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SUMMARY

The eruption of the Hunga-Tonga-Hunga-Ha’apai volcano on January 15, 2022 was the
largest recorded since the eruption of Krakatoa in 1883. The parameters of its explosion are
comparable to the parameters of the explosions of a number of large volcanoes. Five
explosions of the underwater Tonga volcano took place over the 04:00-05:02 UT period. The
most powerful explosion occurred at about 04:15 UT. The eruption lasted for 12+2 h during
which 2.9 Gt of rock occupying 1.9 cubic kilometers volume was thrown out. The plume
from this explosion reached a peak height of 58 km into the mesosphere at a mean speed of
33 m/s. The results of the comprehensive analysis and modeling of the physical effects in the
Earth—atmosphere—ionosphere—magnetosphere (EAIM) system, which have been generated
by the explosion of the Tonga super-volcano on January 15, 2022. Quasi-sinusoidal and
aperiodic perturbations have been revealed in all components of the EAIM system, and their
mechanisms have been analyzed. The energetics of waves of various kinds and of the
perturbations in the geophysical fields has turned out to be sufficient to maintain the long-
term and global restructuring of coupling between the subsystems in the EAIM system.
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Introduction. Basic Information on the Volcano

The eruption of the Hunga-Tonga-Hunga-Ha’apai volcano on January 15, 2022 was the largest
recorded since the eruption of Krakatoa in 1883 (Table 1). The parameters of its explosion are
comparable to the parameters of the explosions of a number of large volcanoes (Table 2). Five
explosions of the underwater Tonga volcano (20.54°S, 175.38°W) took place over the 04:00-05:02
UT period (Matoza et al., 2022; Kulichkov et al., 2022; Astafyeva et al., 2022; Yuen et al., 2022). The
most powerful explosion of the volcano with an ~4-5-km-wide caldera and a crater of ~20-30-m
diameter occurred at about 04:15 UT, which acted to trigger an earthquake of magnitude 5.8.
The eruption lasted for 12 + 2 h during which 2.9 Gt of rock occupying 1.9 km® volume was thrown
out. The mean mass flow rate is estimated to be 67 kt/s, and a mean volumetric discharge rate to be
V = 4.4x10* m*/s. The plume from this explosion reached a peak height of 58 km into the mesosphere
at a mean speed of 33 m/s. The mass of sulphur dioxide ejected by the explosion was estimated to
attain a value of 4x10® kg, while the mass of sulphuric acid to be 8x10® kg. The atmospheric plume
from the volcanic eruption was carried out by the wind over a distance of 15 Mm at an average
horizontal speed of 20 m/s.

Table 1 Basic information on large volcanoes

Eruption date Volcano Location Geogr.ap hic Notes
coordinates
August 26-27, . 6°06' S, Current altitude 813 m,
1883 Krakatoa Indonesia 105°25' E Vent 120 m.
USA, 46°12' N, Altitude 2,549 m,
May 18, 1980 St. Helens Skamania County 122°11' W Reduced by 400 m
March 29 and El Chichon Mexico 17°22'N, Allg(t)l(l)dzllérsa(ierrna;/?ﬁt
April 3-4, 1982 93°14' W ’ ’ p
300 m
. e 15°7.8" N, Altitude 1,486 m;
June 15, 1991 Pinatubo Philippines 120°21' E before 1991, 1,745 m
Hunga-Tonga- . 20°32' S, Underwater eruption at
15 January, 2022 Hunga-Ha’apai Kingdom of Tonga 175°38" W a depth of 200 m
Table 2 Basic parameters of large volcanoes
Parameter Krakatoa | St. Helens | El Chichon Pinatubo Tonga
Thermal energy (J) 5x10" 2x10" 2x10" 2x10" 3.9x10"
Explosive wave energy (J) | (4-8)x10'" | 1.5x10"7 ~10"7  [(0.8-1.2)x10""| 0.7x10'
Magnitude 6.5 5.1 5.1 6.1 5.5
Intensity 11.7 10.3 11.2 12 12.1
Volcanic explosivity index 6 5 5 6 5-6
Total eruptive mass (kg) 2.9x10" 1.3x10" 1.3x10" 1.3x10" 2.9x10"
Mean mass flow rate (kg/s) 5.5x10° 2x10’ 1.5x10° 8x10® 6.7x107
Total eruptive volume (m*) | 1.8x10" | (4-5)x108 5x108 (3.7-5.3)x10° |  1.9x10°
Mean volumetric 3.7x10° | 1.3x10° 10° 5.3x10° 4.4x10*
discharge rate (m’/s)
Eruptive column height
(observed) (km) 40-55 19-25 30-32 33 50-58
Eruptive column height
(calculated) (km) 3743 16-19 27-31 4047 22-25
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Volcanic Eruption Parameters

Table 3 shows the results of calculations on the volcano dynamic parameters.

