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Abstract: This research document delves into the analysis of alterations in Total Electron

Content (TEC) as identified through GPS observations leading up to nine earthquakes

that transpired between the late months of 2021 and 2022. The comprehensive study in-

vestigates the TEC variations and provides a detailed examination of heat maps centred

around the earthquake epicentres. These heat maps, characterized by diverse latitudes

and longitudes, play a pivotal role in validating the precise locations of the earthquake

epicentres. Notably, the examination of these maps unveils discernible GPS TEC vari-

ations several days before the occurrence of each earthquake. In addition to the TEC

analysis, the research sheds light on the fluctuations in solar magnetic parameters. The

study elucidates instances where TEC peaks surpassed normal values, particularly during

periods characterized by minimal solar radiation effects. This correlation between solar

magnetic parameters and TEC fluctuations adds a nuanced layer to the understanding

of the complex interplay of factors leading to seismic events. The cumulative findings

derived from the investigation point towards a compelling conclusion: GPS TEC obser-

vations and the analysis of heat maps serve as indispensable indicators for identifying

precursory signs that precede an impending earthquake. This multidimensional approach

enhances our comprehension of the temporal and spatial aspects of seismic activity and

underscores the potential significance of solar magnetic parameters in influencing such

geophysical events.

Key words: earthquake, TEC (total electron content), STEC (slant total electron con-
tent), VTEC (vertical total electron content), percentage VTEC, solar flux F10.7, Dst
(disturbance storm time index), Ap (geomagnetic index), heat maps

1. Introduction

An earthquake is a natural phenomenon that occurs frequently. The pur-
pose of them is to release energy from the earth, which was accumulated
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under the lithosphere (earth’s uppermost layer). If an earthquake is of a
large magnitude and takes place near extensively developed infrastructure
and high populations, it causes a lot of damage. Every year, earthquakes
lead to the deaths of thousands of people all over the world. Therefore,
they are a subject worth studying and predicting (Rikitake, 1968). Re-
cent decades have seen the introduction of many different methods, such
as TEC (total electron content) enhancements (Agayeva, 2012), radon gas
emission, troposphere temperature increase, and humidity changing in the
earthquake preparatory zone (Pulinets et al., 2006), electromagnetic fields,
surface air temperature and sea surface temperature (Ghamry et al., 2021),
surface latent heat flux, chlorophyll and upwelling flux enhancement before
the earthquake (Singh et al., 2006). An investigation of TEC anomalies
prior to earthquakes is presented in this paper.

TEC is one of the most important components of the ionosphere. It is
well known that the ionosphere is composed of charged particles, includ-
ing electrons (Duncan, 1960). The ionosphere is a global electric circuit.
Several factors affect TEC, including solar radiation (Yadav et al., 2016a),
thunderstorms, lightning, volcanic activity, and seismic activity (Yadav and
Pathak, 2018; Yadav et al., 2016b; He et al., 2012; Zhu and Jiang, 2020).
Sharma et al. (2017) in their work showed that variations of vertical total
electron content were seen in the Himalayan region for all 4 earthquakes,
these variations were seen increasing as they moved closer to the epicen-
tre of the earthquake using ground-based GNSS data. In the year 2022,
Asaly et al. (2022) performed a support vector machine (SVM) technique
to predict the precursors in the ionosphere prior to the seismic events; they
were able to predict true positive results with 80% accuracy and true neg-
ative results with 85.7% accuracy. Ghimire and Chapagain (2022) used 6
GPS receivers’ data to analyse the TEC disturbances due to the 7.8 mag-
nitude Nepal earthquake of 25th April, 2015. GPS transmission frequencies
are delayed when TEC is disturbed because the ionosphere functions as a
dispersive medium. It is possible to measure TEC values in the atmosphere
based on these delays and pseudo-ranges of these frequencies. In addition
to monitoring the ionosphere, GPS also provides a real-time picture of the
whole atmosphere. To make GPS work, 24 satellites are dispersed across
six orbital planes across the planet. Each satellite transmits two frequen-
cies of signals f1 = 1575.42 MHz and f2 = 1227.60 MHz the total number
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of electrons is known as the total electron content or TEC, inside 1 m2 of
cross-section; 1 TEC unit is equal to 1016 el./m2. Such studies of TEC
prior to an earthquake data were conducted before for many earthquake
cases (Liu et al., 2004; Afraimovich and Astafyeva, 2008; Klimenko, et al.,
2011) also showed that, 3 days before the strong Wenchuan earthquake on
May 9, 2008, TEC enhancements above the earthquake preparation area
and magneto-conjugated area were also observed.

