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Summary The results of experiments performed in a wave flume designed to explore
associations between the dissipation of surface wave energy during breaking and acoustic noise
emission are presented. The experiments were carried out using tap water in the wave
laboratory of the Institute of Hydro-Engineering of the Polish Academy of Sciences, Gdańsk,
Poland. In particular, being shown are the parameters of empirical dependency between
the dissipated wave energy during plunging and the energy of pre-breaking wave trains.
Relationships between wave energy losses in the case of breakers with an amplitude of about
10 cm and the noise acoustic energy in the frequency band from 80 to 12,500 Hzwere estimated.
Taking into consideration the phenomena of reverberations and propagation in an acoustical
waveguide, a numerical model was used for the correction of the observed noise's acoustic
spectra. A detailed analysis of the factors affecting the noise level in the semi-enclosed volume
allowed us to specify the rate of conversion of the wave energy dissipated during breaking into
acoustic energy, which was found to be in the order of 10�8

[9_TD$DIFF].
© 2019 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by
Elsevier Sp. z o.o. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Peer review under the responsibility of Institute of Oceanology of the Polish Academy of Sciences.

* Corresponding author at: Institute of Oceanology, Polish Academy of Sciences, ul. Powstańców Warszawy 55, 81-712 Sopot, Poland.
Tel.: +48 58 7311825. Fax: +48 58 551 21 30

E-mail address: klusek@iopan.gda.pl (Z. Klusek).

https://doi.org/10.1016/j.oceano.2019.08.001
0078-3234/© 2019 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by Elsevier Sp. z o.o. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.oceano.2019.08.001</No-break-link>
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:klusek@iopan.gda.pl
http://www.sciencedirect.com/science/journal/00783234
www.journals.elsevier.com/oceanologia/
https://doi.org/10.1016/j.oceano.2019.08.001</No-break-link>
http://creativecommons.org/licenses/by-nc-nd/4.0/


Z. Klusek et al./Oceanologia 62 (2020) 70—82 71
1. Introduction

When a windwave is broken, a stream of watermixed with air
is transferred into the water body.

To some extent, the energy of the pre-breaking wave is
dissipated throughout this turbulent motion and doing work
on newly created air bubbles by pushing them down. Despite
great efforts, the present parametrisation of wave energy
dissipation is far from completion.

Due to turbulence, clouds of mechanically agitated
bubbles are formed. The bubbles are advected outwards
from the breaking volume and upwards to the water surface,
forming white caps. Plumes of aerated water are associated
with emissions of wave-origin low-frequency (less than 1 kHz)
ambient noise in the ocean (Carey and Browning, 1988; Carey
and Fitzgerald, 1993; Prosperetti, 1988).

On the other hand, mechanically agitated individual
bubbles ringing mainly at their radial resonance are a source
of noise in the higher frequency range of up to tens of
kilohertz (Medwin [10_TD$DIFF]and Daniel, 1990; Prosperetti, 1988).

It is well recognised (for example, Kerman, 1984) that a
predominant component of wind/wave-driven underwater
noise exists in the ocean due to bubbles created throughout
and immediately after wave breaking. Hence, it was
observed that some functional dependency exists between
dissipated wave energy in relation to the amount of acous-
tically active bubbles and emitted noise (Melville et al.,
1988). Further, this idea has been put forward and tested
(Lamarre and Melville, 1991), such that the intensity of
underwater sound emitted during wave breaking correlates
with the intensity of breakers and dissipation of wave energy.

Several laboratory and field experiments have supported
the idea of associations between the character of wave
breaking and some parameters of the emitted underwater
noise (Deane, 1999; Deane and Stokes, 2010; Hollett, 1994; [11_TD$DIFF]
Kolaini,1998; Loewen and Melville, 1994; Means and
Heitmeyer, 2001, 2002; Melville et al., 1993). Due to this
relation, assessment of wind-wave energy dissipation in the
ocean via measurements of the generated noise has been
suggested, tested, and concluded that O (10�8) of the dis-
sipated wave energy is transformed into acoustic energy
(Melville, Loewen and Lamarre, 1993).

However, observations performed on noise energy
emitted during wave breaking contain a high degree of
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Figure 1 Wave flume setup and the arrang
uncertainty concerning the rate of acoustic energy to the
dissipated wave energy. The values differ by up to several
orders of magnitude, ranging from 10�10

[12_TD$DIFF] to 10�6 (Carey
et al., 1993; [14_TD$DIFF]Klusek and [15_TD$DIFF]Lisimenka, [16_TD$DIFF]2013; [17_TD$DIFF]Kolaini and [18_TD$DIFF]Crum,
[19_TD$DIFF]1994; [20_TD$DIFF]Li and [21_TD$DIFF]Farmer, [22_TD$DIFF] 1993, 1994; Tęgowski, 2004). One of the
reasons for this inconsistency concerns the different simula-
tions of the wave breaking processes. On the other hand, as
in the case of laboratory experiments, the distinctiveness of
the sound propagation conditions in limited volumes was
ignored.

Presented here experiment is one of the series of inves-
tigations designed to develop the relationships between
breaking and noise at different scales of wave breaking
intensities. In one of two earlier papers, the noise emitted
by waves with a height exceeding 2 m was evaluated (Klusek
and Lisimenka, [23_TD$DIFF]2013). In the other paper, it showed how
salinity, microbubble presence and surface tension would
influence sound generation during small-scale splash events
(Szuszkiewicz and Klusek, 2018).

