
Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Knobler, S;Winiarska, E;Babanin, A;Liberzon, D

Title:
Wave breaking probabilities under wind forcing in open sea and laboratory

Date:
--

Citation:
Knobler, S., Winiarska, E., Babanin, A. & Liberzon, D. (). Wave breaking probabilities
under wind forcing in open sea and laboratory. Physics of Fluids,  (), pp.-.
https://doi.org/./..

Persistent Link:
https://hdl.handle.net//

License:
CC BY

CC%20BY


Phys. Fluids 34, 032122 (2022); https://doi.org/10.1063/5.0084276 34, 032122

© 2022 Author(s).

Wave breaking probabilities under wind
forcing in open sea and laboratory  

Cite as: Phys. Fluids 34, 032122 (2022); https://doi.org/10.1063/5.0084276
Submitted: 05 January 2022 • Accepted: 16 February 2022 • Published Online: 24 March 2022

Published open access through an agreement with Inter-University Computation Center

 Sagi Knobler,  Ewelina Winiarska,  Alexander Babanin, et al.

COLLECTIONS

 This paper was selected as Featured

 This paper was selected as Scilight

ARTICLES YOU MAY BE INTERESTED IN

Eulerian and Lagrangian transport by shallow-water breaking waves
Physics of Fluids 34, 032116 (2022); https://doi.org/10.1063/5.0086434

Identifying the breaking point of waves
Scilight 2022, 121111 (2022); https://doi.org/10.1063/10.0009798

Chickensplash! Exploring the health concerns of washing raw chicken
Physics of Fluids 34, 031910 (2022); https://doi.org/10.1063/5.0083979

https://images.scitation.org/redirect.spark?MID=176720&plid=1900517&setID=379031&channelID=0&CID=699407&banID=520782903&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=d2d19eb6509c34ac767251d782df0b80a00b2aa8&location=
https://doi.org/10.1063/5.0084276
https://aip.scitation.org/topic/collections/featured?SeriesKey=phf
https://aip.scitation.org/doi/10.1063/10.0009798
https://doi.org/10.1063/5.0084276
https://orcid.org/0000-0003-2288-4049
https://aip.scitation.org/author/Knobler%2C+Sagi
https://orcid.org/0000-0003-4522-7877
https://aip.scitation.org/author/Winiarska%2C+Ewelina
https://orcid.org/0000-0002-8595-8204
https://aip.scitation.org/author/Babanin%2C+Alexander
https://aip.scitation.org/topic/collections/featured?SeriesKey=phf
https://aip.scitation.org/topic/collections/scilight?SeriesKey=phf
https://doi.org/10.1063/5.0084276
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0084276
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0084276&domain=aip.scitation.org&date_stamp=2022-03-24
https://aip.scitation.org/doi/10.1063/5.0086434
https://doi.org/10.1063/5.0086434
https://aip.scitation.org/doi/10.1063/10.0009798
https://doi.org/10.1063/10.0009798
https://aip.scitation.org/doi/10.1063/5.0083979
https://doi.org/10.1063/5.0083979


Wave breaking probabilities under wind forcing in
open sea and laboratory

Cite as: Phys. Fluids 34, 032122 (2022); doi: 10.1063/5.0084276
Submitted: 5 January 2022 . Accepted: 16 February 2022 .
Published Online: 24 March 2022

Sagi Knobler,1 Ewelina Winiarska,2 Alexander Babanin,3 and Dan Liberzon1,2,a)

AFFILIATIONS
1The Interdisciplinary Program for Marine Engineering, The Technion—Israel Institute of Technology, Haifa 3200003, Israel
2Faculty of Civil and Environmental Engineering, The Technion—Israel Institute of Technology, Haifa 3200003, Israel
3Department of Infrastructure Engineering, University of Melbourne, Melbourne, Victoria 3010, Australia

a)Author to whom correspondence should be addressed: liberzon@technion.ac.il

ABSTRACT

Water wave breaking represents one of the most arduous problems in fluid mechanics. Understanding the process of wave breaking and
developing an ability to quantify the associated energy losses and redistribution are critical across a wide range of coastal oceanic
applications, maritime navigation, and climate and hydrodynamic research. Naturally, waves become steeper toward the inception of
breaking; however, there is still a lack of unanimity regarding the relationship between breaking probability statistics and wave steepness.
Here, we present a detailed investigation of breaking vs non-breaking statistics estimated using a recently developed method for accurate
detection of breaking waves, based on the phase-time approach to identify breaking-associated patterns in the instantaneous frequency
variations of surface elevation fluctuations. The findings are based on data collected both in the open sea and in a laboratory wind wave
flume. An in-depth examination of celerities and steepnesses of breaking and non-breaking waves is presented. The analysis, which involved
wave-by-wave examination, produced skewed Gaussian-like steepness histograms, revealing that non-breaking waves and breaking waves
can reach steeper profiles, above the Stokes limit. All extreme steepness values were investigated and are presented here.

VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0084276

I. INTRODUCTION

The evolution of wind-forced ocean surface waves in time and
space is a complex phenomenon, affected by many processes, such as
nonlinear wave interactions, interactions with currents and bathyme-
try, and wave breaking. Wave kinematics and dynamics are sensitive
to those interactions, resulting in changes in wave field parameters,
such as wavenumbers, peak frequency, wave heights, etc. Empirical
and observational experience teaches us that the energy transfer from
the wind to the waves is usually distributed within a narrow band of
waves’ wavenumbers/frequencies. Due to the complexity of the actual
seas, where waves under the influence of the wind appear to be non-
symmetric both vertically and horizontally, a statistical approach for
analyzing the surface elevation fluctuation records (Rice, 1945) was
adopted, with spectral analysis as the most commonly used statistical
tool (Longuet-Higgins, 1952). The wave field that evolves under steady
wind forcing (fetch-limited growth) constitutes a specific spectral
shape known as the Pierson–Moskowitz spectrum (Pierson, Jr. and
Moskowitz, 1964). The modern standard for the parametric

description of the fully developed wind wave field is the JONSWAP
spectrum, suggested by (Hasselmann et al., 1973)

