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Abstract. The paper presents the results of record-
ing of acoustic waves, caused by the Hunga Tonga vol-
cano eruption in the South Pacific Ocean on January 15,
2022, in Eastern Siberia at a distance of about 11230 km
from the eruption. The received acoustic signal is inter-
preted as a set of atmospheric waves in a wide range of
oscillations. The structure of the signal is similar to sig-
nals from the previously known powerful sources: the
thermonuclear explosion on Novaya Zemlya in 1961
and the explosion of the Tunguska meteorite in 1908.
The acoustic signal was preceded by three trains of low-
frequency damped oscillations. We assume that these
three trains of oscillations are associated with three im-
portant stages in the Hunga Tonga volcano eruption: 1)
destruction of Tonga island and formation of an under-
water caldera; 2) release of hot magma from the caldera
to the ocean surface and release of a large volume of
superheated steam into the atmosphere 3) formation of a

layered structure from a mixture of superheated steam,
ash, and tephra on the ocean surface and formation of an
eruptive convective column. Successive phases of the
eruption might have contributed to the excitation of
acoustic vibrations in a wide range of periods including
Lamb waves, internal gravity waves (IGW), and infra-
sound. We compare the structure of the acoustic signal
received in Siberia at a distance of more than 11000 km
from the volcano and that of the acoustic signal record-
ed in Alaska at a distance of more than 9300 km. Using
the solution of the linearized Korteweg — de Vries
equation, we estimate the energy released during the
volcanic eruption.

Keywords: atmosphere, acoustic wave, Lamb wave,
infrasound, volcanic eruption, Tunguska meteorite, ho-
mogeneous atmosphere, eruption energy.

INTRODUCTION

On January 15, 2022 at 04:14:45 UTC, a great erup-
tion of the Hunga Tonga-Hunga Ha'apai volcano oc-
curred in the South Pacific Ocean. According to local
authorities, the area of the eruption was ~5 km? the
depth of the formed underwater caldera was ~200 m. As
recorded by the Geophysical Survey of the Russian
Academy of Sciences, the geographic coordinates of the
Hunga Tonga volcano eruption are 20.546 S and 175.39 E,
the magnitude of its associated earthquake M=5.8.

The eruption was accompanied by a number of geo-
physical phenomena — tsunamis, seismic processes,
and strong disturbances at different heights in the at-
mosphere and ionosphere [Adam, 2022; Duncombe,
2022; Vergoz et al., 2022; Garova, Ferapontov, 2022].

Atmospheric pressure waves generated by the
Hunga Tonga eruption were recorded in various parts of
the globe at stations of the International Monitoring
System (IMS). In Russia, the pressure waves were de-
tected in the Far East [Dolgikh et al., 2022], in Siberia
[Dobrynin, Sorokin, 2023], and in the central part of
Russia (in the Moscow Region) [Kulichkov et al., 2022;
Rybnov et al., 2023]. The acoustic signals that have
circuited the globe at least twice represent, according to
many authors, a superposition of atmospheric waves of
several types such as infrasonic vibrations, gravity and
Lamb waves. It is generally believed that Lamb waves,
which occur during volcanic eruptions and nuclear ex-
plosions, are the main energy-carrying mode when pass-
ing along Earth's surface [Kulichkov, 1987; Gossard,

