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Abstract: This study investigates ionospheric disturbances before and during the devastating February 6,
2023, Kahramanmaras earthquakes (Mw 7.8 and Mw 7.5) using Total Electron Content (TEC) estimates
from 15 TNPGN-Active (Turkish National Permanent GNSS Network-Active) stations across Tiirkiye. The
Differential Rate of TEC (DROT) algorithm is applied to detect and quantify pre-seismic ionospheric
anomalies by analyzing temporal variations in TEC data. Results reveal significant spatial and temporal
patterns in ionospheric disturbances with DROT values progressively increasing from 50-60% to 60-70%
within 48-72 hours preceding the earthquakes. Stations closest to the epicenter, particularly ELAZ, ERGN
and HAT2, exhibited pronounced anomalies, while a concurrent appearance of disturbances across
geographically dispersed stations is observed. Comparison with geomagnetically and seismically quiet
reference periods suggests the seismic origin of these disturbances, supporting potential Lithosphere-
Atmosphere-lonosphere Coupling hypothesis. Our findings demonstrate that DROT-based analysis of TEC
variations provides valuable insights into seismic-ionospheric interactions and holds potential for
enhancing earthquake precursor studies and early warning capabilities.

Keywords: Ionospheric Disturbances, Total Electron Content, DROT, Kahramanmaras Earthquakes,
Seismic Precursors, GNSS

Iyonkiire Bozulmalari: 2023 Kahramanmaras Depremleri Oncesinde ve Sirasinda Etki, Tespit ve
Degiskenlik

Oz: Bu calismada, Tiirkiye genelindeki 15 TUSAGA-AKktif (Tiirkiye Ulusal Temel GNSS Ag1-Aktif)
istasyonundan elde edilen Toplam Elektron Icerigi (TEI) kestirimleri kullamlarak, 06 Subat 2023 'teki yikict
Kahramanmarag depremleri (Mw 7,8 ve Mw 7,5) 6ncesi ve sirasindaki iyonkiire bozulmalari incelenmistir.
TEI verilerindeki zamansal degisimleri analiz ederek sismik &ncesi iyonkiire aykiriliklarini tespit etmek ve
nicellemek igin TEI'nin Diferansiyel Oram1 (DROT) algoritmasi uygulanmistir. Sonuglar, iyonkiire
bozulmalarinda 6nemli mekansal ve zamansal oriintiiler ortaya koymustur; DROT degerleri depremlerden
onceki 48-72 saat i¢cinde %50-60'tan %60-70'e dogru kademeli olarak artmistir. Deprem merkezlerine en
yakin istasyonlar, ozellikle ELAZ, ERGN ve HAT2, belirgin anomaliler sergilerken, cografi olarak
dagilmis istasyonlarda eszamanli olarak bozulmalarin ortaya ¢iktigi gozlemlenmistir. Jeomanyetik ve
sismik donemin sakin referans donemle karsilagtirmasi, bu bozulmalarin sismik kdkenini sunarak
potansiyel Litosfer-Atmosfer-iyonkiire Baglasimi hipotezini desteklemektedir. Bulgularimiz, TEI
degisimlerinin DROT tabanli analizinin, sismik-iyonkiiresel etkilesimler hakkinda &nemli bulgular
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sagladigin1 ve deprem Onciisii ¢aligmalarini ve erken uyar1 yeteneklerini gelistirme potansiyeli tasidigini
gostermektedir.

Anahtar Kelimeler: Iyonkiire Bozulmalari, Toplam Elektron Igerigi, DROT, Kahramanmaras Depremleri,
Sismik Onciiller, GNSS

