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Abstract

This study presents a comprehensive spatio-temporal analysis of ionospheric disturbances associated with seismic activity
by applying the Differential Rate Of TEC (DROT) algorithm to GPS-based Total Electron Content (TEC) data. The inves-
tigation covers ten major earthquakes (Mw 9.0-5.6), examining ionospheric variability across pre-seismic, co-seismic, and
post-seismic periods, alongside geomagnetically quiet and disturbed days. Results reveal that ionospheric perturbations
are not confined to the pre-earthquake phase; significant anomalies are also observed during and up to six days after the
seismic events. On earthquake days, DROT values predominantly cluster between 60 and 70%, indicating large-scale
disturbances, while medium-scale disturbances (50-60%) are prevalent in the days leading up to and following the earth-
quakes. Spatial analysis shows stronger disturbances within 500 km of epicenters, diminishing with distance. The findings
support the Lithosphere-Atmosphere-lonosphere Coupling (LAIC) model, highlighting the sustained influence of seismic
processes on the ionosphere. By distinguishing between seismically and geomagnetically induced disturbances, this study
underscores the potential of DROT as a tool for real-time ionospheric monitoring and contributes to efforts in earthquake
precursor detection and early warning systems.

Keywords Ionospheric disturbances - Earthquake precursors - Total Electron content (TEC) - Differential rate of TEC
(DROT) - Spatio-Temporal analysis

Introduction

The intricate movements of tectonic plates and the Earth’s
crust form the basis of the complex nature of earthquakes.
Faults that rupture before to earthquakes impact multiple
physical systems that in turn influence the overall seismic
event. The lithosphere, atmosphere, hydrosphere and ion-
osphere make up this multiple physical systems that they

P4 Secil Karatay
skaratay@kastamonu.edu.tr

Department of Electrical-Electronics Engineering,
Kastamonu University, Kuzeykent, Kastamonu
37150, Tiirkiye

Department of Electrical and Electronics Engineering,
Hacettepe University, Beytepe, Ankara 06800, Tiirkiye

Department of Geomatic Engineering, Yildiz Technical
University, Esenler, Istanbul 34220, Tiirkiye

can all interact in different ways in the build-up to an earth-
quake. The main process is the build-up and abrupt release
of stress along the fault line. Many physical mechanisms,
such as Radon emission and electromagnetic changes, are
significantly affected and changed when faults rupture
before an earthquake. Rock fractures can cause the atmo-
sphere to fill with gasses such as Radon (Pulinets & Ouzou-
nov, 2011; Trique et al. 1999; King 1986; Igarashi et al.
1995). Certain earthquakes have been shown to be preceded
by elevated Radon levels that may indicate subsurface con-
dition changes (Khan et al. 2021). Fault-related stress and
strain may have an impact on Earth’s electromagnetic field
and cause ionospheric anomalies and disturbances that can
be observed by satellites and ground-based sensors (Kara-
tay et al. 2010; Gurbuz et al. 2023; Ghimire and Chapagain
2022; Tachema 2024). A topic of great scientific interest is
the association between pre-earthquake ionospheric anoma-
lies and seismic activity, since these anomalies may act
as precursors to possible earthquakes. Some ionospheric
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anomalies and disturbances, such as variations in tempera-
ture and electron density and Total Electron Content (TEC),
have been detected before the seismic activity (Karatay et
al. 2010; Pulinets et al. 2004, 2005; Carbone et al. 2021,
Budak et al. 2024; Nayak et al. 2023). These anomalies are
believed to be caused by the transmission of seismic waves
that alter the Earth’s magnetic field or by the discharge of
gases from the Earth’s crust, such as Radon, which ionizes
the atmosphere (Larkina et al. 1989; Bolt 1964; Donn and
Posmentier 1964; Hirshberg et al. 1967; Khan et al. 2021,
Su and Chen 2023; Tsuchiya et al. 2024). These ionospheric
anomalies and disturbances have been detected by satellite-
based observations and ground-based monitoring stations
hours to days ahead of major earthquakes, suggesting a
potential connection between the building of subterranean
stress and ionospheric responses.

Spatio-temporal analysis of the pre-earthquake distur-
bances in the ionosphere is important to comprehend and
foresee the seismic events. Variations in TEC (Karatay et
al. 2010), electromagnetic emissions (Molchanov et al.
1995) and plasma density (Tao et al. 2017) are examples of
ionospheric disturbances that are frequently detected days
to hours before to significant earthquakes. These investiga-
tions shed light on the temporal evolution and spatial extent
of these disturbances. These disturbances can be identified
and the accuracy precursor detection can be improved by
mapping these ionospheric disturbances and anomalies over
time and comparing them to seismic activity (Yao et al.
2012; Hirooka et al. 2011; Xie et al. 2021; Liu et al. 2023).
It helps differentiate earthquake-related disturbances from
other ionospheric phenomena like geomagnetic storms or
solar flares. Furthermore, the integration of multi-source
data from satellites, ground-based sensors, and global posi-
tioning systems is made possible by spatio-temporal stud-
ies, providing a thorough understanding of the interaction
between the lithosphere, atmosphere and ionosphere (Puli-
nets & Ouzounov, 2011). Development of the predictive
models, improvement of the early warning systems and
mitigation of the risks for large-scale seismic disasters all
depend on such thorough investigations.

