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Abstract: This paper presents a multi-parameter ionospheric disturbance analysis of the total electron
content (TEC), density (Ne), temperature (Te), and critical frequency foF2 variations preceding
two significant earthquake events (2015 Mw 7.5 and 2023 Mw 6.3) that occurred in Afghanistan.
The analysis from various ground stations and low-Earth-orbit satellite measurements involved
employing the sliding interquartile method to process TEC data of Global Ionospheric Maps (GIMs),
comparing revisit trajectories to identify anomalies in Ne and Te from Swarm satellites, applying
machine learning-based envelope estimation for GPS-derived TEC measurements, utilizing the
least square method for foF2 data and ionograms obtained from available base stations in the
Global Ionosphere Radio Observatory (GIRO). After excluding potential influences caused by solar
and geomagnetic activities, the following phenomena were revealed: (1) The GIM-TEC variations
displayed positive anomalies one day before the 2015 Mw 7.5 earthquake, while significant positive
anomalies occurred on the shock days (7, 11, and 15) of the 2023 Mw 6.3 earthquake; (2) the Swarm
satellite observations (Ne and Te) for the two earthquakes followed almost the same appearance
rates as GIM-TEC, and a negative correlation between the Ne and Te values was found, with clearer
appearance at night; (3) there were prominent positive TEC anomalies 8 days and almost 3 h before
the earthquakes at selected GPS stations, which were nearest to the earthquake preparation area.
The anomalous variations in TEC height and plasma density were verified by analyzing the foF2,
which confirmed the ionospheric perturbations. Unusual ionospheric disturbances indicate imminent
pre-seismic events, which provides the potential opportunity to provide aid for earthquake prediction
and natural hazard risk management in Afghanistan and nearby regions.

Keywords: multi-parameter ionospheric disturbances; earthquake; total electron content (TEC); GPS;
Swarm; Afghanistan

1. Introduction

Ionospheric sounding is a technique for investigating the behavior and properties of
the ionosphere, a component of the Earth’s upper atmosphere. Ionospheric disturbances are
becoming recognized as potential predictors of seismic activity as significant disturbances
have been widely observed by various techniques before the occurrence of earthquakes [1-3].
During pre-earthquake stages, the Earth’s energy balance is disrupted due to the release
and emission of thermal energy [4,5], or gases such as radon, caused by fault activation [6].
Disturbances in the lithosphere move across the geospheres (lithosphere, cover sphere,
atmosphere, and ionosphere), leading to traveling anomalies in each sphere [7].

The particular mechanics causing the electric discharges are not well understood, and
several theories have been proposed to explain their occurrence, such as them occurring
before an earthquake due to increased stress and strain in the active fault zone, causing
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rocks to generate a rise in electric discharges through a phenomenon called piezoelectricity.
Piezoelectricity occurs at the atomic level when ions are displaced within a soil or rock’s
crystal lattice as a result of stress. This displacement induces an imbalance of electric
charges, which generates a voltage across the material [8]. One concept proposes that stress-
induced electrical charges within rocks, known as p-holes, have the capacity to accumulate.
As p-holes from the earthquake’s hypocenter gather on the ground surface, they can al-
ter the Earth’s electromagnetic field and ionize air molecules at the ground—-atmosphere
interface. This ionization process can produce a variety of abnormal occurrences in the
atmosphere and ionosphere [9,10]. When the tension reaches a critical level, the stored
charge is suddenly released, resulting in an electric discharge that alters the near-surface
atmospheric electric field [11]. Additionally, the build-up of p-holes on the surface is
thought to lower the microwave dielectric constant of the ground and increase regional
microwave radiation [12,13]. An alternative theory posits that the mechanical fragmen-
tation of rocks during seismic activity, coupled with the release of radon gas previously
trapped within the soil and crust, can lead to a series of seismic anomalies. The decay of
radon gas contributes to the ionization of the surrounding air, thereby inducing various
abnormal perturbations in aerosol concentration, atmospheric humidity, latent heat, and
ionospheric plasma. Seismic-related abnormalities in radon emission can be linked to
pre-seismic electromagnetic phenomena, such as substantial changes in ion concentration
and the atmospheric electric field [14]. These alterations in the atmospheric and ionospheric
conditions facilitate the formation of charged aerosols, which in turn play a role in the
generation of electric discharges during seismic events [15].

Recent studies have highlighted the growing efficiency of observational techniques
in detecting ionospheric disturbances associated with earthquakes using advanced ma-
chine learning models, such as autoregressive integrated moving average (ARIMA), long
short-term memory (LSTM), the nonlinear autoregressive network with exogenous inputs
(NARX) model, and remote sensing techniques [16,17]. These techniques include the use
of various tools such as the Global Navigation Satellite System (GNSS) [18] and electro-
magnetic satellites [19,20]. Scientists have adopted hybrid machine learning approaches
for TEC predictions, demonstrating the compatibility of deep learning in dealing with
complex ionospheric data [21-23]. Notably, the effectiveness of LSTM approaches has been
demonstrated to predict TEC values with a time of 24 h [24]. Deep learning methods can be
applied to construct the TEC reference background, thus contributing to a better extraction
of ionosphere disturbances.

