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Abstract: Lithosphere–atmosphere–ionosphere coupling (LAIC) is studied through various physi-
cal or chemical quantities, obtained from different sources, which are observables of the involved
complex processes. LAIC has been proposed to be achieved through three major channels: the
chemical, the acoustic, and the electromagnetic. Accumulated evidence supporting the acoustic
channel hypothesis has been published, while atmospheric gravity waves (AGWs) play a key role
in LAIC as the leading mechanism for the transmission of energy from the lower atmosphere to the
stratosphere and mesosphere, associated with atmospheric disturbances observed prior to strong
earthquakes (EQs). The seismogenic AGW is the result of temperature disturbances, usually studied
through stratospheric potential energy (EP). In this work, we examined 11 cases of significant EQs
(M > 6.7) that occurred during the last 10 years at different geographic areas by analyzing the tempera-
ture profile at the wider location of each one of the examined EQs. The “Sounding of the Atmosphere
using Broadband Emission Radiometry” (SABER) instrument, part of the “Thermosphere Ionosphere
Mesosphere Energetics Dynamics” (TIMED) satellite, data were employed to compute the potential
energy (EP) of the AGW. Using the temperature profile, we first calculated EP and determined the
altitudes’ range for which prominent pre-seismic disturbances were observed. Subsequently, the
EP time series at specific altitudes, within the determined “disturbed” range, were for the first time
analyzed using the criticality analysis method termed the “natural time” (NT) method in order to
find any evidence of an approach to a critical state (during a phase transition from a symmetric phase
to a low symmetry phase) prior to the EQ occurrence. Our results show criticality indications in the
fluctuation of EP a few days (1 to 15 days) prior to the examined EQs, except from one case. In our
study, we also examined all of the temperature-related extreme phenomena that have occurred near
the examined geographic areas, in order to take into account any possible non-seismic influence on
the obtained results.

Keywords: lithosphere–atmosphere–ionosphere coupling (LAIC); atmospheric gravity waves (AGWs);
potential energy; natural time (NT) analysis; criticality; SABER/TIMED; earthquakes (EQs)

1. Introduction

There are different kinds of pre-seismic anomalies that have been observed on various
physical or chemical parameters and they have been recorded from the ground up to

Symmetry 2022, 14, 1939. https://doi.org/10.3390/sym14091939 https://www.mdpi.com/journal/symmetry

https://doi.org/10.3390/sym14091939
https://doi.org/10.3390/sym14091939
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com
https://orcid.org/0000-0001-9044-2555
https://orcid.org/0000-0001-5928-4587
https://doi.org/10.3390/sym14091939
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com/article/10.3390/sym14091939?type=check_update&version=2


Symmetry 2022, 14, 1939 2 of 18

space [1–10]. Several of these parameters have been extensively used together in a multi-
parametric approach by many researchers in order to understand the mechanism(s) govern-
ing the so-called lithosphere–atmosphere–ionosphere coupling (LAIC) [11–16]. Specifically,
five different hypotheses have been suggested, the so-called LAIC channels (acoustic,
electromagnetic, thermal, electrostatic and chemical), providing different coupling mecha-
nisms [17]. In this research, we focus on the acoustic channel hypothesis.

In the acoustic channel, atmospheric gravity waves (AGWs) are the key agents of
LAIC and appear as atmospheric oscillations at stratospheric heights near the epicentral
zone of the earthquake (EQ) during the preparation process. According to fluid dynamics,
gravity waves are waves that are produced in a fluid medium or in the interface between
two media, when the gravitational force or buoyancy tries to stabilize the equilibrium on
them [18,19]. AGWs have the feature to propagate in an upward direction, disturbing the
lower ionosphere [20]. In the middle of this propagation, specifically in the stratosphere,
gravity waves ranging from the Brunt–Väisälä period to the inertial period affect the
stratospheric wind, temperature, and pressure factors and are energized by convection
systems, jet streams, and fronts [20]. The transported AGWs have energy and momentum
that can reach the stratosphere and mesosphere, thus affecting the lower ionosphere.
Fluctuations in pressure and temperature due to meteorological, seismic, geomagnetic
activity, and solar terminators can cause AGWs in the atmosphere. Before EQs, AGW
oscillations have been observed to appear around the EQ epicenter [21].

The existence of AGWs before EQs was first mentioned by Garmash et al. [22], Linkov
et al. [23], and Shalimov [24], who also provided evidence of seismo–ionospheric coupling.
Subsequently, several authors have studied AGWs before EQs by using both satellite and
ground-based observations. Specifically, Miyaki et al. [25] first reported AGWs in very-low
frequency (VLF) signals prior to EQs. Using data of the surface atmospheric pressure
and magnetic field, Korepanov et al. [26] supported that AGW is a useful parameter for
seismo–ionospheric coupling. Using a combined analysis of surface pressure, ionospheric
perturbations, and ground-based ultra-low frequency (ULF) variations, Nakamura et al. [27]
investigated the seismogenic effect of AGW for a few EQs by applying wavelet analysis.
Their results revealed anomalies of wave-like structures over a period of 10 to 100 min for
the 2004 Niigata-Chuetsu EQ by analyzing these parameters. Furthermore, Biswas et al. [28],
using nighttime VLF fluctuation data and temperature profile data from the “Sounding of
the Atmosphere using Broadband Emission Radiometry” (SABER) instrument, investigated
the AGW activity before the Imphal EQ. Specifically, their results revealed enhancements
in potential energy, EP, around the EQ epicenter one week before the occurrence of the
EQ. Additionally, in another study, using the temperature profile from the ERA5 dataset
and global positioning total electron content (GPS-TEC), Piersanti et al. [16] observed the
presence of AGW in EP and found anomalous activity in GPS-TEC (using wavelet analysis)
on the day of the 2018 Bayan EQ. Very recently, Sasmal et al. [12] examined the case of
the 2020 Samos EQ using SABER temperature profile and GPS-TEC data. They observed
abnormal AGW activity in EP and GPS-TEC (using wavelet analysis), 6 days and 11 days
before the 2020 Samos EQ, respectively.

