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Abstract: The changes in the characteristics of freak waves during an extreme storm in the Black Sea
in November 2023 were analyzed based on direct measurement data from a stationary oceanographic
platform located off the southern coast of Crimea. The height of individual waves reached up to
7.2 m, with a maximum significant height of 3.7 m. The continuous three-day wave record was
divided into 20-min fragments, for which statistical characteristics of the waves were calculated.
Three types of abnormality indices were analyzed based on the excess of wave height, crest height,
and trough depth over a given level. During the storm, all abnormality indices increased, indicating
that the probability of freak wave occurrences was higher than under ordinary conditions. When the
significant wave height exceeded 2 m, it was often observed that the trough depth was greater than
the crest height.
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1. Introduction

In November 2023, an extreme storm formed in the Black Sea, which led to significant
destruction of embankments, piers, and coastal structures of Crimea. The wave height
in the central part of the sea exceeded 8 m, and the maximum wave periods exceeded
13 s [Dulov et al., 2024]. The return period of storms with the characteristics of the Black
Sea storm in November 2023 is 25 years [Goryachkin et al., 2025]. To study extreme Black
Sea storms, wave data, numerical modeling of wave fields, and remote sensing data from
spacecraft were used [Divinsky and Kosyan, 2018; Divinsky and Saprykina, 2024; Goryachkin
and Repetin, 2009; Myslenkov et al., 2023].

Studies of extremely large storm waves are of great interest for coastal protection and
maritime traffic [Bernardino et al., 2020]. Waves of extremely large size, also called freak,
rogue, or giant waves, are responsible for the loss of many ships and many human lives
[Kharif and Pelinovsky, 2003]. The physical mechanism behind the occurrence of freak
waves is not yet fully understood [Kharif et al., 2009]. This is apparently due to the fact that
freak waves arise as a result of several physical mechanisms, such as modulation instability
(Benjamin-Feir instability) of wave packets [Dyachenko and Zakharov, 2005; Dyachenko et al.,
2013; Zakharov and Ostrovsky, 2009], nonlinear self-focusing [Forristall, 2005], interaction of
waves with the current, geometric focusing, and nonlinear interaction of non-parallel wave
systems [Gerber, 1993; Hjelmervik and Trulsen, 2009]. Currently, the prevailing opinion is
that the appearance of anomalous waves is associated with the nonlinearity of the wave
field [Zakharov et al., 2006].

The presence of freak waves is usually characterized by the abnormality index Al
[Glejin et al., 2014; Guedes Soares et al., 2003]:

AIH — HmaX ,
Hg
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where H is the wave height, and Hj is the significant wave height. Freak waves are those
whose height is more than twice the significant height of background waves, i.e., waves for
which the condition is met:

Al > 2. (1)

Along with condition (1), another condition is used to identify freak waves [Cattrell
et al., 2018; Zapevalov and Garmashov, 2022]:

Alc, = I(-:I_; >1.25, (2)
where Cr is the height of the crest.

It has been noted in a number of works that in field conditions there are situations
when the depth of the trough is greater than the height of the crest [Didenkulova and
Anderson, 2010; Glejin et al., 2014; Zapevalov, 2024]. Such situations are not described
within the framework of the second-order nonlinear theory [Zapevalov, 2025]. It seems
appropriate, by analogy with Equation (2), to introduce and analyze another parameter
associated with the appearance of anomalous waves:

Alry, = T—h,
Hg
where Th is the depth of the trough. We will select the condition Al7j > 1.25 as the criterion
for identifying freak waves. The introduction of this parameter is of great interest for
solving engineering problems associated with the design of offshore drilling rigs [Toffoli
etal., 2008].

The aim of this study is to analyze the changes in the statistics of wave heights, crests,
and troughs in the coastal area of the Black Sea during the extreme storm that occurred
in November 2023. The analysis uses wave measurement data from the oceanographic
platform of the Marine Hydrophysical Institute of the Russian Academy of Sciences, which
is located off the southern coast of Crimea.

