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Abstract

Purpose. The aim of this study is to identify and analyze the main infrasonic oscillatory processes
observed in records from sea level measuring stations and stations of global navigation satellite systems
(GNSS), as well as to determine the primary sources of these oscillations.

Methods and Results. lTonospheric GNSS data from stations located in the Primorsky Territory of Russia
and sea level data from marine stations in the Pacific Ocean and the Sea of Japan were analyzed.
Variations in total electron content (TEC) and sea level were examined, and the dominant oscillation
periods in the ionosphere and hydrosphere corresponding to specific measurement sites were compared.
Spectral analysis was performed using two different methods: the periodogram method and
the maximum likelihood estimation (MLE) method. The results show that the dominant oscillation
periods in the ionosphere above water areas coincide with those of sea surface fluctuations, with
an average deviation of 2.5%. Two independent experiments indicate that these oscillations originate
in the atmosphere and subsequently excite oscillations of similar periods in the hydrosphere.
Conclusions. Analysis of ionospheric TEC variations and data from level measuring stations
demonstrates that the periods of the dominant spectral maxima are in good agreement with high
accuracy. The obtained results indicate that the oscillation periods the ionosphere and the hydrosphere
correspond to the same eigen atmospheric oscillations over specific territories and water areas.
The observed coincidence of oscillation periods confirms strong coupling between atmospheric
infrasonic disturbances, the ionosphere, and the hydrosphere. In the future, integrated experiments with
modern laser interferometric systems will allow for a better understanding of the mechanisms of
interaction between geospheres.
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Introduction
The study of interactions between geospheres is one of the fundamental
problems of modern science. Understanding the mechanisms governing interactions
within the lithosphere—hydrosphere—atmosphere system is particularly important in
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the context of the rapid development and globalization of technological systems,
which require timely diagnosis and forecasting of environmental conditions.

For example, the movement and interaction of lithospheric plates and blocks
lead to seismic activity, which serves as a source of numerous effects not only within
the lithosphere itself but also in various layers of the atmosphere and hydrosphere.
An earthquake represents a complex source of acoustic and electromagnetic impacts
on the Earth’s atmosphere and ionosphere.

According to current understanding, one of the primary mechanisms of energy
and momentum transfer from the Earth’s surface to the upper layers of
the atmosphere is the propagation of internal atmospheric waves. Under favorable
conditions, such waves can reach ionosphere altitudes (90—400 km) and induce
perturbations in the ionospheric plasma through interactions between neutral and
charged components. These internal atmospheric waves most commonly manifest in
the ionosphere as travelling ionospheric disturbances. The sources of such
ionospheric perturbations may include both the main seismic shock and seismic
Rayleigh surface waves propagating over long distances.

Ionospheric perturbations have been detected following more than 50 major
earthquakes. Significant progress in this field has been achieved over the past two
decades owing to the development of ionosphere sensing methods based on signals
from GNSS, such as GPS and GLONASS [1-4].

Using measurements of GNSS radio signals, the total electron content (TEC) in
the ionosphere is determined along the line of sight between a GNSS satellite and
a ground-based receiver. The TEC reflects the behavior of electron density and its
variations caused by various physical processes. The high accuracy of TEC
determination from phase measurements at two GNSS operating frequencies enables
the investigation of a wide range of ionospheric perturbations.

Ionospheric monitoring using networks of ground-based GNSS receivers makes
it possible to detect travelling ionospheric disturbances generated by earthquakes,
tsunamis [5], volcanic eruptions and explosions [6], nuclear tests [7], microbaroms
produced by standing ocean waves, and other processes occurring in adjacent
geospheres.

In the context of global climate change and the ongoing increase in mean global
temperature, it is necessary to consider not only greenhouse gas emissions but also
the contribution of energy dissipation processes within the geospheres, which are
largely associated with the increasing frequency and intensity of catastrophic natural
phenomena.

The amplitude and form of ionospheric perturbations recorded by GNSS depend
on several factors, including earthquake parameters, the background state of
the ionosphere, GNSS satellites observation geometry, and the orientation of
the geomagnetic field. In addition to these known sources of ionospheric
disturbances across various frequency ranges, particular attention should be paid to
perturbations associated with the intrinsic properties of the ionospheric layers
themselves, namely their natural oscillation modes (eigenoscillations).

Of particular interest are the background state of the ionosphere and the spectral
range of ionospheric oscillations excited by external impulsive forcing. One such
perturbation source is the eruption of the Hunga Tonga—Hunga Ha’apai volcano [8],
as well as other impulsive disturbances originating in adjacent geospheres, such as
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carthquakes. However, other contributing factors may also play a role, including
differences in the vertical motion of ocean and land surfaces [1], background
atmospheric winds, and possible extraterrestrial sources.

When studying ionospheric eigenoscillations, attention should be focused on
identifying the presence of characteristic oscillation periods at different time
intervals under various external stimuli. An additional approach to determining
the eigenoscillation periods involves examining their manifestation in independent
physical processes.