Ionosphere is a layer of Earth’s upper atmosphere that lies
between 60 and 1000 km above the surface that is made up
by ionized particles produced by solar radiation. Because of
this ionization and ionosphere’s ability to reflect and refract
radio waves, it is important to satellite and radio communi-
cations. The ionosphere significantly varies depending on
time of day, geographic location, seasons, solar, geomag-
netic activities, and to a lesser extent, seismic activities, also
including well-documented co-seismic effects and potential
pre-seismic anomalies under investigation. The Total Elec-
tron Content (TEC), a measure of the total number of elec-
trons in an ionosphere column with a cross-sectional area of
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one square meter, is a crucial quantity for comprehending
the ionosphere’s effect on radio and satellite communication
technology. Increases in TEC values might result in signal
delays and inaccuracies in navigation and positioning appli-
cations. Reliable communication and navigation systems
are ensured by the ongoing monitoring of TEC which aids in
prediction and mitigation of such impacts. TEC also varies
depending on solar activity, time of day, season, geographic
location, solar, geomagnetic and seismic activities (Davies
1990; Hargreaves 1992; Kelley 1989). This field of study
makes use of information from space-based instruments
and ground-based receivers to increase satellite-based tech-
nology reliability and our comprehension of ionospheric
dynamics. The unit of TEC is TECU, where one TECU is
equal to 10'® el/m?. With its global network of sensors, the
Global Positioning System (GPS) offers an affordable way
to monitor ionospheric variability over a substantial area of
the global landmass and estimate TEC (GPS-TEC) (Arikan
et al. 2003; Nayir et al. 2007; Sezen et al. 2013).

In recent years, extensive research has been presented in
the literature on the Lithosphere-Atmosphere-lonosphere
Coupling (LAIC) model, which describes the coupling
between seismic activity and the ionosphere’s electromag-
netic state (Pulinets & Ouzounov, 2011; Hayakawa et al.
2021; Molchanov et al. 2004). Numerous studies have dem-
onstrated that earthquakes can induce perturbations and
disturbances in the ionospheric plasma. These perturbations
and disturbances, which can occur both before and after
seismic events, are frequently detected as anomalies in Total
Electron Content (TEC) (Pulinets and Boyarchuk 2004; Liu
et al. 2000; Krankowski et al. 2006; Karatay et al. 2010).
These studies have indicate that earthquakes can induce
perturbations and disturbances in the ionospheric plasma.
These perturbation and disturbances can occur before or
after seismic events and are frequently detected as anom-
alies in TEC. Ionospheric disturbances are thought to be
caused by atmospheric disturbances that propagate upward
and generate acoustic waves(Weaver et al. 1970) and grav-
ity waves(Row 1966) as a result of the ground motion.
During seismic activity, electric fields caused by stress and
strain in the Earth’s crust may have an impact on the iono-
sphere (Pulinets et al. 1998; Ghosh et al. 2009). Early warn-
ing systems and earthquake prediction may be possible by
detecting these ionospheric anomalies through GPS-based
TEC measurements and other ionospheric monitoring meth-
ods (Pulinets and Boyarchuk 2004; Liu et al. 2000; Shah et
al. 2020). Most analytical research investigating the seismo-
ionospheric relation has employed statistical methods. The
objective of these investigations has been to identify statisti-
cal relationships between ionospheric parameters, including
TEC and the critical frequency of the ionospheric F2-region
(Pulinets et al. 2004; Karatay et al. 2010; Liu et al. 2004a;
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Kouris et al. 2006; Davidenko and Pulinets 2019; Colonna
et al. 2023). The detection and classification of anoma-
lous ionospheric signals during geomagnetic and seismic
activity remain challenging and require the application of
sophisticated signal processing techniques. Recently, strong
Machine Learning (ML) algorithms have been developed
that can handle data that increases logarithmically with
power hardware. The ML algorithms have been applied to
GPS-TEC measurements, ionosondes and satellite observa-
tions to classify, detect and predict the possible earthquake
precursor signals and geomagnetic disturbances in the iono-
sphere in the recent studies in the literature (Akyol et al.
2020; Budak et al. 2024; Karatay and Gul 2023; Budak
and Gider 2023; Eshkuvatov et al. 2023). These algorithms
include noise filtering, data normalization, and the identifi-
cation of critical markers of ionospheric disturbances, like
abrupt shifts in TEC values, amplitude variations in signals,
or phase fluctuations. Real-time ionospheric monitoring can
also be facilitated by the deployment of ML algorithms,
which offer alerts and ongoing analysis upon detection of
possible precursor signals for earthquakes.

