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Abstract

We describe the Schumann resonance anomalies associated with two earthquakes observed in Japan
in the spring of 2021. The natural source of ELF (extremely low frequency) radiation is the global
lightning activity occurring in the Earth-ionosphere cavity. The anomalies as the enhancement of
the fourth harmonic were observed for the first time in Japan for the earthquakes in Taiwan when the
distance between the observatory and the epicenter was a few Mm (1 Mm = 1000 km). Recently, a new
Schumann resonance anomaly was addressed, related to nearby (at the distance of a few hundred km)
earthquakes. This paper presents the Schumann resonance anomalies observed in the vicinity of
Nagoya-city for two relatively close (~500 km) successive earthquakes with magnitude around 7
that occurred offshore the Tohoku area in Japan. The anomaly is characterized by the noticeable
simultaneous increase or decrease in the amplitudes of three modes. This Schumann resonance
unusual behavior was observed prior to and after each of the two earthquakes that occurred in
February and March, 2021. Observational data were interpreted in the model of seismogenic
perturbations of the lower ionospheric conductivity profile. Model computations imply the full-wave
solution of the ELF electromagnetic problem in the form of the Riccati equation and the two
dimensional telegraph equations. We show that observed disturbances in the Schumann resonance
power spectra might be attributed to two types of seismogenic modifications in the lower ionospheric
profile: the compression or the expansion of the vertical profiles of mesospheric conductivity over
the earthquake epicenter.

Keywords: ELF (extremely low frequency) spectra; Schumann resonance (SR) anomalies; Seismogenic
mesospheric perturbations; Nearby earthquakes (EQs)
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1. Introduction

A frontier science field of seismo-electromagnetics, i.e., electromagnetic phenomena associated with
earthquakes (EQs) or mainly taking place before an EQ, for the sake of short-term EQ prediction has made an
enormous progress during the last few decades [e.g., Pulinets and Boyarchuk, 2004; Molchanov and Hayakawa, 2008;
Hayakawa (Ed), 2009, 2013; Surkov and Hayakawa, 2014; Hayakawa, 2015; Sorokin et al., 2015; Ouzounov et al. (Eds),
2018]. Especially, among many electromagnetic precursors, it is found that the ionosphere both in the lowest part
and in the upper F region is very sensitive to pre-EQ lithospheric seismic activity [e.g., Hayakawa et al., 2010;
Liu et al., 2006; Picozza et al., 2021; Conti et al., 2021], and it can be a promising candidate for short-term EQ
prediction. However, the mechanism on why and how the ionosphere is reacting to the lithospheric activity during
the EQ preparatory phase regarded as “Lithosphere-atmosphere-ionosphere coupling (LAIC)” [Molchanov et al.,
2004], is not well understood even though a few possible channels have already been proposed [Molchanov and
Hayakawa, 2008; Freund, 2013; Sorokin et al., 2015; De Santis et al., 2019: Sorokin et al., 2020; Lizunov et al.,
2020]. So, this topic has been of current interest for the last ten years, and many scientists have been working on
the elucidation of this LAIC process with the use of multi-parameter ground- and satellite-based observations
[e.g., Ouzounov et al. (Eds), 2018; Sasmal et al., 2021; Hayakawa et al., 2021a].

On the other hand, being closely related to the LAIC process, natural electromagnetic emissions are another
important core of seismo-electromagnetics. Recently, Hayakawa et al. [2019] have reviewed those naturally-occurring
electromagnetic radiation in the frequency ranges of ULF (ultra low frequency), ELF (extremely low frequency)
and VLF (very low frequency), and they have suggested the invaluable phenomena for short-term EQ prediction
including ULF effects (lithospheric ULF radiation [e.g., Hayakawa et al., 2011], ULF depression as a signature of
lower ionospheric perturbations [Schekotov et al., 2006, 2013], atmospheric ULF/ELF electromagnetic emissions
[Schekotov et al., 2007, 2013, 2017], and Schumann resonance (SR) anomalies [see a review by Hayakawa et al. 2020a].