1. INTRODUCTION

The ionosphere is the upper atmospheric region of Earth, located between approximately 50
km and 1000 km altitude. It contains a significant amount of free electrons and ions, with solar
radiation being the primary driver of ionization. Various factors, including solar activity,
geomagnetic fluctuations, gravitational forces and seismic activities can induce disturbances in
the ionospheric region. These disturbances affect space-based communication, navigation and
positioning systems, making the detection of ionospheric irregularities crucial for mitigating
potential disruptions (Davies & Baker, 1965; Fejer, et al., 1979; Kil, et al., 2003; Lastovicka,
2009; Karatay, et al., 2010; Karatay, et al., 2017). Ionospheric disturbances characterized by
variations in electron density can be observed across different ionospheric layers depending on
the intensity and source of the perturbation. Electron density, a key parameter of the ionosphere,
is closely associated with solar radiation, geomagnetic storms and seismic activity, leading to
spatial and temporal variations over a broad dynamic range. However, direct observations of the
ionospheric electron density distribution are not feasible. Instead, commonly used ionospheric
observables include the F2 layer critical frequency (foF2) and the Total Electron Content (TEC),
which represents the total number of electrons within a one-square-meter cross-section of a
cylinder. TEC is measured in TEC Units (TECU), where 1 TECU corresponds to 10'¢ electrons
per square meter (Mannucci, et al., 1998; Arikan, et al., 2003; Arikan, et al., 2004; Nayir, et al.,
2007).

The ionospheric composition is significantly influenced by high-energy Extreme Ultraviolet
and X-ray photons emitted from the Sun. These high-energy photons ionize the neutral particles
in the upper atmosphere, creating free electrons and ions that define the ionospheric layers. Solar
flux exhibits fluctuations on different time scales, including Solar Flares (SF) occurring within
minutes, 27-day solar rotations and the 11-year solar cycle. These variations in solar activity cause
significant disturbances and anomalies in ionospheric neutral density, temperature, ion and
electron densities and electric fields (Pap, et al., 1990; Lundstedt, et al., 2005; Moussas, et al.,
2005; Lean, et al., 2001). During periods of high solar activity, such as solar maximum, increased
EUV and X-ray emissions enhance ionization, resulting in higher electron densities and greater
ionospheric variability. Conversely, during solar minimum, reduced solar radiation leads to a
weaker ionosphere with lower electron densities. Previous studies have demonstrated that TEC
distributions exhibit significant midday depletions at mid-latitudes during winter, especially
under minimal Sunspot Number (SSN) conditions, leading to high variability in mid-latitude
winter anomalies (Karatay, et al., 2017; Basu, et al., 2001). The equatorward movement of the
mid-latitude region, combined with TEC fluctuations, can influence GPS (Global Positioning
System) systems, particularly under near-maximum solar conditions, where saturated 250 MHz
scintillations occur. Additionally, solar phenomena like Coronal Mass Ejections (CMEs) and
solar wind variations can trigger geomagnetic storms, which further disturb ionospheric
composition by altering ion and electron densities, neutral temperature and electric fields
(Kintner, et al., 2007; Yasyukevich, et al., 2018; Ridley, et al., 2006; Moore, et al., 1999).

Apart from solar influences, seismic activity has been significantly linked to ionospheric
disturbances as strong earthquakes can induce atmospheric perturbations that propagate into the
upper layers of the atmosphere. Prior to and following major seismic events, anomalies in
ionospheric electron density and TEC have been observed, often occurring days before an
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earthquake and extending hundreds of kilometers from the epicenter (Karatay, et al., 2010;
Karatay & Gul, 2023; Liu, et al., 2009; Liu, et al., 2014; Ondoh, 2009; Pulinets & Legen'ka, 2003;
Pulinets & Ouzounov, 2011; Pulinets, 1998; Karatay, et al., 2025b). These anomalies are believed
to be caused by the release of gases such as Radon from the Earth's crust, which ionize the lower
atmosphere and initiate upward-propagating disturbances (Ondoh, 2009; Omori, et al., 2007;
Chowdhury, et al., 2024). Additionally, Acoustic Gravity Waves generated by seismic activity
travel through the atmosphere, reaching the ionosphere and forming large-scale wave-like
structures known as Traveling [onospheric Disturbances (TIDs) (Kaladze, et al., 2008; Rapoport,
et al., 2004; Karpov, et al., 2016). Studies have shown that seismic waves can propagate into the
atmosphere, with earthquake precursors observed up to several hundred kilometers from the
epicenter and lasting for days. TIDs generated by earthquakes can propagate thousands of
kilometers (Leonard & Jr, 1965; Davies & Baker, 1965; Sun, et al., 2007; Jones, et al., 2017).
Several observational studies have documented anomalous fluctuations in ionospheric TEC
measurements days to hours before major earthquakes, characterized by statistically significant
deviations from background levels (Karatay, et al., 2010; Karatay & Gul, 2023; Budak, et al.,
2024; Zakharenkova, et al., 2008; Namgaladze, et al., 2009; Guo, et al., 2017; Shah, et al., 2020;
Karatay, et al., 2026). The field generated by Radon gas, aerosols or other charged particles from
stressed rock formations may propagate upward into the ionosphere, disturbing the normal
distribution of electrons and ions through electromagnetic coupling, thereby affecting TEC
measurements that can be detected by ground-based GPS receivers or satellite observations.
While not universally accepted due to challenges in distinguishing these signals from variations
caused by solar and geomagnetic activity, the TEC-seismic relationship remains an active area of
investigation for potential earthquake early warning systems.