Over the past few decades, numerous studies have demonstrated a direct or indi-
rect relation between the occurrences of geohazards and ionospheric disturbances. He
and Wu advocated one-to-one correspondence between ionospheric anomalies and large
earthquakes using integrated wavelet analysis [25,26]. Pulinets, Iwata, and Kandalyan dis-
covered that ionospheric abnormalities, identified using a variety of ionospheric sounding
techniques, can serve as reliable precursors to earthquakes [27-29]. Xu reported unusual
variation in the ionospheric F-region critical frequency prior to the Wenchuan earthquake,
underlining the potential of ionospheric sounding for pre-earthquake identification [30].
Xie at al. adopted multi-sensor analysis for ionospheric electron content and density deter-
mination [20]. Notably, regarding ionospheric plasma disturbances, Parrot et al. observed
a significant increase in electron density (Ne) over the Kii Peninsula a full week prior to
the earthquake [31]. Marchetti and Akhoondzadeh proposed the creation of a Swarm
data-based ionospheric monitoring network as an earthquake early-warning system to
assess the strong (Mw = 8.2) earthquake that struck Mexico on 7 September 2017 [32]. Liu
et al. observed that foF2 anomalies increased with earthquake magnitude but decreased
with distance from the ionosonde station to the epicenter for Taiwan’s 184 earthquakes (Mw
> 5.0) from 1994 to 1999 [33]. Cherrier et al. introduced a TEC time series forecasting model
based on LSTM networks. Their findings confirmed the promising capabilities of LSTM in
accurately predicting time series data [34]. Salikhov used the Doppler sounding technique,
employing the continuous monitoring of the Doppler frequency shift of reflected radio
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signals to investigate the ionosphere above earthquake sources [35]. Thereafter, Sharma,
Tachema and Nayak investigated and supported the correlation between seismic activity
and ionospheric anomalies through the analysis of total electron content (TEC) fluctuations,
and crustal stress (b-value) precursors to identify potential precursors and assess their
effectiveness in short-term seismic prediction for the 2010 Mw 7.2 Mexico earthquake,
the 2011 Mw 5.1 Lorca earthquake in Spain, and the 2022 Mw 7.7 Colima earthquake in
Mexico [36-38].

In contrast to previously conducted studies on multi-parameter anomaly detection
methods for seismic ionosphere disturbance [26,39,40], this study distinguishes itself in
numerous significant ways. Firstly, it takes a comprehensive approach by combining multi-
parameter anomaly detection algorithms, allowing for a more effective study of earthquake
instances with an emphasis on temporally collocated ionospheric disturbances. Second, a
simultaneous multi-platform approach is used, which includes a thorough examination
of parameters such as TEC from GIMs along with ground-based GNSS stations, electron
density, and temperature from Swarm satellites, as well as ionospheric height and critical
frequency from ionosonde base stations. Additionally, the results collected from Swarm
satellites are confirmed using ionograms. Finally, this study analyzes recent, severe, and
unaddressed earthquake cases in Afghanistan, with the goal of finding the underlying
geophysical phenomena that lead to earthquake hazards.

By exploring these aspects, this study has the potential to provide valuable insights
for earthquake prediction and contribute to the management of natural hazard risks in
Afghanistan and neighboring regions. The integration of data from multiple platforms
allows for complementary and mutually reinforcing verification at different spatiotem-
poral scales, enabling the precise identification of ionospheric anomalies. Involving the
integrated use of GNSS, electromagnetic satellites, advanced machine learning techniques,
and multi-parameter analysis aims to improve the detection, analysis, and prediction of
ionospheric disturbances associated with earthquakes. Moreover, in this analysis, the
cross-verification of TEC from multiple data sources such as IONOLAB and SIMRug is
considered to be a necessity to exclude true anomalies [41,42]. These advancements con-
tribute to a more comprehensive and correct understanding of ionospheric disturbances as
potential earthquake precursors.

2. Data and Methods
2.1. Tectonic Setting of Afghanistan Earthquakes

The 800 km long Hindukush Range in Afghanistan is part of a collision zone between
the Eurasian and Indian tectonic plates, incorporating several active faults such as the
Chaman fault system and Kabul fault system; it has high potential to generate earthquakes.
For this reason, the earthquake cases studied are as follows.

A 7.5 magnitude earthquake struck northeast Afghanistan (36.5244°N, 70.3676°E) on
26 October 2015. The quake occurred at an intermediate depth of 210 km due to reverse
faulting [43].

Between 7 and 15 October 2023, a series of earthquakes and aftershocks struck
Herat Province in western Afghanistan, killing 1482 people, injuring 2100, and damaging
3330 dwellings. The aftershocks lasted until 28 October 2023. On 7 October 2023, an
earthquake with a magnitude of 6.3 struck 32 km from Qarabag, 34 km from Zendijan, and
41 km from Gurian in Herat, Afghanistan. The event occurred at 34.5982°N and 61.9263°E
at a depth of 14 km. On 11 October 2023, a 6.3 magnitude earthquake struck 28 km north
of Herat city in Herat Province, western Afghanistan, at 34.5364°N and 62.0509°E. On
15 October 2023, another 6.3 magnitude earthquake struck 34 km north of Herat city in
Herat Province, western Afghanistan, at 34.6529°N and 62.1244°E [44].

The earthquake cases selected in the research were acquired from the United States
Geological Survey (USGS) (https:/ /earthquake.usgs.gov/earthquakes/search/, accessed
on 1 January 2024). This research focuses on studying primary shocks within earthquake
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clusters in Afghanistan’s active fault zones (Figure 1) in order to reduce risks, improve the
understanding of earthquake dynamics, and develop effective seismic mitigation measures.
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Figure 1. Tectonic settings of Afghanistan earthquake cases along with ionosondes and GNSS ground
stations.