2. Statistical Description

The procedure for isolating an individual wave is described in detail in [Forristall,
2000; Stansell et al., 2003]. On a wave record, an individual wave is defined as a part of it
between any two consecutive zero down-crossings or up-crossings. In this work, individual
waves were determined as part of the zero down-crossing procedure. The main parameters
characterizing the individual wave are the crest height, the trough depth, and the wave
height. The crest height Cr is the maximum vertical distance from mean sea level to the
maximum of the crest. The trough depth Th is the vertical distance from the mean sea
level to the trough minimum, and it is always positive. The wave height here is defined as
the sum of the trough depth and the crest height that follows it: H = Th+ Cr.

It was shown earlier that the type of distribution of the crest height and trough depth
depends significantly on the nonlinearity of sea waves [Zapevalov and Garmashov, 2024].
Cumulants of surface elevations #(t) of the third and fourth order (skewness A3 and excess
kurtosis A4) are usually used as parameters characterizing the level of nonlinearity of the
wave field [Janssen, 2003; Luxmoore et al., 2019; Wang et al., 2022]. Cumulants are defined

as: m m
A3=—0, A= — -3,
m, my

where m,, = (#"") is the statistical moment about the mean of order #, and the angle brackets
denote averaging.

The parameters characterizing the energy of the wave field are the variance of surface
elevations m, or significant height Hg. These parameters are related through the equation

HS = 4\/7712.
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3. Wave Measurements

During the storm, direct wave measurements were carried out at a stationary oceano-
graphic platform located in the Black Sea off the southern coast of Crimea. The platform is
located 600 m from the shore, at a depth of 28 m. The analysis uses data from continuous
wave measurements taken between November 25 and 27, 2023. Wave measurements were
carried out with a sampling interval of 0.25 s. A string wave recorder was used for the
measurements [Garmashov, 2019]. Simultaneously with the wave measurements, meteoro-
logical parameters were measured. The maximum wind speed during the storm, reduced
to a height of 10 m, was 37 m/s.

The elevation measurements of the sea surface were carried out using a resistive wave
recorder. The wave recorder sensor is made of nichrome wire with a diameter of 0.5 mm,
which is wound with a standardized pitch on the carrier cable. The sensor is connected to
a unit that converts its active resistance into a normalized analog output signal.

The wave recorder does not have a nonlinear relationship between the signal level and
the sea surface elevation; this was, in particular, verified before placement by step-by-step
(1 m) measurement of the sensor resistance. According to the device’s specifications, wave
height is measured in the 0-10 m range with a resolution of 0.03 m and a sampling rate of
4 Hz. The measurement error is (0.03 + 0.01H) m, where H is the measured wave height.

The increase in error with increasing wave height is mainly due to the measurement
technique that is inherent in most wave recorders of this type. The vertical orientation of
the wave recorder sensor is provided by a massive weight placed as close as possible to the
bottom. This structure is not rigidly fixed to the bottom and may be subject to slight tilts
due to the influence of sea currents. The sensor tilt in the wave records is visible as a change
in the average sea level. During the storm of November 25-27, 2023, no significant changes
in the average sea level were observed in the wave records.

During the storm period, long-period waves were recorded, which is unusual for the
Black Sea [Dulov et al., 2024]. The minimum value of the ratio between the water depth at
the platform location and the dominant wavelength was 0.154, which leads to a deviation
from the linear dispersion relation. This effect does not affect the calculations of the crest
heights and trough depths.

All data passed quality control, and individual outliers were removed. For each
wave record, a frequency spectrum was obtained, which was calculated using the classical
method as the Fourier transform of the correlation function. Tukey windows were used for
smoothing, and the number of degrees of freedom varied from 21 to 77. The spectrum was
used to monitor the presence or absence of high-frequency noise in the measured signal.
The analysis showed that there were no high-frequency noise during the measurement
period. The frequency of dominant waves wy was also determined from the spectrum.
Signal variations with frequencies below 0.5w( were excluded.

