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Purpose. This paper focuses on modulated solitons detected in time series of observational data on
sea level oscillations in the Sea of Okhotsk, verifying the presence of nonstationary processes within
a quantitative framework of methods.

Methods and Results. The paper reports an analysis of wave observation data collected using ARW-
type, bottom-mounted pressure sensors in the area of the Capes Castricum, Van-der-Lind and
Lovtsova in the southern Kuril Islands. The time series obtained were bandpass filtered using
hardware with a passband of 20 minutes to 2.5 hours. Residual time series show the presence of wave
packets generated at the beginning of the Ki (diurnal) tide, which consistently appear as a group
consisting of 5-7 packets. It is shown that the synchronicity between each wave packet and the Ki
wave initiation is associated with the cyclic separation of the tidal flow of the Ki oscillation at the
elevation in the Urup Strait located between the islands, along with a concomitant spawning of
vortices. It is speculated that the vortices generate the detected wave packets, which are each found to
encase a cluster of waves with an average period of about 1.6 hours that are attributed to either edge
waves or shelf seiches or a combination of both. A numerical model simulation of the detected wave
packets was performed using the Korteweg — de Vries equation, confirming that the envelope of
the observed wave packets is close to the modeled one and behaves like a soliton.

Conclusions. It is shown that synchronous initiation of a wave packet and a Ki wave is associated
with the cyclic separation of the tidal flow of the K1 oscillations at a subsurface elevation in the Urup
Strait located between the islands, with a concomitant spawning of vortices. The vortices are assumed
to generate the detected wave packets. Each packet contains a cluster of waves with an average period
of about 1.6 hours, which is conditioned by the period of the edge wave or shelf seiche. Spectral
analysis performed for the 4.5-day-long time series with and without the groups of solitons, showed
that the wave energy increases in the 0.5-5.5 hour period range when solitons occur. Application of
a simple amplitude-based criterion permitted the authors to identify the waves detected in the wave
packets as anomalous. Transformation of the time series into normalized time and normalized
amplitude coordinates show that all the examples of anomalous wave packets could be modeled using
the Korteweg — de Vries time equation.
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Introduction. The Institute of Marine Geology and Geophysics of the Far
Eastern Branch of the Russian Academy of Sciences (IMGiG FEB RAS) has been
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studying marine phenomena such as tsunamis, meteotsunami, storm surges and
waves in the coastal zones of Sakhalin Island and the Kuril Islands for many years.
In 2008-2009 wave recordings were made in the vicinity of Cape Lovtsova at
the northeastern part of Kunashir Island and near Capes Van der Lind and
Castricum on the southwestern and northeastern ends of Urup Island, with
the purpose of monitoring the natural oscillations within areas of water nearby that
could potentially contribute to the strengthening of incident tsunami waves. Field
observations were conducted using autonomous ARW-series seafloor-mounted
wave recorders, which are sensitive across a wide range of periods from 2 s to
tidal. The duration of each recorded time series varied from 4 to 6 months.

The time series of sea level fluctuations obtained were filtered to emphasize
waves in the period bands associated with tsunamis and meteotsunamis. Pre-
processing was done with a bandpass filter with a bandwidth from 20 min to 2.5 h.
Visual analysis of the filtered time series of observations in the area of Cape
Castricum revealed wave packets covering waves with a period of about 1.6 h.
The wave packets occurred in groups of approximately 6 waves and appear to be
synchronized with the beginning of the Ki (diurnal) tide. It is conjectured that
the detected waves can be attributed to soliton-like oscillations or breathers [1-6],
in which the oscillations are modulated within a soliton-like envelope. In work [6,
p. 9759], the definition of soliton-like waves and breathers is given: “... these are
nonlinear modes existing in a wide range of physical systems. They are
fundamental solutions to a number of nonlinear wave evolution equations,
including the unidirectional nonlinear Schrédinger equation”.