2.2. Spatiotemporal Data Selection Criteria

To detect reliable abnormalities in the ionosphere caused by seismic activity, Wu et al.
developed a Deviation-Space-Time (DST) criterion, which was also used in this study for
analysis and validation [45]. The DST criterion is made up of three components: first, the
observed parameter deviates significantly from its expected values, indicating its potential
as an anomaly; second, the occurrence of multiple anomalies exhibits quasi-synchronous
behavior in time; and third, the reported anomalies are spatially contiguous, indicating
geographic adjacency. This DST criterion is used to detect and investigate ionosphere
anomalies connected with seismic occurrences while limiting false positives [46]. Large
magnitudes have a significant impact on ionospheric disturbances. To ensure compatibility,
the size of the prepared seismic zone is computed using the formula (R = 10%43M), where R
represents the radius in km and M indicates the magnitude [47].

2.3. Multi-Parameter Data and Processing

The complete route of ionospheric disturbances is well explained in Figure 2. GNSS
data from ground-based Continuously Operating Reference Stations (CORSs), GIMs from
the Center for Orbit Determination in Europe (CODE), foF2, hmF2, and ionograms from
Digital Ionosonde Database (DID)—Global Ionosphere Radio Observatory (GIRO), and Ne
and Te derived from Swarm satellite measurements were used to investigate ionospheric
disturbances in Afghanistan from a perspective of multi-parameter analysis. GNSS stations
within the Dobrovolsky distance of the epicenter were considered [47].
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Figure 2. The technical route of excluding, processing, and verifying the ionospheric anomalies prior
to seismic activities.

In the analysis of GPS data, a hybrid methodology involving machine learning, sta-
tistical analysis, and mathematical techniques was utilized. The 30 s interval TEC values
were acquired from the available IGS databases of selected ground stations. GPS satellites
transmit radio signals at two long-wavelength band frequencies: L1, which operates at
1.57542 GHz, and L2, which operates at 1.2276 GHz [37,38]. Satellite and receiver biases
were removed, and Vertical TEC (VTEC) was derived from absolute STEC, which is mea-
sured in TECU (total electron content unit = 10'® e/m?). The STEC was calculated and
converted into VTEC using GPS-TEC software v3.03. A hybrid machine learning algorithm,
LSTM, was applied to train and predict the data over a 24 h period. By employing this
machine learning-based envelope technique, a normal distribution of biased and unbiased
VTEC values was opted for to establish a threshold of £1.34 p in order to achieve a higher
level of confidence of almost 82% [48]. Any observed TEC values outside the range of
£1.34 p signify the detection of abnormal signals [49]. Almost 10 GPS stations nearby the
study area were processed, and those ground stations which were spatially closer to the
epicenter, such as KIT3 (Uzbekistan), IISC (India), WUHN (China), LHAZ (China), CHUM
(Kazakhstan), and POL2 (Kyrgyzstan), were considered for the actual anomaly estimation
based on availability (see Table S2). This unique estimation method helped to accurately
define abnormalities with the least data losses and RMS error rather than the historical
methods of TEC anomaly estimations.

GIMs, generated by CODE, provide daily updates with a resolution of 5° longitude
by 2.5° latitude, offering valuable insights into ionospheric conditions. To clearly identify
the ionospheric anomalies, the sliding interquartile range (SIQR) method was used for
GIM-TEC processing. The SIQR method utilizes data from CODE to identify TEC distur-
bances associated with earthquakes, establishing a baseline reference from pre-earthquake
or stable periods and calculating the interquartile range (IQR) to determine abnormal iono-
spheric parameter values [33]. The IQR approach identifies anomalies that may not have a
significant impact on the quartiles, ensuring a thorough examination. Data from individual
GNSS receivers and GIM were used to account for both local and large-scale fluctuations.
This technology increases the dependability and accuracy of our anomaly detection system,
offering important insights into ionospheric anomalies and their potential relationship with
seismic activity [50]. For calculating the interquartile range (see Equations (1) and (2)), the
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median of 2 consecutive days, i.e., Q1, was subtracted from the 2-consecutive-day median
of Q3, and the upper and lower bounds were calculated by adding and subtracting the

1.4IQR from Q5.
X7 + Xg X14 + X15 X1 + X22

Q= > Q= > ,Q3 = > 1)

IOR = Q3 — Qq, xyp = Qz + 14IQR, x1p = Q; — 14IQKR, (2)

Seismic-related disturbances in TEC data can be identified by dividing the daily TEC
values into overlapping time windows, calculating the IQR, and detecting deviations
beyond a threshold, with Q; (the median) as a reference. xyp and x g are the lower and
upper bounds, respectively.

The ESA satellite mission of 3 Swarm (A, B, and C) low Earth orbit quasi-polar satellites
was launched on 22 November 2013. Swarm B is at 520 km and A and C are at approximately
470 km; they are composed of specialized instruments, including a Langmuir probe, electric
field instrument, absolute scalar magnetometer, and vector field magnetometer [51,52]. Ne
and Te data from Swarm satellites A and C were downloaded from the IDP-IRR Level-2
daily Entire Mission data product for nearly three months. The Swarm Ne and Te data were
analyzed using the revisit trajectory method. Trajectory data from three months before and
five days after each earthquake were examined. Satellites A and C traveled through the
epicenter at certain day and night times; for example, for the earthquake on 26 October
2023, the day and night revisit times were around 11 and 19 UTC, respectively, with an
8-day cycle. The data were categorized into two 2D groups and eight clusters based on
access time, and background values from daytime and nighttime data were extracted for
Ne and Te based on access time. When ANe and ATe values exceeded specified thresholds,
as indicated by descending and ascending orbital-revisit plots, individual thresholds
were calculated for Ne and Te during both day and night anomalies. Anomalies were
defined as absolute values of ANe and ATe that exceeded 20 (standard deviation of 2) [53].
The correlation between these aspects was analyzed to identify common patterns in the
occurrence of anomalies.

