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Abstract 
Purpose. The paper is purposed at studying temporal variability of the geometric dimensions of wind 
wave breaking under natural conditions and at assessing the fraction of the sea surface covered with 
foam using the distribution of the breaking wave crest lengths. 
Methods and Results. Field studies of the wave breaking characteristics were carried out from 
the stationary oceanographic platform located at 500 m off the Katsiveli coast (Black Sea 
hydrophysical subsatellite polygon). Geometric dimensions of wave breaking in the active phase and 
the velocity of wave movement were determined using video records of sea surface. Processing of 
video frame sequences has resulted in formation of the array of crest lengths, and the array of widths 
and areas of the varying in time foam structures. Meteorological information was obtained 
simultaneously with video records. 
Conclusions. A connection independent of wind and wave conditions was established experimentally 
between the wave breaking geometric dimensions and the breaking wave length: the average width of 
breaking is proportional to the length of a breaking wave, the average area – to the squared length of 
a carrier wave. The values of these ratios are 0.03 and 0.002, respectively, that confirms the geometric 
similarity of wave breaking. It is shown that the length and width of an individual wave breaking 
increase at a constant rate, the value of which is conditioned by the scale of a breaking wave. 
The geometric characteristics of wave breaking normalized to the length of a breaking wave are 
linearly dependent on dimensionless time and independent of the scales and velocities of breaking 
waves. To calculate the fraction of sea surface covered with foam, the distributions of the wave 
breaking lengths were used. The field data values are shown to be adequately corresponding to 
the calculations by the model proposed by O. M. Phillips. 

Keywords: wind wave breaking, field studies, distribution of breaking lengths, breaking similarity, 
fraction of the sea surface covered with wave breaking foam, growth rate of linear dimensions of 
breaking 
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Introduction 
Wave breaking at the sea surface is a complex hydrodynamic phenomenon. 

During its evolution, the foam structure goes through a whole range of intermediate 
states – from a breaker with a foaming crest to a disintegrating emulsion layer. 
According to [1, 2], two classes of foam formations can be fairly confidently 
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identified in optical images of the sea surface: crests (whitecaps, active phase) and 
spotty structures (residual foam, passive phase). 

The study of various properties of foam structures enables us to make certain 
simplifications in numerical models or draw conclusions about the possible causes 
of certain physical processes. For example, in the phenomena of gas exchange and 
intrinsic microwave radiation of the sea surface, the passive phase is most 
important [3]. A detailed description of statistical and geometric characteristics of 
foam structures in the active phase is necessary for calculating wave energy 
dissipation of gravity waves during their breaking [4, 5] and developing remote 
sensing methods for studying the sea surface [3, 6, 7]. 

In this work, based on optical recording of the sea surface, the emphasis is 
made on studying the whitecap dimension evolution. 

In one of the first laboratory works [4] devoted to the study of kinematic 
characteristics of quasi-stationary breakings, it was found that this type of breaking 
is geometrically similar. In [4], a linear relationship between geometric dimensions 
of breaking and the breaking wave length λ was established. In this work, 
the research has shown that the rate of wave energy dissipation as a result of 
breaking is proportional to the fifth power of the whitecap speed and depends on its 
geometry. Experiments in open sea conditions [8, 9] confirmed that whitecaps are 
geometrically similar. The ratio of average length of the whitecap crest L to 
the breaking wave length and the ratio of a whitecap lifetime to the carrier wave 
period do not depend on hydrometeorological observation conditions and breaking 
scale. In [10, 11], an analysis of geometric dimensions of individual foam 
structures was performed and it was demonstrated that wave breakings have stable 
geometric ellipsoidal shape with an eccentricity of 0.98 [11], which was practically 
independent of wind conditions. 

However, when using average whitecap characteristics obtained under natural 
conditions, it is difficult to estimate directly the constant connecting the wave 
energy dissipation with the distribution of breaking lengths [4]. 

In [12], a model is proposed to calculate wave energy dissipation due to 
breaking, which uses time evolution of the foam structure area. Information about 
changes in the geometric characteristics of breaking over time is required for 
the development of models of the radar scattering non-Bragg component [13, 14]. 

Despite the obvious need to study the evolution of individual whitecap 
dimensions and their variability under various hydrometeorological parameters, 
the amount of research in this area is insufficient. 

The work aims to study the relationship between breaking wave parameters 
and time-varying geometric characteristics of whitecaps for the development of 
wave models and improvement of remote methods for diagnosing marine 
environment. 

Experiment 
In this work, we used a database of archival data obtained during the autumn 

periods of 2015, 2018 and 2019 when performing field experiments at a stationary 
oceanographic platform in the Goluboy Gulf near Katsiveli (Black Sea 
hydrophysical subsatellite polygon, the Southern Coast of Crimea). The platform is 
installed approximately 500 m off the shore. 

PHYSICAL OCEANOGRAPHY   VOL. 30    ISS. 6   (2023) 777 



The process of recording wind wave breaking using a video camera is 
described in [8]. The video camera we used, with a lens providing horizontal 
viewing angles of 54° and vertical ones of 32°, recorded at a frequency of 
𝑓𝑓rec = 25 frames per second and a resolution of 1920 × 1080 pixels. The camera 
was installed on the deck of the platform at 11.4 m height above the sea level with 
a viewing direction of 30°–40° to the horizon and 50°–60° to the “windward” 
direction. 