In the present work, we used the temperature profile data from the SABER instru-
ment, which is a part of the “Thermosphere Ionosphere Mesosphere Energetics Dynamics”
(TIMED) satellite, in order to study 11 significant EQs that occurred in different geographic
areas (two of them occurred in the same area in very close dates). Kundu et al. [29] ex-
amined seven of these EQs (see Table 1) by using the SABER temperature profile and
observed enhancements in EP that were attributed to AGW activity and appeared a few
days before each EQ. Moreover, they investigated other atmospheric phenomena such as
thunderstorms, cyclones, and effects from Kelvin waves (KWs) in the equatorial region
around the time of occurrence of each EQ, in order to check for any possible contamination
effect to their results due to non-EQ phenomena.
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Table 1. Information about the studied EQs as provided by the United States of Geological Survey
(USGS) (https://earthquake.usgs.gov/ (accessed on 1 August 2022)). The corresponding EPZ and
CZ radii as well as the EQ classification according to the seven (magnitude-based) classes defined by
USGS are also shown. The symbols (*), (**), and (***) in the epicenter location indicate an EQ that has
been studied in [12,28,29], respectively.

Date Time
(UT)

Depth
(km)

Epicenter
Lati-
tude

Epicenter
Longi-
tude

Magnitude
(MW)

EQ
Class

EPZ
Radius

(km)

CZ
Radius

(km)

Epicenter
Location

Country/
Region

11 March 2011 05:46:24 29 38.297◦ N 142.373◦ E 9.1 Great 8185 1674.9 Tohoku * Japan

11 April 2012 08:38:36 20 2.327◦ N 93.063◦ E 8.6 Great 4989 1009.3 Indian
Ocean−1 * Indo-Australian Plate

11 April 2012 10:43:10 25.1 0.802◦ N 92.463◦ E 8.2 Great 3357 672.9 Indian
Ocean−2 * Indo-Australian Plate

16 February 2015 23:06:28 23 39.856◦ N 142.881◦ E 6.7 Strong 760 147.2 Miyako Japan
25 April 2015 06:11:25 8.2 28.231◦ N 84.731◦ E 7.8 Major 2259 448.7 Gorkha−1 * Nepal
12 May 2015 07:05:19 15 27.809◦ N 86.066◦ E 7.3 Major 1377 270.3 Gorkha−2 * Nepal
15 April 2016 16:25:06 10 32.791◦ N 130.754◦ E 7.0 Major 1023 199.5 Kumamoto * Japan

21 November 2016 20:59:49 9 37.393◦ N 141.387◦ E 6.9 Strong 936 180.3 Fukushima Japan
3 January 2016 23:05:22 55 24.804◦ N 93.651◦ E 6.7 Strong 760 147.2 Imphal ** India

8 September 2017 04:49:19 47.4 15.022◦ N 93.899◦ W 8.2 Great 3357 672.9 Chiapas * Mexico
30 October 2020 11:51:27 21 37.897◦ N 26.784◦ E 7.0 Major 1023 199.5 Samos *** Greece

In the present paper, we investigated the potential energy data associated with these
11 EQs (two of them were considered together due to spatial and temporal vicinity) for
possible indications of critical state by means of the so-called natural time (NT) analysis
method [10]. NT analysis is a well-established criticality analysis method that has success-
fully been applied to foreshock seismicity and seismo-electromagnetic signals such as seis-
mic electric signals (SES), ultra-low frequency (ULF) magnetic field variations, MHz fracto-
electromagnetic emissions, and VLF sub-ionospheric propagation variations [6,10,30–36].
Recently, NT analysis has been used for the thermal channel on surface latent heat flux
(SLHF) data, showing criticality indications a few days prior to the 2015 Nepal EQs and
the 2016 Kumamoto EQ [37]. Since criticality has already been detected in a number of
observables of EQ-related processes, it might be reasonable to investigate whether the
stratospheric potential energy is also approaching a critical state prior to significant EQs.
In this study, NT analysis was, for the first time, applied to an appropriately constructed
EP time series, revealing criticality indications 1 to 15 days prior to all of the examined
EQs except from one case. Additionally, for each studied EQ, we investigated whether any
extreme atmospheric phenomena occurred over the analyzed geographic area after the date
that EP was found to approach criticality to check whether the identified criticality could
possibly be attributed to the preparation of extreme atmosphere-influencing phenomena
other than EQs.

The rest of this article is summarized as follows. In Section 2, we provide information
about the studied EQs. Section 3 comprises two subsections, the first presenting a brief
overview of the computation of EP based on the temperature profile, which was obtained
from SABER instrument of TIMED satellite, while the second presents the key notions for
NT analysis method as applied to the EP time series. In Section 4, we present the analysis
results, whereas in Section 5, we summarize the conclusions.

