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Abstract

It is well established that pre- and co-seismic irregularities in the earth’s atmosphere highly depend
on a set of parameters. According to the Lithosphere-Atmosphere-Ionosphere Coupling (LAIC)
mechanism, these parameters are associated with various channels (thermal, chemical, acoustic,
electromagnetic, etc.) through which an earthquake (EQ) preparation process can have its anomalous
phenomena. In this research, we perform a multi-parametric observation using various channels
during a strong EQ (M = 6.0) on September 27, 2021, on Crete Island in Greece. We investigate the
acoustic and electromagnetic channel using ground and satellite-based observation. We present the
Atmospheric Gravity Wave (AGW) in the acoustic channel using the temperature profile computed
from the SABER/TIMED instrument. In the electromagnetic channel, ionospheric Total Electron
Content (TEC) is recorded by the GNSS-IGS station DYNG in Greece. This TEC information is also
used in the acoustic channel anomaly by computing the wave-like structures in the small-scale
fluctuation of the TEC profile. We compute energetic (30 to 100 keV) electron precipitation in the
inner radiation belt from the NOAA satellite. We also investigate the outcomes of the SWARM satellite
to compute the magnetic field and electron density profile. All the parameters show significant
seismogenic anomalies (mostly enhancement) before the EQ. To understand each parameter’s
temporal and spatial sensitivity, we present a comparison using the anomalies in each parameter.

Keywords: Pre-seismic processes; Lithosphere-Atmosphere-Ionosphere Coupling (LAIC);
Atmospheric gravity waves (AGWs); Total electron content (TEC); Radiation belt particle precipitation;
Atmospheric electricity



Sudipta Sasmal et al.
1. Introduction

The overall physical processes involved in seismic events’ generation mechanism are highly complex.
A combination of geophysical and geochemical methods leading to an earthquake (EQ) is not only a conversion of
strain energy to mechanical energy, but also it has a lot of pre-, intermediate, and post-EQ phenomena that originate
this complexity [Shalimov, 1992; Pulinets, 2010; Hawakawa et al., 1996; Clilverd et al., 1999; Liu et al., 2011]. From
the 1960s onwards to the present day, seismic hazard mechanisms turned into a new direction where the EQs are
thought to be no longer an isolated phenomenon associated with the Earth’s surface and underground it but having
a connection with its atmosphere and outer space [Pulinets and Boyarchuk, 2004]. This connection can be attributed
with majorly three to four channels viz. (a) chemical, (b) thermal, (c) acoustic, and (d) electromagnetic (EM). They
can connect the pre- and co-seismic phenomena through the various layers of the earth’s atmosphere, known as the
Lithosphere-Atmosphere-Ionosphere-Coupling (LAIC) mechanism [Pulinets and Ouzounov, 2011]. LAIC exhibits
a few crucial characteristics of seismic hazards and its preparation processes. It has been found that the pre-EQ
processes following the different channels of LAIC are primarily non-linear, inhomogeneous, and anisotropic. As
the physical mechanism of the individual channels during or prior to the EQs are different, this LAIC hypothesis
requires multiple parameters at different domains to justify the response of that channel. So, to understand the pre-
seismic impression at different channels, a multiparametric approach is necessary for this study [Sasmal et al., 2021].

The exciting theory of seismo-atmospheric coupling has been widely applied using individual parameters in
different channels for various moderate to strong EQs. Starting from 1964, consistent research on the pre-seismic
anomalies was comprehensively reported by many scientists mostly using the geo-chemical process that initiates the
radio-active ionization that originates a modulation in EM radio wave propagation characteristics [Rozhnoi et al.,
2013; Hayakawa, 2007]. The modulation of sub-ionospheric Very Low Frequency (VLF) radio waves and the emission
of Ultra-Low-Frequency (ULF) radio waves show a significant anomaly in their characteristics before the occurrence
of seismic events [Hayakawa, 1996(a); Hayakawa 1996(b); Molchanov et al., 1995; Potirakis et al., 2016]. After
the LAIC hypothesis was established [Pulinets et al., 2011], anomalies in multiple parameters were considered to
investigate the seismogenic effects in different channels as prescribed in this theory. The thermal channel and the
anomalies associated with this are found to be a significant source of increasing the earth’s radiation budget before
EQs [Gorny et al., 1998; Chakraborty et al., 2017; Ghosh et al., 2022(a); Liu et al., 2000]. The thermal anomalies can
be primarily attributed to parameters like surface and air temperature, surface latent heat flux (SLHF), outgoing
longwave radiation (OLR), and relative humidity (RH). A substantial change (mostly increase) in such parameters
has been presented by satellite observation and is found to be highly pre-seismic [Ghosh et al., 2022(b)].