Rate Of TEC (ROT), an additional highly effective
approach for identifying ionospheric disturbances, is equiv-
alent to the time derivative of phase-leveled TEC over a one-
minute duration (Pi et al. 1997; Krankowski et al. 2006).
Another common way to represent the rate of variation of
TEC is the Rate Of TEC Index (ROTI) that is the standard
deviation of ROT (Basu et al. 1999). Spatio-temporal maps
derived from ROTI have been used to show the location
and intensity of ionospheric disturbances (Cherniak et al.
2014). It can be said that it is very difficult to automatically
detect the disturbance caused by ionosphere fluctuation
since ROT on TEC has trouble from mapping function inac-
curacies and produces extremely noisy values. Differential
Rate Of TEC (DROT), an algorithm derived from ROT is
the ratio of the ROT’s metric norm to the metric norm of
the difference between the ROT and the trend. According
to published researches in the literature (Efendi and Arikan
2017; Koroglu and Arikan 2018a, b, 2020; Karatay 2020;
Arikan et al. 2017), the DROT technique offers a quick way
to identify potential ionospheric disturbances and a scale
for their intensity. In this study, DROT is applied to GPS-
TEC data to evaluate the pre-earthquake disturbances in the
ionosphere. DROT is also applied to geomagnetically dis-
turbed and quiet days data to characterize the seismic and
geomagnetic disturbances. A brief discussion of the DROT
algorithm is given in Sect. The data and the method. The
results of applying the DROT algorithm to the GPS-TEC
data obtained for geomagnetically disturbed and quiet days
and ten earthquake periods with magnitude greater than Mw
5 are presented in Sect. Results and discussion.

The data and the method

The Regularized Estimation of TEC (Reg-Est) algorithm
using dual-frequency Continuously Operating Reference
Stations (CORS) is used in this study to compute IONO-
LAB-TEC as given in Arikan et al. (2003) and Arikan et al.
(2004). The IONOLAB-TEC uses the state-of-the-art Reg-
Est algorithm for signal processing to integrate all usable
satellites over the local horizon of the GPS receiver (Ari-
kan et al. 2003, 2004; Nayir et al. 2007; Sezen et al. 2013).
The satellite Differential Code Biases (DCBs) are derived
from IONEX files and the receiver DCBs are calculated
using the IONOLAB-BIAS algorithm (Arikan et al. 2008).
The IONEX files, satellite ephemeris and satellite DCB are
obtained from http://ftp.cddis.gsfc.nasa.gov/gps/products/i
onex/. In this study, IONOLAB-TEC is estimated as 576
values with 2.5 min resolution for a single station in a day.
The Differential Rate Of TEC (DROT) algorithm, which
will be explained below, is applied to the IONOLAB-TEC
data estimated for each Global Navigation Satellite Systems
(GNSS) station demonstrated in Fig. 1 during the ten earth-
quake periods given in Table 1. The earthquakes given in
Table 1 are listed according to their magnitude. The infor-
mation of the earthquake days are obtained from https://eart
hquake.usgs.gov/earthquakes.

IONOLAB-TEC is estimated for five days before the
earthquakes and the earthquake days (pre-seismic and co-
seismic period) and six days after the earthquakes (post-
seismic period) for each station presented in Table 1; Fig. 1.
Additionally, IONOLAB-TEC is also estimated for each
station for the most disturbed and quiet days in each earth-
quake year (geomagneticaly disturbed and quiet periods).
The investigation periods are presented in Table 2. Kp, Ap
and Dst values for disturbed and quiet periods are given
in Fig. 2. The indices in Fig. 2 are obtained from Space
Weather Prediction Center (NOAA) at http://ftp.swpc.noa
a.gov/pub/indices/old_indices/ and World Data Center for
Geomagnetism (WDC) at http://wdc.kugi.kyoto-u.ac.jp/dst
dir/.

The ionosphere is comparatively less disturbed in the
days before the earthquakes in all chosen earthquake peri-
ods compared to geomagnetically active days. While the
days selected as “quiet days” may include Kp values up
to 5.6, it is acknowledged that these values correspond to
‘minor geomagnetic activity’ as per NOAA’s Space Weather
Scale. For this study, quiet days are defined relative to the
geomagnetic activity levels observed in other periods within
the same dataset. The maximum values of Kp and Ap indi-
ces are 5.6 and 67, respectively and the maximum Dst index
reaches —67 nT. This classification ensured that the selected
days represent the least geomagnetically influenced periods,
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Fig. 1 Location of GNSS stations used in the study and the epicenters

aiding in isolating ionospheric disturbances potentially
related to seismic activity. (GFZ, n.d.).