The first step in addressing this problem — namely, determining the periods of
ionospheric eigenoscillations in the range of 640 min — requires selecting
an appropriate object of study. In this work, the object of study is GNSS-derived
TEC data of the ionosphere measured along the line of sight between GNSS satellites
and ground-based receivers. The analysis is focused on a specific region, namely
the southern part of the Primorsky Territory of Russia and the Japanese Islands.

The main objective of this study is to research the mechanisms of atmospheric
processes affecting the hydrosphere, as well as to determine the primary source of
recorded geospheric disturbances. The main research method was comparison of
maxima of the oscillation periods of the two geospheres, using the MLE method and
the periodogram method. The applied approach allows wus to determine
the mechanism of interaction and the primary source of the detected fluctuations.

Materials and methods

In this study, GNSS data are used to analyze variations in the TEC of
the ionosphere measured along the line of sight between GNSS satellites and
ground-based receivers. The data were obtained from the GLONASS satellite
systems (24 satellites operating at altitudes of 18,840-19,440 km) and GPS
(32 satellites operating at an altitude of approximately 20,150 km). TEC
measurements were collected from a network of ground-based GNSS stations
located in the Primorsky Territory of Russia, including ARSN, BKM2, DLNG,
IMAN, KALV, LESO, NKHD, NOVP, SHUL, SLAV, VLAD, VLDV, and ZAPV
(Fig. 1).

The ground projections of the orbits of the GNSS satellites considered in this
study pass over multiple land and marine areas. GNSS receiving stations located in
the Primorsky Territory record variations in the TEC of the ionosphere along the line
of sight between a satellite and a ground-based receiver. Thus, the primary
experimental data used in this study are time series of TEC variations.

TEC is an integral measure of electron density, characterizing the total number
of free electrons along the signal path through the entire thickness of the ionosphere.
The main contribution to TEC is provided by ionospheric layers located at altitudes
of approximately 300 km above the Earth’s surface on the path between a satellite
and a ground receiving station. Given that the orbital altitudes of GNSS satellites
exceed this height by a factor of 60-80, the TEC values measured along the GNSS
satellite—GNSS receiver path can be attributed to the ionospheric region located
above the corresponding territory or water area over which the ray path is projected.

Fig. 2 illustrates an example of a GNSS receiver—GNSS satellite track for
satellite G26 and receiver VLAD. Thetrack shows the positions of
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the corresponding GNSS receivers as well as the time of signal reception (UTC).
Based on such tracks, it is possible to associate TEC measurements with specific
geographic regions. For instance, TEC values projected over Japan correspond to
the ionospheric layer above Japan at the corresponding time, while other track
segments represent ionospheric conditions over adjacent areas.
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Fig. 1. Location of GNSS receivers in the Primorsky Territory. Station codes and corresponding
locations: ARSN — Starosysoevka; BKM2 — Bolshoy Kamen; DLNG — Dalnegorsk; IMAN —
Dalnerechensk; KALV — Kavalerovo; LESO — Lesozavodsk; NKHD - Nakhodka; NOVP -
Novopokrovka; SHUL — Cape Shultz; SLAV — Slavyanka; VLAD — Vladivostok; VLDV — Russky
Island; ZAPV — Zapovedny

In the example shown in Fig. 2, the maximum TEC values correspond to
the ionospheric region above the Sea of Japan, located between the Primorsky
Territory and the Japanese Islands and slightly closer to the Primorsky coast.

Thus, for each point along agiven track, the total electron content of
the ionospheric layer can be determined. By processing TEC data obtained over
a specified time interval, it is possible to investigate the nature of perturbations in
the ionosphere. Spectral analysis of selected observation time series allows
the identification of dominant periods and amplitudes of pronounced spectral
maxima, which may correspond either to propagating disturbances or to local
variations in the TEC of a specific ionospheric region.

Processing of the GNSS signal to restore TEC values was performed using
the methods described in [9, 10].

To determine the nature of detected oscillations, additional data obtained at
different times but at approximately the same observation locations are required.
If the periods of the identified oscillations are found to be consistent across
independent data sets, they can be interpreted as eigenoscillations of the ionospheric
electron layer. Otherwise, significant discrepancies in the oscillation periods indicate
the presence of transient propagating disturbances that generate ionospheric waves
with specific characteristic periods.
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F i g. 2. GNSS receiver—GNSS satellite track for the VLAD—G26 pair. The red line indicates
the ground projection of thesignal path; markers denote GNSS receiver locations and
the corresponding signal reception times (UTC)