An ionosonde radar system is also incorporated that probes the ionosphere by broad-
casting radio signals at frequencies ranging from 0.1 to 30 MHz and receiving reflected
signals from various ionospheric areas where the plasma frequency matches the radar
frequency. In this work, the data utilized were gathered from the DID GIRO high-frequency
pulse sounding system. This experimental configuration is focused on monitoring critical
frequency (foF2) and F2-layer height (hmF2) at a specific geographic location approximately
over the epicenters (latitude: 34°N, longitude: 62°E), for selected timescales (Figure S5). To
assure accuracy, the data were calibrated using International Reference Ionosphere (IRI)
models, which efficiently eliminated biases and reduced various types of noise. The system
records, displays, and transmits vertical ionospheric data in the form of digital ionograms,
accompanied by their associated parameters.

2.4. Solar-Geomagnetic Impact Exclusion

Solar and geomagnetic activities significantly impact the ionosphere, especially in
equatorial and polar regions, making it challenging to differentiate between pre-seismic and
solar-geomagnetic ionospheric phenomena [54]. To exclude potential influences associated
with solar and geomagnetic activities, many indicators including Dst, Kp, and F10.7 were
used in this study. Dst monitors equatorial ring current fluctuations (—200 to 200 nT), with
negative values suggesting magnetic storms and positive values showing magnetic field
recovery. The Kpx10 index (0-9) indicates overall magnetic conditions as measured at
13 Northern and 12 Southern Hemisphere stations. The F10.7 index monitors solar radio
emissions (70 to 250 sfu), which represent solar activity levels. All daily averaged indices
were obtained from OMNI Web (https:/ /omniweb.gsfc.nasa.gov /form/dx1.html, Accessed
on 18 January 2024). Geomagnetic weather (8—48 h) influences the global ionosphere,
whereas seismic disturbances impact the ionosphere and are detected within 2000 km
of the possible epicenter. Seismic—ionospheric disturbances occur three to four hours
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before an earthquake [15,55]. Table S1 and Figure 3 provide information on the exclusion
of space weather disturbances. Disturbed days were identified based on criteria such
as Dst > 30 nT, Kpx*10 > 40, and F10.7 > 130 Sfu. Figure 3a shows variations in these
indices from 15 September to 5 November 2015, while Figure 3b displays variations from
15 August to 25 October 2023. Days affected by space weather disturbances were excluded
from seismic disturbances by considering the presence of disturbances in GPS, GIM TEC,
Te, or Ne data. If any of these parameters exhibited anomalies on a particular day, they
were not considered a seismic disturbance. This approach ensured that only seismic-related
anomalies were retained for analysis, enhancing the accuracy of the results.

26/10/2015
| ! | ' ! ' 1 ' ml T

17-09 27-09 07-10 Date 17-10 27-10

(b) 7/10 _11/10 _ 15/10/2023
180 | ! | ! | i ] ' :I L

28-08 07-09 17-09 27-09 07-10 17-10
Date

Figure 3. Solar-geomagnetic weather conditions (a) prior to 26 October 2015 earthquake, where 20
and 21 September and 4-10 and 14 October were excluded due to active solar and geomagnetic events,
and (b) prior to 7-15 October 2023 earthquake, where 2, 13, 19, and 26 September were excluded.
The dark blue curved lines and blue shaded bars represents the daily variation of Dst index, Kp*10
(10 multiplied by Kp) and F10.7 indices respectively, while the dashed vertical line represents the day
of earthquakes.

3. Results
3.1. Multi-Parameter lonospheric Anomalies
3.1.1. GIM-TEC Anomalies

The GIM-TEC data provide vital insights into the spatiotemporal distributions of
ionospheric disturbances on a large scale. The detected abnormalities of GIM data were
processed through the SIQR technique and are shown in Figures 4 and 5 for both cases.
After excluding the solar-geomagnetically disturbed days, the possible seismic ionosphere
anomalies were as follows: the disturbances as positive and negative anomalies started
appearing on 18, 19, 22, 24, 28, 29, and 30 September and 17, 18, 19, 20, 24, and 25 of October.
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Figure 4. GIM anomalies prior to 26 October 2015 earthquake; magnetic equator (red line), earthquake
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anomalies (blue cloud) are shown.
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Exploring the days just before the earthquake, we observed minor negative distur-
bances around the northeast of the epicenter on 24 October 2015, while slight positive
disturbances appeared on 25 October 2015. These disturbances serve as indications of
pre-seismic activity. However, on 26 October 2015, no notable disturbances were observed.
The spatiotemporal details can be seen in Figure 4.