This paper deals with the last observational item of SR anomalies. SR is the global electromagnetic resonance
of the Earth-ionosphere cavity driven by the world-wide lightning activity in the ELF band, and is the global
electromagnetic resonance phenomenon, and its resonance peaks are observed in the power spectra on natural
radio noise at frequencies of 8, 14, 20, Hz, etc. [Nickolaenko and Hayakawa, 2002, 2014; Nickolaenko et al., 2016a,b].
The first anomaly was found as an enhancement of SR of higher modes (34 or 4th), as a case study, in the ELF data
observed at Nakatsugawa station (NAK) of Chubu University ELF network (which will be explained later) in possible
association (mainly before) with the huge Chi-Chi EQ in Taiwan [Hayakawa et al., 2005]. It was followed by a later
statistical study at the same station for the EQs with the magnitude (Mgg) exceeding 5.0 in Taiwan by Ohta et al.
[2006, 2009]. Recently, this kind of SR anomaly has attracted a lot of attention by different workers in the world
[Fidani, 2006; Ouyang et al., 2013; Zhou et al., 2013; Gazquez et al., 2017; Christofilakis et al., 2019; Figueredo et al.,
2021; Florios et al., 2021; Tritakis et al., 2022]. Those works are mainly concerned with the cases of distant EQs
with a few Mm from the observing station. Recently, Hayakawa et al. [2020a] addressed theoretically the expected
SR anomalies from the nearby EQs. They have indicated the effect from nearby EQs as an enhancement of SR
intensities arising from modulations of the local height gain coefficient. The present paper presents the additional
observational evidence for this effect associated with two large EQs (magnitude Mgg~7) in the Tohoku offshore in
Japan in the spring of 2021with special reference to the differences in morphological characteristics of SR before
and after each EQ. We try to interpret those results in terms of the changes in mesospheric conductivity before and
after the EQ, to be compared with our latest paper [Hayakawa et al., 2021b]. These results support an old-days initial
brief report by Maki and Ogawa [1983].

The structure of the paper is as follows. We first describe the measurement equipment and observational data;
introduce the model of seismogenic modifications in the mesosphere above the EQ; present the computational
data; compare the model diurnal variations with experiments; and finally discuss the results and make conclusions.

2. ULF/ELF observatories and EQ events

The magnetic field data have been obtained by the Chubu University ULF/ELF network consisting of three
observatories: Shinojima (abbreviated as SHI, geographic coordinates 34.67° N, 137.01° E), Nakatsugawa (NAK,
35.42° N, 137.55° E) and Izu (IZU, 34.64° N, 138.85° E). At each station we observe three field components (B,, B,
and B, components) with three orthogonal induction-type magnetometers in the frequency range of 0.1-50 Hz. The
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data are digitized with the sampling frequency of 100 Hz with the use of the 16-bit DAS, and stored on a hard disk.
Those data are transmitted to the master station of the university at Kasugai. See the details of the equipment in
Hata et al. [2010] and Ohta et al. [2013].

The IZU station was not working during the period of our interest, and so we use the data from SHI and NAK.
But only the data from SHI cover the whole period from the beginning of January to the end of March, so that they
will be presented below.

Spectra were collected during local night because of low level of industrial interference in the interval from 01
to 05 h JST (16-20 h UT). The Welch’s technique was used for the spectral analysis [Welch, 1967], and individual
spectra were computed using FFT with Ny = 512 samples of sampling frequency, f; = 100 Hz.

It seems that a significant enhancement takes place in the first quarter of 2021 in the seismic activity on the
Pacific Ocean side of Japan Island. Probably, we observe the aftershocks of the disastrous 2011 Tohoku EQ. There
happened two huge EQs in the Tohoku offshore in the beginning of 2021, which are:

Ist EQ: 2021 February 13; 14:07 UT; epicenter at (37.7 N, 141.7 E); Mgg = 7.3
2nd EQ: 2021 March 20; 09:09 UT; epicenter at (38.5 N, 141.6 E); Mgg = 6.9

The EQ magnitude M is obtained from Japan Meteorological Agency. Fig. 1 illustrates the positions of these two
EQs together with the ULF/ELF observatory of SHI and NAK, and the distances of those EQ epicenters from the
observatory are about 500 km.
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135.0°F 140.0°E 1450 E

Figure 1. Location of two EQs of our interest (green circles) and positions of our ULF/ELF stations (NAK and SHI). Broken
lines indicate the major faults in Japan Island and grey dotted lines refer to the Japanese trenches in the sea.