The geomagnetic conditions during the volcanic event under study were
classified as disturbed. Fig. 3 presents the temporal variation of the geomagnetic
Kp index, derived from mid-latitude stations and characterizing global geomagnetic
activity with a three-hour temporal resolution. As shown in Fig. 3, a moderate
geomagnetic storm began on 14 January 2022, shortly before the onset of
the eruptive episode, and caused ionospheric disturbances unrelated to the volcanic
activity. These disturbances gradually weakened and persisted until 21 January 2022.
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Fig. 3. Geomagnetic conditions during the considered time interval based on the Kp index (data from
the GFZ Helmholtz Centre Potsdam ). The green vertical line marks the time of the volcano eruption

V' GFZ. Helmholtz Centre for Geosciences. 2022. [online] Available at: https://www.gfz-
potsdam.de/en/ [Accessed: 15 April 2022].
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Another possible mechanism for the excitation of ionospheric oscillations is
the propagation of an impulsive disturbance generated by the eruption of the Hunga
Tonga—Hunga Ha’apai volcano through the atmosphere, followed by the excitation
of oscillations in the hydrosphere, which were recorded by sea level measuring
stations, as reported in [8]. That study analyzed sea level variations measured at
specific locations in the Pacific Ocean and the Sea of Japan. Information on the level
measuring stations was obtained from publicly available databases > 3.

Fig. 4 shows amap diagram of the location of level measuring stations.
Experimental sea level data along the coast of Primorsky Territory were obtained
using AANDERAA instruments equipped with hydrostatic pressure sensors with
a measurement range of 0—10 m and an accuracy of £0.2% of the full-scale range,
with a sampling interval of 1 min. Measurements near the Japanese Islands were
obtained using wave radar systems with the same temporal resolution.
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Fig. 4. Location of level measuring stations: /—/2 — stations in the Pacific Ocean; /3—15 — stations in
the Sea of Japan near the coast of the Primorsky Territory of Russia

In this paper, GNSS-derived TEC data are available only for receivers located
in the Primorsky Territory of Russia (see Fig. 1). However, the ground projections
of GLONASS and GPS satellite tracks cover not only the Primorsky Territory but
also the Korean Peninsula, the Japanese Islands, and the waters of the Sea of Japan,
the Yellow Sea, and the Pacific Ocean washing the Japanese Islands.

Taking this into account, the analysis of sea level data from stations 9, 10, 12—
15 was used to investigate the origin of the oscillations identified in the TEC spectra.
To a lesser extent, data from stations & and // were also considered, provided that
the satellite tracks passed over or in close proximity to these locations.

2Sea Level Station Monitoring Facility. 2022. [online] Available at: http://www.ioc-
sealevelmonitoring.org/map.php [Accessed: 20 January 2022].

3 Russian Tsunami Warning System. 2022. [online] Available at: http://www.rtws.ru/sea-level/
[Accessed: 20 January 2022].
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When analyzing TEC variations above or near a specific level measuring
station, the time series length was selected to be as short as possible in order to
attribute the detected oscillations to a specific region. However, shorter time series
result in reduced frequency resolution. Therefore, a compromise between time series
length and frequency resolution was required.

The minimum length of the analyzed time series was set to 128 data points,
providing a frequency resolution of 1/(1277) when using the periodogram method,
where 7 is the sampling interval. To improve frequency resolution, the time series
were additionally processed using the maximum likelihood estimation (MLE)
method with 60 harmonics, approximately corresponding to the number of
harmonics identified in the periodogram analysis.

MLE is a statistical method for estimating unknown parameters by maximizing
the likelihood function [11]. It is based on the assumption that all information about
a statistical sample is contained in the likelihood function. MLE is a popular
statistical method that is used to create a statistical model based on data and to
provide estimates of model parameters. Using the MLE method for a fixed data set
and abasic probabilistic model, the values of the model parameters that make
the information “closer” to the real data can be obtained. MLE provides a unique and
simple way to identify solutions in the case of normal distribution.

The results obtained from the processing of sea level data from stations §—15
are summarized in Table 1.

Table 1
Periods obtained from data from level measuring stations

. Periods [8]
Station Number Name Background Signal

20 min 28.0 s 20 min 28.0 s
8 Chichijima 16 min 30.3 s 15 min 02.9 s
13 min 49.7 s 12min47.5s
6 min 09.9 s 22 min 14.7 s
9 Mera S5min 19.8 s 6 min 05.5 s
22 min 14.7 s 6 min 38.7 s
. 20 min 28.0 s 20 min 28.0's
10 Tosashimizu 39 min 214 s 24 min 21.8 s
) 42 min 38.2 s
24 min 21.8 s
10 min 26.5 s
11 Naha 26 min 55.7 s 22 min 14.7 s
25min 349 s
19 min 40.7 s
26 min 55.7 s 22 min 14.7 s
12 Aburatsu 17 min 38.6 s 10 min 26.5 s
11 min 37.7 s 9min 182 s
. 30 min 05.8 s
13 Preobrazheniye 31 fn 8.7s 9 min 28.5 s

15min 59.3 s .
15min 593 s
31 min 58.7 s 30 min 05.8 s
14 Pos’et 17 min 38.6 s 17 min 38.6 s
10 min 53.2 s 11 min22.2's

. 39min21.4s .
15 Vladivostok 31 min 58.7 s 31 min 58.7 s
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Given that the propagation speed of the perturbation generated by the volcanic
explosion toward individual level measuring stations is slightly lower than the speed
of sound in air, it can be assumed that sea level oscillations recorded at each station
were primarily excited by atmospheric pressure variations induced by a passage of
the volcanic pressure pulse. At the same time, the possibility of direct excitation of
sea level oscillations by the passing impulse itself cannot be excluded.

