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Abstract—By processing satellite data on the total electron content on a track between GLONASS, GPS, and
ground receiving stations located in Primorsky Krai of Russia, disturbances of an electron layer with periods
from 5 to 45 min, which are caused by natural atmospheric fluctuations, were identified. They affect the sea
surface and are responsible for aquatic fluctuations with periods from 5 to 40 min.
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Study of the interaction of geospheric fields of var-
ious frequency ranges was extremely urgent and
remains also topical at present. This is related to the
determination of primary sources of these fields and,
what is especially important, to the study of the phys-
ics of their origination and evolution. At the first stage
of study of this interaction, it is important to deter-
mine the primary source of processes, fluctuations,
and waves. These studies were conducted, and their
results are published in numerous papers, e.g., [1, 2],
in which it is stated that atmospheric fluctuations were
responsible for fluctuations at the corresponding fre-
quencies, as well as aquatic fluctuations in water,
which were initially compared with inner shelf waters.
More interesting results were acquired during the
explanation of fluctuations registered by various
marine stations in the Pacific Ocean after the explo-
sion of Hunga Tonga—Hunga Ha’apai volcano. Some
first published works stated that the sea level changes
were caused by two types of tsunami waves generated
by the explosion of this volcano [3]. The first tsunami
waves were caused by natural oscillations of the atmo-
sphere in the area of a level-measuring station, which
were induced by the propagated explosion pulse, and
the second ones included the tsunami waves resulting
from the explosion. The first waves (meteotsunami)
were objectively present in contrast to the second ones.
This follows from (i) the fact that the propagation
velocity of the disturbance from the explosion area to
the registration area is approximately equal to the
sound velocity in air and no other disturbances were
registered by the level-measuring stations [4] and (ii)
the spectral components at each level-measuring sta-
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tion were different and, probably, corresponded to the
spectral components of natural fluctuations of
atmospheric layers in the place of the location of sta-
tions [4].

This work presents challenges on the determination
of the primary sources of fluctuations, which were
registered by some level-measuring stations provided
in [4], on the basis of the analysis of completely differ-
ent experimental data of satellite monitoring. The pri-
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Fig. 1. Position of GNSS stations in Primorsky Krai.
ARSN, Starosysoevka; BKM2, Mt. Bolshoi Kamen;
DLNG, Dalnegorsk; IMAN, Dalnerechensk; KALV,
Kavalerovo; LESO, Losezavodsk; NKHD, Nakhodka;
NOVP, Novopokrovka; SHUL, Cape Shults; SLAV,
Slavyanka; VLAD, Vladivostok; VLDV, Russkii Is.; ZAPV,
Zapovednyi.
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Fig. 2. Station—VLAD-G26 satellite track showing the position of the corresponding stations, time of response (hours UTC), and

the color scale showing the TEC variations.

mary experimental data include data on the total elec-
tron content (TEC), i.e., the integral electron concen-
tration, which characterizes the amount of free
electrons in the entire thickness of the ionosphere on a
track between the satellite and the surface receiving
station. The height of maximum ionization on the day
of eruption was ~300 km from the Earth’s surface.

Note also a moderate geomagnetic storm shortly
before the volcanic eruption, which caused distur-
bances in the Earth’s ionosphere. The presence of the
storm was identified using the geomagnetic index Kp,
which is determined by stations in the middle latitudes
and which characterizes the geomagnetic conditions
on the planet [5].

During the analysis, we used the data on Global Nav-
igation Satellite Systems (GNSS) from GLONASS satel-
lite systems (24 satellites at heights of 18 840—19 440 km)
and GPS (32 satellites at heights of ~20 150 km) by the
following surface GNSS stations located in Primorsky
Krai: ARSN, BKM2, DLNG, IMAN, KALYV, LESO,
NKHD, NOVP, SHUL, SLAV, VLAD, VLDV, and
ZAPV (Fig. 1). Some stations are part of a complex
geodynamic network of the Far East Branch, Russian
Academy of Sciences [6]. The frequency of discretiza-
tion of the GNSS data is 0.033(3) Hz. The TEC value
was determined following [7, 8], and the precision of
its determination by phase measurements is 0.01—
0.02 TECU [9].

All satellites followed trajectories, the projections
of which on Earth cross several territories and water
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basins. The receiving GNSS stations in Primorsky
Krai registered the TEC of the layer located in the ion-
osphere. Taking into account that the heights of the
satellites above the Earth’s surface are 60—80 times
higher than the height of this layer, we can consider
that the data from a satellite—receiving GNSS station
track would correspond to the ionospheric data of cer-
tain territories, above which these tracks occur. Figure 2
shows the receiving GNSS station—satellite VLAD-G26
track. It shows the position of the corresponding
GNSS stations, the time of response (hour UTC), and
the color scheme showing the TEC variations.

