 7) of a function A(%),
is defined as

wla, 7) = J Rt W (t) dt 1

—o

where a and 7 are scale and time variables respectively, s, .
represents the wavelet family generated by continuous trans-
lations and dilations of the mother wavelet {i(¢), and * denotes
the complex conjugate. These translations and dilations are
obtained by

1 t—T
lba,T - W‘b( a ) (2)

Following AppisoN (2002) and TORRENCE and CoMPO
(1998), the complex Morlet wavelet (MORLET, 1981) to be im-
plemented in this study is defined as

Y(t) = - Vdgiwot p—t%/2, (3)

In this definition, w, is chosen to be 6.0 to satisfy the wavelet
admissibility condition (FARGE, 1992).

Local Total Energy

An integration of the wavelet transform over time gives
energy spectrum, whereas integration of the wavelet trans-
form over frequency provides a temporal variation of the lo-
calized total energy (Liu, 1993,1994).

The MATLAB code developed by ToRRENCE and CoMPO
(1998) to compute the continuous wavelet transform of the
time series of the signal is modified to compute the localized
total energy.

RESULTS AND DISCUSSION

The wavelet power spectrum of the wind—wave time series
of Figure 1 is given in Figure 3, and Figure 4 gives the wave-
let power spectrum of the time series given in Figure 2. The
wavelet power spectrum shows that wave energy fluctuates
with time and that the influence of some low frequency com-
ponents that are not visible in the classical energy spectrum
can be seen. This conclusion was reached also by MASSEL
(2001).

Wave groups are formed during wave generation and wave
growth takes place within the group. Following Liu (1993,
1994), and assuming a linear dispersion relationship, the
wave surface will break when its downward acceleration ex-
ceeds a fraction B of the acceleration of gravity g as follows:

An® = Bg 4)

where A is local wave amplitude, 7 is local wave frequency,
g is gravitational acceleration, and 3 is taken as equal to 0.50
in this work. The localized frequency spectrum is defined as

() = w(, Oy, ®)

where s is the local frequency spectrum and w is the wavelet
transform of the signal.

Because the wave breaking is occurring in the high frequency
range of the spectrum, {s is defined as follows:

&n
J 24:(0) di
alp

n: = tn ’ (6)
P, (0) dC

aly

where {, is the localized frequency at the energy peak, ¢, is
the cut-off frequency, and « is a number greater than 1.0
(indicates the starting of a high frequency range).

Liu (1994) suggested the value of « to be 1.35; in this work
we will use this value. The possible locations of the occurring
of wave breaking are marked in both segment 1 and segment
2, as shown in Figures 1 and 2.

Figures 3 and 4 give the wavelet power spectra of the two
selected segments of the wind—wave time series. The form of
wave groupings is clearly indicated in these figures, which
implies that the energy content of the wind—wave time series
varies significantly with time.

The integration of wavelet transform over frequency gives
the temporal variation of the localized energy, as shown in
Figure 5 for the first segment and Figure 6 for the second
segment. The peaks shown in these plots correspond to the
events of wave breaking marked at the time series given in
Figures 1 and 2.

SUMMARY AND CONCLUSIONS

In this study, a new technique in analyzing wave breaking
is applied through the use of wavelet transform. The use of
Fourier transform in the spectrum analysis has shortcomings
in neglecting important temporal and localized characteris-
tics of the signal.

The application of the wavelet power spectrum to the mea-
sured wind—wave time series shows that the energy content
of the signal varies considerably with time. Furthermore, the
influence of some low-frequency components could be seen
that is not visible in the classical energy spectrum.

The integration of wavelet transform over frequency gives
the temporal variations of the localized energy that are found
to be correlated with the events of wave breaking in the
wind-wave time series, and this agrees with Liu (1993,
1994).
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