S fð Þ¼ajg
2 2pð Þ �4ð Þ

f �5ð Þexp½� �5=4ð Þ f =fp
� ��4�c exp� f�fpð Þ= 2ri

2fp
2ð Þ

� �
;

(1)

where Sðf Þ is the power density frequency spectrum of the water sur-
face fluctuations gðtÞ obtained by means of Fourier transform, g is the
gravitational acceleration, fp is the frequency corresponding to the
spectrum peak Sp, and c is known as the empirical peak enhancement
parameter. The JONSWAP spectrum is asymmetric: its width is
defined by ri; when subscript i refers to the right and left sides of the
spectrum, rR and rL, respectively (Tucker and Pitt, 2001). The ampli-
fication factor, aj; can be parametrized using the wind speed and fetch
over which the waves are forced as

aj ¼ 0:076
U10

2

xg

 !0:22

; (2)
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where U10 denotes the mean wind speed at the height of 10 m above
the mean water level (MWL), and x denotes the fetch (Janssen, 2004
and Miles, 1993). Further analysis is possible using spectral moments
derived as

mi ¼
ð1
0

2pfð ÞiS fð Þdf ji ¼ 0; 1; 2; 3…; (3)

where m0; m1; m2; m3 are the mean, variance, skewness, and kurto-
sis, respectively. Wave field characteristic parameters can be obtained
from the spectral moments, such as significant wave height, mean
wave height, zero-crossing time periods, and more.

In this framework, the wave field evolution can be explained
in energy budget terms. Whereas wind pumps energy into the
waves, making them grow in height and elongate, energy moves
through the wave field by nonlinear interactions and eventually
dissipates. The basic energy budget equation, also called the action
balance equation, is

dN
dt
¼ Sin þ Snl þ Sds; (4)

where dN
dt denotes the rate of changeover time of the action density,

which represents the overall continuous wave spectrum energy. The
water waves’ energy budget consists of energy input ðSinÞ into the
wave field in the form of airflow and water current input, on the one
hand, and dissipation/losses (Sds) ejected as heat transport and break-
ing waves energy (Sbw), on the other. Nonlinear interactions (Snl),
such as breaking water waves and other interactions mentioned above,
are responsible for energy moving between spectral components, the
kinetic energy of water motion, and the products of breaking wave
whitecaps, such as water spray and air bubbles.

The breaking of waves dissipates the waves’ energy, part of which
may contribute to the generation of surface current (D’Asaro, 2001).
Hence, wind waves represent an underlying source of turbulent kinetic
energy moving in and out the ocean surface, therefore contributing to
mixing heat, mass, and other tracers throughout the upper boundary
layer of the ocean. Induced mixing in the upper ocean layers, produced
by the velocity spatial gradients associated with wave orbital trajectory
in the breaking process, could be one of the fundamental causes
(Babanin, 2006). It is, however, difficult to provide experimental evi-
dence of these processes due to a lack of detection abilities and of high
experimental effort in oceans. Forces associated with breaking of the
more energetic ocean wave components, hydro-dynamically enhanced
by all the above-mentioned phenomena, constitute a significant chal-
lenge in ocean and coastal engineering applications. Several processes
at the air–sea interface also depend on waves breaking, such as spray
generation and gas exchange rates (Deane, 1997; Loewen and Melville,
1991; and Manasseh et al., 2006), rendering wave breaking one of the
most important energy and mass transfer mechanisms on the ocean
surface.

The breaking process of a wave can be described as follows: a
wave becomes highly asymmetrical and at some instant, a bulge forms
on its leading side at or close to the crest. At that specific moment, the
wave is considered to be a broken wave and an energy loss occurs
(Babanin, 2011). Some of the breakers generate a significant amount
of foam, also commonly referred to as whitecaps. Depending on wind
forcing and the breaking crest propagation speed, the whitecaps can
also remain on the backside of a breaking wave. In other cases, the

whitecaps propagate at the same speed as the breaking wave front. At
the core of breaking wave research is the need to deduce a universal
breaking criterion, a threshold in a parameter or set of parameters that
changes toward the inception of breaking, the crossing of which causes
the wave to break. Historically, the geometric criterion, which stipu-
lates that waves break when they reach a critical steepness, was the
most popular. However, definition of steepness in rapidly evolving
and highly asymmetrical steep waves on the verge of breaking is
ambiguous. The last decade saw a rise in popularity of the kinematic
criterion (KC; often expressed in terms of kinetic energy) as a univer-
sally valid criterion for wave breaking. KC postulates that wave break-
ing is initiated when the slowing crest propagation speed equals the
accelerating horizontal water surface velocity at the crest. Mounting
experimental and numerical evidence supports the applicability of KC
to a wide range of breaking wave conditions (e.g., Barthelemy et al.,
2018; Derakhti et al., 2018; Itay and Liberzon, 2017; Liberzon and
Shemer, 2011; Saket et al., 2017; Stansell and MacFarlane, 2002; and
Khait and Shemer, 2018).