Thus, two main mechanisms for the excitation of water surface oscillations
recorded by the level measuring stations can be considered: 1) excitation by natural
oscillations of the atmospheric region above a given station, and 2) excitation of
eigenoscillations of the Pacific Ocean basin (e.g., seiches) triggered by
the propagating atmospheric impulse.
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F i g. 5. Spectral characteristics of sea level variations recorded at level measuring stations 8—15.
The red curve represents the signal spectrum, and the blue curve corresponds to the background
spectrum

For clarity, the oscillation periods listed in Table 1 are presented in the form of
spectra in Fig. 5, where the red curve represents the signal spectrum and the blue
curve corresponds to the background spectrum. As the atmospheric pressure pulse
propagated over the Pacific Ocean, it excited local oscillations of water masses
(seiches) specific to the regions where the level measuring stations were located.
In addition to regional oscillations, seiches of the Sea of Japan were observed within
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the period range of 30 min 05.8 s to 31 min 58.7 s at all stations located in the Sea
of Japan.

If, during the processing of TEC time series segments along GNSS satellite
tracks above or near specific level measuring stations, oscillation periods are
identified that approximately coincide with those obtained from sea level records, it
can be concluded that, in both cases, the source of the identified oscillations is
associated with atmospheric regions located above or near the corresponding stations
listed in Table 1.

Accordingly, the problem addressed in this study can be formulated as
follows: 1) to process segments of GNSS-derived TEC data along GNSS receiver—
GNSS  satellite tracks in the vicinity of selected level measuring
stations; 2) to compare the obtained spectral characteristics with the results
presented in Table 1; 3) to perform a physical interpretation of the identified
oscillations.

Results

This section presents the results of processing and analysis of GNSS-derived
TEC recordings obtained for various receiver—satellite pairs over selected time
intervals. Table 2 summarizes the TEC data used in the analysis, including
the specific GNSS receiver—satellite combinations and the maximum length of
the time series suitable for processing. Due to the limited duration of the available
records, oscillations with period longer than 1 h could not be reliably identified.
Nevertheless, the obtained results provide sufficient information to draw conclusions
regarding the origin of the oscillations detected in both TEC records and sea level
measurements. Prior to the analysis, it should be noted that all recordings have
the same sampling frequency of approximately 0.033 Hz, corresponding
to a sampling interval of 30 s.

All TEC time series were processed to identify the dominant oscillatory
processes present in each record. Spectral analysis was performed using two
different methods: the periodogram method and the MLE method. In the MLE
analysis, the number of harmonics was set to 60. TEC is given in TECU (Total
Electron Content Units). Several recordings exhibited pronounced spectral peaks
characteristic of specific regions. Fig. 6 shows the TEC time series obtained for
the ARSN receiver—GOS8 satellite pair. Pronounced low-frequency oscillations are
clearly visible in the record even prior to spectral analysis.

TEC., TECU 15.01.2022
29
2.0
1.4
0.7

0/ ; : . ;
07:07:59 08:42:59 10:17:59 11:52:59 13:27:59
Time, UTC

Fig. 6. Temporal variation of TEC derived from GNSS observations on 15 January 2022
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Table 2

