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Abstract

The present article shows the satellite-based TEC data analysis for 6 earthquakes (M > 6.0) from
specific parts of the earth that occurred in 2021 during the low solar radiation period. In search of pre-
earthquake signatures in the ionosphere, the study of the data of GPS-based TEC before the earthquake is
needed. L; and L, frequency delays have shown STEC and VTEC formulations for Ionosphere electron
density measurements. The TEC data shows unusual behavior from 1 to 30 days before an earthquake. The
primary goal of this article is to investigate and establish the correlation of lithosphere atmosphere coupling
before earthquakes. Dst and Fio7 solar flux parameters have shown solar radiation. Additionally, TEC data
also represented as heat maps to confirm their location at the epicenter. This research might help us
understand how ionosphere properties respond to seismic activity in the earth’s crust.

Keywords: Total electron content (Tec), Earthquake, Slant total electron content (STEC), Vertical total
electron content (VTEC), Disturbance storm time index (Dst), Fi7 (solar flux), Global positioning system
(GPS), International GNSS service (GNSS), Receiver independent exchange format (RINEX)

Introduction

We are all aware that earthquakes are a frequent, naturally occurring phenomenon all over the Globe.
The earth’s core and some surrounding layers interactive mechanism are essential to understand earthquake
preparation. Science underlies the movement of plates that causes an earthquake; the earth’s structure is
composed of several plates, including some minor plates and 7 significant plates. The heat that accumulates
in the core causes these plates to be continually in circulation, gliding, clashing and drifting apart [1]. We
are aware that earthquakes of a larger magnitude cause significant economic harm and claim a larger
number of lives; they also change the region’s topography around its epicentre. Changes in the earth’s lower
atmosphere, like changing the troposphere’s temperature because of IR (infrared) emission, the vertical
profile of humidity, and pressure [2]. Variations in the upper atmosphere occurred due to anomalies in
parameters such as ionization, quasi-stationary electric fields [3], and ionospheric parameter TEC. (TEC is
Total Electron Content, Also known as electron density in 1 m?. Which is 1 TCEU = 1x10' electron/m?
were recorded above the seismic regions. The troposphere is the closest layer to the earth’s surface;
therefore, it is the densest layer. Earthquakes cause immediate changes to the troposphere. These changes
are because of the release of gases (radon gas emission) from deep inside the earth. Leakage of this radon
gas from the earth’s surface because of the earthquakes are the reason for temperature rising and humidity
changes in the surrounding area [4]. Because of a more significant concentration of electrons, the
ionosphere is a worldwide electric current, which is TEC (Total Electron Content, density of electrons in
ionosphere). Many natural events, such as dust storms, thunderstorms [5], earthquakes, volcanic activity
[6], radioactive gases [7], and solar radiation [8], induce variations in density of TEC. TEC rose during the
previous high solar radiation cycle, which occurred in 2014 - 2015; during this time, high-energy solar
particles made contact with the earth’s ionosphere, causing TEC to shift.
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Data

Earthquake data
The site used to collect data was (https://earthquake.usgs.gov). Table 1 shows a list of earthquakes
for the study of seismo-ionospheric correlation.

Table 1 Data of 6 earthquakes that occurred in 2021.
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The P, (c/a code pseudo-range) in meters, P, (p-code pseudo-range, in meters, L; (L carrier phase)
on f| frequency), and L, (L, carrier phase on f, 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 = (ﬁ) (@) (1)

fE-r2/ \ 403
The current GPS broadcast frequencies are f; (1,227.60 MHz) and f,(1,575.42 MHz).

Using an appropriate mapping function of distinct ionosphere pierce point (IPP) location, STEC
transformed to VTEC, and the mapping function S(E) was defined as follows;

1

S(E) = —— @)
STEC

VTEC = 35 3)

where,

cos y'= [1— (—R;‘XTZ;Z) €))

R, = Earth mean radius, 6,371 km, yx = angle of elevation, y'is zenith angle, and h,, = 350 km (IPP),
is the ionospheric shell’s height above the earth’s surface [9]. We compute the median X of the 30 days
before and after the earthquake date and the VTEC value in the Y median in this study to discover an
abnormality in ionospheric TEC.

Analysis

A GPS RINEX algorithm developed by Dr. Gopi Krishna Seemala, Indian Institute of Geomagnetism
(IIG), Navi Mumbai, India, was used to extract text files of tec from the CDDS website from the satellite.
The process yielded CMN files for each earthquake. With the help of Lab-VIEW codes, VTEC data have
been obtained every hour for 60 days.
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Results

Various data of earthquakes showed VTEC peaks, Dst-index, and solar flux. It has shown in Table 1
the data of 6 different earthquakes; the below graphs show variations in TEC of the ionosphere because of
those earthquakes. The first graphs of each earthquake show data of TEC v/s date, which shows no
correlation between latitude and longitude of the earthquake’s coordinates and the tec variations. The
second graph of each earthquake fulfills this condition of low solar activity.