Hook, 1978]. These waves are a two-dimensional at-
mospheric analogue of Lamb waves propagating in the
real atmosphere at the speed of sound and with periods
exceeding the Brunt — Viisila periods [Pierce, Pousey,
1971; Gossard, Hook, 1978]. The geophysical effects of
the Hunga Tonga-Hunga Ha'apai volcano eruption on
January 15, 2022 at a great distance from the source are
discussed by Adushkin et al. [2022]; the authors de-
scribe electric field variations associated with the pas-
sage of an acoustic wave from the Hunga Tonga volcano.
Attempts have been made to estimate the energy re-
leased during the Hunga Tonga volcano eruption [Ver-
goz et al., 2022; Rybnov et al., 2023; Kulichkov et al.,
2022]. For example, Kulichkov et al. [2022] have used
an assumption that the main energy-carrying mode from
a volcanic eruption is a low-frequency Lamb wave. By
relying on the solution of the linearized Korteweg—de
Vries equation derived by Pierce, Pousey [1971], the
authors presented an expression for estimating the re-
leased energy, in which the key parameters are the am-
plitude and the corresponding period of the first oscilla-
tion for the Lamb wave [Kulichkov et al., 2022].
Propagation of the acoustic wave from the Hunga
Tonga volcano eruption was global, and its passage was
detected at great distances from the source [Matoza et
al., 2022]. On the official Twitter account of the National
Weather Service (NWS) Alaska Region, a report was
posted on January 15, 2022 about detection of an acoustic
signal from the Hunga Tonga volcano eruption in Alaska
[https://twitter.com/NWSAlaska/status/1482431322740
060162?cxt=HHWWhMCrveHb05IpAAAA], which con-
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Registration of the atmospheric effect

tained information about the moment of arrival of the
acoustic signal, its spectral composition, amplitude,
duration, etc. (Figure 5).

In this paper, we present data on recording of an
acoustic signal from the Hunga Tonga volcano eruption
in Eastern Siberia and give our own original interpreta-
tion of the successive phases of the volcanic eruption
and the acoustic signal structure, i.e. Lamb waves pre-
ceding the recorded signal (Figures 1, 4).

PURPOSE AND OBJECTIVES
OF THE STUDY

Our main purpose is to study structural features of
the infrasonic signal recorded from the remote strong
Hunga Tonga volcano eruption on January 15, 2022. To
achieve this purpose, we had to solve the following
problems:

o to prepare recording data at the ISTP SB RAS in-
frasound station;

e to analyze the strongest eruptions of the XIX-
XXI centuries and to determine where the Hunga Tonga
volcano eruption is in this series;

e to compare the two acoustic signals from the
Hong Tonga volcano eruption recorded in Eastern Sibe-
ria and Alaska, which propagated in different azimuthal
directions along paths of different lengths;

o to identify possible causes for the differences be-
tween the acoustic signals, including meteorological
conditions along propagation paths;

e using the method presented in [Pierce, Pousey,
1971], to estimate the energy of the Hunga Tonga vol-
cano eruption.

HISTORICAL BACKGROUND

The International Monitoring System (IMS) is em-
ployed to monitor not only nuclear explosions, but also
high-power natural events associated with major volcan-
ic eruptions, explosions of large meteorites, etc., which
are of serious hazard to the population. Creation and
development of IMS [Brachett et al., 2010] boosted the
research in atmospheric acoustics.

On March 27, 1954 at the Bikini Atoll in the Mar-
shall Islands, the United States tested the world's first
thermonuclear bomb, acoustic waves from which
reached Japan and were recorded at a distance of ~3900
km [Yamomoto, 1954]. Acoustic signals from the Sovi-
et thermonuclear bomb with a capacity of 57 Mt tested
on Novaya Zemlya in October 1961 had a structure sim-
ilar to signals from volcanic eruptions [Donn, Ewing,
1962], and due to the enormous yield of the explosion

passed around the globe several times; the signals were
recorded in the north of Scotland (Aberdeen) [Gossard,
Hook, 1978; Donn, Ewing, 1962; Carpenter et al.,
1961]. The acoustic signals were analyzed and com-
pared with the previously observed atmospheric waves
from the Krakatoa volcano eruption in 1883 and with
the atmospheric effect of the Tunguska meteorite in
1908. Comparative analysis of natural signals and theo-
retical barograms for a multilayer medium made it pos-
sible to explain the structure of the received acoustic
signal [Harkrider, 1964]. In the 1970s, the theory of
excitation of the fundamental mode of Earth's atmos-
phere oscillations was developed [Pierce, Pousey,
1971]. The first attempt to apply the fundamental mode
theory in practice to atmospheric characteristics was
made in [Garrett, 1969]. The use of the fundamental
mode theory in Russia is analyzed in [Kulichkov, 1987].

