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Abstract

The paper presents the results of a study of the lifetime of wind-wave breaking (“whitecaps™) and the spatial distribution
of the moments of wave-breaking initiation along the profile of a long surface wave. The results obtained during the specialized
experiments from an oceanographic platform in the Black Sea are given. The registration of the whitecaps was carried out
based on the video recordings of the sea surface. The surface waves’ characteristics were measured and the meteorological
information was recorded simultaneously with the video recordings.

It is shown that the distribution of the whitecaps’ lifetime is well described by an exponential law. It was found
that the ratio of the lifetime of an individual whitecap to the period of the breaking wave is 0.3. The distributions of the
above-mentioned ratio are similar for different wind and wave conditions. It is indicated that the generation of whitecaps
occurs mainly in the region of the crest of a long wave with a shift to its front slope on average by 9.6 of the phase of the
long wave. The whitecap having arisen at the leading edge shifts to the trailing edge of the long wave during its lifetime,
so that the phase difference between the breaking initiation and the maximum of the surface fraction covered by the
whitecaps equals 21.6.

Keywords: wind wave breaking, whitecap lifetime, field studies, initial moment of wind wave breaking, modulation of short
wave breaking by long waves
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OIIEHKA BPEMEHMU XWU3HU «BAPAIIIKA» OBPYIIIUBAIOIIENCSA BOJIHBI

Cratbs moctymia B pegakumio 04.09.2021, mocne nopadotku 28.12.2021, mpunsaTa B mevatsb 10.01.2022

AHHOTaIMS

IlpencraBiaeHbl pe3yabTaThl UCCIENOBAHUS BPEMEHU XU3HU OOpYIIEHUIA BETPOBBIX BOJIH (6apalikoB) U Mpo-
CTPaHCTBEHHOTO pacIipe/ie/ieHUs MOMEHTOB 3apOKICHUST 00PYIIEHUIT 110 TTPOMUITIO ITTMHHOM MTOBEPXHOCTHOM BOJTHHI,
MOJIyYeHHbIE B XO/J€ CMelaaIu3upOBaHHBIX IKCIIEPUMEHTOB ¢ OKeaHorpaduieckoii miaatdopmbl B YHepHoM Mope.
Perucrpanus 6apairkoB OCyIIeCTBIISIACH O BUACO3aMUCIM MOPCKOM TTOBepXHOCTH. OTHOBPEMEHHO C BUAE03aTH-
CSIMU U3MEPSIIUCh XapaKTePUCTUKHU MOBEPXHOCTHOTO BOJHEHUSI, a TAKXKe PErMcTpUpoBajach METeOpoJoruyeckast
nH@OopMausl.

IMokazaHo, 4TO pacnpeseseHrne BpeMeH! XKU3HU 0apallika XOpoIllo OMUChIBAETCS 9KCITOHEHIIUATbHBIM 3aKOHOM.
YcTaHOBJIEHO, YTO OTHOIIIEHUE BPEMEHHU KU3HU WHAMBUIYATbLHOTO Gapalika K Ieproay oOpyIIMBaloeiicss BOJTHbI
paBHo 0,3, a pacripeneseHust TOro OTHOIIEHUS TTOMOOHBI /IS Pa3TMUHBIX BETPOBBIX M BOJIHOBBIX yciaoBuil. [TokazaHo,
YTO 3apOsKAeHNEe OapalllKoB IMPOUCXOIUT MPEUMYIIECTBEHHO B paiioHe TPeOHS JUIMHHOM BOJHBI CO CMEIICHUEM Ha ee
MEepeIHMI CKIIOH B cpeHeM Ha 9,6° da3bl ITMHHOM BOJTHBL. BO3HUKHYB Ha repeaHeM (hpoHTe, Gapalliek 3a BpeMsl XKU3HU
cMelaeTcs Ha 3aIHUi (DPOHT IUTMHHOM BOJTHBI, TaK YTO Pa3HOCTH (ha3 MeK1y 3apokIeHreM OOpYIIIeHUS 1 MAaKCUMYMOM
JIOJTA TIOBEPXHOCTH, 3aHATOM Oapaiikamu, coctasser 21,6°.