Wind speed and direction were measured by Davis 6152EU complex, which 
includes a meter for these parameters, an air temperature sensor and a water 
temperature sensor installed at a 3-m depth. An anemometer was located on 
the oceanographic platform mast at 23 m above the sea level. Its data was 
recalculated into the effective neutrally stratified wind velocity U at 10 m 
according to the method [15]. 

The field data were obtained with neutral atmosphere stratification and wind 
velocities of 8–21 m/s. 

Data processing technique. To determine various characteristics of an active 
phase of breaking, the technique [16] was applied. Let us list the main processing 
stages required in this work. The algorithm for identifying breakings from the sea 
surface video recordings is based on comparing the Gaussian distribution of 
brightness 𝑝𝑝(𝐼𝐼) within a video frame in the absence of breakings and the real 
distribution 𝑝𝑝(𝐼𝐼′) with regard to foam structures. The presence of breakings distorts 
the Gaussian distribution shape significantly and increases 𝑝𝑝(𝐼𝐼′) relative to 𝑝𝑝(𝐼𝐼) at 
brightness exceeding the threshold value 𝐼𝐼0. When 𝐼𝐼 > 𝐼𝐼0, a sea surface section in 
the video frame is considered as a foam structure [16]. 

Further data processing consists of isolating the active phase of breakings and 
ignoring the spreading foam remaining after the whitecap passage. At this stage, 
the kinematic properties of breakings in various phases are used. When analyzing 
the kinematic characteristics of breaking, it is assumed that in the active phase 
a whitecap moves at a constant velocity and reaches maximum area values at 𝑡𝑡 = τ 
(see, for example, [16–18]). 

At the final stage of data processing, the image frame was tied to coordinates 
on a horizontal plane located at mean sea level taking into account the observation 
geometry. Depending on the shooting geometry, the spatial resolution was 
~ 1 ... ~ 2.5 cm. The dimensions of a whitecap were determined in each frame: 
length L and crest width l, occupied area S, coordinates of the whitecap geometric 
center (xc, yc). To determine L and l, the coordinates of the whitecap outer 
boundary were found. The length L was calculated as the maximum distance 
between the points of the resulting contour. The crest width l was defined as 
a segment perpendicular to L, passing through the whitecap geometric center. 

For each individual breaking, during its lifetime τ in the active phase, a group 
of consecutive video frames with a time interval ∆𝑡𝑡 = 1 𝑓𝑓rec⁄  s between them was 
formed. At the same time, for the first frame in the selected group the time was set 
as 𝑡𝑡 = 0. This provided the study of time evolution patterns of individual breaking 
characteristics. 

An example of determining the main geometric dimensions of wave breaking 
is demonstrated in Fig. 1. The modulus of breaking velocity was determined as  
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𝑐𝑐 = �(𝑐𝑐с𝑥𝑥)2 + �𝑐𝑐с
𝑦𝑦�2 and movement direction as φ𝑤𝑤𝑤𝑤 = arctg�𝑐𝑐с

𝑦𝑦 𝑐𝑐с𝑥𝑥⁄ �, where

𝑐𝑐с𝑥𝑥 = 𝜕𝜕𝑥𝑥𝑐𝑐 𝜕𝜕𝑡𝑡⁄  and 𝑐𝑐с
𝑦𝑦 = 𝜕𝜕𝑦𝑦𝑐𝑐 𝜕𝜕𝑡𝑡 ⁄ are the velocity components.  

F i g.  1. Fragment of the image linked to the coordinates on the horizontal plane (L is whitecap 
length, l is its width) 

In accordance with [5], in this work we assume that the breaking velocity is 
equal to the phase velocity of breaking wave. Then, taking into 
account the dispersion relation, the breaking wave length can be determined as   
λ = 𝑔𝑔𝑐𝑐2 2π⁄ , where g is gravitational acceleration. 

Some elements of data processing procedure are shown in Fig. 2 and Fig. 3. 
Fig. 2 presents a series of 6 sea surface images, where one can trace the main 
stages of evolution of an individual foam formation (indicated by a dotted line). 
Red color indicates sea surface areas which are identified as the active phase of 
breaking by the algorithm [16]; the residual foam is marked in yellow. At the initial 
stage of the foam structure evolution, the whitecap is rigidly connected with 
the breaking wave and therefore moves with its phase velocity [5]. As can be seen 
from Fig. 2, a – d, the foam zone significantly increases in size and moves away 
from the initial section of the sea surface where it was formed. 
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Spots of residual foam eventually begin to separate from the foam structure 
moving as a single unit. At this stage, the foam zone has a mixed form, i.e. 
the ending active phase and forming residual foam (Fig. 2, d). Here, the active 
phase and residual foam are indistinguishable in visible images. Then there is 
a decrease in the foam zone area and the passive phase acquires a clearly expressed 
scattered spotty structure. In the last two frames of Fig. 2, e, f, the residual foam 
structure, located near the lower boundary of the image, is clearly visible. 