RETROSPECTIVE ANALYSIS
OF VOLCANIC ACTIVITY
ACCORDING TO THE VEI INDEX

The brief analysis of volcanic activity from 1815 to
the present time (see Table) suggests that powerful vol-
canic eruptions are quite rare and occur about once every
100 years.

Table shows that according to the volcanic explosiv-
ity index (VEI=7) the Tambora volcano eruption in 1815
was in the lead during the pre-instrumental era. The
closest according to VEI (VEI=6) to the Hunga Tonga
volcano eruption are the eruptions of Krakatoa in 1883
and Pinatubo in 1991.

BASIC FACTS ABOUT THE HUNGA
TONGA VOLCANO ERUPTION
In the southeastern Pacific Ocean between Australia
and New Zealand, a strong eruption near Hunga Tonga-
Hunga Ha'apai Island ~2 km long occurred on January
15, 2022. The first eruption on January 14 released an
ash plume ~5 km wide into the atmosphere, which rose
to a height of more than 20 km. The next day, at about
17:15 LT (04:14:45 UT), a larger eruption began. Ash
mass emissions reached heights of more than 30 km.
Strong explosions were heard at a distance of 65 km
from the epicenter. The explosions were also heard
throughout New Zealand, Canada, and Alaska. NASA's
Aqua satellite detected shock waves propagating in the
atmosphere over the Pacific Ocean almost simultane-
ously with the eruption [Duncombe, 2022].

Analysis of volcanic activity in the XIX—XXI centuries.

Name VEI ;ﬁzﬁig; Eruptl(l)(rr1n height, Eruptl(l)(nm\golume, Tedn:g)glritgre Detection range
Tambora, 1815 6-7 Plinian 43 100 km3 -1to-5 no data available
Krakatoa, 1883 6 Plinian 36 (up to 70) 10 km3 -0.3 Engléﬁrgﬁ;\nnel
St. Helens, 1980 4-5 |no data available 19 1 km3 - USA
Pinatubo, 1991 5-6 Plinian 34 10 km3 -0.5 Southeast Asia

Hunga Tonga, 2022 | 5-6 Plinian 30-37 0.4-10 6t (S0), local round-the-world
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STRUCTURE OF ACOUSTIC
OSCILLATIONS

IN THE ATMOSPHERE
ACCORDING TO ISTP SB RAS
DATA AND THEIR CONNECTION
WITH SEISMIC EVENTS

Analysis of the sequence of acoustic signal trains is
based on data acquired at the infrasound station
(51°48'55.49" N, 103°04'14" E) of the ISTP SB RAS
Geophysical Observatory, located in the south of East-
ern Siberia in the Tunka District of the Republic of
Buryatia. This station is a group of three microbarome-
ters located at vertices of a right triangle with 500 m
legs. Three independent microbarometers forming an
interferometer record successive arrivals of an acoustic
wave. The main parameters of the infrasound station are
described in [Sorokin, 2013]. The acoustic signal re-
ceived by the infrasound station (see Figure 1) can be
interpreted as follows.

1. Arrival of the very first and strongest low-
frequency signal (group 1) at 14:26:42 UT corresponds
to the initial phase of the major explosion, the destruc-
tion of the island, and the formation of an underwater
caldera with red-hot magma.

2. The second part of the low-frequency acoustic
signal (group 2) is likely to correspond to the eruption
phase when hot magma interacts with ocean water and
an above-water pulsating cloud layer consisting of su-
perheated steam is formed.

