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Abstract

Purpose. The paper is purposed at studying long-wave processes in Kholmsk bays and on the adjacent
shelf (including the interaction of bays) based on the theoretical concepts and the data of sea level field
observations obtained in September 2022 — May 2023.

Methods and Results. Three autonomous wave meters ARW-14 K installed in the bays of Trade Port
and Kholmsk-Severny, as well as on the shelf at an insignificant distance from the bays were used for
observations. The measurement discreteness was 1 second. The time series both including the tides and
without them were studied based on the spectral analysis using the Kyma program. Within the range of
wave periods 1-30 h, the wave processes of a non-tidal origin and with the periods 1.6-6.7 h were
found. They can be attributed to the shelf seiches, the Poincaré waves or the Tatar Strait seiches.
Spectral analysis in the period range 1-10 min has shown the presence of seiches with the periods 1.83—
8.17 min in Trade Port Bay and those with the periods 1.32-8.65 min in Kholmsk-Severny Bay.
Conclusions. It is established that in course of the whole series of field observations, the coupled
oscillations at the periods ~ 8 min took place in the above-mentioned bays. These oscillations
correspond to the Helmholtz mode of Kholmsk-Severny Bay. They are induced in this bay and then
transmitted to Trade Port Bay due to interaction. At different times they had both in-phase and anti-
phase spatial structures. During the periods of high eigen modes the interaction between the bays was
not detected. Besides, the spectral analysis of the sea level oscillations under study made it possible to
reveal the beats with a period 4.82 h (289.2 min), resulting from the interaction of modes with the close
periods equal to 8.17 and 8.65 min. The stated facts, as well as correspondence of the distance between
the bays’ inlets to the proposed earlier interaction condition criterion allow us to assert that the coupled
oscillations are present in two adjacent bays — Kholmsk-Severny and Trade Port.
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Introduction
Climate changes occurring in recent decades and accompanied by increased
atmospheric disturbances and an increase in their duration require regular sea level
observations in order to obtain an up-to-date understanding of the processes taking
place in the coastal zone, especially in the areas where seaports are located.
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Trade and Kholmsk-Severny ports are located in the bays of Kholmsk (Sakhalin
Island); they are important not only for the city, but also for the entire island (Fig. 1).
A connection with the mainland is held through Trade Port by the Vanino-Kholmsk
ferry crossing by means of which a large volume of various cargoes is transported.
The water areas of the bays adjacent to the ports are protected well from wind waves
by hydraulic structures of various types [1]. However, for long-wave oscillations
coming from the sea, such protection is ineffective. This type of oscillations, in
particular, includes tidal ones, which have harmonics with periods from days to
several hours [2]. The source of long-wave disturbances can be two fundamentally
different types of processes leading to the formation of long waves — anemobaric
(AB) and infragravity (IG) ones [3]. Anemobaric waves are generated due to
the effect of atmospheric pressure and wind fluctuations on the sea surface, as well
as level oscillations caused by the energy dissipation of large-scale long-wave
formations such as meteorological tides or storm surges on heterogeneities of
the relief and coastline. Infragravity waves arise from the nonlinear interaction of
wind waves or large swells. Characteristic periods of AB waves lie in the range from
several tens of seconds to several hours, and 1G waves — in the range of 30-300 s.
Penetrating onto the shelf and into the internal waters, these waves induce resonant
seiche oscillations there.
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Fig. 1. Maps of the region and the water area near Kholmsk showing locations of device installations
marked with black diamonds

A peculiar feature of Kholmsk is presence of two closely spaced bays of
comparable size (the distance between inlets is ~ 1 km) with a coupled system of
oscillations (Fig. 1). Such an oscillatory system can be interpreted as two coupled
oscillators. The paper [4] describes astudy using a laboratory setup of water
oscillations in two connected bays of equal sizes. It is demonstrated that due to
the connection, the oscillations arising in one bay are transmitted to the neighboring
one. In addition, the resonant periods of the bays vary due to the connection;
the occurrence of both in-phase and anti-phase oscillations, as well as beats, is
possible.

Seiches in adjacent real bays have recently aroused great interest among
researchers, since this topic, in addition to scientific, has practical significance. Thus,
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the works [5-8] describe seiches in adjacent bays located in different regions of
the World Ocean. However, these works consider bay systems that include a bay that
is larger than the others. Kholmsk bays are almost equal in size; their interaction has
not yet been studied.