There are a few reasons that are responsible for the enhancement in TEC,
like radon gas emission, atmospheric gravity waves (AGW), and piezoelec-
tric effects cause seismogenic vertical electric fields which have been studied
by Namgaladze et al. (2009) in which the positive and negative electric
charges need to be located at the western and eastern boundaries of the
region respectively. The efficiency of the suggested mechanism was inves-
tigated through the simulation of the ionospheric reaction to the electric
field produced by the specified charge arrangement. Akhoondzadeh (2012)
also showed TEC anomalies of the Tohoku earthquake of 2011. Tariq et
al. (2019) showed anomalous VTEC within 10 days before an earthquake
for 7+ magnitude earthquakes in Asian countries during 2015 – 2017 in low
solar activity period. The result section introduces TEC plotting with heat
maps (latitude and longitude) to show the relationship between the TEC
coordinates and the earthquake preparatory zone area. Earthquakes that

Fig. 1. Displays the closest IGS stations and the epicentre of each of the ten earthquakes
(the IGS stations are denoted by black dots and earthquake epicentres are denoted by red
dots).
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occurred throughout the world in the late months of 2021 and 2022 are
shown in Fig. 1. TEC variations in the ionosphere are not too far from the
epicentres of earthquakes as shown in Fig. 1 by IGS (International GNSS
(Global Navigation and Satellite System) service) stations (black dots) and
earthquakes (red dots).

2. Data and analysis

Earthquake data (epicentre location, magnitude, pre-shock, and aftershock
details were obtained from the USGS (United States Geological Survey)
website (https://earthquake.usgs.gov/). In Table 1, we present seismic
data from 9 earthquakes in the late months of 2021 and 2022 (earthquake
location, date, time, and the location of the IGS station). Since for other
earthquake cases of 2021 – 2022, we couldn’t find the GPS receiver data,
hence only a few earthquake data have been displayed here of magnitude
6 and higher. NASA’s website (https://cddis.nasa.gov/) was used to
collect data on satellites corresponding to these earthquake regions.

STEC and VTEC formulations containing L1 and l2 carrier phase fre-
quencies and pseudo ranges of l1 and l2 were also used. P1 (code c/a
pseudo-range, of l1 frequency), P2 (pseudo-range p-code, in meter, of l2 fre-
quency), l1 (carrier phase, in cycles, on l1 frequency), and l2 (carrier phase,
in cycles, on l2 frequency) with a time resolution of 30 s are all included in
the RINEX data obtained from GPS receivers. From an IGS data collection
in RINEX format, the STEC (slant total electron content) was calculated
by:

STEC =

(

f2
1f

2
2

f2
1
− f2

2

)

(

P1 − P2

40.3

)

,

where f1 (1227.60 MHz) and f2 (1575.42 MHz) are current GPS broadcast
frequencies. Using an appropriate mapping function of distinct ionosphere
pierce point (IPP) location, STEC was transformed to VTEC, the mapping
function S(E) is defined as:

S(E) =
1

cosχ′
, VTEC =

STEC

S(E)
,

where:
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Table 1. Data and time of all 9 earthquakes (late 2021 – 2022).