This figure indicates the TEC intensity of the ion-
osphere above a certain surface point. Figure 3a shows
the area of TEC record in the ionosphere at the BKM?2
station, when the satellite was visible for this station,
and Fig. 3b shows its spectrum based on the periodo-
gram method with averaging of 2. The spectrum con-
tains powerful maxima on frequencies corresponding
to periods of 39 min 23.1 s, 29 min 26.7 s, 17 min 39.3 s,
14 min 37.7 s, and 11 min 22.7 s. These data belong to
the entire processing series.

We are also interested in areas of records that coin-
cide with the position of some level-measuring sta-
tions described in [4] and shown in Fig. 4 (stations
with numbers 8—15), i.e., those stations close to which
the satellite—GNNS station tracks occur. The main
results concern the ionospheric disturbances, which
are located above/close to the level-measuring stations
13—15. Limited data are available on the ionospheric
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Fig. 3. Change in TEC during propagation of satellite G31 (a) registered by the BKM?2 ground station and its spectrum (b).

120° 130° 140° 150° 160° 170° 180° —170° ~160° ~150°
50° 50°

AR
_ S O
40° ;’_.' ' / 40°
wl@gﬁ%‘)
$ 0
30° K il ‘ 30°
/ # 8%
20° 1200
79 :
IR SRR "
0° b Dl A : 7 3‘\.--_ : 0°
e B R T & :
[ % \1 P C SORCSS
5 . 8 7 . )
-20° e s : -20°
\s . [Hunga Tonga-Hunga Ha’apaj =~ = . -
~30° o

120° 130° 140° 150° 160° 170° 180° —170° —160° —150°

Fig. 4. (1—12) Stations located in the Pacific Ocean. The red circle marks the position of laser-interference receiving systems.

disturbances above/close to the level-measuring sta-  registration possibilities of the receiving GNSS sta-
tions 9, 10, and 12. Only limited data are available on  tions located in Primorsky Krai (Fig. 1).

the ionospheric disturbances by level-measuring sta- Our experimental data on satellite—GNNS station
tions 8 and 11. No data are available on other level-  tracks were divided into temporal sectors, the center of
measuring stations, because they occur beyond the which was most closely located to the level-measuring
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Station no. Title Periods Background [4] Sli)geg;(l)c[lésl]

8 Chichijima 20 min 28.0 s 20 min 28.0 s

16 min 30.3 s 15min 02.9s

13 min 49.7 s 12 min 47.5s

9 Mera 6 min 09.9 s 22 min 14.7 s

5min 19.8 s 6 min 05.5 s

22 min 14.7 s 6 min 38.7 s

10 Tosashimizu 20 min 28.0 s 20 min 28.0 s

39 min 21.4s 24 min 21.8 s

42 min 38.2 s

11 Naha 26 min 55.7 s 24 min 21.8 s

10 min 26.5 s

22 min 14.7 s

25min 34.9 s

19 min 40.7 s

12 Aburatsu 26 min 55.7 s 22 min 14.7 s

17 min 38.6 s 10 min 26.5 s

11 min 37.7 s 9 min 18.2 s

13 Preobrazheniye 31 min 58.7 s 30 min 05.8 s

15 min 59.3 s 9 min 28.5s

15 min 59.3 s

14 Pos’et 31 min 58.7 s 30 min 05.8 s

17 min 38.6 s 17 min 38.6 s

10 min53.2 s 11 min22.2s

15 Vladivostok 39 min 21.4 s 31 min 58.7 s
31 min 58.7 s

stations shown in Fig. 4. Thus, each level-measuring
station corresponded to a certain area of the experi-
mental data. Further, these sectors were processed
using the periodogram method, as well as the maxi-
mum likelihood method with the number of harmon-
ics of 60 [10]. This number was chosen, because the
duration of processed observation areas was mostly
128 points; i.e., the number of spectral components
(harmonics) even during spectral processing by the
Fourier fast transformation method will be 64.

We consider that the fluctuations of the water sur-
face, which were registered at the explosion pulse
propagation in the atmosphere [4], were caused by
induced natural atmospheric fluctuations in the zone
of the position of the given level-measuring station. In
this paper, we suggest that the fluctuation periods of
the electronic layer in the ionosphere, which occurs
above the level-measuring station, are close to the
fluctuation periods, which were registered by the
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level-measuring stations shown in [4]. For further
analysis, Table 1 shows the experimental data (regis-
tered fluctuation periods) of the considered level-
measuring stations published in [4].

Table 2 shows the maximum periods, which were
distinguished after processing the areas of data on the
TEC intensity in the ionosphere above the certain (or
close) level-measuring station.