2. Studied EQs

In this article, we studied 11 significant EQs. Table 1 contains all of the information
about these main events. It is noted that in this study, we focused only on the mainshocks
and not any strong aftershocks. The earthquake preparation zone (EPZ) radius for each of
these EQs was calculated by using the Dobrovolsky’s radius formula as: = 100.43M, where
M is the magnitude of the EQ [38], whereas the critical zone (CZ) radius of each EQ was
calculated as: Rcr = 100.44M−0.78 [39], both included in Table 1. Hereafter, each EQ will be
referred to using the corresponding epicenter location name, as appears in Table 1. Figure 1

https://earthquake.usgs.gov/
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shows a world map presenting all of the studied EQs epicenters as well as their EPZ
and CZ.
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Figure 1. A world map presenting the epicenters along with the corresponding EPZs and CZs of the
11 studied EQs. Each black point indicates the epicenter of the corresponding EQ, while the EPZ
and the CZ around each epicenter are shown as dashed and solid circles, respectively. EPZs and
CZs of the Tohoku, Indian Ocean−1, Indian Ocean−2, Miyako, Gorkha−1, Gorkha−2, Kumamoto,
Fukushima, Imphal, Chiapas, and Samos EQs are shown in the blue, red, light green, magenta, yellow,
light blue, green, brown, purple, cyan, and orange colors, respectively.

3. Methods and Data

In this section, we briefly present the preprocessing of the SABER temperature profile
data for the construction of a potential energy (EP) time series that can be analyzed using
the NT analysis as well as key notions of the NT analysis method. Specifically, in Section 3.1
we present the computations of EP and the conversion into one time series per altitude
for a specific studied geographic area, whereas in Section 3.2, we present key information
about the NT analysis method as well as the basic steps of its application to the resulting
EP time series.

3.1. Computation of Potential Energy (EP) Using SABER/TIMED Temperature Profile

The TIMED satellite was launched by the National Aeronautics and Space Agency
(NASA) on 7 December 2001 in order to study the physical and chemical processes acting
within and upon the coupled mesosphere, lower thermosphere, and ionosphere at altitudes
from 60 to 180 km. The satellite is at 625 km orbit with a 74.1◦ inclination and includes four
main instruments [40]. These are the Global Ultraviolet Imager (GUVI), the Solar Extreme
Ultraviolet Experiment (SEE), the TIMED Doppler Interferometer (TIDI), and the SABER.
In our investigation, we used SABER data. The specific instrument measures the ambient
temperature profile for the altitudes ranging from 20 to 100 km and has a wavelength
range from 1.27 to 17 µm. The geographic region that the SABER instrument can scan lies
within the latitudinal range of 50◦ S–82◦ N from north viewing, while from the southward
view is 50◦ N–82◦ S. Additionally, it updates its coverage every 60 days by changing its
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observation viewing technique. The procedure to obtain the temperature profile from the
SABER instrument recordings can be found in [41].

Many researchers have used the temperature profile in order to examine the AGW
activity prior to EQs by following different methods (e.g., [12,16,42–45]). In this study,
we followed the procedure described in [12,28,29]. First, we took the temperature profile
data from the SABER archive (http://saber.gats-inc.com/) (accessed on 1 August of 2022)
in the altitude range of 20–100 km for the region of interest that includes the EPZ of the
examined EQ. Subsequently, we calculated the logarithm of each individual temperature
profile. After that, a third-degree polynomial was fitted to the logarithmic temperature
profile. Then, all the residual values were computed by subtracting the fitted temperature
profile from the initial profile. For the reason that the AGW have wavelengths longer than
4 km, a boxcar filter was applied to the residuals of the individual profiles in order to
remove other wavelengths that were shorter than 4 km. The filtered residual values were
set back together with the fitted profile and provide the final profile. The antilogarithm of
the final fitted profile was next calculated to obtain the daily zonal mean temperature and
other zonal wave components from 1 to 5. Thus, the acquired background temperature
profile (T0) was computed by the summation of all of the wave components from 0 to 5.
Subsequently, the perturbation temperature (TP) was calculated by the subtraction of the
background temperature profile (T0) from the initial profiles. Finally, the potential energy,
EP, which is related to AGW, is calculated using the obtained values of TP and T0 as:

EP =
1
2

( g
N

)2
(

TP
T0

)2
, (1)

where g denotes the gravity acceleration and N is the Brunt–Väisälä frequency defined as:

N2 =
g
T0

(
∂T0

∂z
+

g
cp

)
, (2)

where z is the altitude and cp is the specific heat at a constant pressure.
Upon the completion of the calculation of EP, a nine-dimensional matrix was obtained

containing all of the information involved in the calculation. Specifically, the geographic
coordinates (latitude and longitude), date or day of the year (DOY), time, original SABER
temperature profile, reconstructed temperature profile, perturbation temperature, Brunt–
Väisälä frequency, and AGW related potential energy (EP) were included.

In order to apply the NT analysis to the EP data, appropriate one-dimensional signals
have to be constructed. Since this was the first time NT analysis was applied to EP data, we
decided to focus our investigation on the time that criticality is reached and the altitude at
which the EP reaches criticality. Therefore, one time series per altitude, containing the daily
EP values (one EP value per day) for each studied geographic area was constructed. The
per-altitude daily-valued time series of EP were built by the following procedure.

First, we re-organized the EP data into separate datasets, one per day, containing the
spatial (latitude, longitude, and altitude) distribution of EP. Since significant EP anomalies
have already been identified at specific altitudes or within specific altitude ranges (third
column of Table 2), for each specific EQ, we focused on these altitudes. For example,
since for the Tohoku EQ the maximum EP appeared at 43 km, our analysis focused on al-
titudes in the range of 42.04 km–44.05 km. For each day, we re-sampled/interpolated
in the altitude scale at a 0.067 km resolution by calculating the mean value of all of
the EP data corresponding to the whole geographic area of interest that fall within each
0.067 km altitude zone. Finally, we constructed the final daily time series of EP (value
of EP per day) for each altitude of interest (e.g., in the case of Tohoku EQ for 42.040 km,
42.107 km, . . . , 44.050 km). Table 2 presents the information about the enhancement of EP
before the examined EQs as obtained from different already published articles except for
the Miyako and Fukushima EQs, for which the results are under review.

http://saber.gats-inc.com/
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Table 2. Information about the enhancement of EP before the examined EQs and the altitude
range analyzed using NT analysis. The symbols (*), (**), and (***) in the EQ name indicate that
the altitude, or the range of altitudes where significant EP enhancement appears were identified
in [12,28,29], respectively.

