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Abstract

:

The paper presents the results of processing recordings of abnormal signals, which originated during the eruption of Hunga Tonga-Hunga Haʻapai volcano, and were registered by a laser nanobarograph and two laser strainmeters; there were three meters of sea-level variations, located in the Sea of Japan, and twelve meters of sea-level variations, located in the Pacific Ocean. Acoustic-gravity Lamb waves, generated in the atmosphere, caused disturbances of similar periods in the Earth’s crust, which were registered by laser strainmeters. Atmospheric impulse and Lamb waves during their propagation over the Pacific Ocean and the Sea of Japan initiated meteorological tsunamis in their waters, at periods corresponding to the seiches (Eigen oscillations) of registration stations’ location areas. In the records of all sea wave recorders, we did not find signs of a classical tsunami origination, and in the records of laser strainmeters, we did not find signals corresponding to seabed displacements at the point of the volcano explosion that led to the formation of a classical tsunami.
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1. Introduction


When studying geosphere processes of a wide frequency range, it is important to solve problems of identifying the primary source of registered oscillations and waves, and specifying patterns of their transformation at the boundary of geospheres. Therefore, for an adequate interpretation of the obtained results, research on one of the geospheres must be accompanied by research on neighboring geospheres, including study of the fields of a different nature [1,2]. In the linear case, this interaction can be observed for processes of identical frequencies, and in the nonlinear case—during the interaction of geosphere fields of different frequency ranges [3]. Nonlinear cases are of particular interest from the point of view of an abrupt change in the state of the medium at a threshold energy accumulation and trigger effect on the medium [4]. Energy transition is possible not only within fields of the same nature, but also between fields of a completely different nature, not related to each other at first glance. To study the peculiarities of inter-geosphere interaction and the patterns of energy transfer from one process to another, we need long-term complex interdisciplinary observations of natural geosphere processes, followed by their processing, analysis, and interpretation. In linear cases, this is extremely difficult to do. Nonlinear processes are interesting because of their enormous energy and, therefore, we can study inter-geosphere interactions and the patterns of these processes’ transformation at the boundary of geospheres in a much shorter time than in linear cases. Nonlinear cases can be created artificially, for example, by explosions, operation of various powerful seismoacoustic and hydroacoustic emitters, MHD-generators (MHD), etc. Natural initiation of nonlinear processes can be associated with the occurrence of catastrophic phenomena and processes. Such natural catastrophic processes include earthquakes, tsunamis, tornadoes and cyclones, volcano eruptions, etc.



From the point of view of the initiation of various geosphere processes with inter-geosphere energy transfer, an interesting event occurred on 15 January 2022, on Hunga Tonga-Hunga Haʻapai Island in the Tonga archipelago, which appeared as a result of volcanic activity in 2014–2015 [5]. On 20 December 2021, an eruption of the volcano began on the island, and on 15 January at 04:15 UTC, the eruption went into the active explosive phase, at the final stage of which, the volcano exploded [6]. The central part of the volcano’s caldera with an area of approximately 5 km2 was located at depths from 150 to 200 m. This explosion led to the release into the stratosphere of a huge amount of water vapor, according to the analysis of measurements of the Microwave Limb Sounder (MLS) [7]. The power of the explosion was 10 megatons in TNT equivalent. Analysis of records from the sensors, located in the Pacific Ocean along the path of the atmospheric impulse of the explosion (see Figure 1), shows that the propagation velocities of these disturbances for all receiving points were approximately equal to the speed of sound in the air. It testifies to the fact that the signal from the eruption site to the registration points came through the air, and not through the water. That is, the recorded signals relate rather to meteorological tsunamis, caused by atmospheric disturbances, and created by a powerful explosion. These disturbances were recorded by nanobarographs at a distance of several thousand kilometers from the volcano [8]. Along with the impulse in the atmosphere, while analyzing satellite data, we found atmospheric gravity waves, formed as a result of the vertical movement of particles from the sea surface into the ionosphere [9,10].