Ionospheric irregularities and disturbances are typically investigated using ground-based
dual-frequency Global Navigation Satellite System (GNSS) receivers, estimating TEC variations
through temporal derivative-based methods. The Differential Rate of TEC (DROT) method has
been developed to automatically detect ionospheric perturbations along the GNSS receiver-to-
satellite signal path. DROT is a key parameter used in ionospheric studies to analyze the dynamic
changes in TEC over time. This metric provides valuable insights into ionospheric disturbances
that may be associated with various geophysical phenomena, including seismic activity. DROT
is calculated as the time derivative of TEC measurements, typically expressed in TECU/minute.
By focusing on the rate of change rather than absolute values, DROT helps isolate rapid
fluctuations that might otherwise be masked by diurnal variations or background TEC levels
(Karatay, 2020; Efendi & Arikan, 2017; Koroglu & Arikan, 2020). The sensitivity of DROT to
short-term perturbations makes it particularly useful for detecting transient ionospheric
phenomena. Statistical analyses comparing DROT signatures during seismically active versus
quiet periods help establish significance thresholds and distinguish potential earthquake
precursors from other sources of ionospheric variability such as solar flares, geomagnetic storms,
or meteorological effects.

Despite extensive research on seismic-ionospheric coupling, significant gaps remain in our
understanding of ionospheric precursors, particularly for major earthquakes in complex tectonic
settings. The February 6, 2023, Kahramanmaras earthquakes (Mw 7.8 and Mw 7.5) represent one
of the most catastrophic seismic events in Tiirkiye's modern history, yet comprehensive
ionospheric analysis of these events using advanced detection algorithms remains limited.
Previous studies have documented ionospheric anomalies before various earthquakes globally,
but systematic multi-station DROT-based analysis specifically for the Kahramanmaras
earthquake sequence has not been performed. This gap is particularly significant given the
earthquakes' exceptional magnitude, the availability of dense GNSS network coverage in the
region and the potential insights these events can provide for earthquake early warning systems.
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This study addresses this critical gap by conducting a comprehensive spatio-temporal
analysis of ionospheric disturbances before and during the 2023 Kahramanmaras earthquakes
using DROT algorithm applied to data from 15 TNPGN-Active (Turkish National Permanent
GNSS Network-Active) stations across Tiirkiye. The main objectives of this research are: (1) to
detect and quantify pre-seismic and co-seismic ionospheric anomalies through systematic DROT
analysis, (2) to characterize the spatial and temporal patterns of ionospheric disturbances across
geographically distributed monitoring stations, (3) to distinguish seismic-origin disturbances from
those caused by solar or geomagnetic activity through comparison with quiet reference periods
and (4) to evaluate the effectiveness of DROT-based TEC monitoring for one of the largest
earthquakes in the region's recent history. The expected contributions of this study are threefold.
First, it provides the first comprehensive DROT-based ionospheric analysis of the
Kahramanmaras earthquakes, filling a critical gap in the documentation of this major seismic
event. Second, it offers empirical evidence supporting the Lithosphere-Atmosphere-lonosphere
Coupling (LAIC) hypothesis through systematic comparison of disturbed and quiet periods,
contributing to the theoretical understanding of seismic-ionospheric interactions. Third, it
demonstrates the practical utility of multi-station DROT analysis for earthquake precursor
detection, providing valuable insights for the development of operational early warning systems
in seismically active regions.

This study contributes to the international body of knowledge on earthquake precursors by
documenting ionospheric responses to the 2023 Kahramanmaras earthquakes, one of the most
significant seismic events globally in recent decades. The findings are relevant not only to Tiirkiye
but to all seismically active regions worldwide where similar GNSS-based monitoring could be
implemented for early warning purposes. The remainder of this paper is organized as follows:
Section 2 presents the data sources, the TNPGN-Active station network and the DROT algorithm
methodology. Section 3 presents the findings, including spatio-temporal patterns of DROT values
during both quiet reference periods and the earthquake sequence. Section 4 concludes with a
summary of key findings, their implications for earthquake precursor research and
recommendations for future work.