Following the mitigation of anomalies arising from solar and geomagnetic distur-
bances, the residual irregularities within the dataset for the 2023 October earthquake
are indicative of potential seismic ionospheric disruptions (see Table 1). Notably, pre-
earthquake anomalies manifested on multiple dates, starting from 9, 12, 14, 21, 24, and 30
September, as wellas 1, 2, 3, 6,7, 9, 10, 11, 13, 14, and 15 October 2023.

Table 1. Common anomalies prior to the October 2015 earthquake; DOE is day of earthquake.

GIM TEC GPS TEC SWARM Fof2 GIM TEC GPS TEC SWARM Fof2
Date Anomaly Anomaly Ne and Te Anomaly Date Anomaly Anomaly Ne and Te Anomaly
(@UTC) (@UTC) Anomaly Presence (@UTCQ) (@UTC) Anomaly Presence
N(i‘%tlja) 1-3,7-9, (+) Ne
30-09-2015 9-11 (+) - Da}%\(f)Te - 19-10-2015  11-13,17-19 13-16 (+) Day\Te v
Night/Day ) Day (+)
(=) Ne 13'15 f(SW (+) Ne
03-10-2015 15-17 (—) - Night\(+) - 20-10-2015 . 12-14 (+) Day\Te v
Te Nicht epicenter) Day (+)
e Nig ay
(+)
(+) Ne
(+) Ne 13, 15 East Night\Te
15-10-2015 9-12 (+) 8-12 (+) Night/Day\Te - 24-10-2015  of epicenter 16-19 (+) Night v
Night (—) () (—)\Te Day
()
(+) Ne
(+) Ne 20, 2;f(NE Night\Te
17-10-2015 8-19 (+) 6-9 (+) Day\Te v 25-10-2015 . 15-18 (+) Night v
Night () epicenter) (—)\Te D
ig . e Day
minors (+)
()
(+) Ne
(+) Ne .
26-10-2015 Night/Te
18-10-2015 9-13 (+) 11-18 (+) gg\gj v (DOE) - 6-8 (+) Night/Day v

(-)

The anomalies started appearing 28 days before the earthquake; the nearest anomaly
witnessed before the earthquake occurred on 6 October 2023 at 14:25 UTC, which was only
7-5 h before, and that for the first earthquake that occurred on 7 October 2023 at 07:12
UTC was seen 5-3 h before the impending earthquake, as shown in Figure 5. The 24 h
anomaly appearances for all mentioned days are provided in Supplementary Materials
Figures S1 and S2 for both cases.

3.1.2. GPS-TEC Anomalies

Based on the anomalous days observed in the GIM data, the GPS stations nearest to
the epicenter, such as KIT3, IISC, WUHN, LHAZ, CHUM, and POL200, were selected out
of several stations. These finalized stations were considered for anomaly extraction, as
shown in Figures 6 and 7. Positive spikes in TEC for the 2015 earthquake can be seen one
day before the earthquake on every ground station for almost 30 min, with a prominent
difference of 2-8 TECU. On the day following the earthquake, anomalies appeared for
POL200 and CHUM, which were the least distant from the epicenter, with a difference of
2-4 TECU, suggesting short-term pre-seismic anomalies.
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Figure 6. For the 2015 earthquake days between 12 and 27 October, the CHUM, IISC, LHAZ, and
POL200 ground stations were selected, where the mean VTEC (black line), LSTM-derived VTEC (red
line), upper envelope (green line) and lower envelope (blue line), and earthquake day (dotted gray
line) are shown.
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Figure 7. For the 2023 earthquake days between 1 and 16 October, the WUHN, POL200, KIT3, and
IISC ground stations were selected, where the mean VTEC (black line), LSTM-derived VTEC (red
line), upper envelope (red line) and lower envelope (green line), and earthquake day (dotted gray
line) are shown.

The 2023 earthquake Swarm event anomalies on 6 October, 1 day before the first
earthquake, started appearing around 3-14 UTC. On 7 October, the earthquake happened at
6:40 UTC and the anomalies appeared from 3 to 14 UTC. Following the second earthquake
that occurred on 11 October, the prior 3 days” anomalies were also witnessed. The anomalies
on 9 October also appeared from 2 to 13 UTC, those on 10 October appeared from 2:30 to
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12:30 UTC, and those on 11 October appeared from 3 to 14 UTC. Also, for 15 October, the
anomalies for the third earthquake event appeared at 3-14 UTC on 13 October; those on 14
October appeared at 2-12 UTC; and finally, on the last earthquake day, the anomalies kept
on appearing in the same time range as the previous pattern: from 7 to 15 October at 3-12
UTC. The anomalies that appeared were well synchronized with the anomalies appearing
in the GIM-TEC and Te and Ne observations; for reference, see Tables 1 and 2. To support
this statement, it can be seen in Table 1 that the GPS-TEC anomalies appeared almost 11
days before the earthquake day, and the time and durations coincided with the GIM-TEC
anomalies; e.g., for the GIM-TEC anomalies, the appearance time was around 9-12 UTC,
and the GPS-TEC anomalies appeared from 8 to 12 UTC for the 2015 earthquake cases.
Similar coinciding time duration can be seen on the other excluded days and for the 2023
earthquake cases as well.

Table 2. Common anomalies prior to the October 2023 earthquake; DOE is day of earthquake.