3. SR receiving system

All three observatories exploit similar standard equipment. This is essentially the three component magnetometer
designed for working in the ULF/ELF bands. The time synchronization of analogue to digital convertors (ADCs) with
the help of GPS time stamps of 1 s discretization allows us to obtain the digital records performed simultaneously
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Figure 2. (a) The SR receiving system and (b) photos of the field sites used in our measurements.

and coherently at all sites. The block diagram of ULF/ELF observation system is shown in Figure 2 [see Ohta et al.,
2009; Hata et al., 2010].

As magnetic sensors, we have three orthogonal induction coils of 100,000 turns winded on the permalloy core
of 1.2 m length. Three magnetic field components are recorded (B,: north-south direction. By: east-west direction,
and B,: vertical direction). The detected signals are amplified by pre-amplifiers with maximum gain of 80 dB. Pre-
amplifiers include the standard low-pass filters with the cut-off frequency of 37.5 Hz (8th-order Chebyshev filter). The
signals are fed then to the three channel receivers having the gain of 20 dB. The receiver output is directed to the
ADC with sampling frequency of 100 Hz. The ADC used in the records is the Digital Oscilloscope recorder (DL-708).
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The signal analysis is based on the FFT algorithm with the data length of 1024, so that the temporal resolution is
about 10 s and relevant frequency resolution is about 0.1 Hz. Individual power spectra corresponding to the records
of 10 s duration are averaged with no temporal overlap (the Bartlett’s method). The ensemble of experimental data
is formed by the power spectra averaged over 6 h periods of night observations for each date. The particular mode
of nocturnal records was conditioned by severe industrial interference, which excludes obtaining the SR records
during other hours of a day.

The upper right panel of Figure 2a contains two photos of magnetic sensors in addition to the block diagrams of
our receiving equipment. The upper photo shows the field sensors and the box of antenna pre-amplifiers placed in
the transportation cages. The lower left photo depicts the display of a digital oscilloscope used as the ADC in the
measurement process.

The lower panel of Figure 2b contains two frames. The left frame demonstrates three photos showing the
magnetic antennas positioned at each field site. The antennas are firmly fixed inside the secure plastic tubes covering
the sensors. The right frame depicts the map of Japan with the positions of ULF/ELF observatories. The site names
and the corresponding years of initiation of SR measurements are shown in the map.

4. Original experimental data

Figure 3 shows the experimental data relevant to two EQs that occurred in Japan in February and March of 2021.
The figure contains four panels, in which the abscissa axis depicts the frequency (in Hz) range of the SR band and
the ordinate shows the power spectra of the horizontal magnetic field components. The upper plots (Figures 3a
and 3b) illustrate the power spectra of By field component in February and March, while the lower plots (Figures 3¢
and 3d) show the spectra of Bgy field in February and March.

The power spectra were recorded for each date and averaged over the local night time interval from 16 to 20 h UT,
i.e.,when the industrial interferences were reduced. Thus, the one-day observations are shown in Figure 3 by a single
SR curve. Each panel contains 20 power spectra corresponding to dates prior to and subsequent to the day of the
EQ main shock. One may observe that the spectra in Figure 3 are of high quality. Each of them has a rather smooth
outline and contains three distinct peaks corresponding to SR modes. The narrow band man-made interference is
present occasionally in some records of Bgy field component at frequencies of a few Hz and below. Fortunately, this
kind of remnants of interference does not affect the SR pattern.

SR oscillations are of higher intensity in the Bgy field component by a factor of ~2. The spectral pattern and
relative intensity of field components indicate that the lightning sources were predominantly concentrated in the
Central Africa and the South America global thunderstorm centers, as seen from the model data presented below.
Such positioning of global thunderstorm activity agrees with the night time in Japan: the highest lightning activity
is found in the equatorial Africa and in the Amazon basin for the particular time of day and particular season of
observations [Nickolaenko and Hayakawa, 2002, 2014]. No unusual local thunderstorm activity was noted in February
and March 2021.

One may observe reasonable closeness of all curves in Fig. 3 showing the daily averaged spectra. Still, there are
several dates having noticeable departures from the bulk of ‘regular’ SR spectra. Deviations toward the higher power
may reach a factor of two. One may also note a few reductions in the SR signals during particular days. We do not
show the particular dates near the individual spectra for avoiding overloading with Figure 3. The necessary dates
will be shown when comparing the model data with observations.