4. Abnormality Index

The continuous wave record was divided into fragments, 20 min long. Wave statistics
were calculated for each fragment. Changes in the main parameters characterizing the
state of the sea surface during a storm are shown in Figure 1. The subscript “max” shows
that this parameter is the maximum for a 20-min fragment. The value T, corresponds to
the time 00:00 on November 25, 2023. The vertical lines show the moments of time when
the significant wave height exceeded the level of 2 m (T;), and when it dropped below 2 m
(T,). The time interval T, — Ty is 10 h.

It is noteworthy that in the region where Hg > 2 m, the maximum depth of the trough
in most cases exceeds the maximum height of the crest. Outside the specified region, the
opposite relationship is observed, Crpaxs1h, - The effect of the trough depth exceeding the
crest height has been previously observed in various experiments conducted by different
researchers [Didenkulova and Anderson, 2010; Glejin et al., 2014; Zapevalov, 2024]. It is not
described within the framework of a second-order nonlinear theory, just as the emergence
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Figure 1. Wave statistics during the storm of November 25-27, 2023. The upper fragment describes
changes in the significant Hg and maximum Hp,,x wave heights. The lower fragment describes

changes in the maximum crest heights Cry,¢ and trough depths Thpyay.

of a negative skewness in the distribution of sea surface elevations, which was observed in
many experiments [Zapevalov, 2025], is not described.

The distributions of crest heights and trough depths are usually analyzed within the
framework of a model constructed on the basis of the expansion of the wave profile into
a series in powers of a small parameter. In the narrow-band spectrum approximation,
a simplified second-order nonlinear model is proposed to describe the statistical character-
istics, which is the sum of two components [Tayfun, 1980]. The model is described by the
equation of the amplitude-modulated Stokes wave:

1n(x,t) = a,(x,t)cos(k,x — wt + &) + %kpaf(x,t)cos(Z(kpx— wt +¢€)), (3)

where a,(x,t) is the wave envelope, k), is the wave number corresponding to the peak of the
wave spectrum, w is the average frequency, and ¢ is the random phase. The local maxima
of the second term in Equation (3) coincide with the crest and trough of the linear wave
described by the first term. The height of the crest and the depth of the trough within this
model are respectively equal [Toffoli et al., 2008]:

Cr=a,+ %kpaf, Th=a,- %kpaf,
therefore, the inequality Cr > Th holds.

Here, model (3) is presented with the aim of clearly showing in a simple analytical
form that, within the framework of a second-order nonlinear model, the height of the crest
is always greater than the depth of the trough. In all currently existing nonlinear models,
the condition Cr > Th is satisfied, and the skewness of the surface elevations is always
positive [Zapevalov, 2025].
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Changes in the abnormality indices are shown in Figure 2. Here, horizontal lines show
the levels, exceeding which allows us to consider the wave as a freak wave. It is evident
that during a storm, the probability of the occurrence of anomalous waves corresponding
to condition (1) increases. The indices Alc, and Alyy, in the time domain between T
and T, also increase. The probability of the occurrence of anomalous waves according to
criterion (1) is higher than according to criterion (2). This is due to the existence of freak
waves in which the trough depth is greater than the crest height [Zapevalov and Garmashov,

2024].
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Figure 2. Changes in the abnormality indices Aly, Alc,, and Altj, during the storm.

It should be noted that there is no statistical relationship between the abnormal-
ity indices Alc, and Aly,. For the data shown in Figure 2, the correlation coefficient
R(Al7y, Alc,) = 0.08.

Previous studies have shown that the only wave parameter for which there is a statisti-
cal dependence on Al is excess kurtosis [Guedes Soares et al., 2003; Shin and Hong, 2009;
Wang et al., 2015; Zapevalov and Garmashov, 2022]. The data obtained during the storm
confirmed the existence of such a relationship. The correlation coefficient between Al and
A4, calculated for the entire array of data shown in Figure 3, is equal to R(Aly, A4) = 0.65. If
only data in the time domain from T; to T, are used to calculate the correlation coefficient,
then R(Aly, A4) = 0.77. The linear regression equation relating Al and A4 is of the form:

Al = 0.3914 +1.58.