The atmospheric impulse of the volcano explosion spread throughout the planet. However, after passing over the registration points (shown in Figure 1) in the Pacific Ocean, it spread to the Sea of Japan, where the effects of its impact on the atmosphere, the water surface, and the Earth’s crust were recorded. At three points in the Sea of Japan, marked in Figure 1, the receiving stations recorded water surface oscillations, caused by the impact of this impulse. At Schultz Cape in the Sea of Japan, the explosion impulse, and the further oscillations caused by it, were recorded by a laser nanobarograph [11], which records atmosphere pressure variations, and by two laser strainmeters [12], designed to record deformation variations in the upper layer of the Earth’s crust at their location.



In the following sections of the paper, we will briefly describe the laser nanobarograph and the laser strainmeters, and will pay great attention to the processing and interpretation of the experimental data, obtained from the laser nanobarograph, the laser strainmeters, and all receiving systems, marked in Figure 1.




2. Laser-Interference Receiving Systems


Figure 2 shows the appearance of the laser nanobarograph, created on the base of an equal-arm Michelson interferometer, a frequency-stabilized helium-neon laser by Melles Griott, which ensures frequency stability in the ninth digit, a block of aneroid boxes with mirror coating, a digital registration system, and a block for transmitting the obtained data to the experimental database. All the laser nanobarographs we created register atmosphere pressure variations in the frequency range from 0 (conditionally) to 10,000 Hz, with an accuracy of 50 µPa.



The two-coordinate laser strainmeter consists of two unequal-arm laser strainmeters: a 52.5-meter “north–south” laser strainmeter and a 17.5-meter “west–east” laser strainmeter. The “north–south” laser strainmeter, the working arm of which is oriented at the angle of 18° to the “north–south” line, created on the basis of an unequal-arm Michelson interferometer and a frequency-stabilized helium-neon laser, is located at the depth of 3–5 m below the Earth’s surface. The “west–east” laser strainmeter is mounted at a distance of 70 m from this laser strainmeter, at the depth of 3–4 m from the Earth’s surface. Its working arm is oriented at the angle of 110° to the “north–south” line. The angle between the working axes of the laser strainmeters is 92°. Using interferometry methods, we can record changes in the length of the working arm of each strainmeter with an accuracy of 0.01 nm, i.e., the measuring accuracy of the displacement variations in the strainmeters’ abutments is 0.01 nm. Figure 3 schematically shows the measuring site at Schultz Cape. The laser nanobarograph is also located underground, in one of the cabinets of the 52.5-meter laser strainmeter.



In real-time mode, all information, obtained from these devices, after preliminary processing (filtration and decimation), is transferred to the laboratory room, where, with a sampling frequency of up to 2 kHz, it is recorded on hard media of the experimental database.




3. Processing and Analysis of the Obtained Experimental Data


We started by processing the obtained experimental data with data from the laser nanobarograph, the device that recorded the atmospheric pressure variations, caused by the atmospheric impulse, generated during the volcano explosion. We started with the laser nanobarograph data because they are the only data that accurately describe atmosphere pressure variations caused by the explosion, and also the waves it generated. As we will show further, it is the atmosphere processes that play the main role in generating oscillations and waves that occurred in the Earth’s crust and in the water environment, and was associated with the volcano explosion. The laser nanobarograph and the laser strainmeters registered several passages of atmospheric disturbances caused by the volcano explosion. We can see both Lamb waves and the impulse, generated during the explosion of the volcano, in the records of all instruments.



Figure 4 presents the laser nanobarograph record, which shows the impulse, generated during the volcano explosion, and the acoustic-gravity Lamb waves, initiated by it. This record corresponds to the first passage of the disturbance signal. We processed a fragment of the laser nanobarograph record with a duration of 4096 s (sampling frequency 1 Hz), starting immediately after the noted impulse. As a result of processing by the periodogram method, we formed a spectrum, a part of which is shown in Figure 5. In the figure, we can identify four powerful peaks with periods of 17 min 04.0 s (amplitude—13.2 Pa), 8 min 32.0 s (amplitude—8.2 Pa), 4 min 16.0 s (amplitude—7.7 Pa), 3 min 06.2 s (amplitude—5.3 Pa), and a peak with a period of 1 min 42.4 s (amplitude—2.8 Pa).