The last decade saw progress also in the understanding of the
onset of wave breaking (e.g., Babanin et al., 2010; Barthelemy et al.,
2015; Derakhti et al., 2018; Hwang et al., 2016; Itay and Liberzon,
2017; Liang et al., 2017; Martins et al., 2017; Saket et al., 2017; Shemer
and Liberzon, 2014; Toffoli et al., 2010; and Pizzo et al., 2021). Several
experimental studies were conducted to investigate the geometrical
characteristics of the breaking waves (Diorio et al., 2009 and Vollestad
et al., 2019). The intermittency of the breaking process, however, poses
tremendous experimental challenges, the basic one being the availabil-
ity of a reliable, cost- and computationally effective method for detec-
tion of breaking waves that is capable of detecting breaking crests
across a wide range of waves’ scales and breaking wave severities. The
most common methods so far rely on the detection of whitecaps gen-
erated by the most powerful breakers, e.g., using stereo imaging sys-
tems (Schwendeman and Thomson, 2017) or LIDAR (light detection
and ranging) technology (Kleiss and Melville, 2011). Ultimately, all of
the above-mentioned methods rely either on human decisions made
by the naked eye, camera post-process observations, or computation-
ally heavy algorithms, which are either subjective or costly, and often
both. Liu (1993) and Liu and Babanin (2004) detected breaking waves
by applying a threshold on increasing instantaneous frequency
obtained by wavelet analysis, while calibrating against visually or
instrumentally observed whitecaps. Breaker detection using the instan-
taneous surface elevation fluctuation frequency threshold, obtained by
the Hilbert transform, was also reported by Irschik et al. (2011).
Detection of only the most powerful, whitecap-generating breakers
inevitably results in underestimation of the breaker count and, consec-
utively, of the breaking wave energy in the total energy budget of the
wave field. Inevitable omission of gentler breakers also renders such
methods less applicable in laboratory setups of wind wave research. To
address the challenge of detecting breakers, a new breaking waves
detection method (see Sec. IIIC for details) was developed recently,
which is capable of accurately detecting individual breaking crests in
simple wave gauge (WG) records, across all scales and intensities of
breakers (Liberzon et al., 2019). This method, hereafter referred to as
DL, is based on the detection of specific patterns associated with
breaking crests in the augmented signal of the instantaneous frequency
variations of surface waves. Relying on statistical comparison of
detected patterns, the DL method requires sufficient sampling
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frequency and a large number of individual crests, O(min. 100) in the
processed ensemble. This method achieved a 95% true positive and
<15% false positive detection rate. Marking each crest in the ensemble
as breaking or non-breaking enables direct calculation of the breaking
parameter, bt ; as the ratio between the breaking and the total number
of crests,

bt ¼ Nb=Ntot : (5)

This method also enables direct quantification of various wave
properties, such as wave steepness, celerity and crest propagation
speeds, and energy, and a relative comparison between such properties
of non-breaking and breaking crests in the ensemble.

The wave breaking probability, pb; is defined as the ratio between
the average total length of breaking fronts to the unit surface area.
This approach is more suitable for image analysis and whitecap count-
ing, and provides a spatial and temporal assessment of breakings.
Banner and Morison (2010) proposed the following formulation of the
wave breaking probability:

pb ¼

ð
CK Cð ÞdCð
CP Cð ÞdC

; (6)

where C is the wave celerity, and K Cð Þ and P Cð Þ are the total break-
ing crest and total crests per unit area, respectively (Phillips, 1985).

The required breaking statistics can be calculated from one point
in time or one 2D unit area, depending on how the wave data were
collected. Past works focused on evaluating the statistical properties of
a wave field and particularly the breaking parameter (e.g., Banner
et al., 2000; Babanin et al., 2001; Banner and Morison, 2010; Phillips,
1985; and Stringari et al., 2021).

As mentioned above, the ambiguity in wave steepness definition
often hinders the ability to conduct comparable experimental and
numerical studies of breaking waves. The first attempt at finding a sys-
tematic method can be attributed to pioneering works by Stokes
(1847, 1880), who derived a solution in the form of progressive waves
of finite amplitude on water of uniform depth, however, limited to
examining the permanent shape of wave trains. A fundamental result
of Stokes’s research is the idea of estimating wave breaking using a lim-
iting wave steepness with a value of 0.44 (Williams, 1981). Generally,
wave steepness, e, can be calculated as the product between the indi-
vidual wavelength (applying the linear theory to calculate k) and the
amplitude, a; that can be obtained from positive zero-crossing analy-
sis. Contemporary methods of calculating steep surface waves are said
to have originated with Schwartz (1974), who discovered that the first
Fourier coefficient, a1; in Stokes’s series (1880) was not a monotoni-
cally increasing function of wave steepness. Hence, a1 could not be
used as an expansion parameter over the entire range of waves.

Subsequently, the approach of limiting steepness per individual
wave to distinguish between breaking and non-breaking waves, based
on comparison of periodic waves, was derived both theoretically
(Longuet-Higgins, 1975) and empirically in the laboratory (Van Dorn
and Pazan, 1975). In their study, Van Dorn and Pazan measured dissi-
pation in unsteady breaking waves generated by a converging channel
wall and found that the initial wave steepness played a fundamental
role in the dissipation of the wave energy. Another laboratory study

on breaking waves, probably the most comprehensive of them all, was
by Rapp and Melville (1990), who used the dispersive character of
deep-water waves to focus a wave packet that generated a single
unsteady breaking event at a prescribed location in the wave channel.
Rapp and Melville (1990) found that the growth rate and steepness of
the waves prior to breaking were important factors in predicting
breaking, findings that are in full agreement with the results of Van
Dorn and Pazan (1975).

Furthermore, a considerable number of numerical studies
showed that steep nonlinear waves are susceptible to several instabil-
ities. Whether or not instabilities lead to breaking is of paramount
interest. The rapidly growing ultimate-crest instability has been shown
to lead to breaking in all deep-water cases studied (Longuet-Higgins,
1987). This instability is restricted to wave steepness values greater
than the Stokes limit (e ¼ 0:44Þ. Tanaka (1983, 1986) investigated
instabilities of steep waves due to upper harmonic perturbations and
showed how a traveling wave of near limiting steepness may be trig-
gered to break. He deduced that waves are most unstable at high steep-
nesses corresponding to those of waves of maximum energy density,
for both deep-water and solitary waves.