The abnormality indices Al., and Al7, also depend on the excess kurtosis. The
correlation coefficients had the following values: R(Al¢,, A4) = 0.45 and R(Alty, A4) = 0.58.

5. Methodological Features of Calculating Wave Heights

Two methods are used to calculate the parameters of individual waves; these methods
are zero down-crossings and zero up-crossings. In the first method, the wave height is
defined as the sum of the crest and the trough that precedes it; in the second method,
height is defined as the sum of the crest and the trough that follows it. Two troughs may
differ, and therefore the wave heights will also differ. Let us compare the heights of freak

Russ. J. Earth. Sci. 2026, 26, ES3019, EDN: DASTNL, https://doi.org/10.2205/2026es001107 50f 8


https://elibrary.ru/DASTNL
https://doi.org/10.2205/2026es001107

Statistics oF Wave HeigHTs, CRESTS, AND TROUGHS DURING THE Brack SEA STORM IN NOVEMBER 2023 (GARMASHOV AND ZAPEVALOV

24 T, hour 48 72
AI(7,-1'6 B
AL, i -
14
12 - e, e =
L .m0 °
En - w; :_: et
1 oo e (] .
0 g‘v%:gr-a” fat® .
r .‘.ﬁ = esn’ o n
el ﬂ?"ai of S
| ofarage ERl s ol
L 0.8 =§_u_ﬁx;: NP

P T R R B B I
2 -0.5 0 0.5 Ay 1 1.5 2

Figure 3. Dependences of the abnormality indices Al (black), Alc, (red), and Al (blue) on the

excess kurtosis A4. The squares highlight the values obtained in the time domain from T; to T.

Linear regression is shown by the lines of the corresponding color.

waves determined by these two methods in the time period T; <t < T,. Figure 4 shows, as
an example, fragments of a wave record 100 s long, each of which contains one freak wave.
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Figure 4. Fragments of wave records including freak waves.

In the analyzed data array, situations are observed in which the trough Th; preceding
the crest of the freak wave is larger than the trough Th, following its crest, as well as
situations in which Th; < Th,,. The heights of the freak waves determined by different
methods vary significantly. Situations in which Th, > Th, accounted for approximately
80 %.

There are several types of anomalous waves. The first type includes waves in which
the crest is larger than the trough (fragment a). The second type comprises waves in which
the trough is larger than the crest (fragments b, ¢, and d). Situations where the trough is
larger than the crest were observed in approximately 70 % of cases.

A small number of freak waves recorded during a single storm does not allow obtaining
reliable estimates of the recurrence frequency of situations where freak waves satisfy the
condition Thy > Th, or Th> Cr. These studies need to be continued using larger datasets.
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6. Conclusions

The wave measurement data obtained during the extreme storm in the Black Sea in
November 2023 allowed us to estimate the probability of freak waves at different stages of
its development.

To identify freak waves, three types of criteria were used based on exceeding the wave
height, crest height, and trough depth of a given level (abnormality indices Aly, Al¢,, and
Alrp). It is shown that all abnormality indices are statistically related to the excess kurtosis
of sea surface elevations. The likelihood of freak waves occurring during a storm is higher
than before it starts and after it ends.

When the significant height was greater than 2 m, situations were often observed in
which the maximum (for 20 min) trough depth was greater than the maximum crest height.
This effect cannot be described within the framework of second-order nonlinear theory.
Further research is needed to understand the physical causes of this phenomenon.

Funding. This work was completed within the framework of the state assignment on
the topic FNNN-2024-0014 “Fundamental studies of interaction processes in the sea-air
system that form the physical state variability of the marine environment at various spatial
and temporal scales”.
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