Sr. Location of
Date

Time
IGS stations

No. earthquake (UT)

Mid-Indian Ridge
2nd Oct. DGAR

1 (9◦11′ S, 67◦16′ E)
2021

20:43
(7◦16′ S, 72◦22′ E)

M 6.0

Chile
4th July SANT

2 (28◦44′ S, 71◦29′ W)
2021

01:29
(33◦9′ S, 70◦40′ W)

M 6.0

California
8th July BILL

3 (38◦30′ N, 119◦30′ W)
2021

22:49
(33◦35′ N, 117◦4′ W)

M 6.0

Nicaragua
9th Nov. SSIA

4 (11◦13′ N, 86◦32′ W)
2021

06:25
(13◦42′ N, 89◦32′ W)

M 6.3

Haiti
14th Aug. RDSD

5 (18◦26′ N, 73◦29′ W)
2021

12:29
(18◦28′ N, 69◦55′ W)

M 7.2

Peru
30th July RIOP

6 (4◦59′ S, 80◦37′ W)
2021

17:10
(1◦39′ S, 78◦39′ W)

M 6.2

Fiji region
12th Nov. TONG

7 (20◦7′ S, 178◦21′ W)
2022

07:09
(21◦9′ S, 175◦11′ W)

M 7.0

Solomon Islands
22nd Nov. SOLO

8 (9◦49′ S, 159◦28′ E)
2022

02:38
(9◦26′ S, 159◦57′ E)

M 6.0

Samoa Islands region
4th Dec. TONG

9 (15◦21′ S, 172◦69′ W)
2022

19:24
(21◦9′ S, 175◦11′ W)

M 6.8

PERCENTAGE VTEC (%) =
VTEC

UPPER LIMIT
× 100 ,

cosχ′ =

√

√

√

√1−

(

Rx cosχ
2

Rx + hm

)

Rx = Earth mean radius, 6371 km, χ = angle of elevation, χ′ is zenith
angle, and, hm = 350 km (IPP), is the ionospheric shell’s height above the
earth’s surface (Rama Rao et al., 2006).
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We compute the median X of the 60 days prior earthquake date and the
VTEC value in the Y median in this study to discover an abnormality in
ionospheric TEC. As a result of calculating the interquartile range based on
the VTEC data, the upper limit is derived.

In order to extract TEC text files from CDDIS (Crustal dynamics data
information system) website via satellite, a GPS Rinex algorithm developed
by Dr. Gopi Krishna Seemala (Seemala, 2011). Text files were converted into
60 days of 24-hour data with LabVIEW coding. These data sets were used
to plot Percentage VTEC v/s Days and Heat maps. Solar indices are plotted
here as well, to show disturbances in the magnetic field and electric field of
earth. The results shown here were produced using Tableau. Using NASA’s
OmniWeb website (http://omniweb.gsfc.nasa.gov/form/dx1.html), so-
lar flux F10.7, disturbance storm time index (Dst), and geomagnetic index
Kp were obtained. A few more parameters about solar radiation and dis-
turbances caused by solar radiation can be found on this site.

3. Results

VTEC values for each hour for the 30 days prior to and following an earth-
quake are displayed in graphs of percentage VTEC% v/s Day. In VTEC,
heat maps on a global basis are also displayed here. These maps show where
VTEC is located on a global scale. Using VTEC values, an upper was dis-
covered in order to determine which VTEC results would be regarded as
anomalous.