The atmospheric pressure impulse and acoustic-gravity Lamb waves caused deformations of a similar type in the Earth’s crust (see Figure 6 and Figure 7). In the figures, an impulse in the Earth’s crust caused by the acoustic-gravity Lamb wave is highlighted in red, and 4096 seconds after the pulse is highlighted in green; these were further analyzed.



Table 1 lists the spectral maxima, obtained from processing synchronous records of the laser nanobarograph, the “north–south” laser strainmeter, and the “west–east” laser strainmeter. The duration of each fragment is 4096 s; the sampling frequency is 1 Hz.



During the first antipodal passage, we identified the spectral maxima, listed in Table 2. The duration of the processed fragment is 4096 s; the sampling frequency is 1 Hz. All fragments were processed using the fast Fourier transform that does not allow good frequency resolution to be obtained. Wherein, the harmonics corresponding to periods of 17 min 04.0 s and 13 min 39.2 s are near, and, depending on the recording quality, the presence of other powerful energy-significant processes in the records, a peak with a period of 17 min 04.0 s or a peak with a period of 13 min 39.2 s, may stand out; although, they probably refer to the same process.



When processing the data of the laser nanobarograph and the laser strainmeters after the second direct passage of this disturbance, we identified the spectral maxima, listed in Table 3. The duration of the processed fragment is 4096 s; the sampling frequency—1 Hz.



Let us assume that initiated are modes with periods of 17 min 04.0 s, 8 min 32.0 s, and 4 min 16.0 s, corresponding to the Lamb wave modes in the region of observation. The conclusion that the oscillations with a period of, for example, 17 min 04.0 s belong to the region of observation can be drawn from analysis of other laser nanobarograph records, obtained at other times, and not related to the volcano explosion. Figure 8 shows a record of the above laser nanobarograph, obtained at this test site in 2016. Spectral processing of this record also showed a powerful peak with a period of about 17 min 04.0 s, see Figure 9.



Let us now briefly discuss the spectral maximum with a period of 3 min 06.2 s, which does not fit into the series of spectral maxima, related to the Lamb wave modes. This spectral maximum was previously identified in the records of the laser strainmeters, located at Schultz Cape [13]. Powerful spectral components at periods of about 3 min stand out while processing the records of the laser strainmeters, installed in an underground mine near the city of Krasnokamensk and on Taiwan Island [13,14,15]. Previously, we assumed that oscillations with a period of about 3 min in the records of three spaced-apart laser strainmeters are associated with bending oscillations of the Earth’s crust [15]. As we can see from the material described above, these spectral maxima are present in the laser nanobarograph records. It testifies to the fact that the primary source of these oscillations is in the atmosphere, and, possibly, is due to edge waves, associated with the surface layers of the atmosphere. Of course, we cannot deny the possibility of atmosphere oscillation initiation by the Earth’s oscillatory processes, by analogy with the initiation of atmosphere oscillations by Eigen oscillations of the Earth at the corresponding periods [16]. Perhaps, the transformation coefficient of the laser nanobarograph data to the laser strainmeter data will shed light on the nature of these oscillations. For the periods listed in Table 1, it equals: 17 min 04.0 s (13.2 Pa/0.39 µm = 33.8 Pa/µm), 8 min 32.0 s (8.2 Pa/0.23 µm = 35.0 Pa/µm), 4 min 16.0 s (7.7 Pa /0.2 µm = 38.5 Pa/µm), and 3 min 06.2 s (5.3/0.13 µm = 40.8). Such behavior of the transformation coefficient (increase with period decreasing) indicates that the source of all the identified oscillations is in the atmosphere.



Now, let us analyze the records of instruments that record sea-level variations on the way from the volcano to the laser-interference systems, located at Schultz Cape in the Sea of Japan, at the point with coordinates 42.5810°N, 131.1564°E. Figure 1 shows a map with information on stations, located in the Pacific Ocean and in the Sea of Japan; the sea can be considered closed from tsunami waves from the Pacific Ocean. Figure 10 shows fragments of records of sea receiving systems, marked by numbers 1–15 in Figure 1. Most of these sensors of OBP records of sea levels are made by AANDERAA and Valeport with a level measurement accuracy of ±0.2% of the measurement range. The data are taken from sites [17,18].