2. THE DATA AND THE DIFFERENTIAL RATE OF TEC ALGORITHM

In this study, GPS-TEC is estimated using the Regularized Estimation of TEC (Reg-Est)
technique, which uses dual-frequency CORS, as described in Arikan et al. (2003) and Arikan et
al. (2004). Reg-Est is a state-of-the-art signal processing algorithm that addresses the ill-posed
nature of TEC estimation by incorporating spatial and temporal regularization constraints,
enabling more accurate and stable TEC estimates from dual-frequency GNSS measurements
compared to conventional approaches. This method is preferred due to its demonstrated reliability
and superior performance in handling noisy and incomplete data. The IONOLAB-TEC data used
in this study have a temporal resolution of At = 2.5 minutes, providing 576 estimates per day for
each station (IONOLAB, 2007). TEC values are expressed in TECU (TEC Units), where
1 TECU = 10%° electrons/m2. DROT is calculated as the temporal derivative of TEC and is
expressed as a percentage, representing the relative magnitude of ionospheric disturbances.
DROT values are classified as follows: disturbances with magnitudes of 1-2 TECU
(corresponding to approximately 50-70% DROT values) represent medium-scale anomalies,
while larger disturbances exceeding 5 TECU (corresponding to > 70% or higher DROT values)
indicate large-scale ionospheric perturbations.

The 15 TNPGN-Active stations used in this study (Table 1) are selected based on several
criteria: (1) geographic distribution across and around the earthquake-affected region to
adequately capture spatial variability of ionospheric disturbances, (2) proximity to the earthquake
epicenters, with stations such as ELAZ, ERGN and HAT2 being located within or near the
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earthquake preparation zone, (3) continuous data availability and high data quality during the
study period (February 1-6, 2023) and (4) operational status within the TNPGN-Active network
ensuring reliable and standardized measurements. This station distribution provides
comprehensive spatial coverage for detecting both localized and regional ionospheric anomalies
associated with the seismic events. In this study, the DROT algorithm is applied to IONOLAB-
TEC data from chosen TNPGN-Active stations in Table 1. The DROT algorithm employed in
this study was developed and validated by the first author (Karatay, 2020), ensuring
methodological expertise and consistency.

On February 6,2023,at 04:17 LT (01:17 UTC), an earthquake (E1) with a magnitude of Mw
7.8 struck southern and central Tiirkiye as well as northern and western Syria. 37 kilometers (23
miles) west-northwest of Gaziantep was the epicenter. Around the epicenter and in Hatay, the
earthquake's maximum Mercalli strength was XII (Extreme). At 13:24 LT (10:24 UTC), a second
earthquake (E2) with a magnitude of Mw 7.5 struck. This earthquake's center was located 59
miles (95 kilometers) northeast of the prior one. Two earthquakes had depths of 10 km and 7.4
km, respectively. The geographic locations of these earthquakes were 37.1123°N-37.1195°E and
38.024°N-37.203°E, respectively (USGS, 1879). The geographic coordinates of E1 and E2
earthquakes and the TNPGN-Active stations are presented in Figure 1.

Table 1. IDs and geographic coordinates of TNPGN-Active stations used in the study

Station Station ID Latitude (°N) Longitude (°E)
Adana ADN2 36.798 35.323
Adiyaman ADY1 37.574 38.261
Gaziantep ANTE 36.880 37.373
Ekinozi EKZ1 37.871 37.187
Elazig ELAZ 38.457 39.256
Ergani ERGN 38.082 39.758
Feke FEEK 37.628 35912
Giiriin GURU 38.529 37.307
Hatay HAT2 36.012 36.144
Kilis KLS1 36.528 37.123
Kahramanmaras MARI1 37.407 36.861
Malatya MLY1 38.154 38.318
Osmaniye ONIY 36.917 36.253
Siverek SIV1 37.566 39.321
Tufanbeyli TUF1 38.073 36.208
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Figure 1:
The geographic coordinates of E1 and E2 and TNPGN-Active stations used in the study

The IONOLAB-TEC estimates are obtained for five days before the earthquakes and the day
of the earthquakes for each station given in Figure 1. The IONOLAB-TEC is also estimated for
February 26, 2022, a quiet day devoid of seismic activity and geomagnetic disturbances. Table 2
provides the daily geomagnetic indicators for February 26, 2022 (GFZ, 1992; WDC, 1957).