F i g.  2. Evolution of foam structure: a – whitecap formation; b – d – movement and growth of foam 
structure dimensions; e, f – spot of spreading foam after the whitecap disappearance. Green dot marks 
the sea surface area where the whitecap was first identified 
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Fig. 3 shows the characteristic timing cycle of the area, crest length and 
coordinates of the geometric breaking center. Vertical straight lines sequentially 
correspond to the frames given in Fig. 2. As follows from Fig. 3, a, the foam zone 
increases at the initial stage and starts to decrease at the moment 𝑡𝑡4, which 
indicates the end of the active phase, and at 𝑡𝑡 > 𝑡𝑡4 the residual foam starts to make 
a predominant contribution to the foam structure formation. 

F i g.  3. Evolution of wave breaking geometric dimensions (highlighted by a dotted line in Fig. 2): 
a – area; b – crest length; c – coordinates of geometric center of whitecap 𝑥𝑥𝑐𝑐 and 𝑦𝑦𝑐𝑐. Active phase of 
wave breaking is shown in red 

The difference of residual foam dynamics from the active phase can also be 
seen from the temporal evolution of the position of centroid coordinates in 
Fig. 3, c. The whitecap moves at a constant velocity (red symbols (+) and (○) for 
𝑥𝑥𝑐𝑐  and 𝑦𝑦𝑐𝑐 respectively), while the motion of the residual foam geometric center 
begins to oscillate reflecting orbital movements of dominant waves. Thus, 
the determination of the active phase of breaking relied on the constancy of 
geometric center velocity modulus and the increase of the whitecap area. After 
reaching the maximum breaking area, we assume that the foam structure passes 
from the active phase to the passive one. 

Additional information about the algorithm and calculation of various 
characteristics of wind wave breaking is given in [8, 16]. This work considers only 
those whitecaps that arose and broke within the observed region. 

Results and data analysis 
Relationship between the geometric dimensions of breaking and 

the parameters of breaking waves. The resulting database, which contains 
information about the breaking dimensions and breaking wave scale, enables us to 
associate the whitecap average dimensions with λ. 

Let us consider the dependence of the whitecap minor axis and its area on λ. 
The range of breaking wave lengths 3.7–18.7 m was divided into 5 intervals with 
a step ∆λ = 3 m. In each of the ranges (λ, λ + ∆λ), the average value of 𝑙𝑙 ̅and 𝑆𝑆̅ was 
determined and the value of the breaking wave length corresponded to the middle 
of (λ, λ + ∆λ) interval. 
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In Fig. 4 the dependence of 𝑙𝑙 ̅ and 𝑆𝑆̅ upon λ is demonstrated. The lines there 
correspond to the dependences 𝑙𝑙 ̅ = (0.028 ±  0.001)λ and 
 𝑆𝑆̅ = (0.0021 ± 0.0002)λ2, where the coefficients are obtained by the least 
squares method. Vertical segments indicate standard deviations ±δ𝑙𝑙 and ±δ𝑆𝑆 for 
the values 𝑙𝑙 ̅and 𝑆𝑆̅ located within the corresponding interval (λ, λ + ∆λ). 

F i g.  4. Dependence of the minor axis (a) and the area (b) of a whitecap in the active phase upon 
the breaking wave length  

The obtained expressions relating average values of breaking width and area 
with the breaking wave length are of undoubted interest, since their dependencies 
imply 𝑙𝑙 ̅ λ ≅ 0.03 ⁄ and 𝑆𝑆̅ λ2 ≅⁄ 0.002. Considering the fact that in the active phase 
the ratios 𝐿𝐿�/λ ≅ 0.1 [8] and τ� 𝑇𝑇⁄ ≅ 0.33 [9] are also constant and independent of 
hydrometeorological observation conditions and breaking scale, we can talk about 
self-similarity of linear dimensions of breakings, their areas and lifetime. 

Estimation of growth rate of whitecap geometric dimensions. When analyzing 
experimental data on breakings, their maximum and average lengths, areas and 
lifetimes are mainly assessed. Temporal variability of geometric dimensions L, l, S 
of individual whitecaps remains practically unstudied. At the same time, the form 
of dependences 𝐿𝐿(𝑡𝑡), 𝑙𝑙(𝑡𝑡) and 𝑆𝑆(𝑡𝑡) can be of undoubted interest in problems of 
studying wave dynamics and developing radar scattering models [12–14]. 

Evolution of the foam zone geometric dimensions in the active phase 
is considered below. We divide the range of the whitecap movement velocity (2.4–
5.4 m/s) into 5 intervals with a step of ∆c = 0.6 m/s and find the average value of 
𝐿𝐿𝑚𝑚(𝑡𝑡), 𝑙𝑙𝑚𝑚(𝑡𝑡) and 𝑆𝑆𝑚𝑚(𝑡𝑡) in each considered velocity range. Note that the moment t 
was determined relative to the beginning of each breaking and for a fixed t value of 
all whitecap lengths and areas averaged in a given velocity interval. 