Earthquake of New Zealand (M 8.1)

An earthquake on March 04 (marked by a green star) shook the Kermadec island region in New
Zealand; an anomaly in TEC have observed on February 06, February 21, February 28, March 06, March
14 and March 25, as shown in Figure 1(a). The solar activity is not observed on the Day, as shown in
Figure 1(b).
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Figure 1 (a) VTEC profile of the Kermadec Island, New Zealand (WARK) station; the daily VTEC curve
shows an increase in diurnal VTEC (red line). Before the earthquake, the black line shows 75 % of the max
VTEC value for 60 days; if any peak goes above black VTEC, it is considered an anomalous variation of
tec (yellow and green lines show the average value of VTEC and the lower limit of VTEC accordingly).
(b) The figure displays solar flux Fo.7 on top with a blue line and Dst-index with a red line. The geomagnetic
situation is considered tranquil, with a modest fluctuation in the Dst-index. The star symbol represents the
day of the earthquake.

The coordinates of the Kermadec island, New Zealand earthquake of 8.1 M, are —29.7228 (latitude)
and —177.2794 (longitude). The anomalous effect of earthquakes is in the range of 500 - 600 km from the
earthquake’s epicenter since the earthquake’s magnitude is very high. Figure 2 (heat map form) shows the
latitude data v/s Day while VTEC has shown on the z-axis. Similar results have been reported by [10].
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Figure 2 The heat map representation of VTEC in latitude v/s Day. This data shows the increment in TEC
for 60 days. The plot values greater than 11.45833x10'® TECU (total electron content unit) can be
considered anomalous VTEC. The yellow and red lines are in the regions close to the earthquake’s
epicenter. The white arrow indicates the Day of the earthquake.

Earthquake of New Zealand (M 7.3)
This graph shows an earthquake that occurred in New Zealand on March 04, 2021, but this data is
from a different satellite named WGTN. TEC variations are above the standard deviation line on February
03, February 07, February 16, March 01, March 13 and 25" march Figure 3(a). Which are almost similar
to the data we collected from satellite WARK. No solar radiation exists in this period; Fio.7 is silent during
this high TEC period. Figure 3(b). The earthquake was on March 04.
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Figure 3 (a) VTEC profile of the Kermadec Island, New Zealand (WGTN) station; the daily VTEC curve
shows an increase in diurnal VTEC (red line) before the earthquake. TEC anomalies on 3/2, 7/2, 16/2, 1/3,
13/3 and 25/3. (b) Displays solar flux Fio7 on top with the blue line and Dst-index with a red line. The
geomagnetic situation is considered tranquil, with a modest fluctuation in the Dst-index. The star symbol
represents the day of the earthquake.
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Figure 4 The heat map representation of VTEC in Latitude v/s Day. This data shows the maximum VTEC
of each day for all 60 days. Higher than 10.52222x10'¢ TECU (Total electron content unit) indicates an
anomaly in VTEC as we can see that most of the yellow and red lines are in the regions close to the epicenter

of the earthquake. The white arrow shows the day of the earthquake.

Earthquake of Alaska (M 6.1)

This graph shows data of an earthquake that shook Alaska on May 31, 2021; data from TEC is from
satellite FAIR. As we can see, TEC peaks are on May 17 and May 27 on and above the standard deviation
line, which is not normal Figure 5(a) and not because of the solar flux Fio7 Figure 5(b) since their values
are not as high as it is required to cause such high variations in TEC. The earthquake is on May 31.
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Figure 5 (a) VTEC profile of the Chickaloon, Alaska (FAIR) station; the daily VTEC curve shows an
increase in diurnal VTEC (red line) before the earthquake; anomalous variations in TEC are on 17/5, 27/5,
11/6 and 25/6. (b) The figure displays solar flux Fio7 on top with the blue line and Dst-index with the red
line. The geomagnetic situation is considered tranquil, with a modest fluctuation in the Dst-index. The star

symbol represents the day of the earthquake.
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Figure 6 The heat map representation of VTEC in Latitude v/s Day. This data shows the maximum VTEC
of each day for all 60 days. TEC greater than 7.17778x10'® TECU (Total electron content unit) indicates
an anomaly in VTEC as we can see that most of the yellow and red lines are in the regions close to the
epicenter of the earthquake. The white arrow shows the day of the earthquake.