Figure 2a, which depicts the magnitude 6 Mid-Indian range earthquake,
provides indications that the VTEC is increasing over the upper limit (100%
is the upper limit border, which is indicative of the quartile range taken into
account from the VTEC data). On days 25, 23, and 8 to 3 prior to the earth-
quake, the VTEC began to exceed the upper limit. The gap between the
anomalies started to close as the earthquake day (2nd October 2021) drew
near. There were certain days when the VTEC crossed the 150% mark,
which means the VTEC readings were greater than 1.5 times the upper
limit value. Solar indices graphs (about 30 days before and after the earth-
quake date) are shown in Fig. 2b. It’s clearly visible that F10.7< 120 sfu
and Dst<−50 nT. Nonetheless, VTEC levels exceed the established upper
limit. Even after the earthquake, there remain significant variances in TEC.
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Fig. 2a. Shows percentage VTEC (%) v/s Day (green values indicate low VTEC%, orange
and red values indicate high VTEC%). As the earthquake day approaches, the TEC value
is rising, as can be seen. VTEC values above 100% are considered abnormal fluctuations.
IGS station is DGAR00GBR station from the United Kingdom.

Given that the earthquake made the lithosphere less restrictive to constrain
the seismic energy, these variations may be the energy that escapes from
the lithosphere.

On a world map scale, Figure 2c displays the VTEC% anomalies asso-
ciated with the Mid Indian Range Earthquake. It is clear that anomalies
were reported all around the earthquake’s epicentre.

Fig. 2b. Displays values for F10.7, Dst, and Kp that are insufficient to justify such
TEC abnormalities. Disturbance caused by solar radiation is seen 15 days before the
earthquake. But the electron density was observed low during this time period. After
the earthquake %VTEC showed a spike going above 150% but the solar radiation effects
were not that effective.
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Fig. 2c. Heat map is displayed nearby Mid Indian range on a global scale. Red and orange
dots indicate VTEC% abnormalities (scattered over a large region). The coordinates of
the earthquake epicentre is 9◦11′ S, 67◦16′ W, which is not very far from the recorded
VTEC% values.

In contrast to the first result, in the second case (Fig. 3a), VTEC%
anomalies were seen almost daily leading up to the earthquake (4th July
2021, M 6.0), in the Mid Indian range ocean. Since solar radiation is very
low (F10.7< 120 sfu and Dst<−80 nT). According to Figure 3b, which
shows the period from 4 June to 3 August, this VTEC% cannot be at-
tributed to solar radiation but rather to seismic activity. This is also true
in this instance. VTEC anomalies following an earthquake are seen.

Near Santiago, which is almost 400 km from the earthquake’s epicentre,
Figure 3c depicts VTEC% anomalies as a heat map on a global scale. It
is clear that anomalies were reported all around the epicentre of the earth-
quake. These findings resemble those of the mid Indian range earthquake
despite a distance of about 500 km between the earthquake’s epicentre and
the satellite VTEC data.

Figure 4a displays the California earthquake’s VTEC% data (8th July
2021, M 6.0). The figure clearly illustrates variations in VTEC% above the
pre-set upper limit (100%), as can be seen. VTEC varies continuously from
6 to 17 days, from 25 to 30 days, and 2 to 3 days prior to the earthquake.
Additionally, there are post-earthquake anomalies. Around the 25th day fol-
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Fig. 3a. Shows percentage VTEC (%) v/s Day (green values indicate low VTEC%, orange
and red values indicate high VTEC%). As the earthquake day approaches, the TEC value
is rising, as can be seen. VTEC values above 100% are considered abnormal fluctuations.
IGS station is SANT00CHL from Chile.

lowing the earthquake, VTEC crossed the 150% line, meaning VTEC was
1.5 times higher than the upper limit.

The data of solar flux, solar indices, and earth’s electric field disturbances
are displayed in Fig. 4b. Both 30 days before and 30 days after the earth-
quake, the solar weather was normal. The region over which these anomalies
are reported near Los Angeles (about 400 km from the earthquake’s epicen-
tre) is depicted in Figure 4c’s heat map representation of the VTEC% of

Fig. 3b. Displays values for F10.7, Dst, and Kp that are insufficient to justify such TEC
abnormalities. The solar indices show no irregular variations that can affect the electron
density of the ionosphere at a scale where VTEC% values above 100% were spotted every
day before the earthquake day.
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Fig. 3c. Heat map is displayed around Santiago (about 400 km from the epicentre) on a
global map scale. Red and orange dots indicate VTEC% abnormalities (scattered over a
large region). The coordinate of the earthquake epicentre is shown in Table 1 (28◦44′ S,
71◦29′ W), which is in the region of recorded VTEC% values.

the California earthquake (8th July, 2021). These outcomes correspond to
the case of the Chile earthquake (Fig. 3c).