Information about GNSS-data

Receiver — Date, . GNSS Date, .
Satellite time interval Duration, s Recelvq - time interval Duration, s
Satellite
ARSN —R22 07;00:1259.?01;?(1):2426:29.0 17100 VLAD - G31 01 :26:1350.?01;(2)3:2225 :00.0 25080
BKM2-R22 | oo Rsog 15000 | ARSN-G27 | (0 (SO g0 20940
KALVR —R22 07:05 :1259.?01_%(1);2425;29.0 16740 BKM2 - G27 05:35:1259.901—.?322127:29.0 24060
SLAV —R22 06:59:1259.?01;?(1):2323229.0 16380 IMAN = G27 05:52:1259.901;?222127:59.0 23100
IMAN-R22 | 7o T o 15780 | ARSN=G26 | oo OB g 21840
VLAD-R22 | oo it 0 15920 | BKM2-G26 | oo OO e 20340
ARSN-R2L | oo o a0 14640 SHUL-G26 | o500 0051500 22360
KALVR-R21 | (0 a0 ng0 16380 | SLAV=G26 | ool sy 24420
SLAV —R21 05:36:1259.901—.?8:2129:59.0 16980 VLAD - G26 02:58:1559.901—.(2)822526:59.0 25020
VLAD-R2L | (o0 tnson 16380 | ZAPV=G26 | e son 24720
ZAPV-R2L | (o onsagg 16680 | ARSN=GI6 | o (ol SEAE g 22260
ARSN-RIZ | oo o s00 18540 | BRM2-Gle | o SO g 25800
BKM2-RIZ | oo cintt lasa0g 21660 | KALVR=GI6 | o O 0 22980
IMAN=RI2 | 00050 T aragg 20400 | SHUL=GI6 | o000 ot gy 22680
VLAD-RI2 | oo oo a0 21060 | SLAV=GI6 | o SO g 23460
KALVR —R11 03:49}55§?01;?8;212 2:29.0 22920 VLAD -Gl6 04:23 :1259.901;?(1):2225:29.0 25260
SLAV-RIT | o0 0b00 Toga00 23940 | ZAPV=GI6 | o s 24240
ZAPV -RI11 03:49:1259.?01_%8;2029;59.0 22800 ARSN -G08 07207:1559.901—.?222227:59.0 22740
ARSN - G31 02;07:1259.?01;(2)2:2028:29.0 21600 IMAN -G08 06:56:1259.901;?(3):2425:29.0 24480
BRM2 - G31 01:47:105(5?0142)2:2222:000 23640

Fig. 7 presents the corresponding spectral estimates: Fig. 7, ashows
the spectrum obtained using the periodogram method with three averages, while
Fig. 7, b shows the spectrum derived using the MLE method with 60 harmonics.
The periodogram spectrum (Fig. 7, a) contains a dominant peak with a period of
46 min 32.7 s. In contrast, the MLE spectrum (Fig. 7, b) resolves two pronounced
peaks with periods of 30 min 27.8 s (A = 0.79 TECU) and 46 min 20.4s
(A=0.77 TECU). In addition, a weaker peak with aperiod of 11 min 01.4s
(A =0.09 TECU) is also observed.
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The ground projection of the ARSN receiver—GOS8 satellite track is shown in
Fig. 8. This track passes over level measuring stations /3, /4, and 15 (see Fig. 4),
whose sea level spectra exhibit strong components in the period range of 30-32 min.
Therefore, the spectral peak with a period of 30 min 27.8 s identified in the TEC data
for the ARSN receiver—GOS satellite pair can be reasonably attributed to the same
origin as the corresponding oscillations observed in the sea level records.

TEC, TECU
0.234

0.17+
0.124

0.06

105 211 315 42
Frequency, mHz
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0.8] b

0.7
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0.5
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0.2
1 2 3 4 3 6
Frequency, mHz

Fig. 7. Spectrum obtained by processing the series shown in figure 6 using the periodogram method
(a) and the maximum likelihood estimation method (b)
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Fig. 8. Track ARSN receiver—GOS satellite (red line)
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Let us consider another track of the IMAN receiver—R12 satellite, shown in
Fig. 9. The track passes over receiving stations /3 and /5, crosses the Sea of Japan,
and ends not far from sea level station /0.
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Fig. 9. Track IMAN receiver—R12 satellite (red line)

Spectral processing of the entire data series using the MLE method produced
the spectrum shown in Fig. 10. The dominant peak corresponds to a period of 42 min
14.6 s (A = 0.63 TECU), which is close to the oscillation period identified in
the record of level measuring station /0. Two other significant peaks, with periods
of 34 min 18.8 s (A =0.38 TECU) and 31 min 08.0 s (A = 0.27 TECU), are close to
the periods identified in the record of level measuring station /5. The remaining
significant peaks in the spectrum also correspond to maxima identified during
the processing of records from stations /0 and /5.

0.65] TEC, TECU

0.55
0.45)
0.35)
0.25)
0.15]

0.05]

0 03 0.6 0.9 12 1.5 1.8 21 2.4 2
Frequency, mHz

Fig. 10. Spectrum obtained by processing the entire data series of the IMAN receiver—R 12 satellite
track by the MLE method
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When a shorter segment of the series — from the Primorsky Territory to the end
of the tack — is analyzed, spectral processing using the MLE method reveals
pronounced peaks with periods of 42 min 38.2 s, 32 min 33.0 s, and 25 min 59.2 s.
These periods are close to those identified in the records of level measuring stations
10, 15 and 13, respectively.