It is found that the effect of these thermal irregularities can create a convection mechanism in the lower and
middle atmosphere that includes buoyancy and air parcel movements, generating the concept of an acoustic
channel of LAIC. The Atmospheric Gravity Waves (AGWSs) are the main parameter in this channel that is crucial
for transporting the energy from the lower atmosphere to the stratosphere and mesosphere. It is proposed that
during the strain energy accumulation process of EQs, temperature modulation, thermal conductivity, and pressure
can generate wave-like structures in the frequency bandwidth of AGWs. Ground and space-based techniques
can detect such intensified wave energy. This primarily includes radars, GPS, satellites, and Low-frequency radio
receivers [Thurairajah et al., 2014; Piersanti et al., 2020; Biswas et al., 2020; Chakraborty et al., 2017; Korepanov et al.,
2009; Politis et al., 2022]. The satellite-based detection procedure involves the stratospheric temperature variation
to compute the potential energy of the intensified AGWs, which is highly useful for detecting seismogenic effects
in the acoustic channel.

The EM channel of LAIC involves a wide range of parameters, some of which are interconnected in nature.
It has been found that the temporal variation of the different anomalous parameters in the EM channel shows
an anisotropy and inhomogeneity even though for the same EQ. Thus, all the parameters often do not show
simultaneous effects during the pre-seismic period, even for the same EQ. This channel also includes a wide
range of altitudes from beneath the earth’s surface to magnetospheric heights. The anomalous emission and
depression in Ultra Low Frequency (ULF) signal near the EQ epicenter can be treated as direct evidence of pre-
seismic impression [Schekotov et al., 2006; Hayakawa et al., 2019, 2023]. This emission can be directly linked with
magnetospheric variabilities by the concept of energetic particle burst in the radiation belt [Anagnostopoulos et al.,
2012; Fidani et al., 2008; Fidani et al., 2021; Fidani et al., 2022; Chowdhury et al., 2022; Battiston et al., 2013].
Thus, this particle burst can be treated as significant indirect evidence of the seismogenic anomalies in the upper
atmosphere. In the upper atmosphere, ionospheric variabilities during and before EQs can be well estimated through



Pre-seismic anomalies in multi-parameters

the sub-ionospheric VLF radio-sounding techniques [Chakrabarti et al., 2005; Chakrabarti et al., 2007; Sasmal et al.,
2009; Chakrabarti et al., 2010; Chakraborty et al., 2017; Biswas et al., 2022; Biswas et al., 2023; Ghosh et al., 2019;
Pal et al., 2017; Maurya et al., 2016; Nina et al., 2021; Politis et al., 2021; Potirakis et al., 2018a; Ray et al., 2010;
Ray et al., 2011; Ray et al., 2012; Sasmal et al., 2010; Sasmal et al., 2014; Yoshida et al., 2008; Rozhnoi et al., 2014a;
Rozhnoi et al., 2013; Popov et al., 2004]. Another important parameter is the F-layer’s critical frequency, which
shows significant anomalies before the EQs [Ghosh et al., 2017]. The ionospheric Total Electron Content (TEC), as
computed by Global Navigation Satellites System (GNSS), is one of the most promising ground-based tools for the
detection of possible seismo-electromagnetic effects. The diurnal modulation is a useful study when the TEC value
usually increases before strong EQs [Agrner et al., 2008; Liu et al., 2001; Liu et al., 2004]. TEC profiles can also detect
small and medium-scale traveling ionospheric disturbances (TIDs) by extracting the small-scale fluctuations in the
differential TEC profiles (dTEC). Statistical and case-wise studies show that the atmospheric magnetic field and
the electron density profiles show significant anomalies before strong EQs as observed from the Swarm satellites
missions [Balasis et al., 2007; De Santis et al., 2015, He et al., 2022]. Additionally, more essential parameters like
surface deformation data from GPS observation [Yang et al., 2020], aerosol anomaly [Ghosh et al., 2023], etc., are also
found to be significant for detecting seismogenic anomalies. Recently Chen et al. [2022] and Hayakawa et al. [2023]
published two detailed reviews on the seismo-electromagnetic pre-EQ phenomena.

In Sasmal et al. [2021], an extensive review of the used parameters has been presented where the past works
and the utilization of each parameter have been reported elaborately. The pre-seismic response of acoustic and EM
channels is reported during the 2021 Samos (Greece) EQ (M = 6.9) by using parameters like AGW, TEC, radiation
belt electron precipitation, magnetic field, and electron density as observed from various ground and space-based
studies. Politis et al. [2021] present a comprehensive analysis of VLF radio signal anomalies separately during the
same EQ. Hayakawa et al.[2021, 2022], Chetia [2020], Marchetti et al.[2019], Ouzounov et al. [2021], Wu et al. [2023]
and Zang et al. [2023] reported a similar extensive study for EQs in Japan, Italy, Nepal and China including more
parameters like ULF/ELF emissions, VLF anomaly, air temperature, etc. that mostly corroborates the previous
findings. In this manuscript, we continue this study with a similar approach for another strong EQ that took place
on Crete Island in Greece on September 27, 2021, having the magnitude of M = 6. One of the prime objectives of
this study is to check and validate the temporal and spatial variations of the above-mentioned parameters with
the previously well-established results for a different condition and higher EQ magnitude (M = 6.7) and to find any
diversification from the previously reported results. This manuscript deals with AGW excitation in the acoustic
channel and GNSS-TEC, radiation belt electron precipitation, and electron density variations detected by Swarm
satellite in the EM channel of LAIC. The plan of the paper is as follows. The following section gives the methodology
for extracting the various parameters. In Section 3, we present our results. Finally, in sections 4 and 5, we discuss
the results and draw conclusions, respectively.