A number of studies (e.g., [7], carried out using measurements in Bussol Strait
in the Kuril Islands in the vicinity of our observations and, more generally, works
[8, 9]), discuss the synchronicity of internal solitary waves and tides. Such
phenomena have been monitored in many places around the globe using a variety
of field and remote sensors, such as synthetic aperture radars installed on satellites
and aircraft. In addition, in [10] it is shown that the instability which occurs when
flows separate from submarine elevations between islands is characterized by
pulsating processes in stagnant zones. The mechanism of these processes has not
yet been described theoretically, so currently the frequency and size of pulsating
vortices can only be determined experimentally. Contemporary authors postulate
that these pulsating vortices can cause wave packets to form that associate with
the K tide, which is confirmed in the current work.

The Korteweg — de Vries (KdV) equation or its modifications are often used to
establish the relationship between soliton-like waves and the types of wave packets
described herein, especially when the water column is relatively shallow compared
to the wavelengths observed. This equation was introduced by J. V. Boussinesq in
1877, but acquired its modern form in the works of Diederik Korteweg and Gustav
de Vries, who reinterpreted it, investigated it more fully [11] and obtained
anonlinear equation for describing long solitary waves on water. To study
the spatial evolution of the sea surface level measured at a certain point, the KdV
equation can be used in the so-called temporal form (given in [12]), with an initial
disturbance at this point. However, the equation in [12] describes only the soliton
wave envelope, which coincides with the envelope of the observed packets.
In the present case, wave packets which take the form of modulated oscillations are
recorded. For such waves, the given time series can be compared with theoretical
predictions based upon the nonlinear harmonic breather method introduced in [3].
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According to this method, various wave packets are decomposed into their
fundamental harmonic components by applying the Fourier series transformation
built on trigonometric basis functions of linear theory. The frequent presence of
soliton waves in shallow sea zones was also noted in [13-15] and a number of
other papers. Because we detected modulated solitons in the sea level time series
recorded by the IMGIG FEB RAS, it is of interest to check for the presence of
these hydrophysical processes within the framework of quantitative methods.

Data of observations. Observations of waves over a wide range of periods
were carried out in the vicinity of the South Kuril Islands of the volcanic
archipelago in the Sakhalin region of Russia, stretching for about 1300 km
northeastward from Hokkaido to Kamchatka and separating the Sea of Okhotsk
from the northern part of the Pacific Ocean. Wave recorders were installed near
Capes Castricum and Van der Lind on Urup Island at depths of about 15 and 21 m,
respectively. The third recorder was installed in the area of Cape Lovtsova at
a depth of about 25 m. The bottom hydrostatic pressure was measured and then
converted into sea level fluctuations, i.e., waves on the sea surface, taking into
account the attenuation of the shorter waves with depth.

The location of the installed recorders is shown in Fig. 1. The distance
between Cape Castricum and Cape Van der Lind is approximately 114 km, and
between Cape Van der Lind and Cape Lovtsova is about 250 km. The duration of
each time series recorded is roughly 115 days, whilst the data were sampled every
second.

Sea of OLhotsk

Fig. 1. Map of the observation region and the locations of the devices

The time series obtained at the observation points of Cape Castricum, Cape
Van der Lind and Cape Lovtsova contained significant short-period noise, although
the oscillations caused by wind waves and swell in the original data set had
amplitudes of no more than 20 cm unless a storm was present. Regardless of this,
each time series of observations was filtered so as to exclude noise outside
the passband from 20 min to 2.5 hours. After filtering of the data, the times were
found when increases occurred in the amplitude of the waves attributed to single
wave packets, taking into account the conclusions on the separation of single
PHYSICAL OCEANOGRAPHY VOL. 28 1SS.1 (2021) 5



waves set out in the thesis [13]. The time scales of the waves observed in
the present study also turned out to be close to those given in that work.

Strictly speaking, interpreting a random wave field in shallow water in terms
of Fourier spectra is unsatisfactory when the wave amplitudes are not small.
Nonlinearity of wave fields leads to harmonic interactions and random changes in
the Fourier spectra [12]. Taking into account this prerequisite, but also recognizing
that the amplitudes of the detected waves are modest and nonlinearity only appears
sporadically, the authors decided to accept the use of Fourier spectra for sea level
fluctuation analysis.