TEC data of length IV is represented with vector x4
for day d of any GPS receiver u in the following way:

Tysq = [Tusa (1) ... ... Tug (D). ... Toza (N)]T (1)

where 1 < n < N, nis the time index and 7' is the trans-
pose operator. One of the most used techniques for examin-
ing the temporal variability of the ionosphere is the Rate of
TEC (ROT). ROT is measured in TECU/s and is equal to the
rate of change of TEC during a given time period (Carmo et
al. 2021; Wilken et al. 2018; He et al. 2023). The temporal
derivative vector, or ROT ( R,,q), is calculated using TEC
data in this study in the following way:

Rug (n) = D0 Z) —_ (n) 2

At is 2.5 x60=150s in the above equation. In this
study, the trend structure for TEC is removed using two
sliding window median filters of lengths 7'y and T2, as
explained in Karatay (2020). By applying two sliding win-
dow median filters, median filtered ROTs are obtained as
Y ,.q and l//\'u;d vectors with T¢y and T'o, respectively.
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Ty1 and T’y correspond to 12.5 min and 4.2 h with 5 and
101samples, respectively. The difference vector between

Y ,.q and lA’u;d is obtained as follow:

Du;d:Yu;d - ?u;d (3)

The degree of variation between ROT and its trend can be
defined with Differential Rate Of TEC (DROT) (Efendi and
Arikan 2017; Koroglu and Arikan 2018a, b, 2020; Karatay
2020). DROT has percentage values between 0 and 100. An
ionospheric disturbance causes a rise in deviation from the
trend; hence, DROT increases in direct proportion to the
strength of the disturbance or plasma irregularity. The ratio
of the difference between the smoothed ROT, Y .4 and
D,,.q are used to calculate DROT values as follows:

VS A D ()

DROT .4 =
VI A Vg ()]

2100 (4)

As a result, the DROT values increase in proportion to
the strength of the difference vector D,.q depending on
an increase in variability relative to the background iono-
sphere. An operating chart of the DROT algorithm is given
in Fig. 3.
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Table 1 Geographic location, Earthquake  Time Epicenter Magnitude Depth Stations
time, magnitude and depth of (Number: (Day, UTC (Latitude-Longitude) (Richter  (km)
the chosen earthquakes and used Location) Time) Mw)
GNSS station (USGS, n.d.) El: Tohoku, 11 March2011 38.32°N-142.36°E 9.0 29 AIRA, MTKA, MIZU,
Japan UTC: 05:46 SMST, TSK2, TSKB,
STK?2, USUD, YSSK
E2: Maule, 27 February 35.84°S-72.71°W 8.8 35 ANTC, AREQ, CFAG,
Chile 2010 CONZ, COPO, COYQ,
UTC: 06:34 IQQE, LPGS, SANT,
UNSA
E3: Wench- 12 May 2008 31.02°N-103.36°E 7.9 19 CHAN, DAEJ, GUAO,
uan, China UTC: 06:28 KUNM, LHAZ, SHAO,
SUWN, TCMS, XIAN
E4: Golcuk, 17 August 1999 40.74°N-29.86°E 7.6 17 ANKR, SOFI, TUBI
Turkiye UTC: 00:01
ES: Oaxaca, 23 June 2020 15.93°N-95.93°W 7.4 20 GUAT, INEG, MANA,
Mexican UTC: 15:29 RDSD, SSIA,
E6: Califor- 04 April 2010 32.13°N-115.30°W 7.2 10 BLYT, CRFP, DHLG,
nia, USA UTC :22:40 GOL2, MONP, PINT,
TRAK
E7:Iwate, 13 June 2008  39.01°N-140.52°E 6.9 8 AIRA, MTKA, MIZU,
Japan UTC: 23:43 SMST, TSK2, TSKB,
STK2, USUD, YSSK
E8: Yushu, 14 April 2010 33.16°N-96.62°E 6.9 17 CHAN, DAEJ, GUAO,
China UTC: 23:49 KUNM, LHAZ, SHAO,
SUWN, TCMS, XIAN
E9-E10: Nor- 24 August 2016 42.71°N-13.17°E 6.2 10 BZRG, GENO, IENG,
cia, Italy UTC: 42.79°N-13.15°E 5.6 10 IGMI, MAT1, MATE,
01:36—02:33 MEDI

Table 2 Earthquake, disturbed and quiet periods used in the study

Pre-seismic and  Post-seismic  Disturbed Quiet
co-seismic period period period period
El  06-11 March 12-17 March 05 August 26 May
2011 2011 2011 2011
E2  22-27 February 28 Febru- 05 April 08 May
2010 ary-05 March 2010 2010
2010
E3  07-12 May 2008 13-18 May 27 March 01 January
2008 2008 2008
E4  12-17 August 18-23 August 22 October 25 Septem-
1999 1999 1999 ber 1999
E5  18-23 June 2020 24-29 June 28 Septem- 02 March
2020 ber 2020 2020
E6  30-March-04 05-10 April 05 April 04 March
April 2010 2010 2010 2010
E7  08-13 June 2008 14-19 June 04 Septem- 20 Septem-
2008 ber 2008 ber 2008
E8  09-14 April 2010 15-20 April 05 April 08 May
2010 2010 2010
E9
E10 19-24 August 25-30 August 02 Septem- 06 Novem-
2016 2016 ber 2016 ber 2016