Figure 4 demonstrates day after day changes of integrated SR intensity recoded around the dates of two EQs that
occurred in February (a) and March (b) of 2021. The EQ days are marked in the plots by downward vertical arrows,
and the abscissa axes depict the date in February and March. The SR field power is shown along the ordinate. The
daily power spectra that were shown in Fig. 3 were integrated in Fig. 4 in the frequency band from 4 to 23 Hz in both
the By (green lines) and Bgy (red lines) components. This operation provided the cumulative SR intensity observed
during a particular day of observations. The black lines in Figure 4 depict alterations of cumulative magnetic field
power of SR being the following sum: |B|? = |Byg|? + |Bsn|>.

The integrated SR power spectra allow us to estimate the cumulative intensity of ELF field for each day of
observations. The patterns in Figure 4 have much in common, though noticeable departures might be observed
for different months of observations. The major common feature of particular records is the absence of an abrupt
increase in the records during the EQ major shock. Such behavior seems odd at the first glance, since everyone
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Figure 3. Survey of the recorded power spectra. (a) and (b) refer to By in February and March, while (c) and (d) refer to Bgy

in February and March, 2021.

understands that an EQ drives antenna mechanical vibrations, which occur in the static geomagnetic field and
therefore drive enormous ELF signals. Fortunately, these signals were not recorded and could not affect the records
since the EQs took place when the receiving equipment was switched off for avoiding the huge local industrial

interference.
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If we think of the EQ hypocenter as the zone where tectonic stress is accumulated, then we can expect different
seismogenic perturbations in the atmosphere and ionosphere above the EQ epicenter. Even though Fidani [2006]

we assume that anomalous

2005;

2005],
Hayakawa et al., 2020a]. An EQ of magnitude Mgq reduces or increases the ionospheric height above the EQ zone.

)

suggested an alternative interpretation to our initial SR anomaly [Hayakawa et al.

Nickolaenko et al., 2006;

signals in the SR band may originate following our previous works [Hayakawa et al.,

-uniformity is exactly the same as in our previous publications

The horizontal distribution of our ionospheric non

[Hayakawa et al., 2020a]: the radial Gaussian function of the scale depending on the EQ magnitude.

@
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Here, h;(r) is the magnetic characteristic height at the distance r from the E
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Q epicenter, and Ah is the maximum

modification positioned over the EQ center. And pg is the radial scale radius.
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The magnetic h; and the electric hc characteristic heights of the ionosphere [Nickolaenko and Hayakawa, 2002]
are computed for the particular conductivity profile of atmosphere by using the full-wave solution in the form of
Riccati equation [Galuk et al., 2019, 2020]. The regular profiles of conductivity are used far away from the EQ center.
The maximally disturbed profile is used over the EQ epicenter, and here the maximum height modification Ah is
computed. The radial variations of the characteristic height within the seismic non-uniformity are found from
Eq. (1). The scale radius pgg of the non-uniformity (in km) is a function of the EQ magnitude Mgq: pgo = exp(Mgq)
[Ruzhin and Depueva, 1996]. In particular, pgg = 1096.9 km for the Mgg = 7.

The “vertical modification” of the regular conductivity profile is described by the “compression coefficient” K.
We postulate that the height compression coefficient is equal to:

100
Kc(Mgo) = Mz, (2)

In particular, for Mgg =7 we obtain K¢ ~ 2. This means that the conductivity profile above the EQ epicenter of
the Mg = 7 magnitude is obtained from the regular one plotted against the “compressed” ordinate axis, i.e., against
the heights divided by the coefficient K.

Different model conductivity profiles above the EQ epicenter of Mg = 7 are shown in Figure 5. Here, the altitude
above the ground surface is shown along the ordinate in km and the abscissa shows the logarithm of air conductivity.
The regular profile is shown by the bold black line. The disturbed profiles are depicted by color lines. The red line
with dots depicts the compressed profile with K¢ = 2.