Both the original recordings and the processed time series (Fig. 2) show
anomalous waves. Several easily-distinguishable packets contain waves with
periods of about 1.6 hours, evident within the series that were filtered to eliminate
short-period noise. The wave amplitudes within the packets varied from 5 to 25 cm,
whilst the maximum duration of the entire packet is usually about 4.7 hours.
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Fig. 2. A fragment of the recorded time series, July 11-18, 2008 (a); after bandpass filtering in
the period range 20 minutes — 2.5 hours (b), and its spectral density (c)
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Initially, in the visual analysis of each time series, single wave packets with
amplitudes exceeding 10 cm were selected. Later it was found that wave packets
actually appear in groups where the wave amplitude increases from packet to
packet and then returns to its background level. Accordingly, a significant
amplitude was determined subsequently to be one above the background level.
The calculated data for various fragments of observations in the form of 2-day
segments are presented in the table.

Mean value of the sea level z (cm), mean square deviation ¢ (cm), skewness Sk and kurtosis
Ku coefficients, significant wave amplitude As(cm) and anomalous amplitude Aab, (cm)

Start date of the
two-day series in

No. 2008 YA c Sk Ku As Aap
1 July, 11 1494.48 1.76 0.05 3.08 3.52 7.04
2 July, 14 149448 4.16 1.54 26.13 - -
3 August, 6 149448 1.71 0,04 4.13 341 6.82
4 August, 11 149448  3.30 —0.20 7.68 - -
5 September, 3 1494.48 2.13 —-0.09 3.06 4.26 8.52

6 September, 7 1494.48 3.94 —-0.10 7.12 - -

7 October, 20 242318 2.02 —0.06 3.17 4.04 8.08

8 October, 22 2423.18 4.31 -0.27 9.18 - -

Average rating for no wave packets 1.90 -0.01 3.36 3.81 7.62

/Average scores when wave packets

393 -0.14 12.53 - -
are present

Note: Bold text indicates parameters for time series containing registered wave packets. Series 1-8
refer to the observations at Cape Castricum, series 9 and 10 to the observations at Cape Lovtsova

Spectral analysis carried out for 4.5-day time series with and without wave
packets shows (Fig. 3) that, when wave packets are present in the record, the wave
energy increases in the range of periods of 0.5-5.5 hours. All wave packets in
groups correspond to the start of the tide. During 115 days of measurements in
the area of Cape Castricum, four separate groups of waves and one group of waves
corresponding to the minimum water level but observed during a semidiurnal high
tide near Cape Lovtsova, were recorded. Near Cape Van der Lind, no waves with
periods close to 1.6 hours were recorded.

PHYSICAL OCEANOGRAPHY VOL. 28 1SS.1 (2021) 7



Spectra (cm?s)

Period (h)

Fig. 3. Power density spectra for 4.5-day-long time series including a group of wave packets (22-26
September time series — blue curve; 7-11 September time series — deep-purple curve; 13-17 July time
series — brown curve; 8-12 August time series — green curve) and in their absence (1-5 August time
series — purple curve)

Wave packets. To determine the necessary conditions for the formation of
the wave packets that were observed, the weather conditions at their time of
appearance and the bathymetric features of the coast where they were observed
were studied. It was found that the height of the wind waves and swell at
the moments of observation of the wave packets usually did not exceed 20 cm for
Cape Castricum and 40 cm for Cape Lovtsova, with the exception of aberrant
waves that reached 79 cm. Wave packets were also observed in calm weather in
the area, except at Cape Lovtsova. This implies that sea state did not affect
the generation of wave packets.

The fact that there were no wave packets near Cape Van der Lind and only
asingle example was recorded near Cape Lovtsova is probably due to
the bathymetric features of the straits between the islands. On the ocean shelf
diagram (Fig. 4), taken from [16, p. 229], Cape Castricum is located in the southern
part of Urup Strait (profile 3 in Fig. 4, b). The strait depth is about 500 m, which is
less than half the width of the 40 km-wide Vries Strait (between Iturup and Urup
Islands). The maximum depth of the Vries Strait is about 1300 m (profile 2,
Fig. 4, b [17, p. 87]); Cape Van der Lind is located there. Meanwhile, in the Cape
Lovtsova area (profile 1, Fig. 4, b), the approximately 21-km-wide Catherine Strait
between Iturup and Kunashir islands has a depth of about 400 m - almost the same
as the Urup Strait of 30 km width. Thus, the depth of the sea is apparently
the governing parameter for the generation of the wave packets that are observed in
the shallower regions of the Catherine Strait and the Urup Strait. It is also possible
that the projection of the coastal shelf, clearly visible on profiles 1 and 3 (Fig. 4),
plays a specific role here.
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Due to the obvious relationship between the generation time of wave packets
and the beginning of the tide, the spectrum was calculated for sea level fluctuations
with periods from 1 to 65 h, i.e., including the range of tidal fluctuations (Fig. 5).
The tidal waves K; and K, are clearly seen there, but the appearance of wave
packets in the area of Cape Castricum is associated only with the diurnal K; tide.
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Fig. 5. Spectrum of tidal fluctuations of the level at the instrument’s location near Cape Castricum
calculated from the 3.7-month-long time series