Temporal evolution of the whitecap kinematic characteristics 𝐿𝐿𝑚𝑚(𝑡𝑡), 𝑙𝑙𝑚𝑚(𝑡𝑡) 
and 𝑆𝑆𝑚𝑚(𝑡𝑡) for each of the selected velocity ranges (𝑐𝑐, 𝑐𝑐 + ∆𝑐𝑐) is presented in Fig. 5. 
For better visualization, variation intervals of breaking lengths and areas values for 
each range (𝑐𝑐, 𝑐𝑐 + ∆𝑐𝑐) are shown in colored areas. The upper and lower boundaries 
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of the zones are defined as 𝐿𝐿𝑚𝑚(𝑡𝑡) ± δ𝐿𝐿𝑚𝑚(𝑡𝑡), 𝑙𝑙𝑚𝑚(𝑡𝑡) ± δ𝑙𝑙𝑚𝑚(𝑡𝑡) and 𝑆𝑆𝑚𝑚(𝑡𝑡) ± δ𝑆𝑆𝑚𝑚(𝑡𝑡), 
where δ𝐿𝐿𝑚𝑚(𝑡𝑡), δ𝑙𝑙𝑚𝑚(𝑡𝑡), δ𝑆𝑆𝑚𝑚(𝑡𝑡) are root-mean-square deviations of random values 
of breaking lengths and areas at t moment. The dependences 𝐿𝐿𝑚𝑚 and 𝑙𝑙𝑚𝑚 in 
Fig. 5, a, b are close to linear, while 𝑆𝑆𝑚𝑚 is close to power law dependence. From 
Fig. 5 it follows that the greater the breaking wave velocity and, consequently, its 
scale, the faster the whitecap geometric dimensions increase. 

F i g.  5. Temporal dependence of the whitecap geometric dimensions: a – length along the crest; b –
 width; c – area (solid colored lines denote parameterizations 𝐿𝐿𝑚𝑚(𝑡𝑡), 𝑙𝑙𝑚𝑚(𝑡𝑡) and 𝑆𝑆𝑚𝑚(𝑡𝑡); the velocity 
range (𝑐𝑐, 𝑐𝑐 + ∆𝑐𝑐)) is shown in color 

We approximate the breaking length and width variation using linear 
dependencies: 

𝐿𝐿𝑚𝑚(𝑡𝑡) = 𝑎𝑎𝐿𝐿𝑡𝑡,
𝑙𝑙𝑚𝑚(𝑡𝑡) = 𝑎𝑎𝑙𝑙𝑡𝑡,

  (1) 

where 𝑎𝑎𝐿𝐿 , 𝑎𝑎𝑙𝑙 coefficients were obtained by the least squares method and indicate 
the growth rate of the whitecap length and width in the active phase.  

The temporal variability 𝑆𝑆𝑚𝑚 deserves a separate discussion. For all intervals 
(𝑐𝑐, 𝑐𝑐 + ∆𝑐𝑐), the dependence of breaking areas on t is described well by the power 
function 𝑆𝑆𝑚𝑚(𝑡𝑡) = 𝑎𝑎𝑆𝑆𝑡𝑡𝑞𝑞, where 𝑞𝑞 varies from a minimum value of 1.4 to 
a maximum of 1.6 in the first and fifth range of breaking velocities, respectively. In 
Fig. 5, c, for example, the dashed line indicates the approximation 𝑆𝑆𝑚𝑚(𝑡𝑡) = 2.5𝑡𝑡1.6 
obtained for 𝑐𝑐 ∈ (4.8–5.4 m/s). 

At the same time, one would expect that the area of the figure that describes 
breaking is determined by the product of the axes (equation (1)). In this case, 
the temporal variation of the whitecap area should have a quadratic dependence 
𝑆𝑆𝑚𝑚(𝑡𝑡) ∝ 𝑎𝑎𝐿𝐿𝑎𝑎𝑙𝑙𝑡𝑡2. In a number of studies, when determining the breaking 
characteristics from optical images, the whitecap boundaries are approximated by 
an ellipse [10, 11, 19, 20]. If we assume that the foam structure shape in the active 
phase is close to an ellipse, then, according to equation (1), the area of a single 
breaking will be written as follows: 

𝑆𝑆𝑚𝑚(𝑡𝑡) = 𝑎𝑎𝑆𝑆𝑡𝑡2,            (2) 

where 𝑎𝑎𝑆𝑆 = π𝑎𝑎𝐿𝐿𝑎𝑎𝑙𝑙 4⁄ . 
The difference of q power values we obtained from 2 in temporal dependences 

𝑆𝑆𝑚𝑚(𝑡𝑡) requires a separate discussion. From our point of view, such a difference in 
degrees may be due to the fact that the termination moment of the active phase of 
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breaking is determined at 𝑡𝑡 = 𝑡𝑡4 (Fig. 3, a), when the value of the whitecap area 
reaches its maximum. At the same time, a mixed phase appears in the interval 
𝑡𝑡3 < 𝑡𝑡 ≤ 𝑡𝑡4 ; during this time period the residual foam begins to separate from 
the whitecap (Fig. 2, d). As a result, the growth rate of breaking area decreases and 
at 𝑡𝑡 = 𝑡𝑡4 it becomes equal to zero, 𝜕𝜕𝑆𝑆𝑚𝑚(𝑡𝑡) 𝜕𝜕𝑡𝑡⁄ |𝑡𝑡=𝑡𝑡4 = 0. The underestimated 
values of q powers in our case are due to the fact that the dependences 𝑆𝑆𝑚𝑚(𝑡𝑡) were 
approximated over the entire interval of the active phase of breaking 0 ≤ 𝑡𝑡 ≤ 𝑡𝑡4, 
including the zone in the vicinity of the maximum area, where its variation rate is 
significantly lower and reaches zero. 