GIM TEC GPS TEC SWARM Fof2 GIM TEC GPS TEC SWARM Fof2
Date Anomaly Anomaly Ne and Te Anomaly Date Anomaly Anomaly Ne and Te Anomaly
(@UTO) (@UTO) Anomaly presence (@UTO) (@UTO) Anomaly presence
12 (Sof
-09- i _ () Te ) 07-10-2023 4-6 (+), (0 Te
21-09-2023 epuzir)lter) Night (DOE) 3(+) 12-4 (+) Night v
24-09-2023 6,7 (+) - (+) Ne Day - 10-10-2023 3(+) 8-13 (+) (—) Te Day v
+) N
Ni(glaltli(e*) 11-10-2023 11-13 (+) Ni(g})‘t\(e’)
29-09-2023  8-11(+) - Day/(—) - (DOE) 10-11 (+) 15 (4) Da}}é(—) v
Te Night Night\Day
(+) Ne
(+) Ne X
30-09-2023 1013 (+) - Night\Day/(—) - 13-10-2023  17-23 (+) 5 é5 ), 1\? aryl/ Ne v
Te Night 20(+) ight/(-)
Te Night
(+) Ne
Day/(-) )1 () Te
01-10-2023 3(+) 16 (+) Te - 14-10-2023 1 ;é((:-kil 12-14 Day/Te v
Night/(£) Night
Day
(+) Ne
Night/(—) e % (=) Ne
02-10-2023  10-13(+) 1416 (+) Te 15(];%19)23 217_33(2) 9-12 (+) Day/(-) v
Night/(£) Te Night
Day
. (+) Ne
06-10-2023 14 (+) ﬁﬁ E:; Day/(+) v . . . . .
Te Day

3.1.3. Ne and Te Anomalies

The plasma anomalies were obtained using the revisit trajectory comparison method,
which involved processing three months of data from the Swarm A and C satellites. The or-
bital tracks were divided into two classes based on day and nighttime periods. Background
values were removed from these data groups to establish the ANe and ATe thresholds,
which were defined by the 20 limit. The earthquake occurred on 26 October 2015, and the
ANe thresholds were 3.11 x 10" m~2 and 5.67 x 10'° m~3 during day and night times,
respectively, and the ATe thresholds were 1256 K and 809 K. Figure 8 illustrates the results
obtained from the Swarm A and C satellites. The disturbances as positive and negative
anomalies were witnessed on 18, 19, 21, 22, 23, 24, 28, 29, and 30 September and 17, 18, and
19 of October.
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Figure 8. Ionospheric plasma Ne and Te anomalies prior to the 26 October 2015 earthquake for the
nightside orbit (descending around 23:00) and the dayside orbit (ascending around 11:00). Black star
represents the earthquake epicenter and gray line shows the costal boundaries.

The nighttime Ne anomalies started appearing on September 30(+) and 3 and 7(—)
October; there are random positive and negative anomalies on 15,21 October (+). The
daytime Ne anomalies can be seen, starting from 30th September (—) and 13(—), 15(+),
17-18(+), 23(+), and on 26 of October (—), the day of the earthquake can be observed.

For the nighttime temperature anomalies, negative anomalies started appearing on
30 September (—). Some short-term positive anomalies occurred from 13 October, while
the occurrence of strong negative anomalies can be seen on 15, 17, 24, 25, and 26, these
being present in the form of pre- and co-seismic anomalies. Negative Te anomalies continu-
ously occurred from 30 September and 3 October, strong positive anomalies occurred on
19-20 and 24-25 October, and on 26 October, a negative anomaly was observed passing
over the earthquake epicenter for the daytime trajectory, as explained in Table 1 and shown
in Figures 8 and S3.

The other earthquake happened as a group of earthquakes on 7, 11, and 15 October
2023; the ANe thresholds were 4.97 x 10! m~2 and 2.9 x 10!° m~3 during the night and
day periods, respectively, and ATe thresholds were 1252 K and 739 K.

Excluding solar and geomagnetically disturbed days, Ne anomalies started appearing
on September 20 (—) and 29 (+), 30 (+), and 2 (+) of October; the remaining disturbed days
were taken as geomagnetically disturbed days, which confirmed the presence of pre-seismic
disturbances (Figure 9). Ne daytime anomalies, starting from 20 (+), 22 (=), 24 (+), 27 (+),
28 (=), 29 (—), and 30 (+) September, and 1 (+) and 3 (+) anomalies on 11 and 15 of October
(—), on the days of the earthquake, can be observed.
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Figure 9. Jonospheric Ne and Te anomalies prior to the 7, 11, and 15 October 2023 earthquakes for the
nightside orbit (descending around 23:00) and the diurnal orbit (ascending around 11:00). Black star

represents the earthquake epicenter and gray line shows the costal boundaries.

In contrast, in the nighttime Te data, there were negative anomalies that appeared on
21,22, 23,29, and 30 September and on 1 and 2 October, while the occurrence of strong
negative anomalies from 4 to 15 can be seen, which can be regarded as pre-, co-, and
post-seismic anomalies. The daytime Te anomalies continuously occurred from (+)20 and
28(—) September to ()1, (£)2, and (£)3 October, as explained in Table 2 and shown in
Figure 9 and Figure S4.

Figure 10 shows the correlation analysis of ANe and ATe for Swarm A and Swarm C
satellite data during the daytime and overnight periods. The plasma abnormalities show
an increasing occurrence on the days preceding the earthquakes. This shows that there
is a link between fluctuations in plasma anomalies and seismic activity. The data show a
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Figure 10. The mutual correlation of the day and nighttime ANe and ATe anomalies of the Swarm
A and C satellites, for 2015 and 2023 earthquake cases respectively, the red and cyan lines are the
regression lines.