Figure 5a (see the online Supplement) displays the earthquake’s VTEC%

Fig. 4a. Shows percentage VTEC (%) v/s Day (green values indicate low VTEC%, orange
and red values indicate high VTEC%). As the earthquake day approaches, the TEC value
is rising, as can be seen. VTEC values above 100% are considered abnormal fluctuations.
IGS station is BILL00USA from Chile.
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Fig. 4b. Displays values for F10.7, Dst, and Kp that are insufficient to justify such TEC
abnormalities. The solar indices show no irregular variations that can affect the electron
density of the ionosphere at a scale where VTEC% values above 100% were spotted every
day before earthquake day.

in Nicaragua (9th November 2021, M 6.3). 30 days prior to the earthquake,
VTEC anomalies were seen crossing the 150% threshold and space weather
conditions were quiet. However, Dst disturbances above −80 nT were seen

Fig. 4c. Heat map near Los Angeles is displayed on a global map (400 km from the
earthquake’s epicentre). Red and orange dots indicate VTEC% abnormalities (scattered
over a large region). The coordinate of the earthquake epicentre is shown in Table 1
(38◦30′ N, 119◦30′ W), which is near the region of recorded VTEC% values.
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5 to 7 days prior to the earthquake, as shown in Fig. 5b (in Supplement).
Thus, there is a chance that VTEC anomalies may result from that. Anoma-
lies following the earthquake were seen in this instance as well.

Wang et al. (2008) demonstrated comparable findings of brief TEC en-
hancements in the equatorial zone, with correlations between TE and Dst
displaying a rising trend from morning to afternoon, even amidst periods of
low geomagnetic activity.

Figure 5c (in Supplement) depicts the case study for the Nicaragua earth-
quake (9th November 2021), in which anomalies in the VTEC% were seen
over El Salvador (approximately 400 km from the epicentre of the earth-
quake). In all the cases of this study, such long-range VTEC anomalies
were seen. This makes it abundantly clear that seismic activities have a
very wide-ranging impact on the ionosphere.

Figure 6a (in Supplement) displays the Haiti earthquake’s VTEC% data
(14th August 2021, M 7.2). On the 28th day prior to the earthquake is when
VTEC anomalies were seen to be their highest, and this is also the time
when solar flux and Dst values were seen to be at their lowest (Fig. 6b, in
Supplement), which indicates that there was no solar activity during this
time. Continuous VTEC% anomalies were seen 10 to 25 days prior to the
earthquake. Electric field disturbances peaked after the earthquake, which
suggests bizarre solar activity. When compared to the number of anomalies
seen in the other five cases shown above, the VTEC% anomalies in the Peru
earthquake case with a magnitude of 6.2 (Fig. 7a, in Supplement) were quite
normal. Solar radiation was the cause of the VTEC being almost 200% after
the earthquake on the 28th day (high Dst on the same day in Fig. 7b, in
Supplement).

In the M 7.0 Fiji island earthquake case (Fig. 8a, in Supplement), VTEC%
anomalies were seen for quite a few days (9th November 2022) before the
earthquake, and there were continuous variations. Around −80 nT of Dst
was measured for about half of the VTEC anomalies (Fig. 8b, in Supple-
ment). The beginning of solar cycle 25 in mid-2022 resulted in a significant
increase in the number of solar radiation effects on the earth’s magnetic field.
Following the earthquake, 8 VTEC anomalies were observed above 150%,
none of which occurred during the period when Dst and F10.7 were high.
It was evident from heat maps on a global scale that all these VTEC%
variations for the Fiji case were located very close to the area where the
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earthquake’s epicentre was reported. While abnormal VTEC (orange and
red) range from 100 – 200%, green dots show VTEC from 0 – 99% (dark
green dots range from 0 – 49%, light green dots range from 50 – 99%).