EQ Name
and Magnitude

(MW)

EP Enhancement Time
(No. of Days before

the EQ)

Maximum EP Altitude/
Altitude Range (km)

Analyzed Altitude
Range

Tohoku *
(9.1) 4–6 43

min: 42.040 km
step: 0.067 km

max: 44.050 km
Indian Ocean−1 &
Indian Ocean−2 *

(8.6 & 8.2)
2–6 34–37

min: 32.007 km
step: 0.067 km

max: 38.037 km

Miyako
(6.7) 9–11 38–42

min: 38.027 km
step: 0.067 km

max: 41.779 km

Gorkha−1 *
(7.8) 13–14 35–36

min: 33.000 km
step: 0.067 km

max: 37.087 km

Gorkha−2 *
(7.3) 1–3 34–36

min: 33.010 km
step: 0.067 km

max: 37.432 km

Kumamoto *
(7.0) 8–9 43

min: 40.033 km
step: 0.067 km
max: 44.99 km

Fukushima
(6.9) 2–4 44–46

min: 41.037 km
step: 0.067 km

max: 45.995 km

Imphal **
(6.7) 7–10 44–46

min: 43.000 km
step: 0.067 km

max: 47.020 km

Chiapas *
(8.2) 7 42–46

min: 41.037 km
step: 0.067 km

max: 45.995 km

Samos ***
(7.0) 5–7 46–48

min: 45.117 km
step: 0.067 km

max: 49.539 km

Note that due to their spatial and (very close) temporal vicinity, the Indian Ocean−1
and Indian Ocean−2 EQs were considered as one case in our analysis.

3.2. Natural Time (NT) Analysis Method

The NT analysis method was first proposed for the analysis of ultra-low frequency
(≤1 Hz) seismic electric signals (SES) [46–48] and has been shown to be optimal for en-
hancing the signals in the time–frequency space [49]. NT is a time series analysis method
that can reveal when a complex system approaches critical state [10]. The wide variety of
applications of NT include the analysis of foreshock seismicity, seismo-electromagnetic
signals, and electrocardiograms that have extensively been explored during the last two
decades [6,10,30–32,50–52]. Other newly appeared applications of NT analysis refer to the
elucidation of LAIC by the analysis of various observables [37,53,54]. In this section, we
present a brief overview of the key notions of the NT method, as well as its application
to the EP time series. Readers are referred to [10] for a full theoretical presentation of NT
analysis, and to [6] for a detail description of the application of NT to foreshock seismicity
and various seismo-electromagnetic signals.

Taking a time series of L events and ignoring their “timestamp”, we define the k-th
event’s “natural time” (NT), χk, as:

χk = k/L (3)
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Simply put, the NT of an event, in a time series of L events, is its order of occurrence
normalized to the interval (0,1] (see Figure 2). The next step is to determine the “energy” of
each event in NT, which is denoted as Qk for the k-th event. It is noted that the “energy”,
Qk, corresponds to different physical quantities (and not necessarily to energy) for different
time series [10]. For example, the Qk of each event in the case of seismicity is the energy
release (seismic moment), while for dichotomous SES signals, Qk corresponds to the SES
pulse duration [10,47], etc. However, in the case of the MHz-kHz fracto-electromagnetic
emissions, which are non-dichotomous signals, Qk corresponds to the energy of each event
by using consecutive amplitude values above a noise threshold, as described in [32].
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Figure 2. The notions of NT and time reversal through a sequence of six events of different “energy”,
Q, for which the original order of occurrence is indicated by the labels “1st”, “2nd”, etc. The upper
panel shows the events in the conventional time domain. One can see that these are not evenly
distributed in conventional time, t. The middle panel shows the same six events in the NT domain,
where the events are now evenly distributed in NT, χ. The lower panel shows the same six events
after the application of the time reversal operator T̂ (see Equation (6)), where one can see that
their order has been reversed and now each one of them corresponds to a different NT than in the
middle panel.

Subsequently, we study the new time series (χk, Qk) Specifically, in order to identify
the approach of the dynamical system to criticality, we pay attention to the following
quantities: the variance, κ1,

κ1 = ∑L
k=1 pkχ2

k −
(
∑L

k=1 pkχk

)2
, (4)

where pk = Qk
∑L

n=1 Qn
is the normalized energy released during the k-th event, and the

entropy in NT, Snt,

Snt ≡ 〈χ ln χ〉 − 〈χ〉 ln〈χ〉 = ∑L
k=1 pkχk ln χk −

(
∑L

k=1 pkχk

)
ln
(
∑L

k=1 pkχk

)
, (5)

by considering 〈 f (χ)〉 = ∑L
k=1 pk f (χk). The entropy in NT, Snt, depends on the order of

the events (i.e., it is a dynamic entropy [10,55]). The entropy in NT under time reversal,
Snt−, is calculated in the same manner as Snt (i.e., using Equation (5), but by analyzing
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in NT, the time series obtained upon considering the time reversal of the original time
series). Specifically, if T̂ is the time reversal operator, its effect on a series of L events
Qk, k = 1, 2, . . . , L, is such that:

T̂Qk = QL−k+1, (6)

which means that the first event (k = 1) is positioned last in the time reversed time-series,
the second becomes last but one, etc. (see Figure 2) [10,55]. Thus, the time reversal operator
T̂ acting on the normalized energy, pk, results in:

T̂pk = pL−k+1, (7)

and thus Snt− is, in general, different from Snt, since the natural time χk in each time series
case, represents the considered order of events (see Figure 2) [10,55].