Ccouika wist uutupoBanust: Kopunenko A.E., Maaunosckuit B.B., /Iyroé B.A., Kydpseuee B. H. O1ieHKa BpeMeHU XXU3HM «Oaparii-
Ka» oOpy1mBalolieiicss BoiaHbl // @yHnaMeHTanbHas ¥ pukiaanHas ruapodusuka. 2022, T. 15, Ne 1. C. 61-72.

doi: 10.48612/fpg/5g5t-4mzd-94ab

For citation: Korinenko A.E., Malinovsky V.V., Dulov V.A., Kudryavtsev V.N. Estimation of the “Whitecap” Lifetime of Breaking
Wave. Fundamental and Applied Hydrophysics. 2022, 15, 1, 61—72. doi: 10.48612/fpg/5g5t-4mzd-94ab

61



Kopunenxo A.E., Maaunosckuii B.B., /Iynoé B.A., Kyopsseues B.H.
Korinenko A.E., Malinovsky V.V., Dulov V.A., Kudryavtsev V.N.

KioueBsbie ciioBa: 0OpyilieHHsI BETPOBBIX BOJIH, BpeMsI KU3HU Oapallika, HaTypHbIe UCCIe0BaHuUs, Ha4albHbIii MOMEHT
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1. Introduction

Wind wave breaking plays an important role in the sea surface processes, including a gas exchange between
the ocean and the atmosphere [1], wind-wave energy dissipation [2], turbulence generation in the near-surface
layer of the sea [3], sea spray generation [4], and affect the atmospheric boundary layer structure [5, 6]. The
breaking intensity is sensitive to surface currents’ irregularities associated with various oceanic dynamic processes
(internal waves, boundaries of sub- and mesoscale currents, fronts), which is advantageous for remote sensing
applications [7-9].

Wave breaking on the sea surface is a complex hydrodynamic phenomenon. A whitecap forms when a breaking
wave entrains air into the surface layer of water. The foam area significantly enlarges as it propagates with the wave
crest. Over time, a trail of residual foam appears behind the whitecap. According to a nomenclature [10, 11], the
whitecap is considered an active phase of wave breaking “phase A” and residual ‘plume of foam’ is characterized
by clouds of emerging air bubbles, as a passive “phase B” [10, 11]. The spatiotemporal stochastic dynamics and
electrodynamics of these phases are fundamentally different [12]. Hence, the role of these phases in physical sea
surface phenomena also differs, and, accordingly, the importance of their study for various specific applications.
For example: “phase B” [12] is the most important in the phenomena of gas exchange and intrinsic microwave
radiation of the sea surface, while for the visualization of the wave energy dissipation [2] and the formation of a
radar signal, the whitecaps — “phase A” [13, 14] are of primary interest. Due to the optical registration of the
sea surface at observation angles of about 45 degrees, in this study, we focus on the temporal evolution of the
whitecaps that occur when a gravity wind-wave breaks.

As shown by the studies [15, 16], the characteristic lifetime of wave breaking in “phase B” lasts seconds,
and the duration of “phase A” is tenths of a second. Therefore, in natural experiments, it is difficult to deter-
mine the lifetime of a whitecap, and the results of scarce studies [17—20] are contradictory. Depending on the
wind-wave conditions, the average value of the breakage lifetime T according to radar measurements in the
range of electromagnetic waves of 3 cm varies from 0.8s to 3s [19]. According to acoustic measurements, it
lasts 1.2s to 1.8s. At the same time, the analysis of the T distribution obtained in the Black Sea in the area of

the Stationary Oceanographic Platform in [20] shows that 0.3 <7 <0.8 s. When studying the average lifetime

of a whitecap, the ratio between T and the average period of a breaking wave T is of interest. According to
[17] T is45—65% of T . A study [21] showed that for single breaking, the ratio of  to the wave breaking

period is within 0.3—0.5. As a result of radar measurements [19], the value 1:/ T =0.8. The listed discrepancies
point to the necessity of further studies of the whitecaps’ lifetime, one of the main physical characteristics of
wave breaking.

Under natural conditions, wind-wave breaking occurs in the presence of long waves such as spectral peak
wind waves and/or swell waves. Long wind waves rarely break [22] but cause modulation of shorter waves break-
ing [23-25].