3. We suspect that the arrival of group 3 of the low-
frequency acoustic signal is related to the emission of
acoustic waves by a ~30 km high-altitude convective
column formed from a mixture of superheated steam
and volcanic ejecta. The mechanism of such emission
was described by Gostintsev et al. [1985], using a big
fire as an example.

Avrrival of group 3 in the signal structure is followed
by oscillations in the infrasound range, which are relat-
ed to the volcanic eruption and last for about 5 hrs.

A similar sequence of explosive events of the Hunga
Tonga volcano eruption is presented in [Astafyeva et al.,

2022] without indicate the conformance to certain
events. Studying volcanic ionospheric disturbances of
the total electron content (TEC) shows that five explo-
sive volcanic events occurred from 4 to 5 UT. It is inter-
esting that these TEC variations are not similar in shape
to the quasi-periodic signal observed in previous stud-
ies. These volcanic ionospheric disturbances are com-
plex signals with the apparent appearance of N-waves
with a sharp increase in TEC, which, according to
Astafyeva et al. [2022], indicates the source of a shock
acoustic wave.

Such an event scenario fits well into the picture de-
scribed in [Wright et al., 2022] as a series of five at-
mospheric pressure pulses recorded during the same
time period near (64 km) the Hunga Tonga volcano
eruption.

Arrival of group 1 consisting of the most intense os-
cillations is the main energy-carrying mode of the
acoustic signal — the Lamb wave. It is almost the first
to be excited during a volcanic eruption; it propagates
along Earth's surface at a speed close to the speed of
sound [Kulichkov, 1987; Kulichkov et al., 2022]. Ac-
cordingly, this low-frequency mode is manifested in
recordings of the acoustic station recorder at the very
beginning. What are these oscillations? Let us turn to
the classical work [Maeda, Young, 1966], where the
dispersion equation for atmospheric waves is derived
from three fundamental equations: motion equation, the
continuity equation, and equation of thermodynamics.
Their combination yields an equation for the vertical
variation of wave velocity. Studying the determinant of
this equation leads to cases where roots of the equation
are real or imaginary, i.e. from its analysis we have
three branches of oscillations:

1) o>wp>0g — such frequencies correspond to a
purely acoustical branch of oscillations;

2) o<wa<wg — such frequencies correspond to the
gravity branch of oscillations;

3) wp>0>0g — at these frequencies there is a
branch of surface oscillations (Lamb waves).

Here, wa is the atmospheric resonance frequency, wg iS
the Brunt — Viiséld frequency.
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Figure 1. Low-frequency acoustic signal received at the ISTP SB RAS infrasound station on January 15, 2022 (1, 2, 3 —
wave trains). It began at 14:26:42 UT. The total duration of the signal is more than 5 hrs
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Indeed, we are observing a wave with an oscillation
period of 5.4 min. This corresponds to the third branch
of oscillations, and these are not classical acoustic
waves or internal gravity waves (IGWs). Since the mean
velocity of wave propagation along the path is estimated
from observations and is 305 m/s, it is these oscillations
that represent a fast surface Lamb wave.

A volcanic eruption is a nonstationary process and is
accompanied by alternating volcanic explosions and ejecta,
which, in turn, are followed by intense sonic noise, includ-
ing infrasonic signals having a sonic propagation velocity.
That is why the infrasonic noise from a volcanic eruption is
the second to arrive at the acoustic station.

If we follow these arguments, we will deduce that a
group of signals from an eruption associated with IGWs
having a relatively low velocity should appear in the final
part of the signal wave train. This is, however, not ob-
served. Satellite data obtained in [Liu et al., 2022] indicates
that the spatial zone of observation of IGWSs from the erup-
tion is limited, and IGWs are not recorded at a great dis-
tance from the eruption, probably due to dissipation.