The motivation for this study is to determine more
correctly the relations between energy dissipation of low
amplitude waves (mainly plunged breakers) on the one hand,
and the characteristics of emitted underwater noise aimed at
monitoring breaking processes at sea on the other.

The paper is organised as follows. In Section 2, the wave
flume and wave characteristics are briefly presented. More-
over, the acoustic setup, methods of signal recording and
signal post-processing are there reported. Section 3 presents
the parameters of acoustic noise, and in the next section, the
acquired relationships between noise intensity and wave
energy are presented and discussed. The paper ends with
a discussion on the results obtained by some other authors.
2. Material and methods

2.1. Hydrodynamic investigations in the wave
flume

The experiments were performed in a wave flume located at
the Institute of Hydro-Engineering, Polish Academy of
Sciences, Gdansk, Poland. The flume is 64 m long, 0.6 m
wide, and 1.4 m high. The walls are made of 18 mm thick
glass, which permits the application of imaging techniques of
ement of wave gauges and hydrophones.
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measurements. The flume was filled with fresh water to a
depth of 0.65 m. The temperature of water at the moment of
the experiment varied between 14 and 168C, depending on
the date of the experiment.

In the hydraulic laboratory, waves are generated by a
mechanical piston-type wave maker driven by an electric
motor. The system's DHIWave Synthesizer Online 8.1 software
is used to control the generated sequences. At the far end of
the flume, a porous wave absorber is installed to prevent
wave reflections (Fig. 1).

The waves created and studied in the present experiments
correspond to focusing wave packets comprising several com-
ponentwaves offixed height andfixedwave period. The system
is capable of creating both spilling and plunging breakers with
various intensities. The maximum height of the generated
waves may reach as high as 0.5 m. However, in the experi-
ments, the maximum wave height usually does not exceed
0.3 m. Surface displacement is recorded with resistance type
wave gauges placed in the prior- and post-breaking area, with a
distance of 12.95 m between them (Fig. 1). Free-surface ele-
vation time series are sampled at a frequency of 100 Hz. The
gauges are calibrated before each experimental run.

In order to estimate the wave energy, the following
spectral approach is applied. The free-surface elevation
recordings are represented as the sum of harmonic wave
components of frequency (vn), amplitude (An), and phase
(wn) (Dean and Dalrymple, 1984; Goda, 2000):

hðtÞ ¼
X

n

An cosðvnt�’nÞ; (1)

where h(t) is a function of free-surface elevation (displace-
ment).

Applying Fourier analysis to the free-surface elevation
time series, amplitudes of wave components (An) are deter-
mined. The wave energy of an individual component by a unit
of the crest is calculated according to this equation (Dean and
Dalrymple, 1984):

En ¼ 1
2
rgA2

n; (2)

where g is the acceleration due to gravity and r is water
density.

The total wave energy (ET) of the wave packet is a sum of
energies of individual wave components according [24_TD$DIFF]to the
formula

ET ¼ 1
2
rwglb

X

n

A2
n; (3)

where b is the width of the flume and l is the length of a wave
packet.

The dissipation of wave energymay be estimated using the
spectra of the two time series of the surface displacement
taken before and after breaking. The lessening of wave
energy after wave breaking event in relation to the initial
wave energy would be presented in the form

Cd ¼ Eðx1Þ�Eðx2Þ
Eðx1Þ ; (4)

where Cd is the dissipation coefficient, E(x1) is for the wave
energy for the wave gauge positioned before wave breaking
area, and E(x2) is for the wave gauge position behind the
wave breaking area.
The coefficient Cd plays an important role in defining the
intensity of the total energy dissipation.

In the course of some experiments, video recordings with
a particle image velocimetry (PIV) system were performed,
and the identification of bubbles' depth injection and
behaviour was recorded. The 2D FlowMaster software from
LaVision was used. The PIV system comprises a high-speed
CCD camera with a resolution of 1280 � 1024 pixels and Nd:
YAG 200 mJ dual laser-head system (described as PIV light
source in Fig. 1). The system allows for collecting images in
memory at a 15 Hz sampling rate. The measurements were
performed in a plane parallel to the wave flume walls
(described as PIV field of view in Fig. 1). The PIV camera
records the movement of air bubbles illuminated by laser
light in the selected field of view. The impulse of a laser light
'freezes' the moving air bubbles in a few mm thick layer,
parallel to the wave flume walls. The laser and the camera
measurement system is capable of providing high-quality
data for the computation of air bubbles' displacement based
on the identification of the bubble position in two successive
images taken within a very short time span between them
(�1 ms). The recorded raw images are then post-processed
using a PIV double frame — double exposure method. This
technique implicates the calculation of vector velocity fields
based on a spatial cross-correlation between two images
(Paprota, [25_TD$DIFF]2017). The 2D cross-correlation method is applied
to a number of smaller windows (32 � 32 pixels) that cover
the entire field of view and allow for visualising the spatial
mean displacement of illuminated bubbles distribution
within the whole window. Finally, the vector of instantaneous
velocity between two camera exposures is calculated. This
procedure is repeated 15 times per second to capture the
temporal evolution of fields of the bubble velocity vector in
the course of the breaking event.
2.2. Hydrodynamics data processing

The generated wave packets were focused at a distance of
around 20—22 m away from the mean position of the wave
maker paddle. As soon as the wave's steepness exceeds a
certain critical value of the wave-breaking criterion, a plun-
ging breaker or spiller occurs. The maximum recorded wave
height upstream of the breaking point was about 0.2 m. The
particular run was repeated 3 times for each of the selected
wave energy. In total, 103 runs were performed, including
12 spilling breaker events generated for different wave
energy packets. However, due to the fact that the experi-
ments were carried out in different seasons at slightly dif-
ferent water temperatures (148C in wintertime and 198C in
summertime), only a subsample of 48 runs from the experi-
ments in the winter season was used in this analysis.