Experimental evidence suggests, however, that the limiting
steepness is not a robust parameter for the evaluation of breaking
occurrence; it has been shown that breaking occurs also when the ini-
tial steepness exceeds a threshold value. Toffoli, Babanin, Onorato,
and Waseda (2010) analyzed several datasets and found steepness val-
ues of up to 0.55, hereafter referred to as TBOW steepness. A numeri-
cal simulation conducted by Iafrati (2009) showed even higher values
of steepness, up to 0.65. Barthelemy et al. (2018) observed waves steep-
ness values exceeding 0.44 in their 3D numerical simulations, sugges-
ting the limiting steepness value of�0.8 based on the 5th order Stokes
steady theory (Fenton, 1985). A laboratory study conducted in a wave-
current flume showed that the extreme wave steepness was confined
to the range 0.38–0.52, with an average steepness of 0.47, higher than
the theoretical steady limiting steepness of Stokes waves (Ma et al.,
2013). Other laboratory experiments, including those by Brown and
Jensen (2001) and Tian et al. (2010), showed the onset of breaking to
be near the Stokes limiting steepness. Conversely, the results of labora-
tory wave measurements, using linear dispersive focusing of waves
(Rapp and Melville, 1990) and field experiments (Holthuijsen and
Herbers, 1986), suggest that waves also break well below the Stokes
steepness, at e values of 0.15–0.22.

Using a Waverider buoy moored at a height of 17.5m, 10 km
from the Netherlands coast, Holthuijsen and Herbers (1986) counted
whitecaps in open waters while also recording the surface elevation
fluctuations. Their aim was to verify an analytical theory regarding
non-breaking and breaking wave parameters. Addressing the steepness
parameter, obtained as ak from negative zero-crossing analysis, they
found no limiting steepness differentiating breakers from non-
breakers. Another work, by Schwendeman and Thomson (2017), com-
pared statistically derived parameters obtained by stereo video imaging
and buoy data. Breakers were detected by whitecap tracing and then
analyzed for excluding geometric parameters. One of this study’s
results was a probability distribution function of wave steepness
related to breaking waves and all ensemble waves, while wave heights
were obtained by negative zero-crossing analysis similar to the work of
Holthuijsen and Herbers (1986). These results reinforce the under-
standing that waves can break at any steepness value below a specific

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 032122 (2022); doi: 10.1063/5.0084276 34, 032122-3

VC Author(s) 2022

https://scitation.org/journal/phf


limit, while Toffoli et al. (2010) showed that waves can exceed the
Stokes limit without breaking.

In this work, we rely on the newly available breakers detection
method, the DL, to produce a comparative investigation of breaking vs
non-breaking wave statistics. The available datasets include small-scale
waves from a wind wave flume and large-scale deep-water open sea
waves. The DL breaking detection method, which provides accurate
detection of breaking waves across a wide range of scales, enabled us
to update the knowledge on the relationship between wave steepness
and the wave’s probability to break.

The report is organized as follows: Sec. II describes in detail the
experimental setup of both sea and laboratory datasets used in this
work, and Sec. III elaborates on the method’s performance test using
available datasets. In Sec. IV, we present the results, and in Secs. V and
VI, we discuss the main outcomes and conclude our report, respectively.

II. EXPERIMENTAL SETUPS

This section provides detailed description of both the open sea
and the laboratory flume experimental setups, data acquisition techni-
ques, and lists the processed datasets.

A. Wind wave flume

The laboratory data were collected in a wind wave flume at the
Technion’s Sea Atmosphere Interactions Research Laboratory
(T-SAIL) and consisted of wind-generated waves recorded under
various wind forcing conditions at several fetches along the flume.
The flume test section is 17.4m long, 1.1m wide, and 1.5m high
(Fig. 1). The water depth was kept at 0.7m, leaving 0.8m for the
airflow. The T-SAIL flume is equipped with a wave energy-absorbing
beach, which was set at a 1:8 slope. The upper part of the wind wave
flume consists of the wind-generation and guide tunnel comprising a
10-horsepower blower, two silencers, a settling chamber, and a series
of honeycombs for wind flow alignment at the flume entrance.

Two in-house manufactured resistance-type wave gauges, WGs,
provided the time series of surface elevations at a 320Hz sampling fre-
quency. Each gauge, spaced at 30mm from each other along the flume,
constituted a pair of 28 AWG (0.455mm diameter) stainless steel
(SL316) wires stretched at edges of a C-shape support. The gauges
were mounted on a PC-controlled motorized linear stage and

positioned at prescribed fetches by means of a motorized instrument
carriage. The four 500mm-long double wire wave gauges were cali-
brated prior to each experimental run by moving through numerous
vertical positions relative to the MWL without waves.

Data acquisition and instrumentation control were performed by
National Instruments (NI) LabVIEW software routines, using two
analog-to-digital (A/D) cards (NI USB 6211 and NI cDAQ9184-
1B560CB), thus achieving a high level of experiment automation.

The mean wind velocity profiles were obtained by a Pitot tube
(Prandtl type) coupled with a dedicated differential pressure trans-
ducer. At each fetch and wind forcing condition, set by the blower
controller speed, the Pitot tube mounted on a dedicated motorized
linear stage scanned the vertical wind speed profile. Measurements
were conducted at two fetches along the flume’s test section: x
¼ 550 cm and x ¼ 1115 cm. Three different airflow rates were
applied, hereafter denoted as 25, 32, and 40Hz, signifying the
blower motor controller frequency. In these experiments, in the
absence of the wavemakers, the origin of the test section x ¼ 0 was
set at the end of the airflow inlet, where the air makes first contact
with the water surface (see Fig. 1). Under each experimental condi-
tion, i.e., combination of fetch and airflow rate, the MWL was
detected by a special water level probe, and the vertical wind speed
profile was measured in a coordinate system starting at that loca-
tion. The instantaneous water surface fluctuations were measured
simultaneously with the scanning of the airflow velocity profile,
resulting in 60min-long wave datasets.