The Solomon Island case showed similar outcomes as well (M 7.0, 22nd

October, 2022). Before the earthquake, VTEC anomalies were seen fre-
quently (Dst was seen to be a little higher for a few days). However, solar
flux (F10.7) was nearly 150 sfu in the Fig. 9b (in Supplement), despite the
fact that no abnormal changes in VTEC were observed. These kinds of oc-
currences raise numerous concerns regarding the ionosphere’s vulnerability
to solar radiation. These VTEC% anomalies (Fig. 9c, in Supplement) were
unquestionably in the earthquake epicentre region, according to heat maps
results. For the Samoa Island earthquake case (M 6.8), similar conclusions
were also attained. Right before the earthquake day (4th December 2022),
VTEC% anomalies were seen to spike, and Dst readings were very low at
that time (Fig. 10b, in Supplement). The heat map results also revealed
VTEC variations very near the epicentre.

Directly above the earthquake’s epicentres, this kind of TEC enhance-
ment was seen at all IGS stations. These variations were detected by some
satellites up to 8 – 9◦ latitude and longitude away from the earthquake’s epi-
centre. According to Chakravarty’s research, TEC variations can occur up
to 13◦ latitude (Chakravarty, 2014). Given the large number of anomalies
that were noticed both before and after each earthquake, it is crucial to
provide additional proof in the results that these anomalies were not just
noticed at noon time in each of these regions. Which makes the Hour v/s
Days results very instructive (Fig. 11a-i shows that high anomalies were ob-
served during night-time and evening as well). These findings demonstrate
the onset of VTEC’s growth, its peak, and the beginning of its decline. Re-
searchers have previously studied night-time VTEC anomalies in Bhopal,
India (Jain et al., 2011). Figure 11c, however, revealed that night-time
TEC enhancements were ascertained in California (38◦ N latitude earth-
quake case).

4. Discussion

This paper talks about 9 earthquakes, and TEC anomalies reported prior to
these earthquakes. Such results of previous earthquakes were also shown by
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(a)

(b)

(c)

(d)
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(e)

(f)

(g)

(h)
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(i)

Fig. 11a-i. Abnormal VTEC% is displayed for each of the 24 hours of the day for all
earthquakes (higher VTEC% values are indicated by orange and red dots that are sized
larger than normal VTEC%). Note: These variations are not direct VTEC values but the
percentage VTEC, which shows that the VTEC values are not going above upper limit
decided for the particular cases VTEC values, and these values are nullified with small
dots shown in map. Values of VTEC going above upper limit are shown with bigger dots
(the size of the dots are in positive correlation with the VTEC).