It is known that when a flow goes around elongated cylindrical bodies
(or other linearly elongated profiles), with a longitudinal axis perpendicular to
the flow direction, it can detach from the body. (This is true for both laminar and
turbulent flows [10].) As a result of flow separation, the vortices periodically
separate from a point that is located at different distances from the beginning of
the flow for laminar and turbulent flow: when the flow is laminar, it is located
PHYSICAL OCEANOGRAPHY VOL. 28 1SS.1 (2021) 9



upstream. At Reynolds numbers between 100 and 200, the flow is unstable and
vortices are separated in an alternating sequence [10]. Earlier studies of the near-
bottom boundary layer at a depth of about 85 m in the South Kuril Islands show
that the turbulent regime of tidal currents prevails, except at short periods of up to
30-50 min, when the current reverses [18].

The authors believe that for the situation identified, the tidal Ki flow of
the wave cyclically breaks away from the elevation in the Urup Strait located
between the islands. This results in the formation of vortices, which cause
the initiation of the wave packets observed. In this case, the periods of the detached
vortices determine the periods of the waves in the enveloping soliton packet, i.e.,
the modulation.

The hypothesis above is confirmed by the arguments presented in [8] and by
the results of studies carried out in [7]. Apel considers the generation of solitary
wave packets by a tidal flow over shallow rock-bars or shores and remarks that
the appearance of these packets is synchronized with the semidiurnal K;
tide. Nakamura and co-authors also present the results of a study of the non-
stationary wave generation by the diurnal K; tide in the Bussol Strait, adjacent to
the Urup Strait.

However, the authors of [7] and [8] consider the generation of internal single
waves. In the case being investigated here, the authors believe that the identified
waves are barotropic and not internal, since the waves discussed herein are detected
by seafloor-mounted pressure sensors and have substantially larger amplitudes than
those expected for internal waves at the locations of the devices [19].

The generation of waves due to a flow around an obstacle is also well known
in meteorology. In [20], it is argued that if the air is forced to cross a mountain
range in statically stable conditions, then the air sections start to oscillate about
their equilibrium positions. This leads to the wave system formation downwind of
the mountain.

Structure of wave packets. The nature of the wave packets is considered in
this section. Fig. 6 presents detailed unfiltered and filtered data fragments
containing wave packets, to identify probable oceanographic mechanisms that
could lead to oscillations with a period of 1.6 h that are located within each
envelope of the wave packet. Wave periods of 1.6 hours can be associated with
Poincaré or marginal waves, as well as with shelf seiches.

The calculation of the amplification factor of Poincaré waves is made using
the equation taken from [16, p. 39], for a convex exponential profile with

approximation h(x)=—e"%* where x is the distance from the coast in kilometers.

This shows that, for a given bottom topography, amplification of Poincaré waves
with amplitudes exceeding the background level and with periods of about 40 min
or less is possible. Since the waves recorded in the present study have a period of
about 1.6 hours, this means that the recorded waves cannot be Poincaré waves.
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Fig. 6. Time series segments and the same segments after their processing by the filter with
a passband from 20 minutes to 2.5 hours

To test the possibility that shelf seiches are being generated at a period of
1.6 h, the theoretical periods of shelf seiches were calculated for the bottom slope
in the area of Cape Castricum (o = 0.021) and the values of the width of the first
shelf (L = 95 km), according to those given in [17, p. 102; 21] by the formula