Fig. 11 shows another track of the BKM2 receiver—G31 satellite. The track
passes over level measuring station /4, crosses the Sea of Japan and the Japanese
Islands, and ends between level measuring stations /0 and 9. In this case, the data
file was divided into two segments. The first segment contains 256 points and spans
the interval from 04 h 32 min 00.0 s to 06 h 40 min 30.0 s, while the second segment
contains 128 points and covers the interval from 07 h 17 min 30 s to 08 h 22 min
00.0 s. Each segment was processed using the MLE method with 60 harmonics.
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Fig. 11. Track BKM2 receiver — G31 satellite (red line)

Figure 12, a shows the spectrum obtained from processing the first segment of
the TEC record in the vicinity of level measuring station /4, whereas Fig. 12, b
presents the spectrum derived from the second segment near level measuring
stations /0 and 9. As shown in Fig. 12, a, pronounced spectral maxima are observed
at periods of 17 min 53.8 s (A = 0.24 TECU), 11 min 33.4 s (A = 0.017 TECU),
30 min 40.6 s (A =0.08 TECU), 10 min 50.4 s (A = 0.08 TECU). These periods are
close to those of the maxima identified during processing of the data from level
measuring station /4. Fig. 12, b reveals significant maxima at periods of 59 min
346s (A = 0.23 TECU), 25 min 44.5 s (A = 0.18 TECU), 07 min 58.2s
(A =0.10 TECU), which correspond to the maxima detected in the records of level
measuring stations /0 and 9.

In concluding this chapter, we consider another track of the BKM2 receiver—
G27 satellite, shown in Fig. 13. The track passes over level measuring station 7/,
runs near station /2 along the Korean Peninsula, reaches level measuring station 74,
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and then continues eastward over the Sea of Japan, exiting between the Japanese
Islands and Sakhalin Island.
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F ig. 12. Spectrum obtained from processing the first (a) and second (b) sections of the BKM2
receiver—G31 satellite track data
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Fig. 13. Track BKM2 receiver—G27 satellite (red line)
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Spectral processing of the first segment of the data, consisting of 128 points,
was performed using the MLE method with 60 harmonics. The resulting spectrum is
shown in Fig. 14, a. Pronounced maxima are observed at periods of 39 min 56.6 s
(A=1.16 TECU), 1lmin 535s (A=1.12TECU), and 19min 089s
(A =0.49 TECU). These periods are close to those of the maxima identified during
processing of data from level measuring stations /0, /2 and 11, respectively.
Fig. 14, b presents the spectrum obtained from processing the second segment
of the BKM2 receiver— G27 satellite track, also with alength of 128 points.
In this spectrum, significant maxima are detected at periods of 44 min 22.5 s
(A=0.54 TECU), 17min 11.6 s (A = 0.19 TECU), and 11 min 23.0 s
(A=0.11 TECU), which correspond to the maxima identified in the records of level
measuring station /4.
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0.6TEC, TECU b
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0 05 1.0 15 2.0 2.5 30 35 4045
Frequency, mHz

F i g. 14. Spectrum obtained from processing the first (a) and second (b) sections of the BKM2
receiver—G27 satellite track data

We investigated several cases from the complete data set listed in Table 2.
Generalized information on the results obtained from processing the primary GNSS
receiver—GNSS satellite data is presented in the Appendix. The Appendix
summarizes periods of the selected TEC oscillations as well as their percentage
agreement with the periods of dominant peaks identified during processing of
records from level measuring stations.

Each column of the table sequentially presents the following parameters:
the time interval of the processed data segment; the name of the GNSS satellite;
the period of the selected maximum; and, in parentheses, the period of
the corresponding maximum identified in the record of the level measuring station
with its percentage deviation from the period of the selected maximum in the GNSS
receiver—GNSS satellite data segment. As expected, limited data were obtained for
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level measuring stations 8, /1, 12. For the remaining stations, a good agreement is
observed, with the maximum single deviation not exceeding 19.9% for level
measuring station 9. On average, the deviation for level measuring stations 9, 70,
and /3-15 is 2.5%.

Conclusions

Analysis of ionospheric TEC variations derived from GNSS observations along
the GNSS receiver—-GNSS satellite track demonstrates that the periods of
the dominant spectral maxima are in good agreement with high accuracy. These
periods coincide with those identified during processing of data from level
measuring stations reported in [8], provided that the corresponding segments of
the GNSS receiver—GNSS satellite track are located near a given level measuring
station.

The obtained results indicate that the oscillation periods indicated in this study
and in [8] correspond to the same eigen atmospheric oscillations over specific
territories and water areas. Excitation of these oscillations by various powerful
impulsive sources propagating in the atmosphere can lead not only to
the development of atmospheric wave activity but also to the generation of
meteotsunamis [12] in individual bays, provided that the periods of the atmospheric
eigen oscillations are close to the natural seiche periods of these bays.

In addition, atmospheric eigen oscillations may be excited by individual tones
and overtones of the Earth’s normal modes [13]. Taking into account the impedances
of the interacting media, the opposite effect may also occur, namely, the transfer of
energy from atmospheric eigenmodes to individual tones and overtones of
the Earth’s eigen oscillations during resonant or near-resonant nonlinear interaction.