Efendi and Arikan (2017), Karatay (2020) and Koro-
glu and Arikan (2020) have used synthetic oscillations
with additional amplitude, frequency, and duration on the
background STEC and TEC to calibrate the intensity of
ionospheric variability into three classes. The DROT value

levels have been used to categorize the intensity of the iono-
spheric disturbances in these studies. In the aforementioned
studies, medium-scale geomagnetic disturbances up to 5
TECU in magnitude are associated with disturbances corre-
sponding to 50% < DROT < 70%. Moreover, large-scale
disturbances up to 5 TECU in magnitude are associated with
DROT > 70%. In this study, DROT values are considered
in three categories as in the studies mentioned above, and
ionospheric pre-earthquake disturbances are evaluated in
this context.

Results and discussion

In this study, geomagnetic and seismic disturbance pre-
cursor signals are sought by using the DROT algorithm
(described in Sect. 2) to IONOLAB-TEC data. The DROT
algorithm is applied to IONOLAB-TEC using the several
GPS stations listed in Table 1; Fig. 1 on known days of seis-
mic and geomagnetic disturbances. The earthquake periods
include ten major earthquakes with magnitude between Mw
9.0 and 5.6 as given in Table 1. The DROT algorithm is
also applied for geomagnetically quiet and disturbed peri-
ods in order to distinguish seismic disturbance from geo-
magnetic disturbance. In order to estimate the level of the
disturbance on a disturbed day, eight and seven days are
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Interrupt the trend of ROT

Calculate difference
between ROT and its trend

Compute DROT

-

v
DROT%
Fig. 3 Flowchart of DROT algorithm

chosen as geomagnetically quiet and disturbed days, respec-
tively. The geomagnetic disturbed days are chosen as those
with the largest Kp index in the year in which each earth-
quake occurred. For the purpose of this study, quiet periods
were defined as days with a maximum Kp index of up to
5.6. While NOAA’s Space Weather Scale defines Kp=5 as
‘minor geomagnetic activity,” these days are chosen as the
least geomagnetically disturbed in comparison to disturbed
periods where Kp values exceeded 6. This approach has
aimed to minimize the influence of geomagnetic activity and
focus on isolating seismic-related ionospheric anomalies.

@ Springer

This study aims to evaluate spatio-temporal pre-seismic
variability of the ionosphere prior to ten significant earth-
quakes. The DROT algorithm is applied to IONOLAB-TEC
throughout the entire day for all stations and for all days
before each ten earthquakes and during geomagnetic and
quiet days. Experimental Probability Density Functions
(EPDFs) are obtained by grouping the DROT values into
area normalized bins. The DROT values (%) for all 51 sta-
tions, eight quiet days (Fig. 4a) and seven disturbed days
(Fig. 4b) are displayed as an EPDF in Fig. 4. When both
figures are compared with each other, it is observed that
the highest accumulation in Fig. 4a is between 45% and
50% while the highest accumulations are between 70% and
80% in Fig. 4b. The algorithm detects the oscillations in the
geomagnetically disturbed periods which are an indicator
of large-scale disturbances according to Efendi and Arikan
(2017), Koroglu and Arikan (2018a, b) and Karatay (2020).

In Fig. 5, the EPDFs of the DROT (%) are given accord-
ing to the magnitude of the earthquakes sorted from largest
to smallest for six days in the chosen earthquake periods
which are also given in Fig. 6. Looking at Fig. 5, it is
observed that the highest accumulation for all earthquakes
is between 40% and 70%. While the highest accumulation
range in the largest magnitude earthquake Mw 9.0 E1 is
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between 40% and 50%, the highest accumulation range in
the smallest magnitude earthquakes Mw 6.2 and 5.6 E9 and
E10 is between 60% and 70%. This difference may be due to
the depth of the earthquake. It is observed that the bin ranges
are larger for earthquakes with a magnitude greater than
Mw 7.0. In all earthquakes except E4 and E5 earthquakes,
the maximum DROT value reaches 90% and above. A con-
siderable amount of the counts of DROT values greater than
70% is also observed in comparison of earthquakes, which
has been accepted as an indicator of large-scale ionospheric
disturbances. The averages in comparison of earthquakes
are in the order of 60%. It is observed that even the accumu-
lation range is between 60% and 70% in the E3 earthquake,
where the stations from which data can be provided are very
distant (min. 700 km) and in the E4 earthquake, where data
can be provided from very few stations (3 stations). Both of
these earthquakes are greater than Mw 7.5.