In many dynamical complex systems, it has been found that the value of κ1 is a
measure to quantify the extent of the organization of the system at the onset of critical
state [10]. The criticality is reached when (i) κ1 has the value κ1 = 0.07, and (ii) at the same
time, both the entropy in NT and the entropy under time reversal satisfy the condition
Snt, Snt− < Su =

(
ln 2

2 −
1
4

)
[10,56], where Su is the entropy of a “uniform” distribution in

NT [10,55].
In the special case of the NT analysis of foreshock seismicity [10,47,48,55], we study

the evolution of the quantities κ1, Snt, Snt−, and 〈D〉 with time, where 〈D〉 is the “average”

distance between the normalized power spectrum ∏(ω̃) =
∣∣∣∑L

k=1 pkexp(jω̃χk)
∣∣∣2, (ω̃ stands

for the “angular frequency in NT”) of the evolving seismicity, and the theoretical estimation
of ∏(ω̃) for κ1 = 0.07, ∏critical(ω̃) ≈ 1− κ1ω̃2. Moreover, an “event” for the NT analysis is
considered to be any time series value of the original seismicity time series that surpasses a
magnitude threshold, Mthres.

The analysis starts with an appropriate low threshold, and by taking into account
only an adequate number of the events, which are first in the order of the occurrence.
Next, the subsequent events, in the original order, are one-by-one taken into account. For
each additional event that is taken into account, the quantity χk is rescaled within the
interval (0,1], while the normalized energy pk and the values of κ1, Snt, Snt−, and 〈D〉 are
all re-calculated. In this way, the temporal evolution of these quantities is obtained by
taking into account all of the preceding events and the current event each time, until the last
event has been included in the analysis. The described procedure is repeated for several
increasing values of Mthres for each studied geographic area and everything is repeated for
different overlapping areas.

The foreshock seismicity is considered to be in a true critical state, or as it is often
mentioned, a “true coincidence” is achieved as soon as (i) κ1 takes the value κ1 = 0.07;
(ii) the two entropies Snt, Snt− satisfy the condition Snt, Snt− < Su, while at the same
time the following three additional conditions are satisfied: (iii) the “average” distance
〈D〉 should be smaller than 10−2 (i.e., 〈D〉 = 〈|∏(ω̃)−∏critical(ω̃)|〉 < 10−2, which is
a practical criterion that signals the achievement of spectral coincidence) [10]; (iv) the
parameter κ1 should approach the value κ1 = 0.07 “by descending from above” (i.e., before
the main event, the parameter should gradually decrease until it reaches the critical value
of 0.07; this rule was found empirically) [10,48]); and (v) the above-mentioned conditions
(i)–(iv) should continue to be satisfied, even if the considered Mthres or the area within
which the seismicity is studied are changed (within reasonable limits).

The use of the magnitude threshold excludes some of the weaker EQ events (those
events whose magnitude is < Mthres) from the NT analysis. However, the usage of the
magnitude threshold is valid for the reason that for each seismographic network, a specific
magnitude threshold, Mc, is usually defined to assure data completeness, while magnitudes
below Mc are not considered reliable. On the other hand, the application of various Mthres
values is useful in determining the time range within which criticality is reached. This is
because, in some cases, it can be found that multiple time points may satisfy the rest of the
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NT critical state conditions (i)–(iv), and criterion (v) is the one that finally reveals the true
time of criticality.

For the analysis of the constructed, per-altitude, daily-valued, EP time series, we
applied the NT analysis following the same procedure used for the analysis of seismicity,
as described above. As the “energy”, Qk, of the k-th event, we directly considered the
per-altitude EP time series values without any kind of preprocessing, since the analyzed
daily EP values correspond to energy. Then, the four parameters (κ1, Snt, Snt−, 〈D〉) were
progressively calculated, as described above, by defining a variable threshold EP_thres and
taking into account for the calculations only the daily values EP > EP_thres. Subsequently,
we repeated the same procedure many times, calculating simultaneously each time the
above-mentioned parameters by increasing the threshold.

4. Analysis Results

As already mentioned in the introduction, the application of NT analysis to the data
of stratospheric potential energy (EP) is presented here for the first time. As explained
in Section 3.2, the NT analysis was applied to per-altitude, daily-valued, EP time series
(see Section 3.1), similar to the way it is applied to foreshock seismicity. In this work,
we analyzed the EP data at different altitudes prior to 11 strong EQs that have occurred
worldwide (see Section 2), in order to check whether there is at least one altitude for which
the criticality was approached a few days prior to each mainshock. For each case, a long
enough period of time (>30 days) before the EQ including the date of occurrence of the EQ
was analyzed.

At this point, we have to clarify that for each EQ, we carefully checked whether any
extreme atmospheric phenomena occurred over the analyzed geographic area after the
date that EP was found to approach criticality. In the case that indications of criticality
are identified before an EQ, while, a few days after the criticality is reached, an extreme
atmospheric phenomenon that could affect EP also happened over the examined geographic
area, this means that the criticality could well be attributed to either the pre-seismic LAIC
procedure or to the process organizing the extreme atmospheric phenomenon. Therefore,
in such a case, the identified criticality cannot be definitively characterized as EQ-related,
so in the following, we characterize such results as “contaminated” by other atmosphere-
influencing phenomena.