Our calculations of the emission power spectra of
acoustic signals (train 1 — train 3) have shown three
main harmonics (Figure 2). For the time interval of
240000 readings (t~80 min), the Hemming function
(Hemming application (92160, 46080, 46080, 50, 0))
was used for the calculations in Mathlab. There are sev-
eral characteristic wave periods in the head part of the
signal: T,~322.6 s; T,~192.3 s; T3~106.4 (5.4 min, 3.2
min, 1.8 min respectively).

Research on infrasonic waves has a long history. In
[Gordeev et al., 2013; Fee, Matoza, 2013], infrasonic
waves from volcanic eruptions in Kamchatka and Alas-
ka are examined. The works [Dessler, 1973; Yerush-
chenkov et al., 1976; Pasko, 2009; Sorokin, Dobrynin,
2022] deal with infrasound from lightning discharges.
Martinez-Bedenko et al. [2023] provides information on
unusually high lightning activity during the Hunga Ton-
ga volcano eruption. In fact, the lightning activity zone
of the eruption is fairly broad [https://www.reuters.
com/graphicss TONGA-VOLCANO/LIGHTNING/
zgpomjdbypd/]. The strong lightning discharges that
excite infrasonic waves with characteristic frequencies
0.5-5 Hz are, however, significantly bounded by the
atmospheric region, where intense volcanic ejecta and
convective flows of volcanic gases in the form of erup-
tive columns ~30-40 km and 20-25 km long are ob-
served. When propagating over long distances in the
atmosphere, infrasonic oscillations in the high-
frequency region (0.5-5 Hz) are subject to strong mo-
lecular absorption; therefore, there is no noticeable con-
tribution of infrasonic signals from lightning discharges,
excited at the epicenter of the eruption, to the signal
recorded at a large distance from the eruption.

The eruption of the underwater Hunga Tonga volca-
no on January 15, 2022 caused a number of geophysical
responses including a strong seismic signal. According
to [Thurin et al., 2022], the magnitude of the earthquake
accompanying the eruption Mw~6.3. The USA Seismic
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Station (Fiji Island area) at a distance of ~700 km
southwest of the Hunga Tonga volcano eruption record-
ed several successive seismic events during the initial
phase of the eruption (Figure 3).

Comparison of acoustic signals recorded at the ISTP
SB RAS infrasound station (see Figure 1) with varia-
tions in seismic activity during the initial phase of the
eruption on January 15, 2022 detected at the seismic
station in the Fiji Island area (see Figure 3), shows that
in both cases there is a similar sequence of three strong
explosions associated with the eruption.

First red line S1 in Figure 3 indicates surface seismic
waves traveling at a Rayleigh wave speed (~3600 m/s),
delayed by 32.5 s relative to the time of the eruption ac-
cording to the USGS (US Geological Survey) catalog. The
second Rayleigh wave train (red dashed line S2) arrives
200 s later. The total duration of such seismic signals for
this case is ~400 s. Thurin et al. [2022] report that there
might have been additional events; the third gray strip
highlights signals from a probable third seismic event. The
blue dashed line shows propagation of an acoustic wave of
atmospheric pressure at a velocity of 340 m/s.

COMPARING ACOUSTIC
SIGNALS FROM THE JANUARY 15,
2022 HUNGA TONGA VOLCANO
ERUPTION, RECEIVED

IN SIBERIA AND ALASKA

The experience of observing propagation of acoustic
waves from previous major eruptions (Krakatoa 1883;
Pinatubo 1991) bears witness to the global nature of the
events. Comparison of observations in Eastern Siberia
(ISTP SB RAS, Irkutsk, Russia) at a distance of 11230
km (Figure 4) and in Alaska (Alaska Volcano Observa-
tory, University of Alaska Fairbanks, Fairbanks, USA)
at a distance of 9360 km (Figure 5) from the epicenter
of the eruption clearly proves global propagation of
acoustic waves in the atmosphere from the Hunga Ton-
ga volcano eruption. The nature of the acoustic signals
is seen to be generally similar, except for some details
that can be attributed to the different length of propaga-
tion paths, different meteorological conditions along the
paths, and differences in recording equipment. The fol-
lowing facts are confirmed: a) the global nature of prop-
agation of such waves; b) the high intensity of acoustic
wave radiation (as in the case of the Krakatoa eruption
in 1883).