2. Date and Methodology

The EQ we have chosen took place on 27 September 2021 at 06:17;21 UTC with magnitude M = 6.0 with a depth
of 6 kilometers in the central part of the island of Crete, Greece, at ~20 km to the south of the capital city of Crete,
Heraklion. Figure 1 shows the position of the EQ epicenter marked with a red circle. The EQ preparation zone (EPZ)
computed from the Dobrovolsky formula [Dobrovolsky, 1979] is ~380 kilometers and shown in Figure 1. Figure 1
also shows the position of the IGS station DYNG by yellow diamond.

2.1 Atmospheric Gravity Waves (AGWs) computation

In this work, we use the altitude profile of atmospheric temperature as recorded by Sounding of the Atmosphere
utilizing Broadband Emission Radiometry (SABER) instrument installed on the Thermosphere Ionosphere
Mesosphere Energetics and Dynamics (TIMED) satellite to identify the wave-like structures. The computation of the
information of AGWs follows the conventional methods as prescribed by Remsberg et al. [2008] Fetzer et al. [1994],
Kundu et al. [2022], Sasmal et al. [2021], and Biswas et al. [2020]. The SABER instrument of the TIMED satellite has
an orbital height of 625 kilometers and a period of 1.7 hours, with an inclination of 74.1°. By using the wavelength
range from 1.27 to 17 mm, SABER can record the atmospheric temperature from 20 to 100 kilometers. We follow
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Figure 1. The location of the EQ epicenter (red circle), the IGS station (yellow diamond), and the Dobrovolsky area of the
EQ preparation zone.

the previous methodologies done by Sasmal et al. [2021] and Kundu et al. [2021] where the altitude profile of the
temperature (T) for a specific geographic region with a finite latitude/longitude range is extracted from SABER
data archive (http://saber.gats-inc.com/). At first, we compute the logarithmic temperature profile and fit this
with a third-degree polynomial. The residual values are computed from the difference between the original and
fitted profile. A 4 km boxcar filter is added to the residual profile to eliminate all other waves with a wavelength
shorter than 4 km. Combining the filtered residual values with the fitted values generates the final profile. By
taking the antilogarithm of this profile, the least square fit of this profile is achieved. We compute the regular zonal
mean temperature and other zonal wave components using these LSFs ranging from 1 to 5. We treat all the wave
components having wave numbers 0 to 5 as the background temperature profile (Ty). The perturbation temperature
profile (T,) can be obtained by subtracting the original profile from the background profile. The potential energy (E,)
associated with AGW is computed by putting the values in the following equation:

-3 ()
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Here g is the gravity acceleration and N is Brunt-Viiséla frequency described as,

n2=2 (aT" + g). (ii)

(%t

Here, z is the altitude, and c, is the specific heat at constant pressure. After the computation of the E,, a
nine-dimensional matrix is generated having the components as latitude, longitude, date or day of the year in UT,
altitude, original SABER temperature profile, reconstructed fitted temperature profile, perturbation temperature,
Brunt-Viisila frequency, and E,,. For the Crete EQ, we choose the spatial span of latitude and longitude ranges from
25°to 45° N and 15° to 25° E keeping the EQ epicenter as the center.

2.2 Computation of Total Electron Content (TEC)

We first focus on the ionospheric TEC variation to study the seismogenic impact in the EM channel of LAIC.
To compute diurnal TEC profiles, we use the GPS-IGS station DYNG (38.078° N, 23.93° E) in Greece, which is close
to the epicenter of the EQ.

To compute the TEC values from RINEX input, we follow the well-known software provided by Gopi
Seemala [Seemala et al., 2011]. It is well established [Sasmal et al., 2021] that the vertical TEC (VTEC) can be
expressed as,

STEC — TEC,y

Here, STEC is the Slant TEC and TEC.,; = (bs + b, + bgyx), where by is the satellite bias, b, is the receiver
bias and bgy is the receiver inter-channel bias. By using the methodology reported by Mannuchi et al. [1993] and
Langley et al. [2002], we compute the M(«) as,

1 (1 B ReCos(a)>_0'5.