B. Black Sea (BS) setup

The open sea waves data used in this work were recorded in the
northwest region of the Black Sea, hereafter BS, shown in Fig. 2. The
data collection setup and various analyses of the waves were reported
in numerous publications over the years.

Instantaneous water surface fluctuations were sampled from an
oil rig, located near Crimea, with a fetch ranging from 60 to 400 km
from the shore (Banner et al., 2000) over a horizontal bathymetry 30 m
deep (Babanin and Soloviev, 1998a, 1998b). The instantaneous water
surface fluctuations, here analyzed, were measured by four resistance-
type wave gauges at a sample rate of 20Hz. A wind anemometer
sampled 1 min average samples at intervals of approximately 1 h. A

FIG. 1. Cross section of the wind wave flume: (1) blower, (2) silencers, (3) flexible connections, (4) flow rate control hatches, (5) settling chamber, (6) contraction with honey-
comb, (7) mechanical wavemakers, (8) test section, (9) shock-absorbing pads, (10) instrument carriage, and (11) wave absorber—beach.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 032122 (2022); doi: 10.1063/5.0084276 34, 032122-4

VC Author(s) 2022

https://scitation.org/journal/phf


fundamental description of the experimental setup and surroundings
were given by Verkeev et al. (1983) and Efimov et al. (1986).

The BS data processed here yielded four specific datasets, num-
bered 211, 238, 242, and 244, aiming at comparing the results with the
previously published bt values obtained by visual observation of white-
caps (Banner et al., 2000). An observer was located on the platform,
16m above sea level, and was charged with spotting and counting
breaking waves passing the wave gauge array. Each dataset was treated
as an ensemble consisting of two to four subsets of measurements pro-
duced by two to four wave gauges, depending on the available data
records and their quality. Each gauge encounters each individual crest
at a different time and, hence, constitutes an individual contribution to
the ensemble, addressing the four wave gauges in the array effectively
increasing the total ensemble size.

Table I lists all the datasets and subsets used. Subsets that were
too short or suspected of being corrupt are marked in gray, and were

excluded from the analysis, resulting in datasets of variable length as
noted in the last column.

III. METHODS

The Methods section is presented in three parts. The first
(Sec. III A) and the second (Sec. III B) subsections elaborate the
processing methodologies for laboratory and field experiments,
respectively. The last (Sec. III C) subsection delineates the breaking
waves detection method.

A. Laboratory data processing

In the laboratory experiments, a positive zero-crossing analysis
was applied on the free surface fluctuations records obtained from two
WGs, separated by a known distance, Dx. The two consecutive WGs
provide the ability to compute an autocorrelation for each individual

TABLE I. Black Sea datasets.

Dataset Subset
Record

duration (s) Subset
Record

duration (s) Subset
Record

duration (s) Subset
Record

duration (s)
Total

ensemble (min)

211 211–1 182.9 212–1 92.77 213–1 182.9 214–1 92.77 24.39
211–2 182.9 212–2 90.2 213–2 182.9 214–2 90.2
211–3 73.15 212–3 182.9 213–3 92.77 214–3 182.9
211–4 90.2 212–4 182.9 213–4 90.2 214–4 182.9

238 238–1 182.9 239–1 92.1 240–1 182.9 241–1 17.5 18.29
238–2 182.9 239–2 90.13 240–2 182.9 241–2 17.5
238–3 83.1 239–3 182.9 240–3 90.13 241–3 17.5
238–4 89.83 239–4 182.9 240–4 90.13 241–4 17.5

242 242–1 182.9 243–1 182.9 18.29
242–2 182.9 243–2 182.9
242–3 182.9 243–3 182.9
242–4 0 243–4 0

244 244–1 182.9 245–1 182.9 246–1 182.9 247–1 182.9 31.50
244–2 182.9 245–2 182.9 246–2 182.9 247–2 182.9
244–3 182.9 245–3 182.9 246–3 182.9 247–3 182.9
244–4 0 245–4 0 246–4 0 247–4 0

FIG. 2. Left—location of the oil rig and the research platform in the Black Sea; Right—near shore research platform.
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wave crest moving across them. First, each wave located between two
consecutive positive zero-crossings was identified and three time
marks were collected: the positive zero-crossing, tp; the crest, tc; and
the negative zero-crossing, tn. Therefore, for each crossing between the
two wave gauges, the time mark delay was calculated as

Dti ¼ ti2 � ti1; (7)

where subscripts 1 and 2 are the wave gauge numbers, and i ¼ p; c; n
signifies the time mark type (positive, crest, and negative) of the same
wave as it passes between the two wave gauges. The average time delay
for each passing wave was then calculated as

Dt ¼ Dtp þ Dtc þ Dtn
� �

=3; (8)

and the actual celerity of each detected wave was obtained by

C ¼ Dx=dt: (9)

Also, for each wave, the mean time period T and mean angular fre-
quency x, across the two wave gauges, were calculated using a
combination of the three time mark values measured at each wave
gauge. An examination of the time period values obtained by dif-
ferent pairs of time marks showed only small variations and is not
discussed here; the average across all three time marks was used.
Finally, for each detected wave, the corresponding wavenumber
was obtained as

k ¼ x
C
: (10)

Therefore, by taking each wave amplitude, a, as the crest height above
the mean water level, the representative steepness of each laboratory
data wave was estimated as eL ¼ ak:

A common parameter of interest, in relation to waves breaking,
is the high frequency tail exponent, n, of the power density spectrum
of the surface elevation fluctuations, Sg. To obtain the power exponent
for all experimental ensembles, the surface elevation fluctuations spec-
tra was first calculated, followed by the removal of the bound waves
energy by implementing a nonlinear Schr€odinger invariants method-
ology developed by Tayfun (2008) and Fedele et al. (2010), resulting in
a spectrum describing the energy of the free waves only. The power
exponent, n; was then obtained by means of curve fitting the high fre-
quencies tail of each ensemble spectrum.