As a result, the whitecaps are concentrated in the vicinity of the long wave crest. At the same time, the
maxima of breakage-covered areas Q are shifted towards the rear slope of a modulating wave [25]. It seems to
contradict the theoretical concepts, according to which the maximum amplitude of short waves should be on
the front slope close to the long wave crest [26, 27]. The observed discrepancy in Q localization is analyzed in
[25], where the shift of the Q maximum to the rear slope is explained by the whitecaps’ finite lifetime. Whitecaps
lag behind the long wave crest due to the difference in the phase velocities of the short breaking waves and the
long wave. These findings inspired our interest in detailed estimates of the whitecaps’ lifetimes and the starting
point of the breaking in the presence of the long waves. If these time points appear to localize in the short waves’
amplification regions, theoretically predicted to occur before the long wave crest, the study findings [25] will be
expanded significantly.

The aim of this work is to study the statistical characteristics of the breaking lifetimes, their relationship
with the period of the breaking wave, and the study of the initial breaking time points distribution on the long
wave profile.
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2. Field experiment
2.1. General description

Field experiments took place in the autumn of 2015, 2018—2019, from an oceanographic platform in the
Black Sea near the village Katsiveli. The station is 0.5 km offshore, at about 30 m water depth. The observations
were made during stable wind from the sea and consisted of synchronous video recording of the sea surface, sea
surface elevations measurements, and wind speed records (see Fig. 1).

A digital video camera with a recording frequency of 25 frames per second and a resolution of 1920 X
x 1080 pixels was used to register the breaking of wind waves. The camera was located at an altitude of 12 m
above sea level. The angle between the optical axis of the video camera and the sea surface was set to be 35°—45°.
The horizontal viewing angle of the lens was 54°, and the vertical was 32°. The sea surface heights were recorded
by a string wave gauge located at the end of an 11 m long boom. Meteorological information was collected by
a Davis 6152EU multifunctional complex positioned at 23 m above sea level on the mast of an oceanographic
platform (see Fig. 1). The measured wind speeds were recalculated as wind speed U at 10 m using air and water
temperature and humidity data following the method [28]. The experiments were carried out at wind speeds of
9 m/s— 21m/s. A detailed measurement technique and a description of the instruments are given in [29, 30].

2.2. Whitecaps’ lifetimes

To estimate the lifetimes of whitecaps, we used video data with a frame that covered an area of the sea sur-
face of about 400 m2. Based on a known recording geometry, the image frame was georeferenced to coordinates
on a horizontal plane attributed to a mean sea level. The resolution along the vertical axis varied from 0.01 m to
0.06 m and from 0.01 m to 0.02 m along the horizontal axis.

The algorithm from [31] was used to identify whitecaps on video footage of the sea surface. The algorithm
is based on the difference between the modeled foam-free Gaussian brightness distribution / in a video frame

~ Meteorological
~ complex

Fig. 1. The instrumentation layout on the oceanographic platform

63



Kopunenxo A.E., Maaunosckuii B.B., /Iynoé B.A., Kyopsseues B.H.
Korinenko A.E., Malinovsky V.V., Dulov V.A., Kudryavtsev V.N.

and the actual brightness distribution in the presence of foam structures. The foam structures distort the “tail”
of the normal distribution p(/) at high brightness values. The threshold value is a brightness level /; above which
distortions p([) are observed; therefore, foam structures are areas with exceeding brightness /. For subsequent
analysis, only the active phase of the breaking (“phase A” whitecaps) was distinguished, and the spots of spread-
ing foam remaining after the breaking passage were automatically filtered out using the kinematic properties of
the breaking in different phases [31—33].

The main difference in the kinematics of the phases is reflected in the fact that the whitecaps propagate
in a horizontal plane at an almost constant velocity, while trajectories of the residual foam structures are
chaotic. Figure 2 shows the evolution of a whitecap from the moment of its emergence (see the enlarged inset
in Fig. 2, a) until its disappearance, after which only a spot of spreading foam remained on the sea surface,
visible near the lower boundary of Fig. 2, e. The whitecaps and spreading foam appear as bright white forma-
tions. The highlighted red pixels were identified by the algorithm [31] as the active phase of the breaking. As
the whitecap develops around the red area (the whitecap itself), you can see white pixels corresponding to
clouds of pop-up bubbles.