We checked for typhoons, convective system formations, and thunderstorms as
well as for significant increases in atmospheric pressure. All of the information on the
meteorological conditions were gathered from the Japan Meteorological Agency (JMA)
(http://www.jma.go.jp/jma/index.html) (accessed on 1 August of 2022), the Bureau of Me-
teorology (Australian Government) (http://www.bom.gov.au) (accessed on 1 August 2022),
the Indian Meteorological Department (IMD) (https://metnet.imd.gov.in/imdnews/) (ac-
cessed on 1 August 2022), and the joint collaboration of National Weather Service (NWS)
and National Oceanic and Atmospheric Administration (NOAA) (https://www.nhc.noaa.
gov/data/tcr/) (accessed on 1 August 2022). Furthermore, we also marked equatorial
KWs activity, which play a vital role in AGW excitation and contaminate the EP time series
for some of the examined EQs that are located near the equinox. Finally, it is noted that
information about the meteorological phenomena and effects from equatorial KWs for
some of the studied EQs has also been obtained from Kundu et al. [29].

Taking into account all of the above-mentioned aspects regarding the NT analysis of
the per-altitude, daily-valued, EP time series as well as any other important information that
is related with the analysis, we first present an example of NT analysis for the Fukushima
EQ (cf. Table 1). Figure 3 presents the NT analysis results for the temporal variation of
the daily EP values at the altitude of 43.516 km during the time period from 21 October
2016 until 01 December 2016 (see Figure 4). As one can see from Figure 3, all criticality
conditions were satisfied for the date 14 September 2016 (i.e., 7 days prior to the Fukushima
EQ (21 September 2016)). The critical state is achieved by the system due to the AGW
activity (expressing the acoustic channel of LAIC) during the EQ preparation, while, as

http://www.jma.go.jp/jma/index.html
http://www.bom.gov.au
https://metnet.imd.gov.in/imdnews/
https://www.nhc.noaa.gov/data/tcr/
https://www.nhc.noaa.gov/data/tcr/
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expected, the system departs from the critical state before the EQ occurrence. The NT
analysis of the EP time series at different altitudes showed that criticality was approached
at several altitudes in dates ranging from 6 to 9 days before the EQ occurrence (see Table 3).
Moreover, we should mention that no meteorological phenomenon that could be related to
the revealed criticality took place during that time period, meaning that this approach to
criticality can only be associated with the pre-seismic LAIC phenomenon.
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16 February 
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Figure 3. The NT analysis of the EP temporal variation at 43.516 km for the Fukushima EQ; the
examined time period was from 21 October 2016 until 31 September 2016. The presented temporal
variations in the NT parameters correspond to the different EP_thres thresholds: (a) 0; (b) 1.4; (c) 1.6;
and (d) 1.8, respectively. The limit value for the entropy Su (≈ 0.0966) is marked as a horizontal
solid light green line, while the “critical” κ1 value 0.070 is shown as a horizontal solid grey line,
along with the limits of ±0.005 around 0.070, denoted as two horizontal dashed grey lines. The 10−2

〈D〉 limit is shown as a horizontal brown line. The events presented in each panel depend on the
corresponding threshold. It is noted that the tick values of the x-axis show the conventional time
(Date) of the occurrence of each event although the x-axis is linear to the NT (i.e., events are equally
spaced in the x-axis regardless of their date of occurrence, see Figure 2).
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Table 3. A summary of the NT analysis results for each EQ appearing in Table 1.

EQ Name Criticality Altitude
(km)

Criticality Date
(No. of Days
before EQ)

Date of EQ
Occurrence

Other Extreme
Phenomena after
the Occurrence of

Criticality

Selected Time
Period for the

Analysis

Selected Spatial
Region for the

Analysis

Tohoku 43.849–44.050 08 March 2011
(3) 11 March 2011

17–23 March 2011
were disturbed
due to three low

pressure cyc-
lonic systems

15 February 2011–
21 March 2011

(20◦, 60◦) N,
(120◦, 160◦) E

Indian Ocean−1
& Indian

Ocean−2 *
32.007–34.486 07 April 2012

(4) 11 April 2012

A tropical
low-pressure area

of 19U was
formed during

16–25 April 2012.
Also, equ-

atorial KWs.

13 March 2012–
21 April 2012

(–15◦S, 10◦ N),
(70◦, 110◦) E

Miyako

38.228, 38.429,
38.764, 39.769,
39.836, 39.903,
39.970, 40.037,
40.104, 40.171,
40.707, 41.042,

41.779

07 February 2015–
13 February 2015

(3–9)

16 February
2015 - 17 January 2015–

26 February 2015
(25◦, 50◦) N,

(130◦, 160◦) E

Gorkha−1

33.000, 33.067,
33.268, 33.469,
33.938, 34.407,
35.010, 35.144,
35.613, 36.082,
36.484, 36.752,

37.087

15 April 2015–24
April 2015

(1–10)
25 April 2015 - 10 April 2015–

20 April 2015
(20◦, 40◦)N,
(70◦, 110◦)E

Gorkha−2

33.010, 33.268,
33.814, 35.556,
35.958, 36.360,
36.762, 37.030,

37.432

26 April 2015–4
May 2015,

(8–16)
12 May 2015 - 10 April 2015–

20 May 2015
(20◦, 40◦)N,
(70◦, 110◦)E

Kumamoto 40.033–40.435
06 April 2016–13

April 2016
(2–9)