In Fig. 2, examples of wave sequences initiating spilling
(top graphs) and plunging (bottom graphs) breakers are
presented in terms of the free-surface elevation records
and corresponding spectra of relative wave energy (normal-
ised by the specific weight g = gr). The elevations measured
by the upstream gauge are denoted in black, while down-
stream ones are denoted in blue.

In the example presented, the wave sequence leading to
the plunging breaker comprises waves in a frequency ranging
from 0.2 to 1 Hz, while the spilling breaker occurs in a
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Figure 3 Energy of wave packets before breaking and dissipation rates of energy as a function of initial wave packet energy. The best
fitted curve is proposed in the form Cd�ET1

�1.69, where T1 — the energy of a wave packet before breaking. The set of spiller events is
inside the ellipse.

[(Figure_2)TD$FIG]

Figure 2 Free-surface elevation time series and corresponding wave energy spectra before (black) and after (blue) the occurrence of
a spilling breaker (top); plunging breaker (bottom). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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narrower frequency ranging from 0.5 to 1 Hz. The spilling
process usually occurs in the case of less energetic wave
packets when compared to plungers.

The way in which the dissipation coefficient Cd relates to
the pre-breaking wave energy suggests that possible depen-
dency is in the form of power-law function.

Fig. 3 demonstrates a more rapid increment in the lowest
range of the investigated energy of plungers than in the
middle of the scale, and furthermore the gradual decrease
in the growth rate at the end of the scale. The latter is
probably due to the saturation of the dissipation process.
The relationship is proposed in the form of:

Cd ¼ DE
Eðx1Þ ¼ a�Eðx1Þb þ c; (5)

where the exponent is b = �1.69 and the adjusted R-square
value is 0.99.

The observed rate of dissipated energy is growing from
about 10% for the less energetic waves, and at up to about
37% in the largest breaking (Fig. 3).

Dissipation rates for spillers, which are marked with an
ellipse, show rather random differences depending on the
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Figure 4 The PIV camera image of air bubbles under a plunging
breaker.

[(Figure_5)TD$FIG]

Figure 5 The velocity field of air bubbles produced by a
plunging breaker. The images represent subsequent instants of
a wave breaking process recorded every 1/15 s.
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wave character, and are noticeably distinguished between
the similar spilling events. Additionally, higher energy dis-
sipation is observed for higher energies of the wave trains.

At the next stage, the dynamics of air bubbles produced
during the breaking events were determined qualitatively.
In Fig. 4, the recorded camera image of the illuminated
air bubbles, allowing for the determination of bubble
kinematics, is presented.

Comparing different runs, we observe the entrainment
depth of bubbles as rather regular which is approx. in the
range of 0.12—0.15 m. The horizontal length of the bubble
plume stays within a range of 0.2—0.4 m depending on the
breaker intensity.

Fig. 5 illustrates the velocity field of bubbles for the case
of the generated wave train consisting of several component
waves of periods ranging from 1.0 s to 5.6 s with the corre-
sponding wavelength ranging between 1.6 and 14 m. The
estimated minimum and maximum phase celerity of compo-
nent waves is 1.6 m/s�1

[26_TD$DIFF][13_TD$DIFF] and 2.5 m/s�1
[27_TD$DIFF], respectively. It can

be seen from Fig. 5 that the air bubble velocity field reveals a
dynamic and complex nature of wave breaking phenomenon.
In the example presented, the highest bubble velocities may
reach 3.2 m/s, which constitute approximately 130% of the
highest phase celerity, thus corresponding to the longest
component wave.

Although laboratory conditions do not fully reproduce the
situations in the sea, bubble plumes formed by plunging
waves and the waves themselves may be easily reproduced
and carefully controlled, thus allowing hydrodynamic and
acoustic parameters to be investigated quantitatively.

In numerous studies, a lot of attention was paid to the
issue of how salinity affects the number of created bubbles
(Anguelova and Huq, 2018; Blenkinsopp and Chaplin, 2007,
2011; Cartmill and Su, [28_TD$DIFF]1993; Chanson [29_TD$DIFF], [30_TD$DIFF]Aoki [31_TD$DIFF]and [32_TD$DIFF]Hoque, 2006;
Haines and Johnson, [33_TD$DIFF]1995; [34_TD$DIFF]Kolaini, [35_TD$DIFF]Roy and Gardner, 1994;
Orris and Nicholas, 2000; Slauenwhite and Johnson, [36_TD$DIFF]1999;
Wu, 2000). To date, the interpretations have been contra-
dictory. However, comprehensive research conducted by
Blenkinsopp and Chaplin (2011) shows that the number
of very small bubbles inside a breaking-induced plume in
seawater is greater than that in fresh water even though
the overall differences in air entrainment and bubble size
distribution are negligible.