If we elevate the lower ionosphere instead of reducing it, we should use the “expansion” coefficient as follows:

Kg(Mgg) = 0.1786 - M, 3)

The violet line with asterisks in Figure 5 indicates the “expanded” profile corresponding to Kr ~ 1.25. It is easy
to see that these disturbed profiles are simply the regular ones “compressed” or “expanded” vertically.
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Figure 5. Vertical profiles of atmosphere conductivity: regular and disturbed (compression and expansion).
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The thin blue line shows an additional model non-uniformity in Figure 5. This is the “TOP UP” disturbed profile
as suggested by Hayakawa et al. [2020a]. It was obtained by the 10 km upward shift of the regular profile above the
altitude of 70 km.

h,(r), km
100

80

60

Figure 6. Line of equal conductivity when passing above the EQ epicenter (r = 0) for the “compression” model of K¢ = 2 type.

Figure 6 shows the cross-section of seismogenic height modification in conductivity profile described by Eq. (1).
The “compression” ionospheric modification is shown. The line in this figure depicts the height of a constant
conductivity along the line crossing the EQ epicenter. We have chosen the constant corresponding to the undisturbed
conductivity at the 100 km altitude, and it is equal to o¢ = 2.63 x 104 S/m [log(c¢) = -3.58]. The abscissa shows
the radial horizontal distance from the epicenter (r = 0), and the ordinate depicts the altitude in km. The plot
demonstrates the reduction of the local ionosphere height to 50 km just above the EQ center, while it was initially
equal to the undisturbed 100 km (profile of compression). Since the observer distance in the experiment was
about 1 Mm from the epicenters for both the EQs of Mpg~ 7 (the actual epicenter — observer distances were
1480 km in February and 990 km in March), we conclude that the disturbed height may reach ~82 km above the
observatory. Hence, the power of SR signal might increase by a factor of (100/82)2 = 1.5. This is a simple estimate
of expected seismogenic effect, and the realistic modifications of resonance spectra will be shown below based on
the computations using the 2D (two dimensional) telegraph equation (2DTE) algorithm [Galuk et al., 2019, 2020].

6. Results of model computations

We computed the regular and disturbed characteristic heights by using the full-wave solution in the form of
Riccati equation [Galuk et al., 2019, 2020]. These complex electric and magnetic heights hc(f) and hr(f) [Nickolaenko
and Hayakawa, 2002] which are essential in ELF wave propagation, were obtained for frequencies varying from 4
to 24 Hz with a step of 0.2 Hz.

Then, the characteristic heights were substituted into the 2DTE [Nickolaenko et al., 2006; Nickolaenko and
Hayakawa, 2013; Galuk et al., 2019, 2020]. These equations account for the coordinates of the EQ epicenter,
coordinates of the observer, and the position of a particular field source (Asia, Africa, or America). The solutions of
electromagnetic problem were constructed for the regular and for the non-uniform (or disturbed) cavities. In the
uniform cavity, the ionosphere is stratified, and the heights are independent of the angular coordinates 8 and ¢ of
the spherical coordinate system with the origin at the Earth’s center. In the presence of seismogenic disturbance
these layer heights depend on the angular distance from the EQ epicenter. Power spectra were computed of three
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13 February 2021, Mgg =7.3,D = 1480 km
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Figure 7. Simulated power spectra of SR observed in horizontal magnetic field components within the regular and

disturbed Earth - ionosphere cavity when the source position is: in a — Asia; b — Africa; c — America. For the EQ
on February 13, 2021.

field components: the vertical electric field E(f) and two orthogonal horizontal magnetic fields B, (f) = Byg(f) and
By(f) = Bsn(f) defined in geography coordinate system. The results of computations are presented in Figs. 7 and 8.

Figures 7 and 8 depict the power spectra of SR computed for the horizontal magnetic fields Byg(f) and Bsy(f).
Computations were performed for the EQ for the presumed ionospheric modification that occurred on February 13,
2021 (Figure 7) and on March 20, 2021 (Figure 8). The bold lines refer to the spectra in the non-uniform (perturbed)

10
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20 March 2021, Mg =6.9,D =990 km
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Figure 8. Simulated power spectra of SR observed in horizontal magnetic field components within the regular and disturbed
Earth — ionosphere cavity when the source position is: in a — Asia; b — Africa; c — America. For the EQ on March
20, 2021.

cavity, while the thin lines depict data in the regular cavity. The observer is positioned at the SHI observatory (34.67° N,
137.01° E). The point field source is positioned at: a — Asia (10° N and 105° E); b — Africa (0° N and 25° E); or ¢ — South
America (0° N and 75° W). Plots in Fig. 7 correspond to the EQ in Japan on February 13, 2021 [14:07 UT; epicenter
at (37.7 N, 141.7 E); Mgg = 7.3] and plots in Fig. 8 demonstrate the model impact on the SR spectra of the second
EQ on March 20, 2021 [09:09 UT; epicenter at (38.5° N, 141.6° E); Mg = 6.9].