All measured mean wind speed profiles UðzÞ were found to be of
logarithmic shape and were fitted with

U zð Þ ¼ u�
j
ln

z
z0

� �
; (11)

where z denotes the height above the determined MWL, u� is the fric-
tion velocity, j¼ 0.41 is the von Karman constant, and z0 is the repre-
sentative water surface roughness. Values of friction velocity and the
characteristic wind speed at 10m above the mean water level, U10,
were obtained from the fits.

B. Black Sea data processing

For BS data, the wavenumber was derived based on the linear
theory dispersion relation, x2 ¼ gktanhðkhÞ, where h denotes the
water depth. The angular frequency is a function of the wave time

period, x ¼ 2p=T , which along with the crest, a, were calculated by
zero-crossing analysis for each individual wave and its crest. The rep-
resentative wave steepness derived from the linear dispersion relation
for open sea conditions was, therefore, estimated as eS ¼ ak for each
wave detected by the zero-crossing analysis.

As showed above in Table I, the BS data consist of four different
ensembles (211, 238, 242, 244) recoded at a 20Hz sampling frequency.
The initial evaluation provided a mean wave period in the range of
2.8–4.6 s with an ensemble duration of 18–31min (see Table III), lead-
ing to an estimated total number of crests in the range of 250–670 and
thus satisfying one of the basic requirements of the application of the
DL breaking detection method. Next, the BS data were oversampled to
a 300Hz sampling frequency by means of spline interpolation, to fit
DL processing routines (Liberzon et al., 2019).

C. Breaking detection algorithm

The breaking detection algorithm, based on a phase-time method
(PTM) and wavelet transform (WT) pattern detection, was developed
for the identification of breaking waves in the surface elevation fluctua-
tions records obtained by simple wave gauges. The breaking detection
algorithm is coded in MATLABVR and is compiled of several process-
ing procedures, which are explained below in brief. (For a full descrip-
tion, see Liberzon et al., 2019.) The basic principle of the method is the
analysis of waves’ instantaneous frequency fluctuations signal and the
identification of patterns associated with wave crests undergoing
breaking.

The PTM, suggested by Huang et al. (1992), was used to obtain
the instantaneous frequency variations as

F tð Þ ¼
@�

@t
g� @g

@t
�

g2 þ �2
; (12)

where � denotes the Hilbert transform of g. When waves go through
the process of breaking, they become asymmetrical, and at some
instant a bulge forms on the leading side of the wave, at or close to the
crest. The manifestation of this bulge in the instantaneous frequency
fluctuations takes the form of a distinct pattern, composed of a sharp
rise followed by gradual decay, as detailed in Fig. 3.

The breakers are then detected by analyzing the FðtÞ signal and
applying a wavelet-based pattern recognition algorithm to identify the
above-described patterns, resulting in the marking of each wave crest
as breaking or non-breaking. The ratio between the number of break-
ing and non-breaking crests then provides the breaking parameter, bt
(5). As mentioned above, a combination of large enough ensembles
[O(100) of wave crests] and a sufficiently high sampling frequency will
ensure accurate detection of breakers across a wide range of scales and
intensities, hence ensuring calculation of a truthfully representative bt
ratio.

IV. RESULTS AND DISCUSSION

Fundamental parameters of laboratory wave fields and wind flow
are listed below. Values ofU10 and u of the mean wind velocity profiles
for each experimental condition, i.e., fetch and blower speed, obtained
by fitting the measured mean wind velocity with a logarithmic profile,
are listed in Table II. This table also lists values of the waves’ spectral
peak frequency, fp, the spectra’s high frequency exponent, n, the break-
ing parameter, bt ; obtained by the DL method, and the wave age, WA,
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which was calculated using Cp; the celerity of the peak frequency com-
ponent obtained from the linear dispersion relation.

Table III lists Black Sea datasets parameters, including bt values
as obtained by both methods, whitecap counting (AB) and DL. NBC
and BC are the finite number of non-breaking and breaking crests in
each ensemble, respectively.

The energy density spectrum of wind wave flume waves of the
ensemble recorded by the secondWG (at fetch of 1115 cm and blower
controller frequency of 40Hz), normalized to the peak value, is pre-
sented in Fig. 4 on a log-log scale. This spectrum is presented alongside
the free-waves-only spectrum as obtained by removing higher order
contributions, applying the nonlinear Schr€odinger decomposition
(Fedele et al., 2010). The fitted high frequencies tail exponent and its
power, n, are also denoted.

Next, the steepness exceedance distribution functions (EDFs)
and the marginal histograms of breaking and non-breaking crests
from both laboratory fetches, 550 cm and 1115 cm, at all wind flow
rates data records together with all BS ensembles, are given in Figs. 5
and 6, respectively.

The probability of encountering a wave of steepness exceeding a
specific value, e0; was calculated by

p e � e0ð Þ ¼ m=N; (13)

where m is the rank of the steepness and N is the total number of
steepness values in the ensemble.

All laboratory data are organized in ascending order of fetch,
whereby Figs. 5 and 6 represent the 550 and 1115 cm fetches, respec-
tively, and panels (a) to (c) are related to blower controller frequencies

TABLE II. Laboratory experiments: wave and wind flow parameters.

Fetch (cm)
Blower controller
frequency (Hz)

U10
m
s

� �
u�ðm=sÞ fp ðHzÞ Cp ðm=sÞ WA ¼ Cp

u� n bt ð%Þ

550 25 8.65 0.26 3.66 0.60 2.31 5.06 22.04
32 10.78 0.32 3.15 0.69 2.16 4.53 16.92
40 13.39 0.42 2.56 0.82 1.95 3.93 17.58

1115 25 7.42 0.22 2.73 0.71 3.23 4.87 17.03
32 9.71 0.31 2.39 0.93 3.00 4.56 17.20
40 11.95 0.38 2.06 1.00 2.63 4.21 15.90

TABLE III. Black Sea data: wave parameters.