2.3. Underwater noise recordings

Noise recordings were realised using a setup of four omnidir-
ectional hydrophones spaced horizontally along the flume
axis. The hydrophones were grouped pairwise, with a dis-
tance inside each pair of 65 cm, positioned midway between
the walls and 25—30 cm beneath the still water surface. In
the case of plungers, one pair of hydrophones was placed
upstream and another downstream of the breaking area at a
distance of 6.1 m between the group's centres. In the case of
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spillers, the location of the array of hydrophones was
extended under the whole spilling area.

The transducers were broadband RESON TC 4032 hydro-
phones calibrated by the manufacturer.

For some runs, rubber sheets were attached to the bottom
and to thewalls of the flume to diminish reverberations of the
acoustic waves. The tests showed that the sheets insignif-
icantly affect acoustic observations. But then, the dynamics
of breaking waves were disturbed when compared to the
conditions without the sheets. Consequently, presented here
are the results of the experiments devoid of any additional
attachments aimed at reducing reverberations.

The acoustic signal was acquired using a 16-bit resolution
National Instrument 6251 Analog Digital Converter and
further analysed using specially designed (and developed
by the authors) software in the MATLAB environment.

The sampling rates in each of the four channels started at
50 Ksamples/s, and in one of the series, they increased to
70 Ksamples/s. The low- and high-pass analogue filters were
set at the amplifier with a bandwidth in the range of 100 Hz to
25 kHz.

To estimate the duration of the noise generated by the
active bubbles, the information at the level of the back-
ground noise of the tank was taken into account. High-
resolution power spectra were calculated by means of the
sliding FFT algorithm operating on 8192 long sub-samples
with a rectangular window. One-third octave frequency band
spectra were calculated at the outcome set of the narrow-
band spectrum as themean of frequency power component in
a given frequency band.

2.4. Adjustment of acoustic data in view of
propagation in waveguide

The advantages of tests in a flume are well known and are
mainly due to performing the experiments under strongly
controlled wave conditions, such as their spectra and energy.
Furthermore, the geometry of experiments could be
designed and it is possible to repeat them.

Nevertheless, in the field of acoustics, we face major
environmental challenges such as signal contamination by
ambient noise in laboratories and the surrounding area, and
wave-maker sounds and strong reverberation in small tanks.
The other disadvantage is that due to proportions of the
cross-section of the acoustic waveguide in relation to the
wavelength in the investigated range of frequencies, the cut-
off frequency phenomenon in the middle range of audio
frequencies is observed, and requires the use of data correc-
tion algorithms.

Moreover, as was mentioned above, the difference com-
pared to the seawater physicochemical properties of tap
water regularly utilised in tanks, i.e. salinity, surface tension
or presence of microbubbles might change noise emission.

From an acoustic standpoint, the flumewould be regarded
as a waveguide with rectangular cross-section enlarged in
one dimension.

In such cases of enclosures, the method of images would
be applied in the frame of the geometrical acoustics approx-
imation (ray acoustics) (Allen and Berkley, 1979; Gibbs and
Jones, 1972), while the concept of a sound wave is replaced
by the concept of sound rays.
However, for boundaries that have a finite admittance,
only an approximate solution for the pressure can be
obtained (Ingard, 1951). Formally, the correct solutions
are obtained in the case where the distances of both the
source and observation point are greater than a quarter of
the acoustic wavelength from the wall. Nonetheless, as
stated by Deane and Stokes (2010), the method of image
yields a reasonable approximation of the observed noise
spectra in a size similar to a flume.

However, our modelling research, performed with the
method of images, satisfies recorded spectra only at small
distances between the source and receiver.

Using the method of images for a point source, the sum of
pulses can be expressed as:

hðt;~xS;~xrÞ ¼ dðt�R0=cÞ
R0

þ dðt�RB=cÞ
RB

~VB þ dðt�RS=cÞ
RS

VS

þ dðt�RW1=cÞ
RW1

~VB þ . . .
dðt�RW2=cÞ

RW2

~VB

þ dðt�RBS=cÞ
RBS

~VBVS þ dðt�RW1S=cÞ
RW1S

~VBVS þ � � � ; (6)

where R is the length of a sound path from a source to the
receiver bouncing at the bottom, sidewalls and water sur-
face; for example, RBS means the path between a source and
the receiver reflected once at the flume bottom and once at
the water surface.

~V½. . .� are the complex reflection coefficients at the
boundaries, respectively at the water surface and flume
walls or bottom, depending on the frequency and angle of
incidence. In view of the fact that the sidewalls and bottom
of the flume are the same, we have Vw1 = Vw2 = VB.

d is the Dirac delta-function which generates a peak in an
impulse response (IR) at arrival time t = R/c.