Earthquake of Argentina (M 6.4)

The plot shows TEC data of an earthquake in Argentina on January 19, 202. It can be observed in
Figure 7(a) January 02, January 03, and January 04. Figure 7(b) indicate an entirely solar day from plot

Dst and Fio7.
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Figure 7 (a) VTEC profile of the Pacito, Argentina (SANT) station; the daily VTEC curve shows an
increase in diurnal VTEC (Red line) before the earthquake; Anomalous Variations in TEC are on 2/1, 3/1,
and 4/1 continuously. (b) The figure displays solar flux Fio7 on top with the blue line and Dst-index with
the red line. The geomagnetic situation is considered tranquil, with a modest fluctuation in the Dst-index.

The star symbol represents the day of the earthquake.
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Figure 8 The heat map representation of VTEC in Latitude v/s Day. This data shows the maximum VTEC
of each day for all 60 days. Higher than 26.06167x10'¢ TECU (Total electron content unit) indicates an
anomaly in VTEC, as we can see that most of the yellow and red lines are in the regions close to the
epicenter of the earthquake. The white arrow shows the day of the earthquake.

Earthquake of Japan (M 6.9)

Figure 9 shows an earthquake from Japan on May 01, 2021. There are 2 peaks in TEC right before
the earthquake on April 25 and April 27, which are above the deviation line drawn out above 20 TECU
(Total Electron Content Unit) Figures 9(a) - 9(b) shows data of Fio7 and Dst.
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Figure 9 (a) VTEC profile of the Japan (SMST) station; the daily VTEC curve shows an increase in diurnal
VTEC (Red line) prior to the earthquake; Anomalous Variations in TEC are on 25/4, 27/4, 2/5, 18/5 and
27/5. (b) The figure displays solar flux Fio7 on top with the blue line and Dst-index with the red line. The
geomagnetic situation is considered tranquil, with a modest fluctuation in the Dst-index. The star symbol
represents the day of the earthquake.
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Figure 10 The heat map representation of VTEC in Latitude v/s Day. This data shows the maximum VTEC
of each day for all 60 days. Higher than 18.66111x10'¢ TECU (Total electron content unit) indicates an
anomaly in VTEC, as we can see that most of the yellow and red lines are in the regions close to the
epicenter of the earthquake. The white arrow shows the day of the earthquake.

Earthquake of Japan (M 7.0)

This graph shows data of an earthquake that occurred in Japan on March 20, 2021; data from TEC is
from satellite USUD. Anomalous behavior of TEC on February 19, February 22, February 28, March 02,
March 05 and March 13 above the standard deviation line.
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Figure 11 (a) VTEC profile of the Japan (USUD) station; the daily VTEC curve shows an increase in
diurnal VTEC (Red line) prior to the earthquake; anomalous variations in TEC are on 19/2, 22/2,28/2,2/3,
5/3 and 13/3. (b) The figure displays solar flux Fio7 on top with the blue line and Dst-index with the red
line. The geomagnetic situation is considered tranquil, with a modest fluctuation in the Dst-index. The star
symbol represents the Day of the earthquake.
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Figure 12 The heat map representation of VTEC in Latitude v/s Day. This data shows the maximum VTEC
of each day for all 60 days. Higher than 16.16096x10'® TECU (Total electron content unit) indicates an
anomaly in VTEC, as we can see that most of the yellow and red lines are in the regions close to the
epicenter of the earthquake. The white arrow shows the Day of the earthquake.

The purpose of study from further down is to indicate TEC variations of a particular region throughout
the year. These results serve as a way to show seasonal variations of TEC over a New Zealand region,
which is useful for separating out anomalous VTEC for seismic activity. In New Zealand, the summer
season lasts from December to March and the winter season lasts from June to August. The temperature
ranges between winter and summer in the rest of the year. Stars shows the Earthquakes occurred in the
WARK igs station region. Table 2 shows the data of earthquake M > 6 occurred in New Zealand 2021.

Table 2 Earthquakes occurred in the working region of WARKOONZL igs station over the year of 2021.