Analysis of the data we obtained reveals that in the absence of a mixed phase in 
the interval 0 ≤ 𝑡𝑡 ≤ (𝑡𝑡3 + 𝑡𝑡4) 2⁄ , the temporal variation of breaking area is 
satisfactorily described by the quadratic dependence (1). The study of temporal 
variability of the whitecap parameters in the transition phase requires more detailed 
additional research and is beyond the scope of this work. 

Here, we are to describe temporal dependence of the whitecap area with the help of 
expression (2). Fig. 5 shows solid-colored lines denoting functions 𝑆𝑆𝑚𝑚(𝑡𝑡) = 𝑎𝑎𝑆𝑆𝑡𝑡2 for 
selected velocity ranges. 

The dependence of the obtained coefficients 𝑎𝑎𝐿𝐿 , 𝑎𝑎𝑙𝑙 and 𝑎𝑎𝑆𝑆on the average breaking 
velocity in the intervals (𝑐𝑐, 𝑐𝑐 + ∆𝑐𝑐) is shown in Fig. 6, where the vertical segments 
correspond to the values of root-mean-square deviations ±δ𝑎𝑎𝐿𝐿 , ±δ𝑎𝑎𝑙𝑙 , ±δ𝑎𝑎𝑆𝑆. The lines 
denote the dependences calculated by the least squares method: 𝑎𝑎𝐿𝐿  = (0.56 ± 0.04)𝑐𝑐, 
𝑎𝑎𝑙𝑙  = (0.19 ± 0.01)𝑐𝑐, 𝑎𝑎𝑆𝑆  = (0.09 ± 0.01)𝑐𝑐2. 

F i g.  6. Dependences 𝑎𝑎𝐿𝐿, 𝑎𝑎𝑙𝑙 (a) and 𝑎𝑎𝑆𝑆 (b) on the breaking wave velocity 

The dependence of the obtained coefficients 𝑎𝑎𝐿𝐿 , 𝑎𝑎𝑙𝑙 and 𝑎𝑎𝑆𝑆on the average 
breaking velocity in the intervals (𝑐𝑐, 𝑐𝑐 + ∆𝑐𝑐)  is demonstrated in Fig. 6, where 
the vertical segments correspond to the values of root-mean-square 
deviations  ±δ𝑎𝑎𝐿𝐿 , ±δ𝑎𝑎𝑙𝑙 , ±δ𝑎𝑎𝑆𝑆. The lines denote the dependences 
𝑎𝑎𝐿𝐿  = (0.56 ± 0.04)𝑐𝑐, 𝑎𝑎𝑙𝑙  = (0.19 ± 0.01)𝑐𝑐 and 𝑎𝑎𝑆𝑆  = (0.09 ± 0.01)𝑐𝑐2 calculated 
by the least squares method. 
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Considering the obtained functional dependencies of 𝑎𝑎𝐿𝐿 , 𝑎𝑎𝑙𝑙, 𝑎𝑎𝑆𝑆 coefficients, 
expressions (1) and (2) will be written in the following form: 

𝐿𝐿(𝑡𝑡) = (0.56 ± 0.04)𝑐𝑐𝑡𝑡,
𝑙𝑙(𝑡𝑡) = (0.19 ± 0.01)𝑐𝑐𝑡𝑡,  (3а) 

𝑆𝑆(𝑡𝑡) = (0.09 ± 0.01)𝑐𝑐2𝑡𝑡2. (3b) 

As the field data analysis showed, the whitecap linear dimensions increase at 
a constant rate, the value of which is determined by the breaking wave scale. At 
the same time, the whitecap area increases with time according to quadratic law 
and the growth rate S is proportional to 𝑐𝑐2. 

We introduce dimensionless values 𝐿𝐿′(𝑡𝑡′) = 𝐿𝐿(𝑡𝑡) λ⁄ , 𝑙𝑙′(𝑡𝑡′) = 𝑙𝑙(𝑡𝑡) 𝜆𝜆⁄ , 
𝑆𝑆′(𝑡𝑡′) = 𝑆𝑆(𝑡𝑡) λ2⁄ , 𝑡𝑡′ = 𝑡𝑡/𝑇𝑇. Then expressions (3a) and (3b), with account for 
the obvious relation 𝑐𝑐 = λ 𝑇𝑇⁄ , can be written down as 

𝐿𝐿′(𝑡𝑡′) = 0.6𝑡𝑡′,
𝑙𝑙′(𝑡𝑡′) = 0.2𝑡𝑡′, (4а) 

𝑆𝑆′(𝑡𝑡′) = 0.1(𝑡𝑡′)2. (4b) 

It follows from expressions (4) that evolution of the whitecap dimensionless 
geometric magnitudes in the active phase does not depend on the scale of 
the breaking waves. 