Figure 3 shows the evolution of the area (Fig. 3, a) and the movement of the geometric center (X, Y) in
more detail in the local coordinate system (Fig. 3, b) of the same foam formation. Symbols (+) in Fig. 3a
correspond sequentially to the frames shown in Fig. 2, a—e. Similar examples of the geometric characteristics
evolution of whitecaps are illustrated in other studies also (see, for example, Figs. 3 and 4 in [22] and Fig. 3
in [30]). The whitecap temporal evolution, which is moving at a specific speed, is characterized by its area
expansion up to a certain maximum. Then the whitecap begins to scatter into spots of residual foam. During
this stage, the propagation of the bright region geometric center slows down significantly. Finally, it assumes
an oscillatory character of the dominant waves’ orbital motions. During the foam structure area decline,
“phases A and B” are indistinguishable in the visible range images. However, the physics of the breaking
wave phenomenon implies that the bright region of active breaking (whitecap) is rigidly connected with the
breaking wave and therefore moves with its phase velocity [34]. Consequently, active phase A should include
bright areas moving at a constant speed. The time when such a movement occurs corresponds to the whitecap
area growth. When analyzing the statistical characteristics of the active phase of breaking, as a rule, only the
stage of the area growth is considered, ignoring foam structures in the stage of its decline (see, for example,
[22, 30, 31-33]).

The algorithm [31], using a decision tree based on the kinematic parameters of the foam area, makes it pos-
sible to adequately identify the ‘phase A’ of breaking (see Fig. 2). The time point of the whitecaps’ maximum
area denoted the breaking time (in Fig. 3, a, a vertical line marks this point in time). The period between reg-
istration and the whitecap maximum size indicated its lifetime. For this study, we only consider whitecaps that
originated and disintegrated within the observed region.

As follows from Fig. 3, b, before the breaking, a whitecap propagates steadily with a phase velocity of

c=vX2+Y?. We considered this velocity to be equal to the phase velocity of the breaking wave, as proposed
by O.M. Phillips [34]. Further, using the dispersion relation of short gravity waves, the periods of carrier waves
were computed for each whitecap as T'= 2nc/g, where g is gravity acceleration.

2.3 Initiation of breaking under the influence of long waves

A series of eight specific experiments were carried out in 2018 at wind speeds of 13 m/s-19 m/s [25] to
study breaking modulations by long waves. The camera pointed towards the direction of long waves, which
always coincided with the direction of the wind. The sea surface section was video recorded at its intersec-
tion with the string wave gauge (see Fig. 2). At the same time, the wave recorder was synchronized with
the video camera and recorded its signal in parallel with the video sound into a single file. Synchronization
accuracy was Ims. As a result, [25] reported the distribution of the whitecap surface fraction at the long
wave profile. The present work answers the question of how the breaking initiation times are distributed at
the long wave profile.

In this part of the experiment, special attention was paid to the wave breaking initial stage detection, when
the whitecap is just beginning to form. We determined the times of breaking initiation in a square section with a
side L,, = 0.9 m and centered at the point of intersection with the wave string gauge (see Fig. 2, where the green
box shows the section boundaries).
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Fig. 2. Evolution of wave breaking: @ — the moment of whitecap generation; b—e — movement and growth of the whitecap;
f— aspot of spreading foam after the disappearance of the whitecap. The active phase of the breaking is highlighted in red
according to the applied algorithm [31]. The square area used is shown by green box
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The symbols () correspond to the video frames shown in Fig. 2. The vertical line indicates the moment of whitecap dis-
appearance

65



Kopunenxo A.E., Maaunosckuii B.B., /Iynoé B.A., Kyopsseues B.H.

Korinenko A.E., Malinovsky V.V., Dulov V.A., Kudryavtsev V.N.