Figure 7 shows the EPDFs of the DROT (%) for all sta-
tions starting from the earthquake day, one day, two days,
three days, four days and five days before the earthquakes,
respectively. When Fig. 7 is compared within itself, it is
observed that the maximum accumulation range is between
50% and 60% in all day categories before the earthquake
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day. It means that there has been medium-scale ionospheric
disturbances occurred one day, two days, three days, four
days and five days before the earthquakes. On earthquake
days, DROT values cluster between 60% and 70%, which is
indicator of a large-scale disturbance. The count of DROT
values between 50% and 60% decreases as the days move
away from the earthquake day. The maximum count of
DROT values between 50% and 60% is observed one day
before the earthquakes. These results indicate that medium-
scale disturbances may occur in the ionosphere in the five
days before and during the earthquake days.

To show the effects of the disturbances due to the earth-
quake and seismic activity on the TEC, DROT values are
given in Fig. 8 from one day to six days after the earthquakes,
respectively. When Fig. 8 is investigated, it is observed that
the disturbances in the TEC continue after the earthquakes
and that the disturbances before the earthquakes are caused
by seismic activity. Especially two, three and four days after
earthquakes, DROT values accumulate between 50% and
80%. Even six days after the earthquake, there appears to be
a medium-scale disturbance in the ionosphere.

In studies examining the potential physical mechanisms
driving the ionospheric disturbances occurred before the
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strong earthquakes, primary cause of atmospheric and iono-
spheric anomalies observed one week to a few days prior
to major earthquakes is natural ground radioactivity (Radon
along active tectonic faults). Energy can be released in the
form of Radon gas or other chemical emissions when stress
builds up in the Earth’s crust prior to an earthquake. The
ionosphere may be impacted by these activities since they
may have an impact on the electric fields and conductiv-
ity of the atmosphere. Micro fractures in the lithosphere
can produce Radon gas, which can ionize air molecules
and increase atmospheric conductivity. The electric field is
changed by this ionization, and the changes are transmit-
ted upward to the ionosphere (Pulinets & Ouzounov, 2011).
In addition, ionospheric conditions may be impacted by the
upward propagation of electromagnetic waves produced by
piezoelectric or triboelectric phenomena in strained rocks
(Freund 2011). Some large earthquakes have been preceded
by low-frequency electromagnetic abnormalities, which
may be related to ionospheric disturbances (Parrot et al.
2021). Localized electric fields produced by stress buildup
in the lithosphere may travel to the ionosphere by convec-
tion or conduction. Ionospheric plasma can be changed
by localized electric fields through charge redistribution
or instabilities. Ionospheric dynamics may be impacted
by a direct current that is produced by the redistribution
of charges in the crust (Pulinets et al. 1998; Imtiaz and
Marchand 2012). Ionospheric conditions may be indirectly
altered by variations in atmospheric parameters such as
temperature, humidity, and pressure close to the fault zone.
Changes in the density of the atmosphere can spread to the
ionosphere and change its composition (Ondoh 2009). GPS
satellite measurements of TEC frequently reveal significant
disturbances before to the strong earthquakes (Liu et al.
2004a, b; Karatay et al. 2010; Pulinets et al. 2005). Integrat-
ing data from atmosphere, space-based and ground-based
observations is necessary to comprehend pre-earthquake
ionospheric disturbances. The interaction of these factors
offers a viable foundation for furthering earthquake predic-
tion research, even though none of them can completely
account for all observed occurrences.

The persistence of ionospheric disturbances both before
and after earthquake events requires careful interpretation
to establish a meaningful connection with seismic activ-
ity. While our analysis shows medium-scale disturbances
(DROT values between 50 and 60%) throughout the obser-
vation period, several key features in our data support a spe-
cific relationship with seismic events:

1. Temporal evolution pattern: The DROT distribu-
tion shows a distinct evolution pattern, with the most
pronounced disturbances (60-70%) occurring on
earthquake days. This peak in disturbance intensity
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coinciding with seismic events suggests a direct physi-
cal connection rather than random correlation. The
gradual build-up of disturbances before the earthquake
and their persistence afterward follows a pattern con-
sistent with the mechanics of Lithosphere-Atmosphere-
Tonosphere Coupling (LAIC).

Intensity variation: Although medium-scale distur-
bances persist throughout the observation period, there
is a notable intensification during and immediately fol-
lowing the seismic events. The clustering of DROT
values between 50 and 80% in the two to four days
post-earthquake period, compared to the pre-earthquake
baseline of 50-60%, indicates an enhancement of iono-
spheric perturbations linked to seismic activity.
Physical mechanism context: The observed post-
seismic ionospheric disturbances can be explained by
established physical mechanisms. During and after sig-
nificant seismic events, the release of energy into the
atmosphere can trigger Acoustic-Gravity Waves (AGW)
that propagate upward and interact with the ionosphere.
These interactions can persist for several days due to:

e Continued aftershock activity maintaining the
perturbation.

e Atmospheric wave dynamics that take time to
dissipate.

e Sccondary effects from modified electric fields in
the ionosphere.