M@ =tos@® =\ " Re + honen

(iv)

R, is the earth’s radius, h,,;, is the lonospheric Pierce Point (IPP) at an altitude of 350 km, « is the zenith angle at
the receiver side and f is the elevation angle at the IPP. The bias correction and the calibration of TEC are done by
the methods reported in the previous methodology in Seemala and Valldares [2011]. We study the anomalous VTEC
profile for a duration of +15 days around the EQ. We compute the median y of the VTEC values for the past 15 days
of the EQ and the corresponding interquartile range (IQR). Based on this computation, an upper bound (UB) and
lower bound (LB) have been computed for a specific time (UT,) and that is given by,

UB =y +IQR,
LB = y —IQR.

As reported in Klotz and Johnson [1983], the estimated values of y and IQR for VTEC in a normal distribution
having the mean (1) and standard deviation (o) are p and 1.34¢ respectively. The VTEC is treated to be anomalous
with a confidence level of 80% to 85%, when it crosses either the UB or LB. Thus, the condition for anomaly is
treated as,

anomaly = VTEC = UB,
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and,

anomaly = VTEC < LB.

2.3 Computation of AGW from GPS-TEC

Traveling Ionospheric Disturbances (TIDs) are small-scale fluctuations caused by acoustic/atmospheric
GWs (gravity waves) that can be produced due to various seismic and meteorological events. These fluctuations
can be recorded from various techniques. GPS signal can detect these TIDs during its propagation, which can
significantly influence the TEC profiles even for a short distance. To extract these wave-like structures, a fitting
method is useful that is commonly known as “Savitzky-Golay filtering” (sgolayfilt) [Savitzky et al., 1964, 1989]. In
this method, the weighting coefficients for a smoothing operation can be attributed by a set of integers (C-n, C-(n1)
391 ..., Cn—1, Cn). These sets of integers act as weighting coefficients, follow a similar technique of fitting with a
polynomial with more efficiency. Therefore, the Savitzky-Golay technique, provides the smoothed data points (xi)
s with an excellent fitting tool using the following equation:

i=n
i=—n CiXit1

Zi:n C:

i=—n"“i

(x)s = )

To get information on the small-scale fluctuations, the VTEC (dVTEC) change is computed by subtracting the
original profiles from the fitted profile (VTEC;). We use the sgloayfilt with a 5 degree polynomial and a window size
of 90 minutes. Therefore,

dVTEC = VTEC — VTEC;.

We perform a wavelet analysis using the complex Morlet continuous wavelet transformation and generate the
scalograms to identify the wave-like structures. The intensified wave-like structures with periods of AGWs can be
examined inside the Cone of Influence (COI) [Sasmal et al., 2021].

2.4 Computation of Particle Bursts (PBs)

The LAIC hypothesis suggests that an EQ having large magnitude can directly interfere with the radiation belt
energetic particle counts by the process of ULF wave emission through the EQ epicentre. To examine such effects,
we use the electron channel information of the Medium Energy Proton Electron Detector (MEPED) onboard NOAA
satellite. The satellite provides the raw and processed information of such particle counts. We choose the duration
of our observation for a period of 31 days (September 12 to October 12, 2021). For the computation of particle
bursts (PBs), we follow the methods prescribed in Fidani et al. [2010], Chakraborty et al. [2019], Sasmal et al. [2021]
and Chowdhury et al. [2022]. Firstly, we calculate the daily averages of the count rates (CRs) and define the condition
for which the CR can be treated as PBs instead of statistical fluctuations. For the computation of particle counts, we
convert the original datasets into a secondary dataset on daily basis. Each dataset contains parameters like time in
milliseconds, latitude in degree, longitude in degree, MEPED electron channel information (electron count rates),
IGRF magnetic field (B), MEPED telescope pitch angle (a), and L values (McIlwain L-parameter). It is well known
that the South Atlantic Anomaly (SAA) has significant influences on the CR values of the radiation belt particles
CR values due to a sharp gradient of particle flux in the South Atlantic regions. We choose an acceptable condition
of B to eliminate the effects of SAA as B>22.0 uT. To eliminate a similar effect of the transition between in the
inner and outer radiation belt, we choose L >2.2. As all the above-mentioned datasets of the orbital parameters are
provided every 8 seconds, we choose this base time for our study and we take 8 s averages of all the parameters. The
energies for the electrons are a cumulative sum over three thresholds having values E; = 30 keV, E, = 100 keV and
Ez =300 keV. For further analysis, from the difference of these energy thresholds, we defined new energy channels
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to detect the electrons in the energy ranges 30 — 100 keV, 100 — 300 keV ad > 300 keV. We make a three-dimensional
matrix with L, ¢, and B values where the binning of L value ranges from 0.9 to 2.2 having a bin width of 0.1. The pitch
angle range (0 to 180°) is divided into 12 steps of 15° each. The geomagnetic field B is divided into nine ranges as:
16.0-17.5 pT, 17.5-19.0 pT, 19.0-20.5 pT, 20.5-22.0 pT, 22.0-25.0 pT, 25.0-29.0 uT, 29.0-33.0 uT, 33.0-37.0 uT, and
37.0-41.0 uT. Out of the 9 intervals, we consider only those B intervals for which its value is greater than 22:0 uT.
Thus, we give importance on only 5 B intervals. For accurate statistics, only those L, @, and B shells are taken, in
which the satellite passed at least 20 times through the same cell. In the next stage, we choose a condition where the
CRs can be treated as PBs. For the previous results, the 8 seconds average can be treated as a Poisson distribution.
So, for CR with non-Poisson distribution with 99% probability, the CRs must have values greater than or cross the
40 value and can be treated as PBs where ¢ is the standard deviation [Chakraborty et al., 2019; Sasmal et al., 2021;
Chowdhury et al., 2022].