Location of earthquakes

Days with TEC anomalies

Sr. No. (coordinates), Magnitude Date pg::ﬂt;;igl?e az:‘;’)f
1 Ii;rgﬂazdgesc 8155112‘7“8‘%’7?:&)2;;?‘;‘1 08/01/2021 01/01, 02/01, 06/01
2 (23.05 1L10 ga it; 11.5612323 M 7.7 10/02/2021 oL 26/0017’/83/02° e
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4 " 7('};;2‘;1';61 %ejélz;‘}?\r/‘[dl ; 04/03/2021 01/03, 03/03
T;;‘Ezizcsfsﬁ‘;‘zg‘gvv)’zfjlgf’ld 04/03/2021 01/03, 03/03
5 Iizrg;‘jgg’Iifg_‘;’;;;‘;;’zl\za?;‘d 05/03/2021 01/03, 03/03
6 (3 7(5}'7523";“‘1’71565? 427%3)1’3‘;’/? 61 06/03/2021 01/03, 03/03
i
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Location of earthquakes

Days with TEC anomalies

Sr. No. . . Date prior to 30 days of
(coordinates), Magnitude Earthquake day
Kermadec Island, New Zealand 14/03, 23/03, 25/03, 26/03,
? (29.0489S, 176.6124W), M 6.1 07/04/2021 28/03
Pangai, Tonga 25/03,26/03, 28/03, 17/04,
10 (18.9036S, 176.27W), M 6.5 24/04/2021 18/04, 24/04
Haveluloto, Tonga 25/03,26/03, 28/03, 17/04,
1 (21.6097S, 177.153W), M 6.5 25/04/2021 18/04, 24/04
Kermadec Island, New Zealand
12 (293395, 176.321W), M 6.1 29/04/2021 17/04, 18/04, 24/04
06/06, 07/06, 08/06, 11/06
Kermadec Island, New Zealand ’ ’ ’ ’
13 (3021625, 177.845W), M 6.5 20/06/2021 12/06, 13/016é/(1)2/06, 17/06,
Fiji 11/06, 12/06, 13/06, 16/06,
14 02/07/2021 17/06, 18/06, 25/06, 26/06,
(21.81168, 179.864W), M 6.1 27/06, 28/06, 30/06, 01/07
15 Kermadec Island, New Zealand 24/07/2021 01/07,03/07, 08/07, 21/07,
(29.92718, 176.864W), M 6.1 22/07,23/07, 24/07, 25/07
16 Kermadec Island, New Zealand 31/08/2021 03/08, 20/08, 21/08, 25/08,
(29.92118, 177.38W), M 6.4 26/08, 27/08, 28/08, 30/08
Vanuatu
17 (21.1265S. 174.896E). M 7.3 02/10/2021 22/09, 24/09, 25/09, 01/10
Vanuatu 22/09, 24/09, 25/09, 01/10,
18 (21.1265S, 174.522E), M 6.9 09/10/2021 03/10, 04/10
Fiji 01/10, 03/10, 04/10, 11/10,
19 (25.3168S, 179.604E), M 6.1 2171012021 12/10, 18/10, 19/10
Labasa, Fiji 22/11,28/11,29/11,01/12,
20 ’ 19/12/2021 04/12,09/12, 11/12, High
(16.31398, 178.578E), M 6.2 solar radiation period (15/12)
High solar radiation period
Levuka, F
21 evuka, T 26/12/2021 (15/12, 20/12, 21/12, 22/12,

(18.1104S, 179.352W), M 6.1

23/12,24/12, 25/12)




Trends Sci. 2023; 20(8): 5169 110f16

IGS Station: WARK —VTEC —LumiT u.umiT

1 (@
20 -

15

HH I ,M .clm fA.

5: \

VTEC

kns b Hrnda ‘J“ll«w
W | I\

\

0 . . . . . L L . . ! . . L
.01.01 .01.04 .0l08 .01.12 .01.16 .01.20 .01.24 .01.28 .02.01 .02.05 .02.09" .02.13 .02.17 .02.20 .02.24 .02.28
DATE

200
150 { (b)
100 -
50

01 s Aol Il PR WL ) N P , A,

T WWWW T VW vavvv*""" ML WVWW

-50 4
-100 |
-150 |
-200

.01.01 .01.04 .01.08 .01.12 .01.16 .01.20 .01.24 .01.28 .02.01 .02.04 .02.08 .02.12 .02.16 .02.20 .02.24 .02.28