The beginning of the disturbances, shown on all stations’ graphs, coincides with the arrival of an atmospheric impulse, caused by the volcano explosion, with a speed approximately equal to the speed of sound in the air. In refs. [19,20], it is stated that, along with sea-level variations, caused by this atmospheric impulse and formed by Lamb waves, the stations, located in the Pacific Ocean, recorded tsunami waves, resulting from the volcano explosion. These tsunami waves should originate as a result of water masses movement, caused by the movement of particular areas of the marine Earth’s crust at the volcano explosion point. The oscillations of the Earth’s crust, which are recorded by stand-alone seismographs, described in ref. [20], being the same as oscillations that occur in the hypocenter during any tsunamigenic earthquake, do not cause a tsunami. Tsunamis originate from significant displacements of the upper layer of the marine Earth’s crust, which are not recorded even by the widest-band seismographs. They are recorded by devices that have unique amplitude–frequency characteristics and allow recording displacements starting from 0 (conditionally) Hz, that is—laser strainmeters [21]. As shown in ref. [21], these systems register displacements of the sea/ocean bottom, leading to tsunami origination, at almost any planetary distance.



Next, we will focus on the analysis of the record fragments, shown in Figure 10, and on looking in the records of one of the laser strainmeters, described in the previous section, for a deformational disturbance, which led to the origination of the tsunami, described in refs. [19,20]. Let us start with an analysis of the data, shown in Figure 10.



Table 4 lists the results of spectral processing of experimental data from the stations in the first column. The following designations are introduced in the table: the first column shows the sea signal recording stations; the second column shows the names of the fragments in the background period and during the recording of disturbance signals; columns 3 to 5 show the periods of the identified maxima, the values of relative amplitudes, and calculated propagation velocity of the disturbance signal from the volcano to the registration point. Coinciding maxima are highlighted in color. The duration of each processed data fragment was 4096 s at a sampling frequency of 1 Hz. The processing method was the fast Fourier transform. During processing, two fragments were selected for each station—the background (before the arrival of a disturbance signal), and the fragment with a disturbance signal. What is the most important? The data of fourteen stations were processed, out of which the spectral maxima were identified at nine stations, with periods coinciding with the maxima of the background observation periods. It testifies to the fact that the initiation of these signals occurred during the arrival of the air impulse resulting from the volcano explosion.



If we believe that, along with the atmospheric disturbance that led to a meteorological tsunami origination, the volcano explosion should result in a classical tsunami, we can look for this disturbance in the records of stations, shown in Figure 10. It is difficult to understand how fast a classical tsunami wave should propagate. Let us calculate this speed in accordance with the expression   v =   g h     at depths of 2000 or 4000 m. The delay of a classical tsunami, compared to a meteorological tsunami, for each receiving station, listed in Table 4, will be:




	
Apia Upolu WS—from 37 min 54 s to 6 min 52 s.



	
Fongafale—from 1 h 05 min to 6 min 46 s.



	
Betio Tarawa—from 1 h 53 min 51 s to 15 min 39 s.



	
Nauru—from 2 h 12 min 07 s to 27 min 21 s.



	
Kwajalein—from 3 h 03 min 21 s to 50 min 30 s.



	
Dekehtik Pohnpei—from 3 h 41 min 16 s to 1 h 12 min 26 s.



	
Saipan—from 5 h 48 min 31 s to 2 h 23 min 36 s.



	
Chichijima—from 7 h 08 min 51 s to 3 h 02 min 46 s.



	
Mera—from 8 h 02 min 25 s to 3 h 29 min 13 s.



	
Tosashimizu—from 8 h 21 min 09 s to 3 h 37 min 20 s.



	
Naha—from 8 h 15 min 38 s to 3 h 33 min 07 s.








Upon careful examination of the fourteen cited stations’ records, we could not find signals, corresponding to a tsunami, which came along the water surface from the point of the volcano explosion.