11



Masashi Hayakawa et al.

February 13 2021; 14:07 UT, My =7.3

Experiment
‘BSN‘ZFCI: ‘BWE‘ZFBb
15
6e-0051
3e-005
4e-005
2e-005

2e-005 le-005

/. Hz

February 13 2021; 14:07 UT,My = 7.3

Model
i 2
o B an. Bl 20
= =}
= February, M=7.3 N =
+ February, M=7.3 B, Feb 2021
By, Feb 2021 3 i " Rl
Regular g 1 Distu. h/2
8 Distu. b2 Distu. 1.25%h
=5 Distu. 1.25%h . Top Up 10 km
= Top Up 10 km =8 g
=
ol
=)
- =
g <
= ]
=)
=
[=]
=8 S
2 2

Figure 9. Comparison of experimental (upper row) and model (lower row) February spectra. In the upper row, the number
next to each curve indicates the date of observation (e.g. 15 means the data for 15 February).

One may observe that the severe seismic disturbance in the ionosphere that we applied in the model is able
to noticeably ‘elevate’ the SR power spectra over the frequency axis. The general outline of resonance curves
noticeably depends on the position of the field source. These distinctions might be expected since the SR pattern
varies with the source—observer distance [Nickolaenko and Hayakawa, 2002]. We will observe in what follows that
the experimentally observed outline of power spectra corresponds to two field sources positioned in the equatorial
Africa and in the South America (the Amazon Basin). We will not compare observations with the model spectra
obtained for the Asian thunderstorms. Indeed, these thunderstorms are positioned at short distance from the
field sites, however, the night time observations in Japan correspond to the minimum thunderstorm activity at
this center.

We show in Figures 9 and 10 the reasonable correspondence among the observed and model spectra. Plots in the
upper columns of these figures contain the experimental data observed in the Bgy and By field components during
February 2021 (Figure 9) and March 2021 (Figure 10). The experimental data are characterized by the average spectra
and their standard deviation found over the whole period of observations. The average spectra are shown by the bold
black lines, while the relevant standard deviations are outlined by the grey area. The thin color lines in the upper
panels refer to individual spectra, and the dates are printed near the most deviating curves. Spectra of the Bgy field
component are shown in the left frames of each figure and spectra of the By field component are shown in the right
column of plots. Experimental spectra are shown similarly in both figures. All the information (mean and standard
deviation) is shown in the figures to demonstrate that anomalous signals go beyond the standard deviation criterion.
We do not study the local lightning distribution around Japan, and we do not pursue the statistical distribution of
SR spectra in this paper.
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Figure 10. The same as Fig. 9, but for the March event. Comparison of experimental (upper row) and model (lower row)
March spectra.

The model spectra are depicted below the experimental data to facilitate their comparison. Computations were
performed for the Bgy and By field components. Model data show the power spectra both in the uniform and non-
uniform Earth—ionosphere cavities when the global thunderstorm activity is equally shared by the African (0° N and
25° E) and the American (0° N and 80° W) centers. Such a model corresponds to the time interval of observations
from 16 to 20 h UT [Nickolaenko and Hayakawa, 2002, 2014].

One may observe that model computations provide the SR spectral pattern similar to that observed experimentally.
Of course, some definite departures are present, which might be attributed to a rather simplified model of the
unknown source distribution over the globe.

Different model spectra are shown in the lower frames in Figures 9 and 10. These spectra correspond to various
kinds of ionospheric perturbations. The red lines depict power spectra in the presence of the “compressed” profiles
with the parameter K. = 2. The blue lines correspond to the “expanded” profiles with Kg = 1.25. The impact of the
“Top Up” disturbance is shown by green lines.