EAGE

Table 3 Volcanic crater dimension, Ry, and dynamic pressure of tephra flow (pressure (MPa)/

pressure integrated over the flow cross-section (GN))

0o Ry (m)

(m/s) 10 15 20 25 30 35 40
100 7.5/2.4 7.5/5.4 7.5/9.6 7.5/15 7.5/21.6 7.5/29.4 7.5/38.4
150 16.9/53 | 16.9/11.9 | 16.9/21.2 | 16.9/33.1 16.9/47.7 | 16.9/64.9 | 16.9/84.8
200 30/9.4 30/21.2 30/37.7 30/58.9 30/84.8 30/115.4 | 30/150.7
250 | 46.9/14.7 | 46.9/33.1 | 46.9/58.8 | 46.9/91.9 | 46.9/132.3 | 46.9/180 | 46.9/235
300 | 67.5/21.2 | 67.5/47.7 | 67.5/84.8 | 67.5/132.5 | 67.5/190.8 | 67.5/260 | 67.5/339

The hot tephra of an ~10-m initial radius, Ry, rose with an ~100-250 m/s initial speed, vo, and had
almost the same speed on emerging out of the water (Table 3). The vertical movement of the flow in
the conducting sea water (conductivity ~8 Ohm'xm™) acted to produce the magnetic effect of
~140-630 nT. In the air, the volcanic flow increased its radius to ~400 m and attained an altitude of
less than 2 km. Further, the rise of hot explosion products (plume) occurred due to convection.
To estimate the height of the plume rise, the following relationship was obtained:
z & 22 (CpATVLM / Cgpa%gl/z )1/4 ,

where C and C, are the specific heats of the explosion products and air, p and p, are their mass
densities, AT = T — To, T and T, are temperatures of the explosion products and the environment,
L is the external turbulence scale, g is the gravitational acceleration. Assuming L =~ 1.8-2.2 km yields
zn[km] = (1.50-1.75)V "*. Assuming the mean value V=~ 4.4x10* m%/s yields z, ~ 22-25 km. If

V =~ 10°m%s, resulting in z, ~ 47—55 km, which is in good agreement with the observations (50—58
km).

Wave Effects

The volcano’s explosion produced two types of tsunami. The first moved with the speed
v= \/@ ~ 200 m/s where /& =~ 4 km is the mean depth of the ocean. The second type of tsunami was
due to the movement of a ground-coupled air wave and moved with the speed
v, =4JYkT, / M, =315 m/s where 7 is the ratio of specific heats, k& is the Boltzmann constant, 75 is the
mean temperature of the atmospheric layer up to an altitude of z; = 35 km. The tsunami height

attained 15 m off the shores of the Kingdom of Tonga, up to 3 m near Chili, up to 2 m near Peru, up to
1 m off the shores of the U.S.A., and 0.1-0.3 m in the Atlantic Ocean and the Mediterranean Sea.

The volcanic explosion acted to excite waves of various kinds in the atmosphere. Near the source, the
shock wave developed traveling with a speed of greater than 1 km/s. Further away propagated sound,
infrasound, and the Lamb wave with the speed of v;. The Lamb wave traveling virtually without
attenuation propagated five times around the globe (Kulichkov et al., 2022), while the echoes of the
explosion were heard in Alaska (» =9 Mm). The data processing established that the excess pressure
obeys the law Ap ~ %7, i.e., the wave had a cylindrical wavefront. The Lamb wave belongs to the

surface waves for which Ap(z) = Apoexp(—/r) where I, =_fdz/ H,(z), H =Q2y/2-y)H, H(z) is
0

the scale height for the pressure p(z). It is important that the relative amplitude of the pressure in the
Lamb wave obeys the following law:
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Ap Ap(O)exp(3y—21j, 1=J dz

p  p0O 2y 0 H(2)
This means that the Lamb wave penetrates the upper atmosphere producing waves of various kinds
there. Thus, at » = 20 Mm, Ap(0) = 200 Pa, and Ap(0)/p(0) = 2x10°*. For the plane wavefront, Ap/p =3
at z =~ 60 km, i.e., the Lamb wave becomes nonlinear and severely attenuated. Taking into account the
wavefront curvature, this value significantly (orders of magnitude) decreases, and nonlinearity
appears at z > 100 km. In the upper atmosphere (z = 100-300 km), the relative amplitude of the
nonlinear waves does not exceed 0.1-0.2. Nonetheless, the wave produces perturbations traveling at
the speed v; in the ionosphere.

Volcanic Explosion Energy

Different authors have estimated the energy, E;, of the explosive wave to be 4-330 Mt TNT
(Kulichkov et al., 2022). Our estimates made using the amplitude of the explosive wave registered by
the worldwide infrasound network of the International Monitoring System for the verification of the
Comprehensive Nuclear-Test-Ban Treaty in the » = 64-823 km range and taking into account the
cylindrical wavefront of the Lamb wave have yielded £, = 17.612.7 Mt TNT, and the durations of the
compression and rarefaction phases were estimated to be about 20 min.