It is an absolute need to find out whether the PBs are probably due to sesimogenic or not. For this we use the
methods prescribed by Aleksandrin et al. [2003], where a condition can segregate the PBs only EQ generated. The
condition incorporates the difference between the EQ associated L-shell (Lgg) and PBs associated L-shell (Lpg).
We consider the Lgg is a point above EQ epicentre. This altitude can be 300 km where EQ generated EM waves can
interact with earth’s magnetosphere [Molchanov et al, 1993]. We choose only the EQ- induced PBs for which the
condition |AL| = |Lgg — Lpp| < 0.1 is satisfied.

2.5 Swarm Satellite Analysis

The Swarm satellite mission, comprised of three individual satellites named Alpha (SATA), Bravo (SATB), and
Charlie (SATC), was launched into a near-polar orbit on 22 November 22, 2013 [Friis-Christensen et al., 2008;
Olsenet al., 2013; Yufei et al., 2021; Marchetti et al., 2022]. The prime objectives of the mission are precise measurement
and monitoring of the spatio-temporal geomagnetic field profiles of the Earth. This satellite consists of advanced
magnetometers and other sensors that monitor the Earth’s geomagnetic field, plasma dynamics, and the electric
field in the upper atmosphere. The Langmuir Probes are used as plasma sensors for studying the seismo-ionospheric
coupling mechanisms. Sasmal et al. [2021] performed an extensive discussion of the satellite’s components and the
extraction of the Swarm satellite’s magnetic field plasma data structure. The different magnetic field components
were presented by using the MASS algorithm [De Santis et al., 2015; De Santis et al., 2019; De Santis et al., 2019]
and the electron density profiles was examined with NeLOG and NeSTAD algorithm [De Santis et al., 2019]. In this
manuscript, we use a method called the rapid disturbance of the satellite observation data [Yufei et al., 2021]. These
rapid disturbances of the satellite orbital data can be computed by a best fitting curve of the datasets that can be
obtained by a cubic spline smooth method. This method involves the electron density profiles as gathered from the
swarm satellite’s database (https://swarm-diss.eo.esa.int). To quantify rapid disturbances, the percentage (P) of the
disturbance relative to the fitting data is computed by the formula,

P =[(0 — F)/F] * 100%,

where O is the orbital data and F is the fitting data. For getting more reliable outcomes, the continuous disturbances
that are greater than 3% are taken as one disturbance [He et al., 2022]. The mean latitude, longitude and time
of the three continuous points are considered as the location and time of the anomaly. Also, as the time for the
satellite to cross the EQ epicener is very short, if multiple disturbances take place during that time, they are still
taken as one disturbance. The percentages disturbances, latitude, longitude and time, are taken to identify the
seismogenic effects in the electron density profile. To eliminate any contamination due to geomagnetic activity,
the geomagnetic indices need to be compared with all the disturbances to exclusively find out the anomaly likely
due to seismic origin.
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3. Results

Solar activities and geomagnetic conditions act as the most significant contaminating parameters during the
investigation of any EM seismogenic anomalies, and it is required to eliminate such contamination from the
observed outcomes. In Figure 2(a), we present the variation of Dst, Kp (3 hours average), ap (3 hours average) and
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Figure 2a. Temporal variation of geomagnetic indices during the time period of 1 September 2021 - 12 October 2021
(from top to bottom panel): Dst, Kp, ap, and Ap. The red-colored histograms indicate values those exceed the
corresponding thresholds marked by the horizontal black dashed line.
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Figure 2b. Temporal variation of IMFBz (top panel) and SID events (bottom panel) during the time period 1 September
2021 - 12 October 2021.
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Ap (daily average) from the World Data Center for Geomagnetism, Kyoto (http://wdc.kugi.kyoto-u.ac.jp/) accessed
on 29 May, 2023 . In Figure 2(b), we present the variation of the interplanetary magnetic field (IMFBz) and Sudden
Ionospheric Disturbance (SID) index during the period of 12 September to 12 October 2021. It is evident from
Figure 2(a) that a minor geomagnetic storm occurred on 17 September, 2021 with Dst < -55 nT with significant
enhancement of Kp (> ~4) and ap (> ~50) indices. Figure 2(b) shows the IMFBz (blue curves) and the SID events (red
histograms) for the same period of time.