The purpose of this paper is to study, based on theoretical concepts and data
from field observations carried out recently, long-wave processes in the bays of
Kholmsk and at the adjacent shelf, including the study of interaction of these bays.

Materials and methods

Object of study. The water areas of Kholmsk bays are demonstrated in Fig. 1.
According to the website http://retromap.ru/1419537_z7_46.335550,142.22351&h=0,
the parameters of the bays are as follows: Kholmsk-Severny Port — total length is
1008 m, length to the southern partition is 816 m, wide part length is 890 m, northern
part length is 513 m, width at the inlet between the external piers is 221 m, width of
the bay inlet is 139 m, average depth is 6.2 m; Trade Port — length to the ferry berth
IS 732 m, length from the bay inlet to the wall is 556 m, width is 422 m, narrow apex
width is 109 m, its length is 350 m, bay inlet width is 174 m, average depth along
the fairway is 6.5 m. The distance between the centers of the inlets to the bays is
1045 m.

The Tatar Strait near Kholmsk is generally characterized by a relatively weak
manifestation of frequency-selective properties of the water area determined by
topography: the shelf near Kholmsk is the narrowest and deepest off the western
coast of Sakhalin, it expands both in the southern and in the northern directions.
The shelf width in the Kholmsk area is ~ 40 km, the bottom slope is 0.0078.

Sea level observations. Sea level observations were carried out from September
2022 to May 2023 using three autonomous ARW-14 K wave meters: T meter (serial
number 152), T2 meter (serial number 142) and T4 meter (serial humber 149)
(Fig. 1). The fourth device was also installed in the sea at an isobath of 4 m opposite
the inlet of Kholmsk-Severny Bay, but it turned out to be faulty. Accuracy of bottom
hydrostatic pressure measuring, which was subsequently converted into sea level
oscillations taking into account the attenuation of short waves with depth, is 0.06%
of the full scale of measurement and the pressure resolution is equal to +0.0003% of
the full scale of measurement. Discreteness of sea level and temperature
measurements is 1 s.

Methods for processing data from field observations. Spectral analysis,
filtering, tide subtraction and visualization of results and time series were performed
using Kyma software, designed for complex processing and analysis of large-scale
sea level data®[9]. The program enables to calculate the spectral density of
oscillations for a selected time series using the usual windowed Fourier transform.

! Kovalev, D.P., 2018. Kyma. PC Software. Yuzhno-Sakhalinsk: IMGiG FEB RAS. State
Registration No. RU2018618773 (in Russian).

PHYSICAL OCEANOGRAPHY VOL.31 ISS.3 (2024) 411



The time series is divided into (2n/w) — 1 windows, where n is time series length, w
is window size; the next segment of the time series is selected with a shift of half
the length of the window. Filtration is carried out over each segment using
the Kaiser—Bessel window (filtering can be disabled). For each window, the Fourier
transform is then calculated for a predefined number of frequencies, starting at
agiven frequency. After calculating spectral parameters for each window,
the average value between them is calculated.

175

125

Sea level, cm

1075

1025

Sea level , cm

1000

Sea level , cm

800

Nov. 2022 Dec. Jan. 2023 Feb. Mar. Apr.

Fig. 2. Recorded time series of sea level oscillations from which the precalculated tide is subtracted.
Here and in other figures, the device locations are shown: device T is installed in Trade Port Bay, T2 —
in Kholmsk-Severny Bay, and T4 — in the Tatar Strait (on the shelf)

As a result of the observations, long-term time series of sea level variations were
obtained. To analyze seiche oscillations, the precalculated astronomical tide was
subtracted from the time series. Calculation of tidal harmonics and their subtraction
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as mentioned above, the source of long-wave oscillations with the specified period
registered by the mareograph in Kholmsk are long-wave resonators that accumulate
and amplify the energy of trapped waves near Moneron Island and at the shelf near
Chekhov [19, p. 44]. The coherence spectrogram (Fig. 9, d) at ~ 8 min oscillation
periods also demonstrates aband with acoherence of 0.6-0.8 confirming
the coupling of oscillations in these bays.