4. Conclusions


When processing the records of the laser nanobarograph and two laser strainmeters, located at the Marine Experimental Station “Schulz Cape” on the Sea of Japan coast, we noted three direct passages and one antipodal passage of the atmospheric impulse, and Lamb waves, formed as a result of Hunga Tonga-Hunga Haʻapai volcano explosion. We established that oscillations of the Earth’s crust at the location of the laser strainmeters and identified in their records at periods of 17 min 04.0 s, 8 min 32.0 s, and 4 min 16.0 s are caused by Lamb waves, generated by the impulse, formed as a result of the volcano explosion. We showed that the Lamb wave with a period of 17 min 04.0 s has a regional origin and was observed at other times during the initiation of atmosphere processes. Oscillations close to the period of 3 min 06.2 s are recorded in various regions of the planet (Transbaikalia (Russia), the Primorsky Territory (Russia), Taiwan). The primary source of all selected wave processes is in the atmosphere.



During its propagation over the Pacific Ocean waters in each region, the atmospheric impulse generated its own oscillations of water masses (seiches) in the recording equipment locations. In the Sea of Japan, in addition to local seiches, the seiches of the Sea of Japan were initiated in the period range of 30 min 05.8 s to 31 min 58.7 s; they were noted at all stations, located in the Sea of Japan. We believe that the periods of the identified maxima correspond to the known resonant frequencies of the atmosphere, which are excited by the disturbance.
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Figure 1. 1–12 show stations in the Pacific Ocean; 13–15—stations in the Sea of Japan near the coast of the Primorsky Territory of Russia. Red circles mark the location of the laser-interference receiving systems. 
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Figure 2. Laser nanobarograph. 
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Figure 3. Number 1 is the 52.5-meter laser strainmeter, 2—17.5-meter laser strainmeter. 3—laboratory building. 
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Figure 4. Fragment of laser nanobarograph record for 15 January 2022, UTC. 
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Figure 5. Spectrum of laser nanobarograph record fragment with duration of 4096 s. 
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Figure 6. Fragment of “north–south” laser strainmeter record for 15 January 2022, UTC. 
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Figure 7. Fragment of “west–east” laser strainmeter record for 15 January 2022, UTC. 
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Figure 8. Fragment of laser nanobarograph record for 1 March 2016, UTC. 
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Figure 9. Spectrum of the laser nanobarograph record fragment, shown in Figure 8. 
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Figure 10. Record fragments of sea-level meters at stations: (a) Apia Upolu WS, (b) Fongafale p, (c) Betio Tarawa, (d) Nauru, (e) Kwajalein, (f) Dekehtik Pohnpei, (g) Saipan, (h) Chichijima, (i) Mera, (k) Tosashimizu, (l) Naha, (m) Preobrazhenije, (n) Pos’et, (o) Vladivostok. For 15 January 2022, UTC. 
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Table 1. Data of spectral processing of records of the laser-interference systems, installed at Schulz Cape, the first direct passage of Lamb waves near Schultz Cape.
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	17 min 04 s
	8 min 32 s
	4 min 16 s
	3 min 6.2 s





	Nanobarograph
	13.2 Pa
	8.2 Pa
	7.7 Pa
	5.3 Pa



	“North–south” laser strainmeter
	0.39 µm
	0.23 µm
	0.20 µm
	0.13 µm



	“West–east” laser strainmeter
	0.26 µm
	0.17 µm
	0.15 µm
	0.095 µm
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Table 2. Data of spectral processing of records of the laser-interference systems, installed at Schulz Cape, the antipodal passage of Lamb waves near Schultz Cape.






Table 2. Data of spectral processing of records of the laser-interference systems, installed at Schulz Cape, the antipodal passage of Lamb waves near Schultz Cape.










	
	13 min 39.2 s
	8 min 32 s





	Nanobarograph
	5.8 Pa
	2.5 Pa



	“North–south” laser strainmeter
	0.18 µm
	0.087 µm



	“West–east” laser strainmeter
	0.12 µm
	0.053 µm
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Table 3. Data of spectral processing of records of the laser-interference systems, installed at Schulz Cape, the second direct passage of Lamb waves near Schultz Cape.
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	17 min 4 s
	8 min 32 s





	Nanobarograph
	6.2 Pa
	2.5 Pa



	“North–south” laser strainmeter
	0.19 µm
	0.073 µm



	“West–east” laser strainmeter
	0.11 µm
	0.057 µm
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Table 4. Statistics of the results of background data and disturbance signal data processing.
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	Station
	