Liu et al. (2010) and Yadav et al. (2023), by contour plots (Devi et al., 2004;
Karia and Pathak, 2011; Shah and Jin, 2015; Başçiftçi and Bülbül, 2022;
Eisenbeis and Occhipinti, 2021; Ulukavak et al., 2020), later in 2022 Liu
et al. (2023) showed TEC anomalies with two more additional parameters
(ions temperature and ions velocities) of 2 Iran-Iraq border earthquakes of
2017. There are many theories present in the scientific community which
talk about the relationship between seismic activity and Ionospheric TEC
anomalies prior, during and after the earthquakes. One of these theories
is, the direct wave propagated by the compression of rocks near the epi-
centre is likely to be affected by piezoelectric and turboelectric effects. At
the earth’s surface, rock-induced stress manifests as an electric charge and
an electric current in the atmosphere and ionosphere (Freund, 2007; Uyeda
et al., 2009), later in 2021 Freund et al. (2021) showed detailed physical
processes involved in the enhancement of electron and ion density. The
electron concentration in height is altered or redistributed by electric cur-
rent in the ionosphere and joule heating. There have been reports of gases
escaping into the atmosphere after being heated by underground liquids
rising (Troyan and Hayakawa, 2002). The primary source of upward en-
ergy fluxes caused by atmospheric gravity waves (AGWs) was gas water
released from the preparatory earthquake zone, according to Molchanov
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and Hayakawa (2008). It is believed that AGW waves are moulding natu-
ral ionospheric turbulence (Liperovsky et al., 2000; Molchanov et al., 2004).
It is likely that the pre-seismic perpendicular Electric field on the earth’s
surface, which causes disruption over the F-region ionosphere, resulted in
an electric field that is parallel to the geomagnetic field line. The F-region
will pre-start spreading along conducting magnetic field lines and cover a
larger area when it is disturbed in that area (Liu et al., 2006).

There are also theories given by Pulinets and Ouzounov (2011) on LIAC
coupling mechanism: (1) the precursory signature of lower and upper atmo-
sphere anomalies discovered seven to one days before a seismic event near
the epicentre is lithosphere radiation (radon in the vicinity of active tectonic
faults). (2) When a particle decays, it creates air ionization, which triggers
a chain reaction involving all layers of the atmosphere. During ionization, a
great deal of thermal energy is released under the surface of the crust, which
allows water molecules to run free when attached to the ions they produce.
(3) Surface latent heat and unusual heat-energy fluxes, as shown by remote
sensing satellites, have been observed as heating effects in the sequential
chain with some delay from lower to higher atmosphere. (4) Variations in the
lithosphere-ionosphere electrical circuit parameters are produced locally by
variations in tropospheric air phenomena over the earthquake-preparation
zone. (5) As air ascends due to the release of latent heat, various ion clus-
ter nuclei ascend to high altitudes, forming clouds. Due to this process,
a force field directed upward is observed over the seismically active area.
(6) Electricity anomalies in the atmosphere influence ion temperatures, ion
concentrations, and electron densities. (7) Contributory electrons alter the
D-region of the ionosphere, causing VLF waves to propagate abnormally
among the waveguide Earth-ionosphere. (8) In the planned lay idea, the
scientific justification for a coordinated observation and validation of earth-
quake precursors is laid out.

5. Conclusion

Nine earthquake cases from the final months of 2021 and 2022 are discussed
in this paper. Additionally, it discussed the TEC anomalies that were de-
tected 30 days prior to 30 days following all earthquakes and were reported
within 500 km of the epicentre. In all cases, these maps displayed anomalous
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variations. Solar indices demonstrated that, at least for earthquake cases in
2021, solar conditions were calm. In the final three cases of this study, solar
indices confirmed that the effects of the 25th solar cycle began to manifest as
early as 2022, which caused Dst and Kp values to spike above their normal
levels. All of these variations were found to be very close to the earth-
quake’s epicentre, according to VTEC% heat maps on world map. Even
though there were some days when VTEC spiked, the geomagnetic condi-
tion was calm. There were night-time TEC enhancements recorded in all of
these cases, and since solar radiation is at its lowest during the night, as seen
in the previous results, we can speculate that these anomalies are caused by
seismic activity. However, some studies hypothesised that the neutral wind,
electrodynamic E-B drift, and post-sunset increase in the equatorial foun-
tain were the root causes of the night-time enhancement in TEC. Therefore,
it is difficult to determine what factors are causing TEC to soar at night.
If all effects are considered together, finding a way to distinguish between
disturbances brought on by each effect will need to be researched. There are
some disadvantages to this method. For instance, because TEC is high in
the summer, it can be difficult to separate the portion of the TEC increase
brought on by seismic activity from the portion brought on by the radiation
effect.
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