T, =8x/f/(n ga),

where n = 1, 3, 5, ... is the mode number. Calculations show that the first mode
period of the shelf seiche is about 1.5 h, i.e., only slightly less than the period of
the detected fluctuations of 1.6 h.
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At the same time, the results of the study [22] showed that the amplitude of
such seiches decreases slowly and that, as a result, large amplitudes of sea seiches
are recorded for a long time after excitation. This is inconsistent with the picture
shown in Fig. 6. It can be seen that the attenuation of oscillations with a period of
1.6 h occurs quickly and their heights outline the envelope of a single wave.
On the other hand, in [13] it is concluded that there is a relation between waves of
the soliton type and the rise in the energy of oscillations in the sea, consisting
of waves with the same period as those discussed here.

The possibility of generating edge waves with observable periods was also
studied using the results of [16, 17]. The actual profile corresponding to the data
collection site near Cape Castricum is presented as profile 3 in Fig. 4, taken from
[17, p. 87]. The dispersion diagram corresponding to this profile, also taken
from [17, p. 91], shows the possibility of the existence of edge waves with a length
of about 11.300 m with a period of 1.6 h. The coincidence of the values of
the measured wave periods and periods obtained from the theoretical model
suggests that the waves detected at Cape Castricum are most likely to be edge
modes.

Thus, in the Cape Castricum area, the resonance features of the water domain
make possible the coexistence of two types of waves. And that, as a point of fact,
waves with periods close to 1.6 hours can emerge inside single wave packets.

A simple statistical method developed for detecting the so-called anomalous
waves [23] was also implemented using two-day filtered time series recorded at
the Cape Castricum and Cape Lovtsova sites. General statistical characteristics
were calculated using the following standard formulae

N
E:%Zzi,

i=1

Sc= LS - of
No® r) ! ’

Ku = 14 y (z-2),
No™ i

where N is the quantity of measurements in the interval (about 172800); z; is

the sea level value, measured from the bottom according to the hydrostatic formula
for pressure; zis the mean sea level value in a 2-day interval; Sk is the coefficient
of skewness and Ku is the coefficient of kurtosis.

Data and results of calculations, including the date of the beginning of each 2-
day time series, are given in the table, which shows that the calculated statistical
characteristics demonstrate significant variability over 115 days, whilst ¢ is larger
for segments of the time series containing wave packets.
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For background time series that do not contain wave packets, the average
value of the rms deviation is 1.90 cm, the coefficient of skewness is 0.01 and
kurtosis is 3.36. These values differ little from Gaussian (Sk = 0 and Ku = 3), so
that the background disturbance in the range of periods from 20 min to 2.5 h in
the absence of wave packets and between them is close to Gaussian.

For time series segments containing wave packets, the mean value of
the standard deviation is 3.93 c¢cm, which is twice the background level value.
In these cases, the kurtosis value is also significantly different from Gaussian,
the average value of which is 12.53. At the same time, a small negative value of
the coefficient of skewness indicates the presence of left-sided asymmetry, and
a larger value of the coefficient of kurtosis (in comparison with the Gaussian)
indicates a greater probability of the appearance of abnormally large waves [23].
When wave packets appear, wave field stationarity is significantly violated.

We review which of the observed waves are above the background level and
can hence be said to be anomalous. Since the background waves are Gaussian
when wave packets are absent in the time series, as shown above, then a significant
amplitude can be recognized by the expression As=2c, given in [23, p. 37].

A wave will be defined as abnormal if its amplitude A, > 2A, =4c.
The table shows calculated A, and A, results. It can be seen that a significant

wave amplitude varies from case to case and its average value is 3.81 cm. Waves
with an amplitude of more than 7.62 cm will be considered abnormal. All the cases
considered from the observed time series fragments shown in Fig. 6 after band pass
filtering meet this criterion. For the fragment dated July 14-15, the maximum wave
amplitude is about 17.5 cm and, for the fragment dated September 23-24, it is
about 25 cm; both values exceed the critical value of the anomaly criterion.
In the other two cases, the amplitudes are 9 and 10 cm, i.e., they are almost one
and a half times higher than the background level in the considered range of
periods and also correspond, albeit with a smaller margin, to the criterion of
anomalous waves that is used in the present study.