Further investigation of these processes is of considerable interest and will be
a focus of further studies involving integrated experiments with modern laser
interferometric systems capable of measuring deep infrasound signals with picolevel
accuracy [14, 15].
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Appendix
Summary of TEC oscillation periods for selected satellites and their agreement
with water-level measuring stations

Station | ARSN— BKM2 — KALV — SLAV — VLAD — SHUL — ZAPV — IMAN-
No. satellite satellite satellite satellite satellite satellite satellite satellite

8 - - 05:39-06:43 - - - - -

R21

14:03.2

(13:49.7

1.6%)

18:17.7

(20:28.0

10.6%)

9 07:04-08:09 | 07:18-08:22 | 06:43-7:47 | 06:39-08:48 | 05:40-09:57 | 09:38-10:44 | 05:36-10:17 -
G31 G31 R21 RI11 G26 Gl6 R21
06:42.4 07:58.2 22:03.1 22:47.4 21:36.3 21:57.7 22:01.5
(06:38.7, (06:38.7 (22:14.7 (22:14.7 (22:14.7 (22:14.7 (22:14.7
0.9%) 19.9%) 0.9%) 2.4%) 2.9%) 1.3%) 1.0%)

05:59.6 21:46.9 ) .

(06:05.5 (22:14.7 géz'fo 08:49

1.6%) 2.1%) 04:50.8
(5:19.8
9.1%)
22:11-23:16
R21
22:23.5
(22:14.7
0.7%)
06:31-09:54
G26
22:49.3
(22:14.7
2.6%)

10 7:00-8:05 10:51-11:56 - 07:00-11:34 | 05:40-06:45 - 06:40-08:49 | 08:06-11:48
RI12 RI12 R22 R21 R21 RI12
19:57.7 19:06.2 42:43.0 20:29.9 43212 42:38.2
(20:28.0 (20:28.0 (42:38.2 (20:28.0 (42:38.2 (42:38.2
2.4%) 6.7%) 0.2%) 0.2%) 1.7%) 0.0%)
07:04-08:09 | 05:36-06:40 06:40-07:45 | 08:03-11:54 03:31-04:37 | 06:06-11:48
G31 G27 R21 RI12 G26 RI12
41:23.4 39:56.6 24:42.5 38:36.6 41:56.0 42:14.6
(42:38.2 (39:21.4 (24:21.8 (39:21.4 (42:38.2 (42:38.2
4.7%) 1.5%) 1.4%) 1.9%) 1.7%) 0.9%)
20:15.9 06:34-07:39 06:39-08:48 | 05:32-07:41 19:02.1 05:52-06:57
(20:28.0 G RII pevy (20:28.0 R27
1.0%) . . . 7.0%) .

44:225 41:39.6 19:41.4 19:50.2
07:04-08:09 | (42:38.2 (42:38.2 (20:28.0 03:47-08:04 | (20:28.0
G31 4.1%) 2.3%) 3.8%) G26 3.1%)
20:15.9 04:18-05:23 05:45-12:14 19:09.6
(20:28.0 Gl6 a7 (20:28.0
1.0%) . . 6.4%)
44:225 43:11.5
(42:38.2 (42:38.2
4.1%) 1.3%)
21:24.7
(20:28.0
4.6%)
11 - 05:36-06:40 - - - - - -
G27
19:08.9
(19:40.7
2.7%)
12 - 05:36- - - 05:45- - 03:31- -
06:40 06:50 04:37
G27 G27 G26
11:53.5¢ (2222:211467 21:59.5
(11:37.7 :14. (22:14.7
o 0.5%) o
2.3%) loads 1.1%)
(10:26.5
1.4%)
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Table continued