Comparative analysis with background conditions:
To strengthen our interpretation, we acknowledge that
background ionospheric variability exists due to vari-
ous sources (solar activity, geomagnetic conditions,
etc.). However, the temporal clustering of enhanced
disturbances around earthquake events, particularly the
shift from 50 to 60% to 60—70% DROT values during
seismic activity, suggests a superposition of earthquake-
related effects on background variability.

Extended duration of effects: The persistence of dis-
turbances up to six days post-earthquake, rather than
undermining the seismic connection, actually aligns
with previous studies of post-seismic phenomena. The
gradual return to background levels follows a pattern
consistent with the relaxation time of the LAIC system.
This extended duration reflects:

e The continued release of seismic energy through
aftershocks.

e The time required for atmospheric wave propaga-
tion and dissipation.

e The ionosphere’s recovery period following signifi-
cant perturbations.
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This comprehensive analysis suggests that while back-
ground ionospheric variability exists, the specific pattern,
intensity, and temporal evolution of disturbances observed
in our study provides strong evidence for a causal relation-
ship with seismic activity. The persistence of these effects
after the main shock is consistent with our current under-
standing of LAIC mechanisms and the complex nature of
post-seismic processes.

In the last group of the study, all stations used within the
scope of the study are categorized according to their dis-
tance to the epicenters. There are 12 categories ranging from
150 km to 200 km and there are at least two stations in one
category. Table 3 shows the 12 categories, distances and sta-
tions in each category.

After the stations are categorized according to their dis-
tance from the epicenters, the EPDFs of the DROT (%) is
calculated for each category. Figure 9 shows the EPDFs of
the DROT (%) for each category for six days in the chosen
earthquakes demonstrated in Fig. 6; Table 2. When Fig. 9
is examined, it is observed that the accumulation range
decreases as the distance to the epicenters increases. While
the maximum DROT for stations that are at most 50 km away
from the epicenters varies between 60% and 80% (Fig. 9a),
the maximum DROT values for stations that are more than
2000 km away from the epicenters center vary between 50%
and 60% (Fig. 91). The maximum accumulation range for

Table 3 Distance categories for all stations from near to Far according
to the distance from the epicenters

Category  Distance Stations

Cl d<50 km TUBI, MIZU

C2 50 km<d<200 km ANTC, BLYT, CONZ,
DHLG, IGMI, MIZU,
MONP, PIN1,

C3 200 km<d<350 km ANKR, CRFP, MEDI,
TRAK, TSK2, TSKB, TSK2,
TSKB

Cc4 350 km<d <500 km AJAC, BZRG, GENO,
GOL2, [ENG, MAT1,
MATE, MTKA, MTKA,
SANT, STK2, USUD, USUD

Cs 500 km<d<650 km CFAG, GUAT, SOFI, STK2,
XIAN,

Co 650 km<d <800 km KUNM, LHAZ, NOT1,
SMST, SSIA, SMST

C7 800 km<d <1000 km COPO, INEG, YSSK, YSSK,

C8 1000 km<d<1300 km AIRA, AIRA, COYQ,
KUNM, LHAZ, XIAN

Cc9 1300 km<d<1500 km LPGS, MANA, UNSA,
URUM

C10 1500 km<d<1800 km IQQE, SHAO

Cll1 1800 km<d<2000 km GUAO, TCMS, URUM

C12 d>2000 km AREQ, CHAN, CHAN,

DAEJ, DAEJ, RDAD,
SHAO, SUWN, SUWN,
TCMS

stations 350 to 500 km away from the epicenters is between
40% and 70%. When the distance is more than 500 km, the
maximum accumulation range is between 30% and 60%.
This shows that stations located at most 500 km away from
the epicenter are more affected by the earthquake.

Pre-earthquake ionospheric disturbances often known as
ionospheric precursors have long been the focus of scien-
tific studies. These disturbances can appear in a variety of
ways and be found in a number of ways. As in this study,
pre-seismic TEC anomalies, such as variations in electron
density, have been documented days to hours in advance of
an earthquake in the literature. Although a number of stud-
ies in the literature document ionospheric anomalies preced-
ing earthquakes, it is difficult to consider these disturbances
as reliable precursors because they are inconsistent for all
seismic events. For the researchers, it remains difficult to
distinguish between ionospheric disturbances brought on by
seismic activity and those brought on by geomagnetic dis-
turbances. For this reason, in this study, the days used for
earthquake periods have been chosen as geomagnetically
quiet days. The disturbance caused by geomagnetic activity
in the ionosphere has been also chosen on separate days for
each year used. Consistent with the results of this investiga-
tion, it is recommended that ionospheric data be combined
with additional physical, geophysical and geological data in
order to enhance our comprehension and capacity for future
prediction of these disturbances.