Dataset NBC BC btDL (%) btAB (%) fp DL (Hz) fp AB (Hz) n—high frequency tail fm Mean time period (s) Total ensemble (min)

211 288 11 3.67 0 0.16 0.16 3.86 0.22 4.61 24.39
238 240 3 1.23 0 0.15 0.17 3.55 0.23 4.35 18.29
242 306 55 15.23 3.4 0.27 0.27 4.54 0.34 2.93 18.29
244 733 43 5.54 5.8 0.23 0.25 3.73 0.36 2.81 31.5

FIG. 3. (a) Breaking inception when bulge
appears and (b) corresponding sharp rise
and immediate decay in the instantaneous
frequency variations (Liberzon et al.,
2019).
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FIG. 5. Steepness EDF and steepness histograms at fetch 550 cm; (a) blower rotational frequency 25 Hz; (b) blower controller frequency 32 Hz; and (c) blower rotational fre-
quency 40 Hz.

FIG. 4. Surface elevation fluctuations
power density spectrum of waves mea-
sured by WG 2 at a fetch of 1115 cm and
wind blower controller frequency set to
40 Hz. The free-waves-only spectrum (in
black) was obtained after subtracting the
higher order components’ contribution (in
gray) to fit the high frequency tail.
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of 25, 32, and 40Hz, respectively. Figure 7 presents the EDFs of the BS
data and marginal histograms, in ascending order of dataset number
with respect to Table III, and panels (a) to (d) represent datasets 211,
238, 242, and 244, respectively. Finally, combined cumulative EDFs
and marginal histograms for both laboratory fetches and BS data are
plotted in Figs. 8 and 9, providing a direct comparison. For all EDFs
and histograms, non-breaking crests are indicated in the dark gray
and breaking crests are indicated in light gray.

Figure 5 presents the results of laboratory datasets at the 550 cm
fetch. The probability trend in all datasets, although collected under
different wind forcing conditions, are very similar with no preference
for any one steepness value or wind speed. Laboratory data reveals a
similar steepness EDF for breaking or non-breaking. Specifically, the
EDF for breaking waves is slightly higher at lower steepness, and then
slightly smaller for eL values above 0.3–0.45. Additionally, some very
steep waves are identified in the ensembles, which require additional
examination (see Figs. 10–15 and the accompanying discussion). The
vast majority of waves with e > 0:6 are non-breaking waves.

Figure 6 presents the results of laboratory datasets at 1115 cm
fetch, exhibiting EDFs of breaking and non-breaking waves that are
very similar to those obtained at a smaller fetch of 550 cm. Here too,

the probability trend for all wind speeds is very similar, with no pref-
erence for any one steepness value or wind speed. Furthermore, the
laboratory data for the higher fetch show similar steepness EDFs for
both breaking and non-breaking. The maximum detected steepness
at this fetch is lower, with only two breaking crests exceeding a steep-
ness of 0.55, unlike the 550 cm fetch results. The histograms of steep-
ness distributions from both fetches reveal a Gaussian distribution
around the steepness value of 0.2 for both non-breaking and breaking
crests, with a slight skew to the left. A few very steep waves were
identified in these ensembles as well, and again most were non-
breaking waves.

Next is Fig. 7, which presents the results from the Black Sea data.
Here, we observe significantly higher EDF values for breaking waves,
with an almost constant difference from the non-breaking EDF across
all steepness values, indicating no steepness threshold preference for
the appearance of breakers. It is worth emphasizing that the 211 and
238 datasets both contain a relatively small number of waves and their
results may, therefore, not be statistically significant. The other two
datasets contain a large number of waves, with four breaking and sev-
eral more non-breaking crests of steepness larger than 0.6 were
detected in these sets. The histograms of the non-breaking waves are

FIG. 6. Steepness EDF and steepness histograms at fetch 1115 cm: (a) blower rotational frequency 25 Hz; (b) blower controller frequency 32 Hz; and (c) blower controller fre-
quency 40 Hz.
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FIG. 7. Black Sea EDF and histogram plots; (a) dataset 211; (b) dataset 238; (c) dataset 242; (d) dataset 244.

FIG. 8. Cumulative steepness EDF for all laboratory and Black
Sea data.
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FIG. 9. Cumulative histograms (a) laboratory data at fetch 550 cm (b) laboratory data at fetch 1115 cm; and (c) Black Sea data.

FIG. 10. (a) Steepness vs celerity; (b) steepness vs normalized celerity; (c) normalized celerity vs wavenumber; (d) amplitude histogram; and (e) angular frequency histogram;
all represent fetch 550 cm and 25 Hz blower controller frequency.
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FIG. 11. (a) Steepness vs celerity; (b)
steepness vs normalized celerity; (c) nor-
malized celerity vs wavenumber; (d)
amplitude histogram; and (e) angular fre-
quency histogram; all represent fetch
550 cm and 32 Hz blower controller
frequency.

FIG. 12. (a) Steepness vs celerity; (b) steepness vs
normalized celerity; (c) normalized celerity vs wave-
number; (d) amplitude histogram; and (e) angular
frequency histogram; all represent fetch 550 cm and
40 Hz blower controller frequency.
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FIG. 13. (a) Steepness vs celerity; (b) steepness vs nor-
malized celerity; (c) normalized celerity vs wavenumber;
(d) amplitude histogram; and (e) angular frequency histo-
gram; all represent fetch 1115 cm and 25 Hz blower con-
troller frequency.

FIG. 14. (a) Steepness vs celerity; (b)
steepness vs normalized celerity; (c) nor-
malized celerity vs wavenumber; (d)
amplitude histogram; and (e) angular fre-
quency histogram; all represent fetch
1115 cm and 32 Hz blower controller
frequency.
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also skewed to the left around mean steepness eS values of 0.1, while
those of breaking crests are not even Gauss shaped due to the low
number of samples.