Ionospheric Effects

Analysis of Global Positioning System measurements in the 7 ~ 100-6,000 km range revealed a few
types of traveling ionospheric disturbance (TID) moving at 760 — 1,050 m/s (two-phase TIDs caused
by air shock wave), traveling at 350-550 m/s (due to infrasound), at ~310-320 m/s (caused by the
Lamb wave), and at 180-250 m/s (related to tsunami). The disturbances with longer wavelength
(A > 1,600 km) were registered at » <3 Mm, whereas the medium-scale ones (A ~ 100 km) traveling at
v = 200—400 m/s were noted worldwide. The ionospheric waves circumvented the globe three times at
vr = 310 m/s and persisted until January 20, 2022. The amplitude of the shock-wave perturbations in
the total electron content, Ny, was observed to be 2-3 TECU, the amplitude of other wave
disturbances was observed not to exceed 0.5-1 TECU. Over the 05:00-07:00 UT period, the Ny
exhibited a decrease attaining ~5 TECU, which was termed the ionospheric hole (Astafyeva et al., 2022).

Magnetic Effects

Estimations may be made of the magnetic effects of the tephra flow and the plume in the atmosphere.
Assume that an electric charge separation in a plume of radius R and cross-section S = nR* produces
a vertical electric current density j. Applying Ampére’s law

mEdY =, /S
to a closed curve of the length / = 2nR around the circumference of the external boundary of the
plume yields B =p,jR/2 where o is the permeability of free space. The results of the estimates are

presented in Table 4.

Table 4 Magnetic effect of a tephra and plume flow through the atmosphere (nT)

, s R (km)

Jo (A/m) 0.1 0.3 1 3 10 30 100 300
10° | 6.3x107° | 1.9x10* | 6.3x10™* | 1.9x107 | 6.3x107 | 1.9x1072 | 6.3x1072 | 1.9x107"
10°% | 6.3x10* | 1.9x10° | 6.3x10° | 1.9x102 | 6.3x107% | 1.9x10°! | 6.3x107! 1.9
107 | 6.3x107° | 1.9x1072 | 6.3x102 | 1.9x107" | 6.3x107! 1.9 6.3 19
10° | 6.3x102 | 1.9x10" | 6.3x10" 1.9 6.3 19 63 190
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Thus, the magnetic effect of the electric fields, E. = vBy (where By = 2x10° T is the magnetic
induction of the Earth’s magnetic field), of ~1-10 mV/m has turned out to be insignificant.

Estimates show the magnetic effect of the ionospheric hole to be B = 1 nT, since

B = 1oAjAz = pgjodnAz.
Here, jo = 107 A/m? is the electric current density in the ionospheric dynamo region, Aj = jody is a
perturbation of the electric current density, dx =~ 0.25 is a relative perturbation in the electron density
in the dynamo region caused by the explosive wave, Az = 40 km is a dynamo region thickness.

Magnetospheric Effects Observation. Effects in the Geomagnetic Field

The TIDs contributed to the generation of electromagnetic perturbations traveling along the magnetic
flux tubes at a mean Alfven speed of 300 km/s into the magnetically conjugate region. Consequently,
the perturbations over Australia and Japan were observed to occur virtually synchronously. Analysis
of the variations in the geomagnetic field is based on the INTERMAGNET data. The TIDs generated
quasi-sinusoidal perturbations with the TID period and an ~1 nT amplitude, while the 1-10-nT
aperiodic (bay) disturbances in the H component of the geomagnetic field were caused by the
ionospheric hole. The electromagnetic emissions from 400,000 lightning discharges over the 5-h
interval of the volcanic eruption had the greatest impact on the magnetosphere and the radiation belts.
The greatest rate of lightning discharges, ~20,000 min™', was observed to occur over the 05:00-05:15 UT
period (Yuen et al., 2022). Given the mean lightning energy of ~10° J and the mean power of
~10° W, the total energy amounts to 4x10' J and the total power to ~4x10'* W, resulting in the
energy and power of the electromagnetic radiation of about 10'° J and 10'® W. The thunderstorm
activity was associated with a sharp increase in atmospheric electricity by 1-2 orders of magnitude, in
the electric current density at troposphere-stratosphere heights, and in a significant perturbation in the
global electric circuit parameters. The VLF emissions reached the magnetosphere and interacted with
the energetic electrons in the radiation belts causing their precipitation to ~80—120-km altitude, which
perturbed the dynamo electrojet currents generating perturbations in the geomagnetic field.

Conclusions

(1) A comprehensive analysis and modeling have been carried out of the physical processes in the
ocean, the atmosphere, the ionosphere, and the magnetosphere, which accompanied the Tonga volcanic
eruption. (2) Quasi-sinusoidal and aperiodic perturbations have been revealed in all components of the
Earth—atmosphere—ionosphere—magnetosphere (EAIM) system, and their mechanisms have been
analyzed. (3) The energetics of waves of various kinds and of the perturbations in the geophysical
fields has turned out to be sufficient to maintain the long-term and global restructuring of coupling
between the subsystems in the EAIM system.
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