Model and analysis. The notion of using the Korteweg — de Vries equation
for the interpretation of the observed wave packets was considered. Wave
fragments in normalized coordinates of time and amplitude were constructed for
the four detected soliton-type waves. For the KdV equation, the following

coordinates are used: tﬂ, where t is time and A is the wave amplitude; and n/A,
where n is the elevation of the surface. Such time series normalization permits
profiles to be compared with the sech? function since, without normalization,
the sea surface elevation and the soliton duration depend on its amplitude.

The graph in Fig. 7 shows waveforms (time series fragments) of the KdV
equation. There, all four curves in normalized coordinates are folded into one,
affirming that the KdV equation is the preferred model for describing the detected
waves. Consequently, the KdV equation applied to long unidirectional gravity
waves in water was used to simulate surface waves on a fluid [24] and, thereby, to
synthesize our results.

PHYSICAL OCEANOGRAPHY VOL. 28 1SS.1 (2021) 13
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Fig. 7. Waveforms in the normalized time and amplitude coordinates for the model according to
the KdV equation (pink line). The lower horizontal scale shows time in hours for the wave with
the start of its record on June 14, 2008. The upper time scale refers to the soliton

The classical solution of the Korteweg — de Vries equation. The time form
of the KdV equation [14] is more useful to describe the spatial evolution of the data
measured at the point x,, i.e., the boundary value problem. This equation is denoted

as the TKdV equation and written

M, Lo o gl 1)

x ot Vo Ve

where ¢, =-/gh; a=3/(2c,h); B= hz/(6c§); g is the acceleration due to gravity

and h is the undisturbed water depth.
The single soliton solution of the TKdV equation (1) has the following form

[12, p. 3]

n(x,t)= Asechz[t _TXN j (2)

where velocity V and duration T depend on the amplitude A:

V=C—°zco(1—c°°‘Aj, 7= 128 @3)
1-c,aA/3 3 aA
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The approximate (binomial) expression for V in equation (3) is valid for small-
amplitude solitons as long as cyaA/3 << 1.

Using equations (2) and (3) for the values of the wave depth and amplitude
obtained from field data, a graph of the sea surface elevation and the profile of
the actually observed single wave were constructed (pink curve in Fig. 7).
The following parameter values were used in the calculations: A = 0.125 m;
h=15m; x =60 x 10 m, and the duration of the wave packet T = 8000s, i.e.,

T-/A =2828 m¥2s during normalization. It is evident that the pink soliton curve
in Fig. 7 encompasses the wave packet captured by the IMGiG FEB RAS.

Harmonic breathers. The presence of 1.6-hour oscillations within
the envelope of single wave packets, i.e., modulation, suggests that the well-known
classical solution of the KdV equation [12] is incomplete and that further research
is needed. On the other hand, the KdV equation is non-linear and, although
researchers have made significant progress in solving it, invoking the inverse
scattering transform (IST) as an alternative to a linear Fourier transform remains
challenging. The procedure for solving the TKdV equation using the Miura
transformation [25] involves: a) solving the forward scattering problem at x = 0
using the Schrodinger equation with the potential n (X, t), that is, — 6%y/ot? + ny =
= A%y, to find a finite number of discrete eigenvalues A, and a continuous spectrum
of eigenvalues X; b) finding out how the scattering data evolve spatially, i.e., with
a change in x; c) calculating n (x, t) at position x using scattering data in X, and then
solving an integral equation with a kernel consisting of a superposition of discrete
wave modes (iAn) and a continuous spectrum of wave modes (iA), and
differentiating the result with respect to t [26]. Each step of the IST, i.e., “ato c”,
leads to a unique solution to the KdV equation that consists of two components:
a part that is obtained from N discrete eigenvalues that maps to N solitons and
a part corresponding to the continuous spectrum. For this study, which is primarily
concerned with understanding oceanographic observational data, it would be very
difficult to establish a convincingly strong connection between mathematical
theory and observational data. Despite this, the modulation within each single wave
packet cannot be ignored, since it is an important and very noticeable feature of
the recorded time series in the presence of groups of single wave packets.