To conclude the breaking vs non-breaking wave steepness EDF
analysis, a cumulative plot of all laboratory and Black Sea data ensem-
bles is presented below in Fig. 8. Steepness distributions of non-
breaking crests are in shades of gray and those of breaking crests are in
black. Popular limiting steepness values of Stokes (0.44) and TBOW
(0.55) are marked by vertical dashed lines.

It seems that all ensembles, except the non-breaking crests of
the BS, show similar exceedance probability values up to the Stokes
limit of 0.44. The BS breaking crests EDF curve deviates slightly from
the rest of the data at steepness values higher than 0.22. Above the
Stokes limit, the breaking waves EDF show a clear dependence on
the wave age, WA, whereby younger waves (550 cm fetch) demon-
strate a lesser probability for breaking occurrences than the more
mature waves, especially those in the Black Sea. In all wave ensem-
bles, a significant number of waves had steepness values that exceeded
both the Stokes limit (0.44) and TBOW steepness (0.55). Only 8 flume
waves and a single Black Sea wave exceeding steepness of 0.8, suggested

as a limiting value by Barthelemy et al. (2018), were observed, all non-
breaking. It is important to emphasize that only a few breaking crests
were identified at higher steepnesses, above 0.55, and no trend could be
observed due to insufficient statistics. An in-detail analysis of the very
steep waves, exhibiting steepness value of 0.6, is provided later in this
section.

Cumulative histograms of both laboratory and BS ensembles are
presented in Fig. 9. The laboratory cumulative ensembles are signifi-
cantly larger than the BS data ensemble, O(105) vs O(103). The BS
non-breaking crests histogram has no clear shape, a fact that can be
attributed to a very small ensemble size. Histograms of laboratory
wave ensembles are characterized by a mean steepness of about 0.2,
while the mean steepness of BS non-breaking crests is approximately
0.1. All histograms exhibit histograms tail steepness values higher than
the Stokes limit (0.44) and TBOW steepness (0.55).

Next, we conducted an in-depth analysis of the small number of
waves exhibiting a very high steepness of above 0.6. To this end, wave
steepness vs celerity distribution ensembles were plotted for each
experimental condition, using celerity values computed using Eq. (9).
Steepness was also plotted vs celerity values that were normalized by

FIG. 15. (a) Steepness vs celerity; (b) steepness vs normalized celerity; (c) normalized celerity vs wavenumber; (d) amplitude histogram; and (e) angular frequency histogram;
all represent fetch 1115 cm and 40 Hz blower controller frequency.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 032122 (2022); doi: 10.1063/5.0084276 34, 032122-14

VC Author(s) 2022

https://scitation.org/journal/phf


the equivalent deep-water gravity-capillary linear dispersion rela-
tion, Clin. Finally, histograms of empirical amplitude and angular
frequency values are also presented. All plots are presented in
Figs. 10–15.

For all experimental conditions, the plots of breaking and non-
breaking waves steepness vs celerity demonstrate similar distribu-
tions at both fetches and all wind speeds. In these datasets, the
extreme steepness waves are mostly of low celerity and amplitudes
higher than the ensemble averages. The frequency distribution of the
extreme steepness waves shows no significant deviation from that of
the general ensemble. All these indicate that the steepest waves iden-
tified are high-crested waves of low celerities (the shortest waves in
an ensemble) and are mostly non-breaking. Moreover, the normal-
ized celerity values are greater than unity and are distributed in the
range between 1 and 1.6.

V. CONCLUSIONS

The implementation of the new DL breaking detection method
enabled us, for the first time, to produce detailed statistics of wave
fields in terms of breaking vs non-breaking wave parameters of indi-
vidual crests, while accounting for breakers across the entire range of
severities. A direct comparison between young flume wind waves and
mature deep-water sea waves was performed. The short-crested wind
waves were recorded in a 17.4 m-long wind wave flume at the
Technion’s T-SAIL, and long-crested waves were recorded in open sea
conditions from an oil rig in the northern part of the Black Sea. A total
of six laboratory datasets at two different fetches and three wind forc-
ing conditions contained a large number of crests in each ensemble
O(105). The four open sea ensembles contained up to O(103) waves,
resulting in diverse wave field conditions and statistics.

A comprehensive work of wave-by-wave autocorrelation between
consecutive wave gauges in the flume and positive zero-crossing analy-
sis has enabled us to determine each individual wave frequency, wave-
number, celerity, and eventually a representative steepness at the crest.
Use of the DL breaking detection method enabled to account for all
breaking waves, including the less powerful breakers usually omitted
from the statistics when using the traditional whitecap counting meth-
ods. Hence, as expected, the breaking parameter values, bt , in the
Black Sea data were higher than those previously obtained whitecap
counting (Banner et al., 2000).

The results provide empirical evidence that the observed
breaking wave steepness at the crest is not subject to any specified
steepness value limit. Breaking waves detection presented a
Gaussian distribution of steepness values, similar to that of the
non-breaking waves. Steepness values well-exceeding both the
Stokes (0.44) and TBOW (0.55) limits were observed, reaching up
to 0.88. The extreme steepness analysis indicated that the steepest
waves observed are high-crested waves of low celerities and are
mostly non-breaking.

At their face value, our results support the possibility that no lim-
iting steepness exists, and breaking occurrence probability cannot be
determined based on steepness alone. A conclusion made possible due
to the ability of the DL breakers detection method to account for
breakers across a wide range of severities and not only the most pow-
erful, whitecap-generating breakers. A different interpretation, how-
ever, must also be considered within the widely accepted assumption
of the Stokes steepness limit. As the breakers are detected during the

process of breaking, these may represent the waves that started their
breaking process after crossing the Stokes limit steepness of 0.44, and
continued to grow while also shrinking (Babanin et al., 2007), hence
appearing at higher “transient” steepness values when observed and
detected before their final collapse. This interpretation, however, leaves
the appearance of numerous non-breaking waves at high steepness
values unexplained.
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