15 April 2016

14 April–19
March 2016 were
disturbed due to

a few fro-
ntal systems

15 March 2016–
25 April 2016

(15◦, 40◦)N,
(120◦, 140◦)E

Fukushima

41.908, 42.109,
42.176, 42.243,
42.980, 43.449,
43.516, 43.918,
45.660, 45.928,

45.995

12 November
2016–15 November

2016
(6–9)

21 November
2016 - 21 October 2016–

01 December 2016
(25◦, 50◦)N,

(125◦, 150◦)E

Imphal

43.000, 43.603,
44.206, 45.010,
45.479, 45.948,
46.484, 46.819

26 December
2015–29 December

2015
(5–8)

03 January 2016 -
15 December 2016–

13 January 2016

(15◦, 35◦)N,
(70◦, 110◦)E

Chiapas 45.660–45.995 29 August 2017
(10)

08 September
2017

Hurricane “Katia”
(05–09 September

2017) in
the region

(22◦, 25◦)N,
(94◦, 98◦)W
Also, equ-

atorial KWs

08 August 2017–
18 September 2017

(5◦ S, 25◦ N),
(70◦, 110◦)W

Samos - - 30 October 2020 -
30 September 2020–

30 November 2020

(30◦, 50◦)N,
(10◦, 40◦)E

Subsequently, we present another interesting example of NT analysis of the per-
altitude daily EP concerning two EQs where their epicenters were relatively close (taking
into account the spatial accuracy of the used satellite data), so the same geographic region
was considered for both of them, while their occurrence times were 17 days apart. These
EQs were the two Nepal EQs: Ghorka−1 and Ghorka−2 (cf. Table 1).



Symmetry 2022, 14, 1939 12 of 18

By observing Figure 5, it is profound that the criticality criteria were clearly satisfied on
18–19 April 2015, ~1 week prior to the Ghorka−1 EQ (25 April 2015) for
the 37.087 km altitude. As expected, the system departs from critical state before the
Ghorka−1 EQ occurrence. However, at the specific altitude, there was no following indi-
cation of criticality that could be attributed to the Ghorka−2 EQ (12 May 2015). This is
probably due to the fact that the fluctuation of EP at 37.087 km is dominated by information
related to Ghorka−1 EQ, so that the embedded critical dynamics related to the Ghorka−1
EQ are “masking” any critical dynamics in the EP fluctuation that might be related to
the following Ghorka−2 EQ. Therefore, the only way to find any indication of critical
dynamics possibly related to the Ghorka−2 EQ is to examine other altitudes by analyzing
the corresponding potential energy time series.
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Figure 5. The NT analysis of EP temporal variation at 37.087 km for the Gorkha−1 EQ; the examined
time period was from 10 April 2015 until 20 May 2015. The presented temporal variations of the NT
parameters correspond to the different EP_thres thresholds: (a) 0; (b) 1; (c) 1.4; and (d) 1.8, respectively.
The figure format follows the format of Figure 3.

Indeed, Figure 6 shows that at a significantly lower altitude (at 33.010 km), the NT
analysis criticality criteria were satisfied from 17 April 2015 until 1 May 2015, which is
an unusually prolonged period of criticality (15 days), starting before the Ghorka−1 EQ
(actually containing the time period that criticality was found for the altitude of 37.087 km)
and ending 11 days prior to the Ghorka−2 EQ. This is an interesting result, implying
that the fluctuation of EP at 33.010 km was such that it was able to provide information
(imprints of critical dynamics) associated with both EQs. Specifically, the EP at 33.010 km
first reached criticality due to the AGW activity (expressing the acoustic channel of LAIC)
related to the preparation of the Ghorka−1 EQ, but the system did not depart from the
critical state before the Ghorka−1 EQ occurrence because, at that altitude, the AGW activity
related to the preparation of the Ghorka−2 EQ kept the system at critical state until 11 days
before the Ghorka−2 EQ. Continuing our investigation by analyzing the EP time series
at more altitudes within the range of interest, it was concluded that criticality indications
that could be attributed to the preparation of the Ghorka−2 EQ were found at different
altitudes for dates ranging from 26 April 2015 to 04 May 2015 (i.e., up to 8 days before the
EQ, see Table 3).
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attributed to the Gorkha−2 EQ; the examined time period was from 10 April 2015 until 20 May
2015. The presented temporal variations of the NT parameters correspond to the different EP_thres
thresholds: (a) 1.6; (b) 1.7; (c) 1.9; and (d) 2, respectively. The figure format follows the format
of Figure 3.

Finally, it is noted that there were no significant meteorological phenomena over the
studied area that could influence the dynamics of EP during the studied period. For this
reason, the above-mentioned results were considered as definitely EQ related.

Another interesting example of NT analysis for the per-altitude daily-valued potential
energy time series concerns the Chiapas EQ (cf. Table 1). The NT analysis results of
EP at 45.995 km from 08 August 2017 until 18 September 2017 are presented in Figure 7.
From Figure 7, it is evident that criticality was clearly reached on 29 August 2017, 10 days
prior to the Chiapas EQ (08 September 2017). However, it should be mentioned that a
hurricane, “Katia”, passed over the studied area during the examined time period (cf.
Table 3), specifically from 05 September 2017 to 09 September 2017, a few days after the
system approached criticality. Therefore, the fluctuations of EP in the examined geographic
area during the days preceding the hurricane might also be influenced by the preparation of
this extreme atmospheric event. Consequently, the identified criticality cannot be definitely
attributed to AGW activity developed as part of LAIC (acoustic channel) during the Chiapas
EQ preparation.
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Figure 7. The NT analysis of the EP temporal variation at 45.995 km for the Chiapas EQ; the examined
time period was from 08 August 2017 until 18 September 2017. The presented temporal variations
in the NT parameters correspond to the different EP_thres thresholds: (a) 0; (b) 2.8; (c) 3; and (d) 3.6,
respectively. The figure format follows the format of Figure 3.
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All of the results obtained by the NT analysis of the per-altitude daily valued EP
time series for the identification of critical dynamics due to AGW activity, which are
possibly related to the preparation of the studied EQs, as key agents of LAIC (acoustic
channel), are summarized in Table 3. Moreover, where applicable, information about other
(non-EQ-related) phenomena that might have influenced the criticality analysis results is
also provided.