0.5

0.4
0.3
0.2
0.1
0
—0.1
—0.2
—0.3
—0.4

T- - r—-

=
i

Qia m

—0.5
0

Fig. 4. A record fragment of the sea surface elevations {(#) with the marks () at the moments of the beginning of the
breaking. An individual breaking event is zoomed on the right panel

Fig. 4 gives an example of the obtained data, the elevations of the sea surface () and the breaking initia-
tion tied to them in time. Individual waves were analyzed (see, for example, [23, 25]) to obtain the long waves’
characteristics. The passing of zero by the signal in the “upward” direction {(#) was recorded as an initiation of
an individual wave, which existed until the next signal crossing of zero “downward” (see the example in Fig.
4 on the right). The duration of an individual wave was considered its period 7;. Then the phase of the wave at
time ¢t is ® = 2n(t — 1;)/T;, where ¢; corresponds to the initiation of the wave. The wavenumber of an individual
wave was determined as K; = (2rn/T};)%/g, and multiplied by the wave amplitude to obtain the wave steepness

parameter AK.

The resulting database comprises more than 1300 individual waves. Methodology details for this processing,
estimation of errors, and a detailed description of the meteorological conditions during these experiments are

given in [25].

10!

107 X

1072

103

Fig. 5. Probability densities of the breaking lifetime.
Symbols (o) are our measurements, (o) and (+) — the
data from [17] and [19]. Lines are approximating curves,

p(t) =p-exp(—q - 1)
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3. Results

3.1. Breaking lifetime statistics

Fig 5 shows the probability density p(t), of the en-
tire dataset and the good exponential fit p(t) = 6.88 -
-exp(—3.49 - 1), plotted in solid line. The average value for
all data is T =0,46 s. The exponential form of the distri-
bution agrees with the results presented in [19], where the
average lifetime was 0.4 s.

The mentioned average values of the breaking
lifetimes T and the distributions p(t), obtained from
acoustic and radar measurements presented in [17] and
[19], respectively, are significantly larger than those
obtained from our experiment. The values T discrep-
ancy could be due to the difference in methods. In our
experiments using video camera and video frame pro-
cessing technique minimum duration of t,,;, = 0.12 s,
while [17] and [19] t,;, minimum is 0.5 s. The small-
scale breakers are observed in radar images, as noted in
[19]. However, most of them are below T measurement
threshold, and a significant number of the breakers re-
main ignored. The histogram t shows a maximum at t
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= 1.75 s with a decrease of the registered events num- 4.5 T T T T

ber to the left of the peak (see Fig. 3 in [19]). The A

acoustic measurement method [17] givest > 2 at45 % i

of breakers. Thus, high T values obtained by acoustic 35

and radar methods can be associated with registration

of both the breaks with a minimum value of t;, ~ 3t

0.5—0.7 and the “phase B”. Both lead to an overesti- 25

mation of 7T . It is important to note that given in [17] =

and [19], the breaking lifetimes were measured inthe = 2}

open ocean with characteristic wave periods of 5—7 s

and included swell. L5t
Histograms H(t), in [19] include both radar and 1l

acoustic data (provided by the authors of [17]). Using

the values of both histograms, we calculated the prob- 05F

ability density of t, corresponding to these measure- 0

ments, marked in Fig. 5 with symbols (¢) and (o). Just 0

as in our case, the p(t) curves are satisfactorily fitted by
the exponential law p(t) = p - exp(—¢q - t), where the

coefficients p are 1.51 and 0.52, the ¢ Yalues are 1.1 and Fig. 6. Distributions of the ratios of breaking lifetime to the
0.9 for the [19] and [17] data, respectively. Here, when period of the breaking wave vy for all measurements, the
calculating p(t) for the data, the statistically infrequent solid line is the result of averaging
values of H(z), to the left of the maximum, were ignored
(see the results’ analysis in [19]).

Figure 6 shows the distributions of the ratio of the whitecap lifetime to the period of breaking waves
vr = 1/T for individual breaking events. The distributions for sixty-four samples collected at various wind
speeds are shown by dots. The solid line shows the averaged distribution y;. The standard deviation from

average is (yT)2 =0.13, confirming that the distributions vy for different wind speeds have similar shapes,

the estimate of which is represented by the averaged distribution. The distribution maximum is observed at
yvr = 0.2. The average value of the ratio of the whitecap lifetime to the period of the breaking wave is

E=O.3. The values of y; are in the range of 0.1—0.41 with a probability of 75% and in the range of
0.1—0.56 with a probability of 90 %.