The signal propagation time to Eastern Siberia was
about 10 hrs 13 min; to Alaska, 8 hrs 15 min. The mean
propagation velocities of the acoustic signal turned out to
be different, 305 and 315 m/s respectively, which is likely
to be explained by different lengths of the signal propaga-
tion paths and meteorological conditions along the paths.

Figures 6 and 7 display height cross-sections of the
wind field in the atmosphere, plotted from ERAS reanaly-
sis weather data (along the Y-axis are heights to 50 km;
along the X-axis, the distance from the Hunga Tonga
volcano (right) to the receiving station (left). Along the
Tonga — Irkutsk path (~11230 km), the predominant wind
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Figure 3. Seismograms of the vertical component recorded on Fiji Island. The data is filtered in the range of periods 25-70 s.
The blue dashed line indicates an acoustic wave of atmospheric pressure traveling at a speed of 340 m/s [Thurin et al., 2022]

According to multipse social media
reports and confirmed by Alaska

| Voikano Observatory infrasound
recorders, the Hunga Tonga eruption
was heard in Anchorage and Fairbanks
between 3:30 and 4:00 am, AXST.
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Figure 4. Acoustic waves from the January 15, 2022 Figure 5. Acoustic waves from the January 15, 2022 Hunga
Hunga Tonga volcano eruption recorded in Irkutsk (ISTP SB  Tonga volcano eruption recorded in Anchorage and Fairbanks
RAS, Eastern Siberia, Russia) (NWS Alaska Region Report dated January 15, 2022

[https://twitter.com/NWSAlas  ka/status/1482431322740060162?
ext=HHWWhMCrveHb05IpAAAA])
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wind direction is seen to coincide with the direction of
propagation of the acoustic signal, whereas along the
Tonga — Alaska path (9360 km) the winds directed
almost across the propagation path prevail. Hence, the
differences in the average propagation velocity and the
shape of acoustic signals may be related to the different
structure of the wind field along the paths.

ESTIMATED ENERGY OF THE
HUNGA TONGA VOLCANO ERUPTION

Considering the possibility of estimating the energy
of a volcanic eruption as equivalent to a surface explo-
sion, Pierce and Pousey [1971] derived a solution of the
linearized Korteweg — de Vries equation (KdV) for the
Lamb mode in the following form:

[

Here y(t, s, 0) is the wave function; t is the current time;
s and 0 are curved cylindrical coordinates with the
origin (s=0) near the source; 0 is the azimuth of the ray
exit angle; T, is the characteristic explosion time; 1p iS
the characteristic time scale of dispersion for the Lamb
wave [Pierce, Pousey, 1971]. Allowing for the spherici-
ty of Earth's surface, the time of passage of the Lamb
mode T, along the curved ray path with given 6 from
s=0 to a point at a distance s from the source is given by

T, —t

T -2 (% A
y(t,s,0)=—Lm [ Al

T,
TD +Mr_jM (p)dp.. 1)

Tp D

the formula <, = J'Os ds/c,, where c. is the average Lamb

mode velocity that takes into account: a) the height-
averaged component of the wind speed along the ray
path (it is believed that the wind speed is lower than the
speed of sound); b) height-averaged deviations of the
speed of sound and wind speed from their values in an
isothermal atmosphere (constant speed of sound) at a
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constant wind speed. The function M(p) describes the
waveform of the signal generated by the source at a
distance close to it. The so-called Glasstone pulse is
often utilized as a model of the signal generated by an
explosion: M(w)=p(t)=Ap(t-t/T,)exp(t—t/T ), where t is
the current time, Ap and T, are the amplitude and the
duration of the positive compression phase of this pulse
respectively, and p=t/T,. The waveform of signal (1) is
determined by the Airy function Ai(x) and for T,/1p~0.5
is shown in Figure 8 as a function of dimensionless time
(t—t)/1p.