For the estimation of interactions at each boundary, the
angle of incidence is computed and the reflection coefficient
from awater-glass-air sandwich-type layer is modelled by the
frequency and angle independent of reflection coefficients
with the standard formula according to Brekhovskikh and
Godin (Brekhovskikh and Godin, 1990, formula 2.4.9):

V ¼ ðZ1 þ Z2ÞðZ2 þ Z3Þexpð�2i’Þ þ ðZ1�Z2ÞðZ2 þ Z3Þ
ðZ1�Z2ÞðZ2 þ Z3Þexpð�2i’Þ þ ðZ1�Z2ÞðZ2�Z3Þ ; (7)

where Z1, Z2, Z3 are respectively the acoustic impedance
of air, glass, and water; while the acoustic impedance of a
medium is Z = rc, where r is the medium density and c is the
sound speed in each of the media.

’ ¼ 2�k2d cos u2, and k2 is the acoustic wave number in
the glass layer, u2 is the angle of refraction in the glass, and
d = 0.018 m is the thickness of the flume walls.

In order to calculate the acoustic impedance, densities
and sound speeds in the media were applied as follows:

water r = 999.8 kg/m3, c = 1470 m/s;
glass r = 2500 kg/m3, c = 4500 m/s;
air r = 1.2 kg/m3, c = 343 m/s.

In the considered frequency range below 12 kHz, the
reflection coefficient from the flume walls is complex, with
the absolute value close to unity and is practically not
dependent on frequency and incident angle. In contrast,
the phase shift of reflected waves depends, in a smooth
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Figure 6 The dependence of the phase shift of reflected waves
from the flume's walls upon frequency and incident angle.
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manner, on the frequency and incident-reflected angle and at
higher frequencies above 10 kHz in a rather complicated one
(Fig. 6).

To determine the amplification of sound level at some
frequencies and attenuation in another frequency band due
to wave propagation in the limited volume of the flume, the
reverberation was initially computed as the incoherent sum
of the sound pressure at each of the receiver locations. And,
subsequently, the incoherent sum of the sound pressure was
normalised by the sound pressure in the absence of rever-
beration. It means that the sum of terms in Eq. (5), multiplied
by noise in some frequency band and divided by the first
term, gives a series of normalisation coefficients used for the
correction of the observed power noise spectra.

The numerical tests were taken by planting a number of
point sources near the duct's surface which corresponds to
bubbles dispersed in the volume of the size of images of
bubble clouds recorded by the camera.

[(Figure_7)TD$FIG]

Figure 7 Normalised, spectral characteristics of reverberation, com
bands ranging from 80 to 12,500 Hz. Hydrophones are placed in the ge
the legend are for hydrophones placed at distances of 0.5, 1, 1.5,
In the model, the receivers were placed along the flume
axis. The generated signals were white noise time series
filtered in one-sixth octave bands.

Illustrations of the behaviour of spectra for a discrete set
of frequencies corresponding to steps with the 1/6 octave-
bands in the 80—12,500 Hz range at different distances from
sources are given in Fig. 7.

After running tens of realisations, correction (compensa-
tion) for the observed sound spectra and acoustic energy in 1/6
octave bands emitted during the plunging was carried out.

Due to the relatively small dimensions of the flume's cross-
section in relation to acoustic wavelengths in the middle of
the audio frequency band, the cut-off phenomenon is
observed. Hence, strengthening or reducing the sound inten-
sity, which depends on the frequency and distance of the
observation point to the source, is evident.

In the illustrated example, a number of point sources n are
equal to 300. The sources are uniformly and randomly
distributed between the walls of the flume, in the water
column from the mean water surface down to d/4, and along
the flume at a distance of up to 0.2 m. Here, the points
of observations are situated in the centre of the flume's cross-
section at distances of 0.5, 1, 1.5, 2.0 and 1.5 m from the
front edge of a bubble cloud. As was shown by Deane (1999),
the sound attenuation in an air-water mixture under the
breaking wave would reach tens of dB/m, so the noise
recorded outside of the mixed area is coming from a
relatively thin “skin” of bubble cloud.

3. Results

3.1. Characteristic features of the noise

High-resolution periodograms of plunging noise, recorded by
each of the hydrophones, and estimated with the short-time
Fourier transform (STFT), are given in Fig. 8.

The spectra of signals received at each of the hydro-
phones, arranged along the flume at different locations in
puted from the model for the set of frequencies in 1/6th octave
ometrical centre of the water column's cross-section. Numbers in
2 and 2.5 m from the edge of volume with bubbles.
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Figure 8 Examples of time evolution of the noise power spectrum in narrow frequency bands during the course of breaking,
registered by all the hydrophones. The example illustrates one of the most energetic events. Colours represent the Power Spectral
Density Level of the noise. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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relation to the breaking area, are presented in subsequent
panels. The upper panel is for data from the hydrophone
situated at the most distant point, which is upstream in
relation to the breaking area. Each periodogram presents
an evolution in time of noise radiation at different stages of
the breaking process. Additionally, the effects of the modal
broadband sound propagation on the acoustic waveguide in
the case of a source moving in relation to the observer are
observable. Subsequently, for frequencies above the lowest
in the set of cut-off frequencies, the interference pattern
predicted by the wave theory of guided waves is evident.

The plunging event shown here is relatively fast, with the
highest sound emission lasting only 1.5—2.5 s.

In the middle of the audio frequencies' range, and going
down in line with the frequency axis, we observe a notch with
a sharp decline in the noise spectra. It corresponds to the
lowest cut-off frequency (which matches the length of acous-
tic wave equalling four of the water depths in the flume).
When an acoustic active volume drifts off from a receiver, the
increasing mode number of the cut-off frequency also
increases. We observe that at frequencies approximately
below 1600 Hz, due to the excessive attenuation, the noise
intensity decreases exponentially with the increasing dis-
tance to a source. At further distances from the breaking
area and in the lowest frequency range, only plane waves
would propagate.