	Maximum1
	Maximum2
	Maximum3
	Velocity, m/s





	Apia Upolu WS
	Background
	1 h 04 min 13 s (0.002)
	25 min 41.4 s (0.0016)
	18 min 21.0 s (0.0015)
	



	
	Signal
	11 min 56.9 s (0.032)
	30 min 13.4 s (0.027)
	18 min 21.0 s (0.021)
	218



	Fongafale
	Background
	42 min 48.9 s (0.0014)
	8 min 01.7 s (0.0011)
	6 min 35.2 s (0.00098)
	



	
	Signal
	9 min 52.8 s (0.0092)
	42 min 48.9 s (0.0086)
	20 min 33.1 s (0.0053)
	209



	Betio Tarawa
	Background
	32 min 02.7 s (0.0056)
	
	
	



	
	Signal
	32 min 02.7 s (0.0068)
	7 min 25.8 s (0.0051)
	10 min 03.2 s (0.0046)
	212



	Nauru
	Background
	51 min 22.7 s (0.0015)
	39 min 31.3 s (0.0013)
	13 min 53.2 s (0.001)
	



	
	Signal
	6 min 15.9 s (0.0045)
	36 min 41.9 s (0.0043)
	28 min 32.6 s (0.0039)
	222



	Kwajalein
	Background
	58 min 48.5 s (0.0026)
	5 min 14.4 s (0.0024)
	37 min 48.3 s (0.0022)
	



	
	Signal
	13 min 55.7 s (0.014)
	48 min 07.0 s (0.011)
	9 min 37.4 s (0.0089)
	235



	Dekehtik Pohnpei
	Background
	56 min 58.1 s (0.0017)
	16 min 01.3 s (0.00077)
	5 min 53.6 s (0.00051)
	



	Saipan
	Background
	56 min 51 s (0.0019)
	23 min 15.4 s (0.0017)
	7 min 12.4 s (0.0013)
	



	
	Signal
	11 min 53.9 s (0.011)
	9 min 50.4 s (0.011)
	13 min 49.7 s (0.01)
	279



	Chichijima
	Background
	20 min 28.0 s (0.0055)
	16 min 30.3 s (0.0051)
	13 min 49.7 s (0.003)
	



	
	Signal
	20 min 28.0 s (0.12)
	15 min 02.9 s (0.091)
	12 min 47.5 s (0.043)
	286



	Mera
	Background
	6 min 09.9 s (0.0051)
	5 min 19.8 s (0.0047)
	22 min 14.7 s (0.0044)
	



	
	Signal
	22 min 14.7 s (0.11)
	6 min 05.5 s (0.044)
	6 min 38.7 s (0.042)
	290



	Tosashimizu
	Background
	20 min 28.0 s (0.015)
	39 min 21.4 s (0.0072)
	
	



	
	Signal
	20 min 28.0 s (0.14)
	24 min 21.8 s (0.11)
	42 min 38.2 s (0.054)
	290



	Naha
	Background
	26 min 55.7 s (0.008)
	
	
	



	
	Signal
	24 min 21.8 s (0.057)
	10 min 26.5 s (0.011)
	
	



	
	Signal
	22 min 14.7 s (0.11)
	25 min 34.9 s (0.089)
	19 min 40.7 s (0.067)
	288



	Preobrazhenije
	Background D
	31 min 58.7 s (0.01)
	15 min 59.3 s (0.0035)
	
	



	
	Signal
	30 min 05.8 s (0.033)
	9 min 28.5 s (0.011)
	15 min 59.3 s (0.0074)
	293



	Pos’et
	Background
	31 min 58.7 s (0.0029)
	17 min 38.6 s (0.0018)
	10 min 53.2 s (0.0012)
	



	
	Signal
	30 min05.8 s (0.0072)
	17 min 38.6 s (0.0035)
	11 min 22.2 s (0.0012)
	287



	Vladivostok
	Background
	39 min 21.4 s (0.0081)
	31 min 58.7 s (0.0062)
	
	



	
	Signal
	31 min 58.7 s (0.032)
	
	
	286
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