Several studies have shown that solar activity has a major
impact on ionospheric anomalies with more solar activity
frequently resulting in more severe ionospheric distur-
bances. Several investigations showed that the ionosphere
is more susceptible to electron density fluctuations during
high solar activity, which might lead to anomalies that could
mask other disturbances, such seismic activity (Pulinets and
Boyarchuk 2004; Hernandez-Pajares et al. 2006). Liu et al.
(2004a) highlighted that during periods of heightened solar
activity, ionospheric anomalies such as TEC variations and
ionospheric tilts can be exacerbated, making it challenging
to distinguish between ionospheric disturbances caused by
seismic events and those driven by solar-induced variations.
As this study and others have shown, the time of year and
the solar cycle phase are crucial for understanding the level
of ionospheric activity. Latitude is also a significant factor
in ionospheric disturbances in the context of TEC anoma-
lies and the propagation of seismic-related disturbances
(Zakharov and Chernogor 2024). It is more challenging to
distinguish ionospheric disturbances brought on exclusively
by seismic occurrences in high-latitude regions because of
the greater influence of solar wind and geomagnetic storms.
According to studies, geomagnetic disturbances, which are
more common in high-latitude regions, may interfere with
the detection of TEC anomalies associated with seismic
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activity. When examining global ionospheric data, it is cru-
cial to take into account this latitude-dependent variability
in ionospheric response.

Ionization decreases at night because the Sun’s light no
longer directly illuminates the Earth’s ionosphere. How-
ever, a key factor in determining the ionospheric behavior at
these times is the solar illumination boundary, also referred
to as the Solar Terminator Height (STH). The STH, which
changes during the day, is the line dividing the Earth’s dark
and sunny sides. Due to residual ionization from the previ-
ous day as well as the continued influence of solar wind and
geomagnetic activity, the position of the Solar Terminator
affects ionospheric parameters, such as TEC, even though
the ionosphere is not directly illuminated by the Sun dur-
ing the night. Therefore, it is crucial to take into account
the possible impact of the STH and residual solar activity,
in addition to geomagnetic and seismic components during
observation periods where disturbances are discovered at
night (Rees 1995; Colonna and Tramutoli 2021). The afore-
mentioned factors have the potential to improve the ability
to predict ionospheric anomalies and aid in the improve-
ment of seismic disturbance detection.
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Conclusion

A possible path for improving our knowledge of earthquake
precursors and improving prediction capacity is the spatio-
temporal eveluation of pre-earthquake disturbances in the
ionosphere. By means of a methodical evaluation of fluctua-
tions in Total Electron Content (TEC), significant anomalies
have been detected that are associated with seismic activity
in this study. Ten earthquakes with magnitudes between Mw
9.0 and 5.6 have been chosen for the purpose of the study.
GPS-TEC estimated as IONOLAB-TEC for five-day earth-
quake periods, geomagnetic disturbed and quiet periods of
the ionosphere have formed the data input of the study. The
DROT algorithm, which has been previously used in the
literature and reveals the type of ionospheric disturbances,
has been applied to the dataset. The findings of the study
have been obtained in three groups: temporal and spatial,
depending on the magnitude of the earthquake. The tempo-
ral approach showed significant TEC oscillations occurred
1-5 days before the earthquakes and a higher frequency
of oscillations on the day immediately preceding the each
seismic events. The spatial approach revealed clustering
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up to 500 km away from the epicenters. In the approach
depending on the magnitude of the earthquake, large-scale
ionospheric disturbances preceded earthquakes with a mag-
nitude greater than Mw 5.6. The results of this study sug-
gest that some ionospheric anomalies in TEC happen in a
particular temporal window and in close spatial vicinity to
approaching earthquakes. While it remains challenging to
differentiate these anomalies due to solar and geomagnetic
activities, real-time ionospheric monitoring coupled with
sophisticated analytical and signal processing techniques
presents interesting avenues to enhance earthquake predic-
tion and preparedness. Future research could explore deeper
integrations of ionospheric data with geological and seis-
mic models to develop a more robust predictive framework.
Furthermore, expanding datasets to include a broader range
of earthquake magnitudes and geographies will allow for
greater generalization of findings. Advances in Machine
Learning, particularly in anomaly detection and pattern
recognition, offer promising tools for automating the iden-
tification of pre-earthquake disturbances and reducing false
positives. Additionally, collaboration with space agencies
and the deployment of next-generation satellites equipped
with more precise TEC measurement capabilities could
significantly enhance monitoring resolution. Incorporating
multi-disciplinary data, including atmospheric and hydro-
logical measurements, will also be crucial to contextualize
ionospheric disturbances and distinguish between seismi-
cally induced anomalies and those driven by other factors.
Lastly, fostering international collaboration for data shar-
ing and model validation can accelerate the development of
globally applicable early warning systems.
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