The verification of the last statement is of interest. Indeed, semi-empirical 
dependences (4) were obtained for all values of 𝑐𝑐. We are to consider how 
significant the differences in the functions in formulas (4) will be at different 
velocities of breaking movement. Fig. 7 presents the variations by 𝑡𝑡′ of 
the dimensionless length, crest width and dimensionless area of the whitecaps lying 
in the above-mentioned intervals (𝑐𝑐, 𝑐𝑐 + ∆𝑐𝑐). Solid lines in Fig. 7, a – c indicate the 
dependences 𝐿𝐿′(𝑡𝑡′) = 𝑎𝑎𝐿𝐿′𝑡𝑡′,  𝑙𝑙′(𝑡𝑡′) = 𝑎𝑎𝑙𝑙′𝑡𝑡′, 𝑆𝑆′(𝑡𝑡′) = 𝑎𝑎𝑆𝑆′(𝑡𝑡′)2  respectively, where 
the values of 𝑎𝑎𝐿𝐿′ ,𝑎𝑎𝑙𝑙′ ,𝑎𝑎𝑆𝑆′  coefficients were obtained by the least squares method. 
The color of the lines corresponds to the velocity range (𝑐𝑐, 𝑐𝑐 + ∆𝑐𝑐) (see explanatory 
notes). The colored areas in Fig. 7 show the areas where the values  
𝐿𝐿′(𝑡𝑡′) ± δ𝐿𝐿′(𝑡𝑡′), 𝑙𝑙′(𝑡𝑡′) ± δ𝑙𝑙′(𝑡𝑡′) and 𝑆𝑆′(𝑡𝑡′) ± δ𝑆𝑆′(𝑡𝑡′) respectively, are located.  

As follows from Fig. 7, a, b, the data 𝐿𝐿′(𝑡𝑡′) and 𝑙𝑙′(𝑡𝑡′) are grouped into 
dependences which are close to linear ones, with slopes of ~ 0.6 and ~ 0.2, 
respectively, for all values of the breaking wave velocity, which is consistent with 
the coefficients in formula (4a). Dependences of breaking areas on dimensionless 
time for selected c, demonstrated in Fig. 7, c, are also close and group around 
𝑆𝑆′(𝑡𝑡′) = 0.1(𝑡𝑡′)2, which coincides with expression (4b). 
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F i g.  7. Dependence of the dimensionless length (a), width (b) and area (c) on the dimensionless 
time. Solid lines correspond to the dependences obtained in the velocity intervals indicated in 
the legend 

Fraction of foam-covered sea surface as a function of breaking length 
distribution. The fraction of the sea surface covered with breaking wave foam, W, 
is one of the main indicators of the dynamic processes of atmosphere – ocean 
interaction. In [5], it was proposed to use the distribution of wave crest lengths 
Λ(𝐜𝐜) as a statistical measure of wave breaking. The integral ∫Λ(𝐜𝐜) 𝑑𝑑𝐜𝐜 is equal to 
the total length of the breaking crests per unit area of the sea surface. According to 
[5], at the moment of a whitecap generation, a foam zone appears which is formed 
by the moving breaking front and stays throughout the entire τ𝑝𝑝 lifetime; in this 
case the total fraction of the foam-covered sea surface is written as 

𝑊𝑊 = ∫ 𝑐𝑐τ𝑝𝑝Λ(𝐜𝐜)𝑑𝑑𝐜𝐜.     (5) 

On the other hand, when carrying out field studies, the breaking area S is 
recorded. When moving and increasing in dimensions, the whitecap does not leave 
visible bubbles behind and, as follows from Fig. 2, a – d, the surface behind 
the breaking is free of residual foam during the active phase. Then we should 
expect that the fraction of the sea surface 𝑊𝑊𝐸𝐸 occupied by whitecaps will be less 
than 𝑊𝑊 calculated by equation (5). We write down this equation for the fraction of 
the foam-covered sea surface in the active phase in the following form: 

𝑊𝑊𝐴𝐴 = 𝑐𝑐𝑎𝑎 ∫ 𝑐𝑐τΛ(𝐜𝐜)𝑑𝑑𝐜𝐜, (6) 

where 𝑐𝑐𝑎𝑎 is a coefficient indicating that the foam zone area in the active phase is 
less than the total foam content of the sea surface (τ𝑝𝑝 = τ for the active phase). 
The justification for calculating 𝑊𝑊𝐴𝐴 using expression (6) is presented in 
the Appendix. When calculating the non-Bragg scattering component in [7, 13], an 
expression similar to formula (6) was applied; 𝑐𝑐𝑎𝑎 coefficient in these works was 
estimated by the correspondence of model calculations of the non-Bragg scattering 
component to field data. 

Let us compare 𝑊𝑊𝐸𝐸 values measured in the experiment and 𝑊𝑊𝐴𝐴 calculated by 
formula (6) on the basis of the same database. 𝑊𝑊𝐸𝐸 values were determined as 
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the average area of recorded breakings per unit of sea surface, which is a traditional 
method applied in numerous experimental studies:  

𝑊𝑊𝐸𝐸 = ∑ 𝑆𝑆𝑖𝑖𝑖𝑖 (𝐴𝐴𝑁𝑁𝑓𝑓𝑓𝑓)⁄ , 

where 𝐴𝐴 is a viewing area of the sea surface; 𝑁𝑁𝑓𝑓𝑓𝑓 is number of video frames. 
The duration of video recordings from which 𝑊𝑊𝐸𝐸 was calculated varied within 
20–30 min range. 