On the other hand, in the vicinity of a bubble cloud, both
the acoustic properties of the flumewalls and its geometry do
not have much influence on the noise spectrum.
Examples of the evolution of noise spectral density for the
duration of breaking in 1/6-octave bands, registered at two
hydrophones, are shown in Fig. 9.

It is evident in the time history of noise in selected
frequency bands that at the hydrophone situated upstream
from the breaking region (the upper panel, Channel 2), the
noise level at the lowest observed frequencies increases at
the very moment that the breaking happens. We believe that
at this moment the noise is emitted simultaneously by single
bubbles and by the first produced bubble cloud.

Generally, in the course of the first half-second of the
rolling, the central frequency displays a shift towards higher
frequencies and is correlated with changes in the spectral
slope.

The active generation of the sound after plunging depends
on the wave intensity, and in our experiments, it lasts up to
about 3 s. The noise intensity decayed exponentially in time,
and in the first 1—2 s after maximum, the intensity diminishes
by a factor �6��10 dB/s.

Themean noise spectra are reasonably similar for all wave
heights. The negative slope of the spectrum envelope above
1.5 kHz is about �6��10 dB/octave, reaching the minimum
in the first second of breaking.

It is understandable that in the tank, the noise intensity
should be higher due to multiple reflections from the water
surface, tank bottom and walls, and at the same distance
from the breaking area as in boundless space. Therefore, the
real spectral slope and total sound energy emitted during
a breaking event at the source would be obtained using
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Figure 9 The time history of unprocessed noise signals recorded by the two hydrophones observed at different frequencies (upper
panels). The receivers are placed upstream (Ch.2) and downstream (Ch.3) in relation to a plunger in the vicinity of the breaking area.
Numbers in legends are central frequencies in 1/3-octave bands. The bottom panels are spectra at different moments of the breaking
process. Numbers in the legends represent time in seconds.
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correction for the spectra of signals received at different
hydrophones.

With the model results, we would then correct the
received sound spectra. The appropriateness of doing this
kind of adjustment is confirmed by comparing the observed
slope of the noise spectra in the flume with the noise spectra
from plungers in the sea, which have similar typical values of
�5 to�6 dB/octave. However, when introducing adjustment
to the noise spectra attributable to reverberation and exces-
sive attenuation, the notch at the middle of the spectra is
corrected though only to some extent.
3.2. Estimating the energy of the emitted noise

As a consequence of the extent of the sound generation
volume in relation to the channel cross-section, and due
to small distances from a set of sources to an observation
point, estimation of the total source intensity with the
application of the model of dipole point source placed in a
boundless medium (as among others by Kolaini and Crum,
1994 or Tęgowski, 2004) is not appropriate here. At the
observation point located outside of the breaking area, noise
is coming from different directions due to multiple reflec-
tions. On the other hand, at higher distances in the lower
frequency range, only plane waves do arrive. In general, both
effects are predicted by the theory of sound propagation in
an enclosed space, though only for an idealised case of
propagation in a medium with uniform acoustic properties.

The estimation of the sound energy generated in a single
breaking is carried out under the following steps:
— e
stimation of the power spectrum in the third-octave
bands for 8192 points sampled at 50 or 70 kHz;
— m
ultiplying the spectral values of energy of raw recorded
signals in each of the third-octave bands by appropriate
weights resulting from amplification or weakening of the
signal in different frequency bands (based on smoothed
data from Fig. 7);
— s
umming up over frequency and time;

— a
nd at the last stage, acoustic energy transferred through

the flume's cross-section is computed.

The released acoustic energy in the course of breaking
events at each observation point would be performed accord-
ing to the following formula:

Y
¼ s

rwcw

Xn

i

Xm

j

wijhP2
j;kidfidt; (8)

where rw is the water density [kg/m3], cw is the sound speed
in water [m/s], n is the number of one-third octave bands,m
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Figure 10 Rate of emitted acoustic energy to wave energy dissipated during breaking events estimated at selected observation
points as functions of the dissipated wave energy (upper panels) and the wave packet energy before breaking (bottom panels). In the
panels, numbers of hydrophones represent their positions along the flume.
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is the number of segments taken into instantaneous spectral
analysis, hPj,ki is the mean acoustic pressure in frequency
band and each of segment [Pa], dfi is the frequency range
in each of one-third octave bands, wij is the correction
coefficients for each frequency band and distance from a
bubble cloud to a hydrophone, and s is the cross-section of
the flume's water body.

3.3. Energy of the emitted noise vs. dissipation
of wave energy

The rate between the emitted acoustic energy and the wave
energy dissipated during breaking as well as the wave
energy predating breaking is demonstrated in Fig. 10. The
hydrophones are numbered as in Fig. 8; numbers 1 and 3 are
for hydrophones placed afterwards (hydrophone No. 3) and in
advance of the breaking area (hydrophone No. 1). The lines
in the upper panels denote tendency towards increasing
acoustic emission with the dissipated wave energy. Fitting
was performed with the robust nonlinear methods using
“bisquare” weights (MATLAB) to diminish the effects of
accidental data points, which do not follow the general trend
in other observations.