For these conditions, we have made an attempt to es-
timate the energy of the Hunga-Tonga volcano eruption.
The estimation technique is described in [Kulichkov et
al., 2022] and is as follows. Using the solution of the
linearized KdV equation [Pierce, Pousey, 1971], we
calculate a model of an acoustic signal in the atmos-
phere with dispersion properties close to the real acoustic
signal. By selecting the parameters, a satisfactory similarity
is achieved, and the characteristic time scale of the disper-
sion is estimated at a distance close to the source.

With a sufficiently short explosion time, T, (u < 1),

which occurs in the case under study, at distances of
several thousand kilometers from the source, the wave-
form of the signal stabilizes, and the signal takes the
form of (1) [Pierce, Pousey, 1971; Kulichkov, 1987].

In our case, an adequate similarity of the model (for
the Glasstone pulse) and the real signal is achieved with
the following parameters: during the initial period T,=1
of the acoustic signal in the source (the duration of the
positive phase of the Glasstone pulse) when propagating
in an atmospheric medium with a characteristic time
scale of dispersion, the signal period blurs and doubles
already at (t,—t)/1p=40 [Pierce, Pousey, 1971; Ku-
lichkov, 1987].

Thus, we believe that the artificial signal obtained
by solving the KdV equation is close to the real
acoustic signal for which we can use the ratio to estimate

energy [Pierce, Pousey, 1971] E =13P(r.sin(r /r ))]/2 x

<H, (cT, )"

The explosion energy of the volcano E is estimated
from the following parameters of the observed acoustic
signal and atmospheric parameters: the amplitude of the
acoustic signal P=184 Pa, the Earth radius re=6400 km,

Current time, hour
0 0.020.040.060.08 0.1 0.120.140.160.18 0.2 0.220.240.260.28 0.3 0.32
5

Model Lamb's wave
e
Signal Lamb's wave

(&)

L L L L L L L L L L
9 12 15 18 21 24 27 30 33 36 39

I
6

Dimensionless time, (t3-1)/tD

Figure 8. Atmospheric analogue of the two-dimensional
Lamb wave recorded at the ISTP SB RAS infrasound station
(solid blue curve), and the Lamb wave model obtained from
the solution of the linearized Korteweg — de Vries equation
(dashed curve)
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the source — receiver distance r=11230 km, the height
of the homogeneous atmosphere Hs=8 km, the period of
the first oscillation train T, ,=330 s. For these parameters,
E=1.631-10"Jor E = 0.398-10° t in TNT equivalent.

Alternative approaches for estimating the eruption
energy are based on statistical analysis of the energy
release for a large number of explosions of various
types and comparison with the energy characteristics of
earthquakes and other eruptive phenomena. Such a
technique involves plotting an empirical dependence of
the period T of pressure waves excited in the atmos-
phere on the explosive yield W.

For example, Edwards et al. [2006] have developed
and refined the empirical relationships linking the peri-
ods of infrasonic waves during meteoroid explosions to
the energy of their destruction. The aim of their work
[Edwards et al., 2006] was to obtain empirical relation-
ships from a large amount of data on explosions of vari-
ous types, in particular to investigate the statistical
properties of infrasonic signals in terms of atmospheric
winds. The empirical relationships derived were used to
estimate the energy of meteoroid explosions of previ-
ously recorded infrasound events.

The most general empirical relationship was devel-
oped for the American Air Force Technical Applica-
tions Center (AFTAC) back in 1997 [ReVelle, 1997]:

log(W /2) =3.34logT —2.58 for W/2<100 kt; (1a)

log(W /2)=4.14logT —3.61 for W/2>40 kt. (1b)

Here W is the energy of the meteoroid in kilotons of
TNT equivalent; T is the period of an infrasonic wave of
maximum amplitude in seconds for two energy ranges
[Sorokin, 2013]. Ratio (1a) for the upper energy range
yields W/2~0.639 Mt; ratio (1b), W/2~6.077 Mt.