F i g. 9. Spectrograms of sea level oscillations in two bays (a, b), correlations (c) and phase
differences (d)

422 PHYSICAL OCEANOGRAPHY VOL.31 1SS.3 (2024)



Interaction of oscillations in neighboring bays is clearly demonstrated by
the spectrogram of their phase difference (Fig. 9, d). There is (at 839 min periods)
a stable horizontal band for the entire observation period, corresponding to the range
of periods of eigen oscillations of the bays. Moreover, in January 2023
the oscillations were close to in-phase, and in March — April 2023 — to anti-phase.
Besides, a rather slow cyclic phase change is observed in this band. We found this
effect and then described it in [1]; it is explained by the synchronization of
oscillations in the bay by waves arriving to the inlet 4,

On the eigen periods (less than 8 min) of the bays under consideration, no coupling
of bays is observed despite the fact that peaks exist in the spectral densities of sea level
oscillations at such periods. Apparently, this is due to the fact that the interaction of
oscillators at periods of higher eigenmodes is difficult for some reason. This
circumstance requires further research.

In [4], special cases of solving the Lagrange equation for an isolated system of two
bays during their interaction are considered. Using the equation from this paper, we
calculated the beat periods for the case when seiches initially exist only in one of the two
bays:

2n
__ ©)
")

where n1 and n; are frequencies of oscillations in bays. The calculation revealed that
for peaks that stand out in the spectral density in two bays with 8.17 and 8.65 min
periods, the beat period is 294.5 min (4.91 h). At the same time, in the spectral
densities of sea level oscillations calculated from experimental data for three
observation points, a peak (Table 1) with a period of 4.82 h (289.2 min) stands out;
it differs from the calculated one by 1.8%, which is within the error limits of
calculating the spectral density. This wave process is not caused by tidal harmonics
or seiches and therefore is really a manifestation of beat caused by the connection
between the bays.

Conclusion

Long-term (> 7 months) observations of sea level oscillations were carried out
in the adjacent Trade Bay and Kholmsk-Severny Bay ports, located at 1008 m
distance, as well as in the adjacent water area of the Tatar Strait. Discreteness of
the performed measurements was one second.

Analysis of sea level oscillations for the range of 1-30 h wave periods, carried
out using field data in order to exclude tidal harmonics, indicated the presence of
four non-tidal wave processes with 1.6-6.7 h periods. The model calculations carried
out revealed that wave processes with such periods can be attributed to shelf seiches,
Poincaré waves and the Tatar Strait seiches.

Spectral analysis of 1-10 min period range showed the presence of seiches with
1.83-8.17 min periods in Trade Port Bay and with 1.32—8.65 min periods in Kholmsk-
Severny Bay. In spectral densities of the Tatar Strait sea level oscillations, peaks at 5.62

4 Osipov, G.V. and Polovinkin, A.V., 2005. [Synchronization with External Periodic Impact].
Nizhniy Novgorod: NNGU, 78 p. (in Russian).

PHYSICAL OCEANOGRAPHY VOL.31 ISS.3 (2024) 423



and 11.37 min periods stand out, and at ~ 8 min period, a well-defined minimum is
observed.

It is indicated that during the generation of large-amplitude seiche oscillations,
a cyclone was moving over the observation area, which was accompanied by prolonged
north-northeast winds of 7-19 m-s™ speeds and gusts of up to 15 m-s,

It is determined that throughout the entire time series of field observations in
Kholmsk bays, coupled oscillations over ~8 min period took place; they
corresponded to the Helmholtz mode period of Kholmsk-Severny Bay. These
oscillations were induced in this bay and were transmitted to Trade Port Bay due to
interaction. These oscillations at different times had both in-phase and anti-phase
spatial structures. During periods of high eigen modes, no interaction between bays
was detected.

The spectral analysis of the sea level oscillations under study made it possible
to reveal the beats with a period of 4.82 h (289.2 min), resulting from the interaction
of modes with close periods equal to 8.17 and 8.65 min.

The stated facts, as well as correspondence of the distance between the inlets of
the bays to the proposed earlier interaction condition criterion enable us to assert that
the coupled oscillations are present in two adjacent bays — Kholmsk-Severny and
Trade Port.
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