It is evident from Figure 2 that under the observation period, there was no such significant changes in the
geomagnetic indices except the minor storm on 17 September. Also, there was some geomagnetic activity on 12
October, 2021. Thus, the possibility of contamination is minimal due to geomagnetic storms.

3.1 AGW anomalies from SABER/TIMED satellites

Figure 3 shows the altitude profile of potential energy Ep of the generated waves as computed from the
perturbation temperature profiles as described in the previous section. The Ep profiles are computed from 12
September to 1 October (+15 days) around the EQ. The altitude ranges from 30 to 50 kilometres. The PE value ranges
from 0 to 12 J/kg. The vertical dashed line is the day of the EQ. It is evident that an intensification of AGW energy is
observed at an altitude of 42 to 47 kilometres. Based on the enhancement in Ep values, in Figure 4, we present the
spatio-temporal profile of the Ep from 19/09/2021 to 27/09/2021. We choose the latitude and longitude ranges from
25°to 45° N and 15° to 25° E keeping the EQ epicenter at the centre (violet diamond). It is evident from the figure
that Ep values started to increase on 22 September around the epicenter and became maximum on 24 September,
2021. As similarly to Figure 4, the Ep shows normal value on the EQ day. The intensified patch started to increase
in the northern direction and migrate and dissipates towards the south-eastern direction of the EQ epicenter. We
check the possibilities of thunderstorms and rainfalls that may arise the atmospheric instability and convective
movements and can generates AGWs using the Ventusky search engine (https://www.ventusky.com (accessed on 24
May 2023)). We found that during the intensification period of AGW energy budget, no such activities were recorded.
Thus, this intensification of AGW should have a seismic origin.
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Figure 3. Altitude profile of potential energy (Ep) associated with AGWs from 12 September to 12 October, 2021. Along X
and Y axes, we present the date and altitude in kilometers. The colorbar shows the Ep in J/kg. The vertical dashed
line shows EQ day.
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Figure 4. Spatio-temporal profile of Ep as observed at 45-kilometer altitude from 19 to 27 September, 2021. The x and
y axes represent the longitude and latitude, and the colorbar shows the energy in J/kg. The violet diamond
represents the EQ epicenter.

3.2 GPS-TEC Anomalies

Figure 5 illustrates the diurnal variation of the VTEC as a function of day number as computed from DYNG
station (upper panel) from 12 September, 2021 to 12 October, 2021. The black curve is the observed estimated TEC
and the red and green curves are the upper bound and lower bound respectively. The lower panel shows the change
in the VTEC. The EQ day is marked with the downward arrow.

The diurnal profile of VTEC shows a different response in comparison to the acoustic response. The VTEC profile
shows an increment above the UB on 22 September, 2021 (DOY:265). A similar enhancement with less magnitude is
also observed on the day of the EQ (DOY:270) and just after the day (DOY: 271). The increase in VTEC by 4 TECU on
22 September can be possibly associated with the anomaly generated by the preparation phase of this EQ. After the
day of the EQ, there are significant increases in VTEC on day numbers 275 and 276. A series of aftershocks having
magnitude ranges from M = 5.3 to 4.5 took place after the main observable EQ that took place on 27 September as
recorded by USGS catalogue (https://earthquake.usgs.gov). The immediate increase in VTEC on the day of the EQ
and on the next day are possibly due to these events. The epicenter of the EQ on 28 September (M = 5.3) almost
coincides with the mainshock. On 10 October and 12 October, a moderate (M = 5.0) and a strong (M = 6.4) EQ took
place close (95 km and 64 km respectively) to the EQ epicenter of 27th September. This post-EQ VTEC enhancement
can be associated as the precursory signature with these two EQs. As the magnitude of the EQ on 12 October is
larger than the EQ on 27 September, the change in the VTEC value is also higher (6 TECU). As many aftershocks
are recorded after 27 September, there is a possibility of an overlapping effect between the aftershocks and the
next foreshocks as their preparation processes overlapped even though the Dobrolsky area covers the second EQ
preparation zone and the IGS stations.
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DYNG station from 12 September, 2021 to 12 October, 2021. The red and green curves are the upper and lower
bound respectively. (Lower panel) Diurnal variation as a function of day number.

3.3 AGW anomaly as computed from VTEC

To compare the SABER-TIMED observed AGW, we extract the wave-like structures as observed from the small-
scale changes in the GPS-TEC profile. In the small-scale fluctuation in VTEC (dVTEC), the normal unperturbed
condition can be attributed by choosing the -0.25 > dVTEC < 0.25 range. Any perturbation in small-scale fluctuations

beyond this range can be considered possibly due to seismogenic origins under a quiet geomagnetic condition.
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Figure 6. Diurnal variation of dVTEC (black curve) and the un-perturbed ranges (red lines) from 13 September to
27 September, 2021 for DYNG station.
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Figure 7. Scalogram contains the wavelet spectrum from 13 to 27 September, 2021 as computed from the small-scale
fluctuation dVTEC for DYNG station. The x- and y-axis show the time (in hours) and wavelet period (in minutes),
respectively. The colorbar shows the wavelet power. The white line represents the cone of influence (COI).