The calculation of 𝑊𝑊𝐴𝐴 values using field data was carried out as follows. 
According to the results of our measurements, one-dimensional distribution Λ(𝑐𝑐) 
was estimated as Λ(𝑐𝑐) = 1

𝐴𝐴⋅𝑑𝑑𝑐𝑐⋅𝑁𝑁𝑓𝑓𝑓𝑓
∑ 𝐿𝐿𝑘𝑘|𝑘𝑘 𝑐𝑐𝑘𝑘 ∈ [𝑐𝑐, 𝑐𝑐 + ∆𝑐𝑐], where ∆𝑐𝑐 is the velocity 

interval, in our case equal to 0.5 m/s; 𝐿𝐿𝑘𝑘  is the length of the k-th crest of breaking 
wave moving at 𝑐𝑐𝑘𝑘 velocity within the interval 𝑐𝑐𝑘𝑘 ∈ (𝑐𝑐, 𝑐𝑐 + ∆𝑐𝑐). 

According to [9, 21], τ = γτ𝑇𝑇, where γτ is proportionality coefficient;      
𝑇𝑇 = 2π

𝑔𝑔
𝑐𝑐 is breaking wave period. Based on the foregoing, we write down 

expression (6) for 𝑊𝑊𝐴𝐴 in the following form: 

𝑊𝑊𝐴𝐴 = 𝑐𝑐𝑎𝑎
2πγτ
𝑔𝑔 ∫ 𝑐𝑐2Λ(𝑐𝑐)𝑑𝑑𝑐𝑐.  (7) 

F i g.  8. Fraction of the sea surface covered with foam of breaking waves as compared to 
2πγτ
𝑔𝑔 ∫ 𝑐𝑐2Λ(𝑐𝑐)𝑑𝑑𝑐𝑐  (solid line is the data approximation by linear dependence, dashed lines are 95% 

confidence intervals) 
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Now we are to estimate the value of 𝑐𝑐𝑎𝑎 coefficient. Fig. 8 gives a comparison 
of 𝑊𝑊𝐸𝐸 and 2πγτ

𝑔𝑔 ∫ 𝑐𝑐2Λ(𝑐𝑐)𝑑𝑑𝑐𝑐, where in accordance with [9] γτ = 0.33; a solid line 

indicates the dependence 𝑊𝑊𝐸𝐸 = 𝑐𝑐𝑎𝑎
2πγτ
𝑔𝑔 ∫ 𝑐𝑐2Λ(𝑐𝑐)𝑑𝑑𝑐𝑐, where the value 

𝑐𝑐𝑎𝑎 = 0.11 ±  0.01  was obtained by the least squares method. 
Thus, expression (5) can be used with regard to the correction factor 𝑐𝑐𝑎𝑎 in 

the models, when calculating the fraction of the sea surface covered by breakings 
in the active phase. 

Conclusion 
The work presents the results of field studies of temporal evolution patterns of 

geometric characteristics of gravitational wave breaking. Determination of 
breaking dimensions in the active phase and velocity of their movement was 
carried out using video recordings of the sea surface. 

It has been experimentally shown that the average values of the whitecap 
width are linearly related to the breaking wave length 𝑙𝑙 ̅ = 0.03λ and average 
areas of breakings are proportional to the square of the breaking wave length  
𝑆𝑆̅ = 0.002λ2. The relationships we found complement the results obtained earlier 
by the authors (𝐿𝐿� λ⁄ ≅ 0.1 and τ� 𝑇𝑇⁄ = 0.33). Based on the experimentally obtained 
relationships for the crest lengths, minor axes, areas and lifetime in the active phase 
of breaking, which are constants, a conclusion on the geometric and kinematic 
similarity of breakings was drawn. 

It has been experimentally shown that geometric dimensions of an individual 
whitecap (length and width) grow at constant rates and their values are determined 
by 𝑐𝑐: 𝑎𝑎𝐿𝐿  = (0.56 ± 0.04)𝑐𝑐, 𝑎𝑎𝑙𝑙  = (0.19 ± 0.01)𝑐𝑐. A quadratic dependence of 
growth of an individual breaking area on time has been established and the value of 
the leading coefficient is determined as 𝑎𝑎𝑆𝑆  = (0.09 ± 0.01)𝑐𝑐2. 

The values of crest lengths and breaking widths normalized to the breaking 
wave length linearly depend on the dimensionless time 𝑡𝑡′ = 𝑡𝑡/𝑇𝑇, practically 
coincide and are grouped around the universal dependencies 𝐿𝐿(𝑡𝑡) λ⁄ ≅ 0.6𝑡𝑡′ and 
𝑙𝑙(𝑡𝑡) λ⁄ ≅ 0.2𝑡𝑡′. The dependences of the areas normalized to λ2  on 𝑡𝑡′ are also close 
and grouped around 𝑆𝑆(𝑡𝑡′)/λ2 = 0.1(𝑡𝑡′)2. The obtained results enable us to speak 
about the independence of dimensionless geometric characteristics of breaking 
from breaking wave scale and velocities. 