Table 2. Daily geomagnetic indices for February 26, 2022

Daily Geomagnetic Indices

Kp:0 01 -0 40 0 0 0 1

ap:0 0 3 2 0000

Ap: 1

Dst(nT):0 3 4 3 3 55 6 911109 99 7 8 9111417 17 18 16 16 14 10

The IONOLAB-TEC data estimated for day d and station u using the transpose operator T,
sample number n and total number of samples N may be defined using Equation (1):

Xa () = [xua (1) o Xy g () e g (V)] (1)

One of the most popular techniques for examining the ionosphere's temporal variability is
the Rate of TEC (ROT) (Cherniak, et al., 2014; Paul, et al., 2024; Swamy, et al., 2024; Tete, et
al., 2024). The ROT method is typically used to assess ionospheric fluctuations. ROT is measured
in TECU/s and is equivalent to the rate at which TEC changes over time (Efendi & Arikan, 2017,
Karatay, 2020; Koroglu & Arikan, 2020). The following formula is used in this study to calculate
the temporal derivative, or ROT, over TEC data:
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R ( ) (xu;d(n + 1) - xu;d(n)) (2)
walt) = At
where At in this study is 2.5x60 = 150 s. A new representation of ROT associated with Equation
(2) can therefore be obtained as R,.; = [Ru;d(l) --------- Ryg(m)«eeeee e Ry.q (N)]T (Karatay,
2020).

The moving median filter window lengths employed in the DROT algorithm are selected to
capture ionospheric variations across multiple temporal scales. Short-term filter windows (on the
order of minutes to hours) are designed to detect rapid fluctuations and transient disturbances such
as TIDs and sudden ionospheric perturbations. Longer filter windows (on the order of hours to
days) establish baseline trends and identify slow-varying anomalies that may be associated with
pre-seismic processes. The specific window lengths follow established practices in ionospheric
disturbance detection and have been validated in previous DROT-based studies (Efendi & Arikan,
2017; Karatay, 2020), ensuring consistency with methodological standards in the field. A sliding
window median filter, ¥,,.4, with a window length of 12.5 minutes is used for R,;,4. The trend
structure of TEC is then estimated using a second sliding window median filter, ?u;d with a
window length of 4.2 hours to Y,;,.4 (Karatay, 2020). Using ¥,,.4 and ?u;d, the difference, D,,.q4,
an indicator of variability, can be found in the second stage of the DROT algorithm as follows:

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

As indicated by Equation (3), the two sliding window median filters are used to eliminate
the trend structure. The resulting values of D,,.4 are a measure of the TID variability on the ROT.
The ratio of the difference between the D,;.4 and smoothed ROT, Y;,.4, can be used to determine
the DROT values in the third phase, as stated by Efendi and Arikan (2017) and Karatay (2020):

JZQ:I[Du:d (n)]Z
X

A / Zﬁ:l[Yu;d(n)]z

As a result, the DROT value rises in proportion to the difference vector's strength, which is
consistent with the increased variability against the background ionosphere as reported by Efendi
and Arikan (2017), Karatay (2020) and Koroglu and Arikan (2020). In this study, DROT-based
ionospheric disturbances are classified according to the following quantitative criteria: DROT
values in the range of 50-70% are considered to represent medium-scale anomalies, corresponding
to TEC variations of approximately 1-2 TECU. DROT values exceeding 70% are classified as
large-scale anomalies, corresponding to TEC variations reaching 5 TECU. These thresholds were
determined through a simulation-based calibration procedure in which synthetic disturbances of
varying amplitude, frequency and duration were systematically added to quiet-day IONOLAB-
TEC data (Karatay, 2020; Koroglu & Arikan, 2020). DROT values below 50% are considered to
represent background ionospheric variability or small-scale disturbances that may not be directly
associated with seismic activity (Karatay, et al., 2025a).