Figure 6 shows the diurnal variation of small-scale fluctuations in dVTEC (black curves) from 13-27 September
2021. The horizontal red lines indicate the unperturbed levels, as mentioned above. It is evident that the fluctuations
crossed the quiet condition levels on 15, 17, 18, 23, 24, and 26 September 2021. We have mentioned in Section 2 that
a geomagnetic storm occurred on 17 September 2021. So, we can ignore those days around the storm. The maximum
fluctuations are found on 23, 24, and 26 September 2021. Also, as we do not observe any significant change in AGW
as computed from SABER after the post-duration of the EQ, we confined ourselves to EQ Day.

To examine the wave-like structures in the dVTEC profiles, we perform a wavelet analysis, and in Figure 7, we
present the wavelet power scalograms from 13 to 27 September 2021. Based on the elimination due to the effects
of the geomagnetic storm, we also ignore the intensified wave energy around the storm date of 17 September.
As a result, an intensified wave-like structure with a period from 90-110 minutes is found to be present on 24
September, similarly to the previous observation of AGW from SABER. Additionally, a similar identification of the
period from 70-100 minutes is observed on 26 September 2021. Both intensifications lie within the AGW period,
and both are found to be pre-seismic. Thus, the wavelet analysis indicates a significant presence of AGWs as
computed from GPS-TEC fluctuation, corroborating with the seismogenic effects in the acoustic wave examined
by other methods.

3.4 Anomalies in Particle Bursts

Figure 8 shows the diurnal variation of PBs from 12 September (DOY:255) to 12 October (DOY:285), 2021 after
removing the background distribution by computing the 40 levels as described in Section 2, where ¢ is the standard
deviation. The black and red histograms show the PBs due to solar non-contaminated and contaminated days,
respectively. Based on Figure 2(b), we marked the contaminated days according to the presence of solar activities.
The dashed horizontal line represents the mean PB for the solar quiet days. The lower panel shows the non-
contaminated PBs that are possible EQ associated satisfying the condition reported in Aleksandrin et al. [2003].
It is evident from Figure 8 that an enhancement of PBs is observed on the day number 257 (14 September 2021)
and 267 (24 September 2021). This is interesting as the previous two parameters (VTEC, AGW) show an excellent
corroboration with the anomaly on 24 September 2021. We observe another pre-seismic indication for the
PB enhancement almost two weeks before the EQ. In previous findings, Chowdhury et al. [2022] reported a similar
result for the Kumamoto EQ, 2016, where unusual particle (electron) burst enhancement was observed ten days
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before the EQ. A moderate enhancement of PBs is observed after the EQ on day number 294. This is possibly due
to the strong EQ (M = 6.4) in Greece on 12 October 2021.
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Figure 8. Diurnal variation of PBs from 12 September to 12 October, 2021. In the upper panel, the black histograms are
for quite solar days, and the red histograms are contaminated due to the solar activities. The dashed horizontal
line indicates the average PB. (b) The lower panel indicates the enhancement of PB 13 and 3 days before the EQ.

3.5 Anomalies in Electron Density as observed from Swarm Satellite:

We examine the electron density profiles as rapid disturbances methods for the geomagnetically and solar quiet
days, as mentioned in the results in PB enhancement. We observe that the most significant anomalies occur on 24
September 2021, similarly to the other parameters. Figure 9 illustrates the outcomes of the rapid electron density
disturbances as recorded on 24 September 2021. The first column shows the observed (black) and fitted (red) profiles
of electron density (Ne) for the latitude from 20°N to 50° N. The middle columns show the percentage change in
Ne with the mean values as denoted by red dashed lines for the latitude range from 25° to 40°N. The third column
shows the satellite track (black curve) and the EQ epicenter (red star). The percentage change in Ne is high on
24 September 2021 and crossed both the upper and lower bound of the mean value with a percentage change of
~7-8%. As mentioned earlier, the geomagnetic condition was quiet on this day, and thus this anomaly could possibly
be associated with the EQ.

4. Discussions

The manuscript presents the possible pre-seismic anomalies for the 2021 Crete EQ on September 27, 2021, with
a magnitude M = 6.0. We use several ground- and space-based techniques covering LAIC’s acoustic and thermal
channels. We use GPS-TEC profiles as recorded from the DYNG ISG station for the ground-based method. We use
SABER-TIMED satellite temperature profiles, NOAA radiation belt PB profiles, and Swarm satellite electron density
database for the space-based study. We first start with the acoustic channel, where the AGW is computed using
the temperature perturbation profile and computed from the SABER satellite. The altitude profile of potential
energy of AGW (Ep) shows a significant enhancement 3 days before the EQ (24/09/2021), showing a maximum
intensification at ~45-46 kilometers altitude (Figure 3). The spatio-temporal profile exhibits similar results at
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a 45-kilometer altitude over the epicentral region and EPZ (Figure 4). The altitude profile of Ep shows no such
significant enhancement after mainshock, though there is evidence of aftershocks having magnitude M =4.5to 5.3.