tation - - - - - - - -
Stati ARSN BRM2 KALV SLAV VLAD SHUL ZAPV IMAN
No. satellite satellite satellite satellite satellite satellite satellite satellite
3 09:00-10:13 | 07:31-08:56 | 05:46-06:5T [06:40-07:45 | 07:26-08:24 | 04:32-05:37 | 22:11-23:16 [ 07:36-11:59
R22 RI2 Gl6 R21 R22 G26 R21 R22
09:09.3 29:55.9 15:20.8 09:43.0 09:14.4 09:09.6 15:58.5 31:46.7
09285 30:05.8 15:59.3 09:28.5 09:28.5 09285 15:59.3 31:58.7
A4%) 5%) 0%) .6%) 5% 3% 19%) 6%)
07:07-09:15 10:03-11:08 | 05:36-10:20 1155?59-53 1155!59-03 06:49-07:54 | 05:52-12:18
R21 316 R21 876/ : 3y RI1 G27
09:28.0 30:51.3 31:44.9 7%) 2%) 09:09.0 30:26.3
09:28.5 30:05.8 31:58.7 05:40-06:45 | 05:32-06:37 (09255 (30058
1%) 5%) 7%) R G26 A%) 1%)
08:20-11:31 07:38-08:44 | 7353 | Sooais 05:43-07:51 | 11:37-13:46
RI2 Gl6 B R G16 08
30:45.8 16:12.1 5513% -8%) 30:35.4 09:54.0
30:05.8 (13393 50555 06:42-07:47 | (36,0538 09:28.5
29%) 3%) 650y 316 6%) 5%)
06:07-07:13 05:39-10:14. | (G955 | 09:40'S
v 2%) 09:28.5
09:09.3 . 285
(0925’5 o1 ot %, 3.7%)
4%) 7%)
07:00-09:09 22:15-23:42
326 R21
16:15.6 15:56.6
515159.3 615;59,3
%) 3%)
09:00-10:05 05:32-07:41
GO08 a3l
9:04.0 15:36.1
(09:28.5 15:59.3
4.3%) A%)
OG()l:g3-OX:42
B,
g.l%)
2%150-11:26
J10
09:45.9
s
D! - N D0~ N 5:40-00: N - . 120~ K N - ol N = K 20~ N
7 06:03-07:07 [0936-TT:00 [ 05:46-065T [03:36-T0:20 | 0726-TT:44 [ 03:32-04:35 [04:32-06:4T [ 07:36-TT:39
R21 R22 316 R21 R22 G26 G26 R22
17:05:0 17:50.8 10:35.1 31:44.9 11:02.1 10:44.0 17:01.2 17:02.0
(17386 (17:38.6 10:53.2 31:58.7 (10:53.2 (10:53.2 (17386 (17386
2%) 2%) 8%) 7%) A%) A%) 5%) 5%)
08:20-10:29 | 09:52-10:56 | 06:46-07:51 | 03:32-04:37 | 06:44-07:49 05:43-07:51 | 05:52-12:18
RI2 R22 Gl6 G26 R21 G16 G27
18:00.4 17:27.4 17:25.1 10:41.9 11:05.9 30:35.4 30:26.3
17:38.6 (17386 (17386 (19:53.2 (19:53.2 (36:05.8 (300538
19%) .0%) 3%) T%) 9%) 6% 1%)
08:20-11:31 | 07:51-10:00 04:32-05:37 |22:15-23:20 11111232-92 06:57-08:01
R12 RI2 G26 R21 526/ : GO8
30:45.8 17:53.2 11:00.9 11:32.4 2%) 17:36.6
30:05.8 (17350 (19:53.2 (11222 17:38.6
2%) A% 2%) 5%) 25%)
07:08-08:13 | 04:32-06:41 08:03-10:12
GO8 G31 R12
16:51.0 10:50.4 17:07.6
17:38.6 10:53.2 17.38.6
5%) A49%) 9%
08:00-09:05 | 06:34-07:39 11:55.0
11232
GO8 G27 42
30.09.4 17:11.6 -8%)
30:05.8 17:38.6 06:45-08:54
2%) 6% G27
1:23.0 11:36.1
11232 11222
1%) 0%)
05:35-12:18 05:45-12:14
G27 G27
17:21.3 18:02.8
(17386 17:38.6
o >
153 05:40-09:57
0%) 17:04.5
06:31-07:37 817:38.6
N 5]
7386 10:20-11:26
0 17:54.4
10:26.0 17:38.6
10:53.2 55
29%) :
06:12-07:17
G16
11:07.3
11:252
29%)
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Table concluded |

Station ARSN —
No. satellite

BKM2 —
satellite

KALV -
satellite

SLAV —
satellite

VLAD —
satellite

SHUL -
satellite

ZAPV —
satellite

IMAN-
satellite

15 08:20-09:25
R12
39:44.7
(39:21.4
1.0%)
29:35.9
(31:58.7
7.4%)
08:20-10:29
RI2
41:29.9
(39:21.4
5.4%)

08:20-11:31
R12
40:44.4
(39:21.4
3.5%)

06:48-11:05
G16
40:01.1
(39:21.4
1.7%)
32:32.0
(31:58.7
1.7%)

08:20-09:25
RI2
29:35.9
(31:58.7
7.4%)

07:51-10:00
RI2
40:02.6
(39:21.4
1.7%)

05:12-06:17
Gl6
39:38.8
(39:21.4
0,7%)
10:56.4
(10:53.2
0.5%)

05:46-06:51
G16
39:33.0
(39:21.4
0.5%)

06:39-07:44
Gl6
30:51.3
31:28.6
(31:58.7
3.5%)

05:41-06:47
G16
29:39.2
(31:58.7
7.2%)

05:43-07:51
G16
30:35.4
(31:58.7
4.3%)

06:24-08:33
G27
31:31.4
(31:58.7
1.4%)

08:56-10:01
GO08
31:59.1
(31:58.7
0.0%)

Note. For each GNSS receiver—satellite data segment, the table reports time of the processed section of
the record; constellations (R — GLONASS, G — GPS) and number of the GNSS satellite; period of
the selected maximum; in brackets is the period of the maximum selected in the record of the level
measuring station with its percentage deviation from the period of the selected maximum of the section
of the GNSS receiver - GNSS satellite record. Periods are reported in mm:ss. A dash indicates missing
data or no matched peak identified.
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