The energy of a volcanic explosion can also be esti-
mated by measuring the total electron content with
GNSS [Heki, 2006]. Heki [2006] has proposed an em-
pirical method that involves analyzing amplitudes of
volcanic ionospheric disturbances relative to the back-
ground state of TEC and comparing the TEC response
to explosions of known yield [Calais et al., 1998]. The
explosion energy of the Asama volcano in Japan with

VEI=2, estimated by this method, was ~4-10* t in TNT

equivalent or 2-10* J [Heki, 2006].

Note that along with the background electron con-
tent the amplitude of the volcanic ionospheric disturb-
ances is additionally affected by two other factors — the
magnetic field configuration and the angle between the
line of sight of the source and the wavefront. Nonethe-
less, as Astafyeva et al. [2022] believe, in the case of the
very strong eruption of the Hunga Tonga volcano the
background TEC appeared to be significantly lower
than the disturbed one, and the magnetic field configu-
ration and the wavefront direction within geometric
visibility at a rough estimate can be neglected. Thus, the
explosive yield of the Hunga Tonga volcano eruption
was estimated from 9 to 37 Mt in TNT equivalent
[Astafyeva et al., 2022]. We can deduce that despite the
difference in approaches to estimating the energy of the
Hunga Tonga volcano eruption, the absolute value of
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the explosive yield is very large — tens of megatons in
TNT equivalent.

SUMMARY AND CONCLUSIONS

We have presented the results of the observation of
acoustic waves from the major eruption of the Hunga
Tonga volcano, which occurred in the southwestern
Pacific Ocean on January 15, 2022. In this paper, prima-
ry analysis and interpretation of the results were carried
out. We can draw the following conclusions.

The recorded acoustic signal has a complex structure
similar to the wave structure of signals from powerful
nuclear explosions, the Tunguska meteorite [Gossard,
Hook, 1978], as well as to the acoustic signals from the
Hunga Tonga volcano eruption presented in [Kulichkov
et al., 2022; Dolgikh et al., 2022]. Such a waveform is
interpreted as the result of a superposition of Lamb
waves, infrasound, and IGW.

A characteristic time sequence three group of the ar-
rivals in the head part of the signal (Lamb wave) has
been revealed. This sequence is associated with three
phases of the eruption: 1) strong explosion and destruc-
tion of Hunga Tonga island; 2) release of red-hot mag-
ma to the ocean surface and formation of a large amount
of superheated steam pulsating in the atmosphere; 3)
rise of a height eruptive column into the atmosphere,
which can be a source of low-frequency acoustic radiation.

We have compared the acoustic signals from the
Hunga Tonga volcano eruption recorded in Eastern Si-
beria and Alaska, and have estimated the mean signal
propagation velocity along these paths. Recording the
acoustic signal from the violent eruption of the Hunga
Tonga volcano in various parts of Earth indicates the
global nature of signal propagation.

Further work on this topic, in our opinion, requires
combining the data obtained in Russia and concentrat-
ing efforts in developing a method for determining av-
erage characteristics of the atmosphere along the acous-
tic signal propagation path.

The data used in this work was obtained at the infra-
sound station included in ISTP SB RAS Shared Equipment
Center “Angara” [http://ckp-rf.ru/ckp/3056]. The work was
financially supported by Basic Project “Geophysical
Monitoring and Complex Observations of Parameters of
Earth’s Atmosphere and Near-Earth Space for Research
in Solar-Terrestrial Physics” (No. 0278-2021-0004).

We are grateful to the reviewers who took the trou-
ble to familiarize themselves with the work and made a
number of comments that contributed to its significant
improvement.
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