By comparing the model and observed spectra of Figures 9 and 10 we observe the similarity in general outline of
resonance curves: the ratio of modal power reduces with the mode number in approximately equal proportion both
in the experiment and in the model. Such behavior arises from simultaneous “work” of two global thunderstorms
positioned at different sides of the Atlantic Ocean. Application of two thunderstorm centers improved correspondence
of the model to experimental data in comparison with Hayakawa et al. [2021b].

The obvious feature of model results is that the downward “compression” of the conductivity profile noticeably
elevates the power spectra of SR above the regular spectrum. In contrast, the disturbances of “expanded” type or of
the “Top Up” type shift the resonance spectra downward, to lower values of spectral density.
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7. Discussion

Processing of observational data on SR for two EQs in the spring of 2021 and comparisons of observational
results with the model computations allow us to conclude that the seismogenic perturbations were really generated
before and these EQs. The spectral modifications preceding EQs might be attributed to the both types of ionospheric
perturbations (compressed and expanded), while the noticeable disturbances following the first major main shock
are predominantly of the “compressed” type.

As stated in Introduction, a few hypotheses have been proposed, but the major two are (1) chemical channel,
in which the emanation of radon and radioactive gases plays a crucial role in disturbing the conductivity of the
atmosphere, thereby leading to the ionospheric perturbation [Pulinets and Boyarchek, 2004], and (2) AGW hypothesis,
in which AGWs are excited above the EQ epicenter and propagating upwards, resulting in the perturbation in the
ionosphere [Hayakawa, 2009, 2013; Molchanov and Hayakawa, 2008; Hayakawa, 2015]. Based only on the comparison
of observational results with theoretical studies in this paper, it is rather difficult for us to suggest which hypothesis
is more appropriate than the other for our present case. However, there has been accumulated a lot of evidence
on the AGW hypothesis [Miyake et al., 2002; Shvets et al., 2004; Rozhnoi et al., 2013; Yang et al., 2019, 2020; Yang
and Hayakawa, 2020; Lizunov et al., 2020; Carbone et al., 2021; Chen et al., 2021; Kundu et al., 2022], so we try to
interpret our observational results on SR with the use of this AGW hypothesis. So, the profile “compression” might be
explained in the following way. The sub-surface process during the EQ preparation phase before an EQ is expected to
induce Earth’s surface deformation, or ground trembling [Kamiyama et al., 2014; Yang et al., 2020; Chen et al., 2020a,
b]. These Earth’s surface vibrations are dominant in the frequency of AGWs, generate the internal gravity waves
in the atmosphere (or AGWs) propagating from the future epicenter. The propagating AGWs gradually reach the
higher strata of atmosphere. Their amplitude increases with altitude owing to reduction in the atmosphere density
with height [Lizunov et al., 2020]. Around the heights of 60-100 km, the AGWs gain the amplitude which is able to
noticeably move the lower ionosphere edge upward or downward. These upward and downward displacements are
linked to the non-linear process causing the disturbances in the conducting layers of mesosphere. The ionospheric
non-uniformities of both types can emerge as a result that are observed as modulations in the level of SR prior to
the EQ main shock.

During the EQ main shock and aftershocks, the AGW amplitude substantially increases, and these waves reach
the “threshold” amplitude in the lower strata, which allows them to launch the non-linear processes increasing the
air conductivity just above the stratosphere heights. As a result, the “compression” occurs of the poorly conducting
strata, the ionosphere “goes down” in the EQ vicinity, and the SR amplitude increases at moderate distances from
the EQ epicenter after the main shock.

It follows from the SR records that most probably the first major EQ in February 2021 was associated with the
“compression” type of disturbance, since the pronounced elevations (precursors) were observed on February 04 and
10. The same is valid for the ionospheric modifications after the main shock on February 14 and 15. In contrast, the
subsequent EQ in March was associated with the modifications of both types. The precursory anomalies in SR spectra
onMarch 10, 11, and 12 might be associated with the “expansion” modifications, which elevate the lower ionosphere
boundary. Anomalies on March 19 (precursor) and on March 20, 23, 24 (successors) should be attributed to the
“compression” type of disturbance when the gap between the ground and the lower edge of the ionosphere is reduced.

The above conclusions are supported in the clearest way by the records of Bys field component having greater
amplitude. The behavior of the smaller By component is not so explicit (univalent). In fact, modulations in
the smaller Byg — component of the field sometimes noticeably deviate from the more pronounced By — field
modulations.
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