The author of [3, 4] briefly explains the IST application for solving the spatial
KdV equation, but then considers the continuous spectral part (soliton-free) which
is a superposition of linear harmonics. For two harmonics corresponding to
the frequency = A (wave number for TKdV), he writes down an elemental solution
for n (X, t), which he calls a harmonic breather [3, p. 5118]. Then, by analogy with
solitons, Kovalev defines a nonlinear superposition of N harmonic breathers with
N different frequencies (wave numbers) A ={A\i, A2, ..., An} and, potentially,
N different displacements and phases. He argues that the finite sum of nonlinear
harmonic breathers is similar to the sum of the harmonics of the Fourier transform,
interpreting various functions as linear superpositions of trigonometric functions.
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Fig. 8. Wave packet generated by 21 harmonic breathers at nondimensional position x = — 0.525
(the figure replicates the bottom right subplot of Fig. 3 from [3, p. 5121], the first figure was obtained
using the TKdV equation and the second one — the KdV equation)

A sample of a wave packet shown in Fig. 8 was calculated using the same
parameters as in Fig. 3 from [3], but with interchangeable x and t so that we can
effectively work with a sort of physically artificial version of the TKdV equation,
i.e., the wave packet shown is the observational data that could be obtained on
a device located at a distance of 0.525 dimensionless units from x = 0, measured in
the negative direction.

Fig. 8 is shown not to simulate one of the wave packets from the dataset, but
as a qualitative demonstration of the possibility of creating modulation within
the external single envelope wave using a superposition of harmonic breathers.
The inclusion of additional harmonic breathers outside of N = 21 has little effect
onthe wave packet and only adds confidence that the summation emulates
a continuous spectral integral.

Conclusions. To determine wave processes in the coastal zone of the islands,
an analysis of wave data recorded in 2008-2009 was carried out near Cape
Lovtsova (Kunashir Island), and Capes Van der Lind and Castricum (Urup Island).
The observations were carried out using autonomous bottom-mounted ARW
pressure sensors, which record over a wide range of wave periods stretching from
2 s to tidal periods. The duration of the recorded time series varied from 4 to
6 months.

Preprocessing of the recorded time series using a 20 min to 2.5 h bandwidth
filter showed several distinct wave packet solitons in the vicinity of Cape
Castricum and Cape Lovtsova, which enclosed oscillations at a period of about
1.6 h. These wave packets appear in groups of approximately six waves,
synchronous with the start of the K tide for Cape Castricum, and it is observed that
the K; wave dominates in the calculated spectrum of tidal oscillations. Spectral
analysis carried out for 4.5-day-long time series in the presence of a group of
16 PHYSICAL OCEANOGRAPHY VOL. 28 1SS.1 (2021)



solitons or their absence showed that a wave energy increase is observed in
the interval of periods from 0.5 to 5.5 h when solitons appear.

It was found that the sea state does not affect the generation of wave packets,
but the water depth in the strait is of great importance: wave packets appear near
the capes in the rather shallow straits of Catherine and Urup but are not observed in
deeper straits. It is assumed that these processes may also be affected by the coastal
shelf projection, which is clearly visible on the depth profiles (Fig. 4, b).

Based on the results obtained and the study of literary sources, it can be
assumed that wave packets are generated when a tidal current flows around
an elevation in the Urup Strait between the islands. In this case, a cyclical
separation of the tidal flow of the K; wave occurs with the formation of vortices,
which, in turn, leads to the generation of the observed wave packets.

To determine abnormal waves in the time series, conventional statistical
methods were used using 2-day fragments. It was found that background
oscillations in the period range from 20 min to 2.5 h are close to Gaussian in
the absence of wave packets, but the stationarity is violated when they are present.
Using a simple amplitude criterion, the waves detected in the wave packets were
deemed anomalous.

By transforming the time series into normalized time and amplitude coordinates,
it was found that all examples of anomalous wave packets can be simulated using
the KdV time equation. The classical solution n=Asech?[(t— x/V)/T] replicated
the wave packet envelope when the measured values of the water depth and
amplitude are introduced, providing confidence that the observed wave packets are
solitons. By superposing a set of harmonic breathers [3], the authors were able to
illustrate qualitatively the presence of internal modulation within the observed
solitons.
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