Some effects are evident: firstly, there is increased
efficiency in the conversion of dissipated wave energy into
acoustic energy with increasing losses of wave energy;
secondly, emission in the direction of the wave propagation
is higher as from the rear of a bubble cloud. The latter effect
supports the hypothesis that noise is predominantly emitted
in the direction of wave propagation, i.e. at the front edge of
rollers. Comparing the upper and bottom panels, it is also
clearly visible and distinctive that noise emission is more
orderly dependent on energy dissipation than on wave
energy.

Observations of the time-frequency behaviour of noise
and then comparing them to the results from the model
indicate that the sound energy at frequencies greater than
the cut-off frequency varied less than in the lower frequency
range. Additionally, in this frequency range, due to the
acoustic waveguide geometry, the sound is less excessively
attenuated in the flume, and the noise level is generally more
predictable than at lower frequencies. Besides, within a
frequency range between 1 and 8 kHz at the sea, we observe
the highest correlation between noise and wind speed
(Klusek and Lisimenka, 2007, for example), which means
stronger interrelations between the noise intensity and
intensity of wave breaking, and associated with this is the
dissipation of wave energy.

Consequently, to diminish the impreciseness of the
adopted model for the spectrum correction, the energy of
the high-frequency component of noise as a measure of the
integrated total noise estimation has been proposed. The
cumulative noise level in the frequency band ( f, f + df) over
a given time of emission is defined as:

CNLð f; f þ dfÞ ¼ 10 log

R T
0p

2ð f; f þ df; tÞdt
p20

; (9)

where CNL is the cumulative noise level, f is the acoustic
frequency of interest, df is the width of the frequency band,
and t is time.

The relationship between a cumulative noise level in one
of the higher frequency bands and dissipated wave packet
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Figure 11 Cumulative noise level emitted during breaking events in 1/3rd octave band with a central frequency of 5 kHz, as a
function of dissipated wave energy (on the left) and projected on the basis of this noise energy in broad frequency range (on the right).
Presented data are recorded by the hydrophone 3 placed downstream of the breaking area.
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energy during breaking is shown in Fig. 11. The noise data are
only in the one-third octave band, with a central frequency
of 5 kHz. Noise is recorded on the hydrophone placed
downstream, in the vicinity of the acoustically active water
volume.

Data are then fitted by means of the least square method
using equally weighting data with a linear relation between
decimal logarithm of dissipated wave energy during breaking
and cumulative noise level.

CNLð@5 kHzÞ ¼ p1 log10ðDEnÞ þ p2; (10)

where the estimated value of p1 is 11.12, meaning that we
have the approximately linear relation between the level of
acoustic energy at higher frequencies and the logarithm of
dissipated wave energy (expressed in dB).

There are experimentally well-documented facts,
verified on large datasets, that the acoustic radiation from
the turbulent volume of a water-air mixture under plunge
breakers both at sea in a coastal zone by Bass and Hay (1997)
or in a laboratory (Kolaini and Crum, 1994) has some
universal properties. The broad maximum in noise spectra
is placed within a range of 500—800 Hz; in addition, within a
range of 1 to 10/20 kHz the slope of the spectral envelope is
reasonably repeatable and has a negative roll-off rate of�5
to �6 dB/octave.

Hence, in principle, we can deduce the noise energy
emitted during breaking in a broader frequency range via
extrapolation and integrating noise spectra towards lower and
higher frequencies from the frequency band presented here.

The results of interpolation of the PSD, with the straight
line passing through the point of the noise level at 5 kHz,
down to 500 Hz and up to 12,500 Hz (with a spectrum slope of
�6 dB/octave) gives similar results for the ratio of energy
conversion as using measurements in broad frequency band.

As a result, on the basis of the experiments presented, we
would state that the ratio of the emitted acoustic energy to
the mechanical energy of the waves dissipated in the plun-
ging is in the order of 10�8 which coheres with the results of
other investigations (Klusek and Lisimenka, 2013).

4. Discussion

In this section, our results are compared with the existing
research on the relations between the emitted acoustic
energy and wave energy dissipation that are either observed
in the field or simulated. The experiments have different
objectives and approaches but are nonetheless representa-
tive of a broad range of wave energy, hence the intensity of
breaking.

In laboratory experiments, Loewen and Melville (1994)
showed that the acoustic energy generated by a breaking
wave was increasing with the wave energy dissipated by the
breaking event. They estimated that the ratio of acoustically
radiated energy to the energy dissipated by the breaking
wave was O (10�8

[37_TD$DIFF]).
Kennedy (1992, 1993) estimated that the ocean acoustic

energy radiated during breaking comprised between 10�6

(Kennedy, 1992) and later after some correction 10�8

(Kennedy, 1993) of the dissipated wave energy.
Carey et al. (1993) simulated wave breaking with a wedge

by releasing salt or freshwater into a semi-enclosed sub-
merged rubber bag. Pouring was performed from different
heights — from 0.34 to 0.9 m above the water surface. It was
meant to imitate breaking waves with various potential
energy. The experiments were conducted in a deep lake,
and acoustic records were performed in the far field with
respect to the noise source in the environment without
reverberations.

The efficiency of the process of converting water energy
to acoustic energy was within a range of 0.3—
2.3 � 10�8. Generally, they found 5-times lower acoustic
energy emitted in the case of saltwater compared to a
freshwater environment.