3.2. Distribution of breaking initiation events at the long wave profile

Figure 7 shows the distributions of breaking initiation events at the long wave profile for all series of mea-
surements. Each event is characterized by a phase of a long wave (see section 2.3), so unnormalized distribu-
tions are obtained by constructing histograms for these phases N(®). Also, Fig. 7 shows the averaged dimen-
sionless profiles of long waves {(®) = K;;(P), where the averaging is performed over all individual waves in the

sampling at a fixed phase.

The main feature of N(®) is that the points of whitecap origin are concentrated about the wave crest and
occur much less frequently in the wave trough. While the average profile of the long wave is sinusoidal, the av-
erage profile of the number of breaks has a pronounced asymmetric appearance. To determine the phase shift
@, between realizations z and N we present the obtained profiles of N in the form of a truncated Fourier expan-
sion N =N + N,sin(®-®,)+.... Positive @, denotes the shift of maximum N to the back slope of the wave.

Figure 8 shows the dependences of @, on the average slope of the long wave KA and wind speed Utogether with

the proportion of the surface Q, occupied by whitecaps, which were obtained in [25]. Fig. 8 shows that @, is
practically independent of KA and Uin the studied range of these values. The phase shift @, of Q are shifted to
the backslope for 11.6° average, while the timepoints of breaking initiation are shifted to the forward slope for
—9.6° on average.
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Fig. 7. Unnormalized distribution of events of the breaking beginning N (symbols) along the long wave profile for all series
of measurements. Solid lines are the averaged profiles of long waves {(®)

This difference in the phase shifts of Q and N is associated with the finite whitecap lifetime. According
to the physical model [25], breakings are formed mainly on the crest of the dominant wave. The whitecap,
moving with the breaking short wave’s phase velocity ¢ during lifetime t, will lag behind the crest of the long
wave moving with its phase velocity C. Then the estimation of the phase shift Ad between N and Q is determined
by the whitecap displacement relative to the long wave during the lifetime t: A® = K(C — ¢) - © [25], where K
is the wavenumber of the long wave. If we characterize long waves by their average phase velocity C = 8.2m/s
(calculated by averaging over all individual long waves), and short breaking waves by average phase velocity
¢ = 2.5 m/s, then, considering the previously obtained estimate t ~ 0.37, we arrive at the phase shift value
A® = 24° which agrees well with the experiment.
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Fig. 8. Dependence of the phase shift d;: a — on the wave steepness; » — on the wind speed. Symbols
(o) represent the present paper data, symbols (+) show the results of [25]. The levels of the solid lines
correspond to the mean values —9,6° for our data and 11,6° for the data of [25]
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4. Conclusions

This paper presents the results of two experiments carried out on the Stationary Oceanographic Platform in
the Black Sea using a video camera and a string wave recorder at wind speeds from 9 to 21 m/s.

The breaking lifetime (duration) t is well described by an exponential law. The probability density t form
agrees with the results of [ 17, 19, 20]. The average breaking lifetime for all records is 0.46s, which is significantly
shorter than the values obtained from acoustic (1.3—1.7 s [17]) and radar (0.7—3 s [19]) measurements.

The probability densities of the ratios of the duration of individual breakings to the period of breaking waves,
Y7, obtained for 64 series of measurements under various hydrometeorological conditions, coincide. The distri-
butions v have a maximum at y;= 0.2. With a probability of 75 % the values of y;are in the range of 0.1—0.41
and with a probability of 90 % lie in the range between 0.1 and 0.56. The average value of the ratio of the
whitecap lifetimes to the period of the corresponding breaking waves is 0.3, which coincides with the values
0.3<vy;<0.5, given in [21], but lower than the estimate r/T =~ (.8, obtained in [19].

The whitecaps originate mainly near the long wave crest and shifted to its front slope by 9.6° of the long
wave phase. The fact that the initial breaking moments are concentrated on the leading slope of the modulating
wave corresponds to the theoretical conclusions [26, 27]. At the same time, as reported in [25], the maximum
fraction of the surface covered by whitecaps is shifted by 11.6° of the long wave phase to the back slope relative
to its crest. Therefore, a whitecap originates on the front slope, and during its lifetime, it shifts to the long wave
back slope by ~21° on average, which confirms the conclusions of [25].
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