Furthermore, the graphs demonstrate that plasma abnormalities are more noticeable
during the day, implying a possible diurnal fluctuation in the association between plasma
anomalies and earthquake occurrence.

3.1.3.1. foF2 and hmF2 Anomalies

For the investigation of ionospheric height and density, the ionosonde NI135, located
on the island of Cyprus (latitude: 35.03°N, longitude: 33.16°E), was selected based on the
availability of data. It is located around 3000 km from the point, which has a comparable
latitude (34.5442°N, 61.8891°E). The proximity in latitudes suggests that the ionospheric
properties may be similar. Figure 11 shows the ionogram and the related predicted electron
concentration profile, which provide visual representations of the data. For the 2015
earthquake, the foF2 shows a wave-like signature of detected disturbance and an increase
t0 9.363 MHz (from the previously observed frequency of 3.8 MHz on 25 October) almost
2 min before the earthquake, which occurred at 09:09 UTC. For the 2023 earthquakes, the
foF2 decreased to 11.825 MHz from the 12.56 MHz observed on 6 October (1 day before
the first earthquake), and for later days, the foF2 shows a decreasing trend for the NI135
station, along with the rippled oscillations observed on previous days. For this reason, 2D
plots of foF2 and hmF2 were created separately determine the near-to-real values over the
earthquake region (Figure 54).

Figure 11 also shows an interesting quasi-periodic pattern inside the foF2 variation. As
can be seen, the intensity of each pixel represents the signal strength in the form of electron
density profiles, while the colors indicate the wave polarization, angle of arrival, and
Doppler frequency. Traces in the ionogram image correspond to individual reflected signals
(echoes) observed at each sounding frequency. The ionograms of NI135 for other anomalous
days were also analyzed, and coinciding behaviors with TEC and plasma scintillations
were found. Intriguingly, the Doppler ionosonde detected a substantial increase in the
Doppler frequency three days before the earthquakes, which persisted until the main shock
occurred. The ionogram from the NI135 ionospheric station in Cyprus showed a reduction
in the key frequency foF2. The 2D critical frequency foF2 plots were also analyzed 10 days
before the occurrence of the earthquake in both cases. The unusual changes in foF2 and
hmF2 over Afghanistan around 34°N and 62°E are displayed in Figure S5. The critical
frequency and height of the ionosphere were verified at the NI135 station and from the
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ionogram simultaneously, which yielded the following result: for 2015, the 26 October
earthquake graph shows a drop in both factors around 8 UTC (from 10.3 MHz to 9.8 MHz
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climatology, showing a drop in the F2 layer height and density).
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Figure 11. NI135 ionogram from the DID based on the 26 October 2015 and 7, 11, and 15 October 2023
reflectivity, illustrating frequency versus trip time around 2—4 min before each earthquake, where
the Y-axis is height (km) and x-axis is frequency (MHz). Red: O-polarization echoes (vertical); green:
X-polarization echoes. Real-time EDP using O-traces (thin black lines) and computed bottom-side
EDP (black line with uncertainty bars) [56].

The observed abnormal effect in the change in foF2 was unique across the whole ob-
servable time frame preceding the Mw 7.5 and Mw 6.3 Afghanistan earthquakes, occurring
in a calm geomagnetic state. This shows a possible ionospheric disturbance associated with
earthquake preparation, as indicated by the decline in critical frequency fof2, reaching a
minimum of 7 days before the 2015 earthquake’s main shock and 9 days before the 2023
earthquake. Also, the anomalies from Tables 1 and 2 coincide on 17, 18, 19, 20, 24, 25,
and 26 October 2015 and on 6, 7, 9, 10, 11, 13, 14, and 15 October 2023, excluding the
geomagnetically disturbed days.

4. Discussion

In this study, a spatiotemporal investigation of ionospheric TEC, Ne, Te, foF2, and
hmF2 fluctuations preceding the 2015 and 2023 earthquakes in Afghanistan was conducted,
indicating significant abnormalities and trends (summarized in Tables 1 and 2). The TEC
values from the GIM and GPS ground stations differed significantly from the expected
background levels, indicating the presence of ionospheric disturbances.

The GIM-TEC anomalies observed on 18 October 2015 and 13 October 2023 followed
a semi-global pattern. These anomalies coincided with geomagnetic and solar calm days,
implying the presence of additional contributing forces, which could possibly be the
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previous days’ geomagnetic activities, climate variations such as air pressure currents,
human activities, radiofrequency interferences, or electromagnetic emissions causing global-
scale positive anomalies.

The simultaneous abnormalities detected in ionospheric plasma and critical frequency,
both in terms of spatial and temporal aspects, highlight the atypical nature of these specific
days, potentially implying a link to seismic activity.