Dst & F10.7

—Dst  —F10.7

DATE
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of year 2021. (b) Fi0.7 (Solar flux) and Dst (disturbance in storm time index) data over the same period of
time (from 1 January to 28" February). Stars show the day of earthquakes.
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Figure 14 (a) VTEC over the New Zealand region of WARK igs station, from 15 March to 30" April of
year 2021. (b) Fio.7 (Solar flux) and Dst (disturbance in storm time index) data over the same period of time
(from 1% March to 30" April). Stars show the day of earthquakes.
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Figure 15 (a) VTEC over the New Zealand region of WARK igs station, from 15 May to 30 June of year
2021. (b) Fi0.7 (Solar flux) and Dst (disturbance in storm time index) data over the same period of time
(from 1% May to 30% June). Stars show the day of earthquakes.
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Figure 16 (a) VTEC over the New Zealand region of WARK igs station, from 1% July to 315 August of
year 2021. (b) Fi0.7 (Solar flux) and Dst (disturbance in storm time index) data over the same period of time
(from 1% July to 31% August). Stars show the day of earthquakes.
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of year 2021. (b) Fio.7 (Solar flux) and Dst (disturbance in storm time index) data over the same period of

time (from 1% September to 315" October). Stars show the day of earthquakes.
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Figure 18 (a) VTEC over the New Zealand region of WARK igs station, from 1% November to 31%
December of year 2021. (b) Fi0.7 (Solar flux) and Dst (disturbance in storm time index) data over the same

period of time (from 1% November to 31% December). Stars show the day of earthquakes.
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Discussion

In the scientific community, there is no consensus on a scientific mechanism to explain recorded
ionospheric fluctuation related to earthquakes. Many researchers have seen changes in ionospheric TEC
prior to an earthquake [11-24]. According to Parrot [25], the piezoelectric and turbo-electric effects are
more likely to be involved in the propagation of the direct wave caused by the compression of rocks near
the epicenter. Stress caused by rock appears as an electric charge at the earth’s surface and electric current
in the atmosphere-ionosphere system [25,27]. The electron concentration in height then is modified or
redistributed by an Electric current in the ionosphere and joule heating. It has been observed that rising
liquids beneath the earth would release heated gases [28]. Molchanov and Hayakawa [29] suggested that
gas water released from the preparatory earthquake zone was the primary source of upward energy fluxes
caused by atmospheric gravity waves (AGWSs). Natural ionospheric turbulence is modified by the
penetration of AGW waves into the ionosphere [30,31]. An electric field parallel to the geomagnetic field
line is likely to have resulted from the pre-seismic perpendicular E-field (Electric field) on the earth’s
surface, which give rise to disruption over the F-region ionosphere. In that zone, perturbing the F-region
will cause it to pre-start propagating along conducting M-field (Magnetic-filed) lines and spreading over
the larger area [32].

We believe the theory behind the anomaly of TEC given by Pulinets [33], LIAC coupling mechanism;

1) Natural Lithosphere radiation (radon within the locality of active tectonic faults) is the precursory
signature of lower and upper atmosphere anomalies discovered 7 - a few days before seismic event near the
epicenter.

2) Air ionization created by a-particle radon decay begins the chain of processes involving all layers
of atmosphere and region. It results in a great deal of thermal energy release from beneath the surface of
crust, and this released heat of transformation allow to run free by water molecules during their attachment
to the ions produced by ionization.

3) Heating effects have observed in the sequential chain with some delay from lower to higher
atmosphere: Surface latent heat and unusual fluxes of the heat-energy of transformation shown by remote
sensing satellites.

4) Variations of tropospheric air phenomenon over the earthquake preparation zone manufacture the
local reform of the parameters of electrical Circuit between lithosphere and Ionosphere.

5) Air moves upwards because of latent heat unleash rises further variety of ion clusters nuclei to the
altitude of many kilometers resulting in clouds forming. Upwards force field over the seismic active zone.

6) Anomaly generated in atmosphere electricity create impact on the electron density and ion
concentration, ion temperature.

7) Contributing electrons modify the D-region of the ionosphere, leading to the abnormal propagation
of VLF waves among the waveguide Earth-ionosphere.

8) The planned lay idea delineates the scientific rationale for an integrated observation and validation
of earthquake precursors.

Conclusions

We identify abnormal fluctuation in TEC for all 6 earthquakes discussed in this work, consistent with
previous publications. Therefore, ionosphere behavior changes a few days before a big seismographic shock
inside or distant from the preliminary earthquake zone. Since we are only obtaining dispersed peaks in
VTEC, this suggests that the disturbance is caused in TEC by internal factors such as earthquakes rather
than solar radiation. Then it is inevitable that not all these deviations are due to volcanic eruptions; instead,
that does not happen Day in and Day out. However, this method also has some limitations. TEC is a
complex quantity whose variation is affected by solar radiation and seismic activity, so the percentages of
TEC of these 2 cannot be separated. It clearly shows that day-to-day maximum VTEC before and after the
earthquake is in a specific latitude range from the earthquake's epicenter. As a result, we can say if these
variations in tec are close to the epicenter.
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