The VTEC profile shows a significant increment 5 days before the EQ in the EM anomaly. The maximum change
in the VTEC value is found to be by 4 TEC units (Figure 5). The VTEC profiles show significant enhancement after
the EQ day. There was an increase in VTEC just after the EQ day possibly due to aftershocks. A much larger peak of
TEC is observed during 1 and 2 October that can be associated with other strong EQs that took place on 10 and 12
October. The effect of this EQ does not exhibit in the AGW excitation in the acoustic channel of LAIC. The small-
scale fluctuations in the VTEC profile (dVTEC) change show the prominent signature of AGW excitation in the
wavelet scalograms (Figure 7). The wavelet spectrum suggests anomalous wave enhancement on 17 September due
to the presence of a geomagnetic storm. However, this effect was not visible in the diurnal TEC profiles. Wave-like
structures having a period of ~60 to 90 minutes are observed on 24 and 26 September 2021. The NOAA-15 satellite-
based study, after eliminating SAA and possible contaminations due to SID events, shows a significant increment
in PBs 3 and 13 days prior to the EQ. This is interesting as no other parameters exhibit an anomaly around 2 weeks
before the EQ. The Swarm satellite electron density profiles (Ne), computed from the rapid disturbance method, show
a significant percentage change in the Ne values 3 days before the EQ in the satellite track close to the EQ epicenter.
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Figure 9. Electron density profile (Ne) as observed from Swarm satellite (Alpha) on 24 September, 2021. The upper column
shows the observed (blue) and fitted (orange) Ne profiles for the latitude from 20°N to 50°N. The middle panel
shows the percentage change in Ne along with the mean values denoted by horizontal dashed lines. The third
column shows the satellite track with the EQ epicenter (red star)

During the observable period, the geomagnetic conditions were mostly quiet except for a minor geomagnetic
storm on 17 September 2021. Figures 2(a, b) show the geomagnetic condition. It is evident that the pre-seismic
period when all the parameters show significant anomalies, is free from contamination due to any geomagnetic and
solar activities. Similarly, another geomagnetic disturbance took place on 12 October which is also far from the EQ
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day and thus has no such a contaminated effect. During the 2020 Samos EQ, as Sasmal et al. [2021] reported, the
different parameters show different time scales of maximum anomalies before the EQ Day. However, for this Crete
EQ, all the parameters show maximum intensification 3 days prior to the EQ except the PB values. Another exciting
factor is the diurnal TEC anomalies, where the effect of post-EQ and aftershocks are significantly prominent. The
impact of the geomagnetic storm is only visible from the small-scale fluctuations computed from the VTEC profiles.
This is also reflected in the wave-like structures in the wavelet scalograms. It is evident from the multi-parametric
results that Crete EQ shows less inhomogeneity in terms of the temporal evolution of the anomalous parameters.
Other phenomena like thermal anomalies [Peleli et al., 2022] and sub-ionospheric VLF anomalies [Politis et al.,
2023] also show significant seismogenic effects.

5. Conclusions

It is reasonable that the complex pre-seismic process involves many parameters with interrelated geochemical
and geophysical origins. The fundamental concept of LAIC that involves the different channels has a prominent
nature of inhomogeneity and anisotropy, leading to different temporal profiles of the maximum anomalies (See
Introduction). This is reflected in the induvial studies where different parameters show different anomaly signatures.
Therefore, the multi-parametric approach can give a comprehensive idea about the importance of various parameters
for a single EQ and their interrelationship (if any). The 2021 Crete EQ arose the opportunity for such a study where
we analyze the acoustic and EM anomalies recorded from ground- and space-based observables. The outcomes
of this analysis from GPS-TEC, AGW, PB enhancement, TEC-associated AGW, and Swarm electron density show
convincing pre-seismic impression and, most interestingly, on the same day (24 September 2021) before the EQ
under a quiet geomagnetic condition. Interestingly, even though the magnitude of the EQ is moderate (M = 6), the
anomalous signature is quite prominent in most parameters. Another EQ that took place on 12 October having a
larger magnitude (M = 6.5), can create some pre-seismic effects during its preparation process. The pre-seismic
effects and their physical propagation mechanism are widely debated as not adequately understood. Also, how the
anomalies of different channels migrate from one atmospheric layer to another is a highly complicated phenomenon
regarding their source and characteristics. Therefore, even though case studies of the multi-parametric approach
give convincing outcomes of seismogenic effects, statistical analysis is necessary to identify the most significant
and useful parameters of the LAIC mechanism. This will be done in the future.
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