The Ne and Te parameters also showed noticeable variations before the earthquakes,
illustrating the ionosphere’s dynamic reaction to seismic activity. The foF2 and ionogram
results exhibit fluctuations in the ionospheric height and critical frequency fof2. Further-
more, the lithosphere—atmosphere-ionosphere interaction concept proposes that electric
field fluctuations due to radon gas release or gravity waves caused by tectonic stresses
might propagate upward and effect the ionosphere. These electric field disturbances can
alter plasma density (Ne), electron temperature (Te), and the F2 layer’s critical frequency
(foF2). Without exception, ionospheric disturbances have regularly been measured before
earthquakes. According to studies, these pre-seismic TEC, Ne, Te, and foF2 anomalies
might begin 20-15 days in advance and last until a few minutes before the earthquakes,
which also suggests the benefit of LAI coupling [57-59]. The fundamental mechanism most
likely includes rock stress causing electromagnetic emissions and energy transfer between
Earth’s geophysical layers [4]. Multiple data sources confirm a compelling link between
ionospheric disturbances and seismic activity, bolstering the notion that these anomalies
may foreshadow earthquakes [60]. For instance, Gousheva reinforced this by demonstrating
abnormalities in the ionospheric quasi-static electric field during seismic events, implying
a possible link between these disturbances and earthquakes [61]. Kouris recognized the
potential of ionospheric changes as precursors to seismic occurrences, notwithstanding the
need for further research [62]. These investigations reinforce the case for examining the
relationship between ionospheric disturbances and seismic activity.

To demonstrate a causal relationship between the detected anomalies and earthquakes,
it is critical to examine ionospheric fluctuations caused by upper atmospheric events such
as thunderstorms, which are characterized by heavy clouds, intense rainfall, and lightning.
Weather conditions during seismic occurrences were tracked using data from EUMETSAT
[https:/ /www.eumetsat.int/] and Ventusky. The unusual days and times were compared to
local weather conditions, cloud activity, and total rainfall in the earthquake preparation area.
This detailed investigation demonstrated that weather conditions were normal throughout
the occurrence of anomalies and did not match, providing strong evidence for the presence
of real seismic ionospheric disturbances.

5. Conclusions

In this study, we carried out a comprehensive investigation on multi-parameter iono-
spheric disturbances possibly associated with two major earthquake events in Afghanistan
that occurred in 2015 and 2023, with the use of GIM, GPS, Swarm, and ionosonde data; the
following phenomena and findings were obtained.

e It was detected that GIM-TEC anomalies for the October 2015 Mw 7.5 earthquake
started appearing from 26 days before the shock to 1 day before the shock, while for
the 2023 Mw 6.3 earthquake, the Swarm anomalies could be noticed even 2 h before
the earthquake happened.

e  After stringently examining the common anomaly days, it was found that all possible
ionospheric parameters for the 2015 earthquake were 30-09, 03-10, 15-10, 17-10, 18-10,
19-10, 20-10, 24-10, and 25-10, and for the 2023 earthquake, they were 19-09, 21-09,
24-09, 26-09, 29-09, 30-09, 02-10, 06-10, 07-10, 10-10, 11-10, 13-10, 14-10, and 15-10.

e  Spatiotemporal coincidence was well established during the multi-parameter analysis,
which confirms that the revealed ionospheric anomalies are important precursors of
earthquakes.

e  The data validations from various sources for anomalous days also confirm the true
pre-seismic activities induced in the ionosphere.
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To summarize, this approach for ionospheric sounding is a promising method for
detecting pre-seismic activity and perhaps increasing earthquake forecasting capabilities.
However, it is vital to emphasize that further research on and refining of this technique
are still required to properly grasp the complex relationship between ionospheric vari-
ability and earthquakes. The study focused only on single-sphere (ionosphere) distur-
bances prior to earthquakes, but anomalies associated with LAI coupling are also crucial
to gain a complete understanding of earthquake preparation and, hence, prediction. The
observed anomalies in TEC, Ne, and Te and foF2 point to a potential link between the
lithosphere and ionosphere, implying that seismic activity can influence ionospheric prop-
erties. The findings lend support to the concept that the ionosphere exhibits precursory
behavior before large earthquakes, highlighting its potential as a source for earthquake
forecasting. Studying ionospheric disturbances preceding earthquakes holds promise for
earthquake monitoring and prediction efforts. However, it is important to note that the
relationship between the ionosphere and earthquakes is complex, and not all ionospheric
disturbances necessarily indicate an impending earthquake. To efficiently investigate the
seismic-derived disturbances, the LCAI model needs to be evaluated, which could be
carried out in the future. Further research is needed to deepen our understanding of
the underlying mechanisms, as well as establish reliable methodologies for earthquake
forecasting and early-warning systems using advanced detection systems.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/rs16111839/s1, Figure S1: The GIM anomalies including all mentioned
anomalous days prior to 26 October 2015 earthquake, magnetic equator (red line), earthquake epicen-
ter (black star), positive anomalies over epicenter (red cloud) and negative anomalies shown (blue
cloud); Figure S2: The GIM anomalies including all anomalous day prior to each October 2023 earth-
quakes are shown, magnetic equator (red line), earthquake epicenter (black star), positive anomalies
over epicenter (red cloud) and negative anomalies shown (blue cloud); Figure S3: Ionospheric plasma
Ne and Te anomalies prior to 26 October 2015 earthquake for the nightside orbit (descending around
23:00) and the dayside orbit (ascending around 11:00); Figure S4: Ionospheric Ne and Te anomalies
prior to 7, 11 & 15 October 2023 earthquake for the nightside orbit (descending around 23:00) and
the dayside orbit (ascending around 11:00); Figure S5: Calculated foF2 and hmF2(latitude: 34°N,
longitude: 62°E) for October 2015 and October 2023 where Global IRI Real Time Assimilation Maps
(GIRTAM, solid redline) are compared to IRI quiet time climatology (dotted green line) exhibiting the
anomalous behavior; Table S1: Space weather disturbed days which were excluded from the anomaly
analysis; Table S2: Locations and distance from the epicenters of all the acquired GPS stations data.
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