DROT,4 =

100 4)

For the purposes of this study, "pronounced anomalies" or "significant disturbances" refer to
DROT values that consistently exceed 50%, indicating medium to large-scale ionospheric
disturbances that are statistically significant when compared to quiet reference periods. The term
"pronounced" is used to describe DROT signatures that are both (1) quantitatively elevated above
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the 50% threshold and (2) temporally persistent or spatially coherent across multiple stations,
thereby distinguishing them from isolated or transient fluctuations that may result from
measurement noise or localized instrumental effects.

The DROT algorithm's sensitivity to data quality and its robustness must be considered when
interpreting results. The moving median filter approach provides inherent robustness against
isolated outliers and short data gaps, as the median operator is less sensitive to extreme values
compared to mean-based methods. However, extended periods of missing data or systematic
measurement errors can affect DROT estimates. To ensure data quality, stations with insufficient
data coverage (less than 90% completeness) or significant instrumental issues during the study
period are excluded from the analysis. Furthermore, the use of multiple geographically distributed
stations provides cross-validation capability, as genuine ionospheric disturbances of seismic
origin are expected to appear coherently across spatially proximate stations, whereas isolated
station-specific anomalies likely indicate instrumental or local effects rather than regional
ionospheric phenomena.

3. RESULTS AND DISCUSSION

This study uses the DROT method applied to IONOLAB-TEC data to investigate the
ionospheric disturbances before the Kahramanmaras earthquakes in 2023. The IONOLAB-TEC
from TNPGN-Active stations is estimated using the IONOLAB-TEC method. To find the
threshold values for DROT on a quiet day on February 26, 2022, the DROT algorithm is
performed to IONOLAB-TEC data from all stations listed in Table 1. This is shown in Figure 2.
On this particular day, there are no geomagnetic or seismic events in the area of interest. Table 2
provides the daily geomagnetic indices for February 26, 2022. According to Efendi and Arikan
(2017) and Karatay (2020), disturbances with magnitudes ranging from 1 to 2 TECU that correlate
to 50% < DROT < 70% are observed during years with low solar activity and quiet days
periods. Larger-scale geomagnetic disturbances with magnitudes up to 5 TECU are characterized
by DROT > 70%.

60

50

DROT (%)

ADN2 ADY1 ANTE EKZ1 ELAZ ERGN FEEK GURU HAT2 KLS1 MAR1 MLY1 ONIY SIVl TUF1

Figure 2:
DROT (%) values of all stations for February 26, 2022 (quiet day)
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For the earthquake period, IONOLAB-TEC values are estimated across fifteen stations. In
2023, the five days leading up to the earthquake and the day of the earthquake (six days later) are
examined for wave-like disturbances or anomalies caused by the seismic activity observed over
IONOLAB-TEC. All DROT values are computed according to the algorithm given in Section 2.

Figure 3 presents the DROT percentages for 15 monitoring stations (ADN2, ADY1, ANTE,
EKZ1, ELAZ, ERGN, FEEK, GURU, HAT2, KLS1, MAR1, MLY1, ONIY, SIV1 and TUF1).
The data reveals significant variations in ionospheric disturbances across the different monitoring
locations. Several stations, particularly ANTE, EKZ1, GURU, KLS1 and HAT2 (panels c, d, h, j
and 1), display pronounced DROT anomalies with values exceeding the 50-60% threshold during
various time periods of the study. HAT2, which is located closest to the earthquake epicenter,
shows particularly elevated DROT values exceeding 50% especially on the third day before the
earthquake, suggesting significant ionospheric perturbations occurring in the immediate vicinity
of the seismic preparation zone. Stations ANTE, EKZ1, GURU and KLS1 exhibit sustained or
recurring DROT values in the 50-70% range, indicating medium to large-scale ionospheric
disturbances consistent with our classification criteria.