As one can see from Table 3, criticality was approached for all but one of the examined
mainshocks. Specifically, for the Samos EQ (30 October 2020), it was not possible to find a crit-
ical signature in the EP fluctuations at any of the examined altitudes (from ~45 to ~49.5 km).
At this point, it should be reminded (see also Section 3.1) that the NT analysis was applied
to altitude ranges where enhancements of stratospheric potential energy, associated with
AGW activity, had been identified before each of the examined EQs, as reported by different
already published articles (see Table 2). However, one cannot exclude the possibility of the
presence of criticality in EP at other altitudes where the organization of AGWs deploys.

Comparing the results of increased stratospheric potential energy related to AGW
excitation, as presented in Table 2, with the results of the NT analysis obtained in this work
(Table 3), it can be said that the time frame of appearance of the maximization of EP and
the approach to criticality (last day of criticality) are both within 1–2 weeks before the EQ.

For all of the EQs that EP approached criticality, this was identified for more than one
altitude, either for a continuous altitude range or for individual altitudes. Moreover, the
criticality dates were not always the same at all “critical altitudes”. For the cases that the
criticality date(s) changed with altitude, no specific pattern of evolution of the criticality
date over altitude was identified. In other words, the criticality date does not approach the
EQ date by an increase or decrease in altitude.

5. Conclusions

AGW is a well-proven phenomenon, widely studied for the elucidation of LAIC, and
it is characterized as a dominant factor in the acoustic channel [21]. In this research, we
applied, for the first time, the NT analysis method in the acoustic channel of LAIC in order
to investigate any critical state indications prior to each of the 11 studied significant main
seismic events that have happened worldwide. Specifically, the NT analysis was applied to
time series of per-altitude daily values of stratospheric potential energy (EP), which were
obtained from the temperature profiles recorded by the SABER instrument of the TIMED
satellite in an altitude range of 30 to 50 km, focusing on altitudes that prominent pre-seismic
disturbances were observed. In general, one cannot exclude the possibility that criticality
indications can be found at various altitudes as well as different times per altitude, since
AGW disturbances are upward traveling. Therefore, for each EQ case, we analyzed the
per-altitude EP time series, focusing on the altitude ranges where the AGW related EP
had already been identified, in order to check whether there is at least one altitude for
which the criticality was approached a few days prior to the mainshock. Of course, we
checked for any other (non-EQ-related) atmospheric phenomena that could possibly affect
the fluctuation of EP and thus “contaminate” the obtained results.

Our results indicate that criticality was reached for all but one of the examined EQs
within a period of 1–2 weeks prior to each one of them, which is consistent with various
works studying the LAIC related to the specific EQs [6,30,33,34,36,57–59]. However, in
some of the studied EQ cases, non-EQ-related phenomena that could “contaminate” the
obtained results indeed existed, so for these cases, the identified criticality could not be
definitively attributed to the EQ preparation processes.

This is the first work to focus on the appearance of critical signatures in one channel of
LAIC (acoustic channel) for multiple EQs. However, since different channels for the LAIC
phenomenon have been suggested, an interesting future research direction would be to
investigate the observables of other channels for the same set of EQs in the context of the
organization of the system to critical state. It is now widely accepted that understanding
the LAIC mechanism calls for a simultaneous study of multi-parameters associated with
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the different channels of LAIC. As the seismogenic response at the lower, middle, and
upper atmosphere are completely different, different sets of parameters are required to
understand this subject. More specifically, we should analyze the observables of other
channels, for example, for the thermal channel (surface latent heat flux, relative humidity,
etc.), for the electromagnetic channel (VLF radio anomalies, total electron content (TEC),
energetic particle precipitation, etc.), etc., in order to better understand which mechanism(s)
is/are involved in the LAIC for each EQ case. Although the stratospheric AGW is formed
due to the seismogenic perturbation of temperature, originating from a thermal modulation,
the nature of the thermal excitation in the troposphere and stratosphere for a single EQ
will be completely different. The original temperature, latent heat, relative humidity, etc.,
which is the prime source of thermal convection to build up such waves, has a different
perturbation profile in the lower troposphere or at the near-Earth surface shows different
seismogenic modulation. For some of the examined EQs, different observables have been
analyzed in terms of criticality. For example, the depression of the horizontal magnetic
field component, which is considered to be associated with ionospheric anomalies, has
been analyzed for the Tohoku EQ [36] and the Kumamoto EQs [6,30], VLF sub-ionospheric
propagation variations have been analyzed for the Kumamoto EQ [6,59], whereas, for the
same EQ, GNSS (Global Navigation Satellite System) deformation data and its fluctuations
in two AGW bands have also been analyzed [54], and very recently the SLHF (surface
latent heat flux) time series for the 2016 Kumamoto EQ and 2015 Nepal EQs have also been
analyzed [37]. However, a systematic investigation of the LAIC mechanism(s) calls for the
analysis of different channel observables for the same set of EQs.
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