Calculations of the sea surface fraction covered with the foam of breaking waves 
were performed both in the traditional way (the average area of recorded breakings 
per unit of sea surface was calculated) and using statistics on the distribution of 
the breaking crest lengths. 

A comparison of 𝑊𝑊𝐸𝐸 with 𝑊𝑊 values calculated using expression (7) showed 
a linear dependence 𝑊𝑊𝐸𝐸 = 𝑐𝑐𝑎𝑎

2πγτ
𝑔𝑔 ∫ 𝑐𝑐2Λ(𝑐𝑐)𝑑𝑑𝑐𝑐, where 𝑐𝑐𝑎𝑎 = 0.11 ± 0.01. Thus, one 

can use the expression for 𝑊𝑊 proposed by O.M. Phillips, 𝑊𝑊𝐸𝐸 = 𝑐𝑐𝑎𝑎𝑊𝑊, in 
the developed models for describing sea surface. Taking into account 
the experimental estimates of 𝑎𝑎𝑙𝑙 and γτ parameters obtained in this work, an 
explanation for the value of 𝑐𝑐𝑎𝑎 coefficient is proposed. 
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Appendix 
To estimate the model values of the sea surface fraction covered with active-

phase breakings, we use the concept of Λ(c) function proposed in [5]. Now we 
move on to a coordinate system with the origin at the foam structure center. We 
write down the variation of a single whitecap area over time 𝑑𝑑𝑡𝑡 as follows: 

 
𝑑𝑑𝑆𝑆 ≅ 𝑑𝑑𝐿𝐿𝑑𝑑𝑙𝑙,     (A1)  

 
where 𝑑𝑑𝐿𝐿, 𝑑𝑑𝑙𝑙 are increments in the breaking dimensions. According to expressions 
(1) and (2), 𝑑𝑑𝐿𝐿 = 𝑎𝑎𝐿𝐿𝑑𝑑𝑡𝑡, 𝑑𝑑𝑙𝑙 = 𝑎𝑎𝑙𝑙𝑑𝑑𝑡𝑡, and integrating equation (A1) over the breaking 
lifetime, we obtain an expression for the maximum whitecap area 

𝑆𝑆𝑚𝑚 ≅ 𝑎𝑎𝑙𝑙τ𝐿𝐿𝑚𝑚,    (A2) 
 

where 𝐿𝐿𝑚𝑚 = 𝑎𝑎𝐿𝐿τ is maximum length of breaking crest. Since, as shown above, 
𝐿𝐿(𝑡𝑡) increases linearly from 0 to 𝐿𝐿𝑚𝑚, the average crest length is 𝐿𝐿� = 𝐿𝐿𝑚𝑚/2. 
According to the data in Fig. 5, c, 𝑆𝑆(𝑡𝑡)is described by a quadratic temporal 
dependence, and as a result, the ratio of the maximum area to its average value will 
be 𝑆𝑆𝑚𝑚

𝑆𝑆̅
= 3. Using the relationships given here for the breaking lengths and areas, 

we rewrite expression (A2) for the average area of a single whitecap: 
 

𝑆𝑆̅ ≃ 2
3
𝑎𝑎𝑙𝑙τ𝐿𝐿�.     (А3) 

 
Summing up expressions (A3) for all breakings observed in area A, we obtain 
 

1
𝐴𝐴
∑ 𝑆𝑆�̅�𝑖𝑖𝑖 ≃ 2

3𝐴𝐴
𝑎𝑎𝑙𝑙τ∑ 𝐿𝐿�𝑖𝑖𝑖𝑖 .       (А4) 

 

Considering the fact that total breaking length per unit surface is       
∫Λ(𝑐𝑐)𝑑𝑑𝑐𝑐 =  1

𝐴𝐴
∑ 𝐿𝐿�𝑖𝑖𝑖𝑖 , and the left side in expression (A4) is the fraction of the sea 

surface 𝑊𝑊𝐴𝐴 covered by the active phase of breaking waves, we rewrite expression 
(A4) in the following form: 

 
𝑊𝑊𝐴𝐴 = 2/3∫𝑎𝑎𝑙𝑙τΛ(𝑐𝑐)𝑑𝑑𝑐𝑐.         (A5) 

 

The main difference between formula (A5) and equation (5) is that in 
the integrand (A5) the factor is not the whitecap movement velocity, but the growth 
rate of its minor axis 𝑎𝑎𝑙𝑙. According to the results presented above, 𝑎𝑎𝑙𝑙 = 0.2𝑐𝑐. Then 

 

𝑊𝑊𝐴𝐴 = 𝑐𝑐𝑎𝑎′
2𝜋𝜋𝛾𝛾𝜏𝜏
𝑔𝑔

�𝑐𝑐2Λ(𝑐𝑐)𝑑𝑑𝑐𝑐, 
 

where 𝑐𝑐𝑎𝑎′ = 2
3

0.2 = 0.13. The expression exactly coincides with formula (7), while 
𝑐𝑐𝑎𝑎′  and 𝑐𝑐𝑎𝑎 values are close. 
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