It follows from the comparison of data from Tables 1
and 2 that the maximum periods, which were distin-
guished from records of the level-measuring stations
upon the atmospheric explosion pulse propagation,
were close to those distinguished from records of TEC
intensity of the ionospheric areas located above cer-
tain level-measuring station. This gives grounds to
state that the primary source of these fluctuations is
the same and is caused by natural fluctuations of cer-
tain atmospheric areas.
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Table 2. Periods of maxima distinguished from processing of areas of TEC intensity in the ionosphere

marine| - QOE | don |, Grownd | Grouna | (RS | ORRE | Grouna |
saton | ARsN - | Brmy - [fOREAVIsionSLAV v A | sHuL - RIONZAPY] pyaN -
satellite satellite satellite satellite satellite
8 05:39—-06:43
R21
14:03.2
18:17.7
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 R11 G26 Gl16 R21
06:42.4 07:58.2 22:03.1 22:47.4 21:36.3 21:57.7 22:01.5
05:59.6 21:46.9 06:40—08:49
R21
04:50.8
22:11-23:16
R21
22:23.5
06:31-09:54
G26
22:49.3
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
R12 R12 R22 R21 R21 R12
19:57.7 19:06.2 42:43.0 20:29.9 43:21.2 42:38.2
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 R12 G26 R12
41:23.4 39:56.6 24:42.5 38:36.6 41:56.0 42:14.6
20:15.9 19:02.1
07:04—08:09| 06:34—07:39 06:39—08:48| 05:32—07:41 03:47—-08:04| 05:52—06:57
G31 G27 R11 G31 G26 G27
20:15.9 44:22.5 41:39.6 19:41.4 19:09.6 19:50.2
04:18—05:23 05:45—-12:14
Gl16 G27
44:22.5 43:11.5
21:24.7
11 05:36—06:40
G27
19:08.9
12 05:36—06:40 05:45—-06:50 03:31-04:37
G27 G27 G26
11:53.5¢ 22:21.6 21:59.5
10:17.5
13 109:09—10:13/07:51—08:56| 05:46—06:51| 06:40—07:45| 07:26—08:24| 04:32—05:37|22:11-23:16| 07:36—11:59
R22 R12 G16 R21 R22 G26_1 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
15:23.5 15:19.0
07:07—09:15 10:03—11:08| 05:36—10:20 06:49—07:54| 05:52—12:18
DOKLADY EARTH SCIENCES  Vol. 516 Part 2 2024
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Table 2. (Contd.)
Marine| (R | Saton | Grownd | Grouna | SRR CEREE | Grouna | QRS
saton | ARsN - | Brm - [TORKAVIstionSLAV v A | sHuL - PRIORZAPY) pyaN -
satellite satellite satellite satellite satellite
R21 G16 R21 05:40—06:45| 05:32—06:37| R11 G27
09:28.0 30:51.3 31:44.9 R21 G26 09:09.0 30:26.3
15:35.2 09:01.0
08:20—11:31 07:38—08:44|09:13.8 05:43—07:51| 11:37—13:46
R12 Gl16 06:42—07:47| G16 G08
30:45.8 16:12.1 05:39—10:14| G16 30:35.4 09:54.0
R21 09:04.7 09:03.6
06:07—07:13 30:54.1 09:49.5
G27
09:09.3 22:15-23:42
R21
07:00—09:09 15:56.6
G26
16:15.6 05:32—07:41
G31
09:00—10:05 15:36.1
GOS8
09:04.0 06:33—08:42
G16
09:46.1
10:20—-11:26
Gl16
09:45.9
14 |06:03—07:07|09:56—11:00| 05:46—06:51| 05:36—10:20| 07:26—11:44| 03:32—04:35| 04:32—06:41| 07:36—11:59
R21 R22 Gl16 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
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
R12 R22 G16 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
11:13.9
08:20—11:31{07:51-10:00 04:32—05:37|22:15-23:20 06:57—08:01
R12 R12 G26 R21 GO08
30:45.8 17:53.2 11:00.9 11:32.4 17:36.6
07:08—08:13| 04:32—06:41 08:03—10:12
GO08 G31 R12
16:51.0 10:50.4 17:07.6
11:55.0
08:00—09:05| 06:34—07:39
G08 G27 06:45—08:54
DOKLADY EARTH SCIENCES  Vol. 516 Part2 2024
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Marine| (R | aton | Grownd | Grouna | SRR CEREE | Grouna | QR
won| (| s ponkan sty 5| G peenan
satellite satellite satellite satellite satellite
30.09.4 17:11.6 G27
11:23.0 11:36.1
05:35—-12:18 05:45—12:14
G27 G27
17:21.3 18:02.8
11:49.7
05:40—09:57
06:31-07:37 G26
G26 17:04.5
17:40.1
10:26.0 10:20—11:26
G16
06:12—07:17 17:54.4
G16
11:07.3
15 |08:20—09:25|07:51—10:00| 05:46—06:51| 06:39—07:44 05:41-06:47| 05:43—07:51| 06:24—08:33
R12 R12 G16 G16 G16 G16 G27
39:44.7 40:02.6 39:33.0 30:51.3 29:39.2 30:35.4 31:31.4
29:35.9 31:28.6
05:12—-06:17 08:56—10:01
08:20—10:29| G16 G08
R12 39:38.8 31:59.1
41:29.9 10:56.4
08:20—11:31
R12
40:44.4
06:48—11:05
Gl16
40:01.1
32:32.0
08:20—09:25
R12
29:35.9
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Based on Stationary and Mobile Measurement Complexes
and Multisensor Satellite Sounding.”
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