Kolaini and Crum (1994) performed an experiment using a
set of wave packets with potential wave energy between
4 and 11.5 J. They observed both spillers and plungers
events, and found different relations between the radiated
noise energy and the energy of surface waves. The acoustic
energy was rising more steeply in the case of higher energies
of breakers, and sloping or just lacking any functional
relationship for spillers (Fig. 11 in Kolaini and Crum,
1994). The latter observations have been supported by the
measurements presented here.

The acoustic records were performed in an anechoic tank.
The ratio between the emitted acoustic energy and potential
energy of the wave before breaking was estimated within a
relatively narrow range of 0.8 � 10�7 to 1.09 � 10�6, with a
higher conversion rate in the case of “stronger” waves.
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When converting the results of Kolaini and Crum according
to the convention adopted in our work regarding the ratio of
the acoustic energy to the wave energy dissipated during
breaking, and assuming the value of the dissipation coeffi-
cient to be Cd = 0.1, the transformation of the dissipated
wave energy to acoustic energy is from 0.8 � 10�8 to
1.09 � 10�7.

The ratio of the acoustic energy generated by breaking
waves to the energy dissipated in breaking waves was esti-
mated by Tęgowski (2004) in the Ocean Basin Laboratory at
MARINTEK, Trondheim, Norway. The 3D-sea wave spectra
were reproduced in a more realistic way than in 2D the wave
flumes. The efficiency of transformation of the dissipated
wave energy into acoustic energy with amplitudes in the
order of 10 cm was found to vary within a range of 1.0 � 10�7

to 4.1 � 10�7. However, in the estimations, the author dis-
regarded the multiple sound reflections between the bottom
and water surface, therefore the results might well be over-
estimated. Also, due to the fact that the waves were not in
the form of packets, the author did not specify in a direct
manner the dissipated wave energy participating in the
breaking process.

Noise emission under the extremely high intensity of the
breaking process was investigated by Klusek and Lisimenka
(2013) in the Large Wave Flume, GWK LUH (Leibniz Univer-
sity, Hannover). Energies of wave trains were larger by
several orders of magnitude than in other experiments. It
was rather surprising that the values of conversion between
the two forms of energy were rather low, below 10�8, in
contrast to those reported in other experimental patterns, in
particular, the increasing efficiency of energy conversion
with the intensity of breaking.

It should be noted that the dispersion of outcomes regard-
ing energy transformation would issue from incompatibilities
in physicochemical parameters of medium and methods of
simulation. Besides, the class of acoustic source models used
in processing would have an effect on noise computation,
because authors proceed by assuming, not always rightly,
that the noise source has the character of a near-surface
acoustic dipole. This is despite the fact that recording was
performed in the near zone of an extended bubble cloud. In
some field observations, sound data would likely contain
input from other than solitary local sources.

The most striking outcome of a comparative analysis of all
experiments is that in individual experiments, values of frac-
tion of converted forms of energy tend to increase with the
intensity of breaking. However, the results of separate experi-
ments performed with different wave energies do not follow a
specific pattern, which requires a separate exploration.

5. Conclusions

Based on a physical model aimed at clarifying the connections
between the wave energy dissipation in the two breaking
regimes and the emitted acoustic energy, the experiments
were performed and the relationships parametrised.

The motivation for this investigation is the large scatter-
ing of values in the fraction of the dissipated wave energy's
conversion into the energy of the emitted noise.

The experiments were performed using plunging and
spilling wave packets with the pre-breaking energy of the
plungers within a range of about 150 J to 300 J — an energy
range in which this type of experiment has yet to be
conducted.

In order to avoid the uncertainty due to multiple sound
reflections in the channel and the impact of the cut-off
propagation phenomenon on the recorded noise, modelling
of sound propagation in the flume was applied. This approach
used a relatively standard model of sound propagation in
waveguides, not taking into account both the multiple scat-
tering inside the bubble cloud and attenuation by bubbles.
Within the frequency range around the cut-off frequency for
this waveguide, corrections of the spectrum level on the basis
of the model of images were used in order to calculate the
total noise energy.

Having been corrected, the characteristic pattern of
the noise spectral parameter of the spectral slope is in a
frequency range of 1—12.5 kHz, and thus comparable to the
case of the wind-driven noise spectra observed in the ocean,
i.e. �5 to �6 dB/octave.

The effectiveness of the conversion of wave energy
dissipated in the breaking to acoustic energy increases with
the breaking intensity. It was also established that the rate of
the dissipation coefficient is diminishing in the course of
increasing the pre-breaking energy of wave packets.

Due to the simultaneous recordings of noise at several
points along the breaking area, the hypothesis of a higher
level of noise in the direction of propagation wave packets,
in relation to the area behind the breaking wave, was
demonstrated.

In particular, we emphasised that the ratio of conversion
of the dissipated wave energy into acoustic is in the order
of 10�8, which confirms the outcome of several earlier
investigations into higher intensity breaking events.

It may be hoped that these findings may inspire the
further development of passive acoustic methods as the most
appropriate for determining the dissipation of wave energy
during breaking at sea.

Especially interesting for future investigations would
be low energetic spillers, for which the wave's dissipation
coefficient is still rather poorly correlated with the wave
packet energy.
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