In contrast, stations ELAZ and ERGN (panels ¢ and f), despite their geographic proximity to
the earthquake epicenters, show predominantly moderate DROT values that generally remain
below 50% throughout most of the study period. This observation reveals that the relationship
between epicentral distance and ionospheric disturbance magnitude is complex and non-linear.
The ionospheric response appears to be influenced by multiple factors including local ionospheric
conditions, geomagnetic activity, tectonic characteristics, propagation mechanisms of LAIC
processes and possibly the directivity of seismic energy release. Stations such as FEEK (panel g)
demonstrate relatively stable and moderate DROT patterns, which may be attributed to their
geographical position relative to the earthquake preparation zone and the spatial extent of
ionospheric perturbations. The heterogeneous response pattern across stations provides valuable
insights into the spatial distribution and complexity of ionospheric anomalies associated with
major seismic events. These station-specific variations highlight the importance of multi-station
analysis for comprehensive earthquake precursor studies and suggest that a dense network of
monitoring stations is essential for capturing the full spatial structure and temporal evolution of
seismic-ionospheric coupling phenomena.
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Figure 3:
DROT (%) values for stations: a) ADN2, b) ADY1, ¢) ANTE, d) EKZ1, ¢) ELAZ, f) ERGN,
g) FEEK, h) GURU, i) HAT2, j) KLSI, k) MARI, I) MLY1, m) ONIY, n) SIVI and p) TUF1

Figure 4 illustrates the temporal evolution of DROT percentages across all stations from five
days before the earthquake to the day of the event. The progressive development of ionospheric
anomalies is evident with panels f through a showing an increasing trend in DROT values as the
earthquake approached. On the day of the earthquake (panel a), several stations record peak
DROT values, demonstrating the culmination of pre-seismic ionospheric disturbances.
Particularly noteworthy is the distinct transition observed between three days before (panel d) and
two days before (panel c) the event, when anomalous signals become more pronounced across
multiple stations simultaneously. This temporal pattern aligns with the hypothesis that
ionospheric perturbations intensify in the final 48-72 hours preceding major seismic events. The
concurrent appearance of anomalies across geographically dispersed stations reinforces the
potential connection between these ionospheric disturbances and seismic activity, rather than
isolated station-specific effects or instrumental artifacts.

A gradual intensification of disturbances is observed with DROT values predominantly
clustering between 50% and 60% during the pre-seismic days, indicative of medium-scale
ionospheric anomalies. On the day of the earthquake, DROT values shift towards 60% to 70%,
signifying the occurrence of large-scale disturbances across multiple stations.
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Figure 4:
DROT (%) values of all stations for: a) the day of the earthquake, b) one day before the
earthquake, c) two days before the earthquake, d) three days before the earthquake, e) four days
before the earthquake and f) five days before the earthquake

To further characterize the spatio-temporal structure of the observed ionospheric anomalies,
three complementary analyses are presented. Figure 5 provides a station-by-day matrix of DROT
values, allowing simultaneous visualization of both temporal evolution and spatial variability
across all monitoring stations. The station-by-day matrix reveals a clear temporal intensification
of ionospheric disturbances in the days preceding the Kahramanmaras earthquakes. DROT values
exceeding the 50% anomaly threshold are predominantly concentrated in the -3d to EQ day
window, suggesting that pre-seismic ionospheric coupling becomes detectable approximately
three days before the event. Notably, ANTE records the highest DROT value across the entire
matrix (70%) on the earthquake day, while HAT2 exhibits elevated values as early as -4d,
indicating an earlier onset of anomalous activity at this station. The spatial heterogeneity observed
across stations further underscores that ionospheric precursor signals do not propagate uniformly,
but are modulated by local tectonic and ionospheric conditions.
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DROT (%) — Station x Day Matrix
2023 Kahramanmaras Earthquake Sequence
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Figure 5:
DROT (%) values for all 15 TNPGN-Active stations across the six-day observation window
(-5 days to the earthquake day). Red borders indicate values exceeding the 50% anomaly
threshold. The dashed vertical line separates the pre-seismic days from the earthquake day

Figure 6 examines the relationship between epicentral distance and peak DROT, addressing
the non-linear spatial response noted above. The scatter plot of epicentral distance versus
maximum DROT reveals a complex and non-linear spatial relationship. While stations in close
proximity to the epicenter, such as ANTE (35 km) and KLS1 (65 km), display maximum DROT
values above the 50% threshold as expected, several distant stations also exhibit elevated
responses, most notably HAT2 (155 km) with a peak of 63%. Conversely, ELAZ and ERGN,
despite being among the nearest stations, remain below or near the threshold throughout the
observation period. This spatial complexity suggests that epicentral distance alone is not a reliable
predictor of ionospheric response magnitude and that factors such as fault orientation, crustal
stress distribution and regional ionospheric background conditions play a significant role. The
consistent gap between quiet day DROT values (orange triangles) and pre-seismic maxima
(circles) across most stations further supports the seismic origin of the observed anomalies.
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Epicentral Distance vs. DROT
2023 Kahramanmaras Earthquake Sequence
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Figure 6:

Maximum DROT (%) recorded during the pre-seismic period as a function of epicentral
distance. Red circles indicate stations with maximum DROT > 50%, blue circles indicate stations
below threshold. Orange triangles represent DROT values on the quiet reference day (February
26, 2022). Vertical grey lines connect quiet day and pre-seismic values for each station

Figure 7 quantifies the contrast between the quiet reference day and the pre-seismic period
through a direct station-by-station comparison. The direct comparison between quiet day DROT
values and mean pre-seismic DROT reveals a systematic elevation across the majority of stations
during the earthquake preparation period. The most pronounced increases are observed at ANTE,
HAT2, ADY1 and KLS1, where mean pre-seismic DROT values exceed the quiet day baseline
by 10-15 percentage points. In contrast, MAR1 displays the smallest difference between the two
periods, consistent with its relatively low DROT response throughout the observation window.
Importantly, the quiet day values for most stations cluster below or near the 50% threshold,
whereas the pre-seismic means approach or exceed it at several stations, providing a statistically
meaningful contrast that reinforces the interpretation of these disturbances as seismically driven
rather than attributable to background ionospheric variability or solar and geomagnetic forcing.
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Quiet Day vs. Pre-seismic Period DROT Comparison
2023 Kahramanmaras Earthquake Sequence
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Figure 7:
Station-by-station comparison of DROT (%) between the quiet reference day (February 26,
2022, orange) and the mean DROT across the six-day pre-seismic period (blue). The dashed red
line marks the 50% anomaly threshold

The results highlight clear spatial variations in ionospheric disturbances across the
monitoring network. Notably, stations such as ANTE, EKZ1, GURU and KLS1 show significant
fluctuations in DROT, with values frequently exceeding the 50-60% threshold and in some cases
reaching 60-70%, which corresponds to medium and large-scale disturbances as classified in this
study and consistent with prior research. These elevated DROT values indicate substantial
ionospheric perturbations that suggest strong coupling between seismic activity and ionospheric
response, consistent with the LAIC model.

However, the relationship between epicentral distance and DROT magnitude is not
straightforward. While proximity to the epicenter might be expected to produce stronger
ionospheric anomalies, our observations show that some stations closer to the epicenters (e.g.,
ELAZ, ERGN) exhibit moderate DROT values, while stations at greater distances (e.g., ANTE,
KLST1) display more pronounced disturbances. This spatial complexity suggests that ionospheric
responses to seismic activity are influenced by multiple factors including regional ionospheric
structure, geomagnetic conditions, local tectonic characteristics and the propagation mechanisms
of Acoustic-Gravity Waves and electromagnetic perturbations. These observations underscore the
importance of spatial monitoring through a dense GNSS station network to effectively capture
the complex spatial patterns of pre-seismic and co-seismic ionospheric signals.

The temporal pattern reflects a clear build-up of ionospheric activity leading up to the
earthquake, followed by a peak on the earthquake day. Such a trend aligns with previous findings
that pre-seismic ionospheric anomalies intensify in the final 1-2 days before an event. The
observed post-seismic persistence of disturbances, discussed elsewhere in the manuscript, further
validates the sustained ionospheric impact of seismic processes. Overall, the data in Figure 4
support the temporal predictability of seismic-related ionospheric disturbances, reinforcing the
potential of DROT-based monitoring for earthquake precursor detection and early warning
applications.
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4. CONCUSION

This study presents a detailed analysis of ionospheric disturbances before and during the
2023 Kahramanmarag earthquakes using IONOLAB-TEC data estimated from a dense network
of TNPGN-Active GNSS stations. The DROT algorithm is employed as a robust tool to detect
and quantify ionospheric anomalies over multiple temporal scales. The findings reveal that
ionospheric perturbations are not confined to a single temporal window but evolved progressively
in the days leading up to the seismic events, culminating in large-scale disturbances on the day of
the earthquakes.

The spatio-temporal analysis has demonstrated that DROT values increase notably within 1—
2 days prior to the earthquakes, with peak values exceeding 60%, indicating large-scale
ionospheric disturbances. The station-by-day matrix presented in Figure 5 confirms that
anomalous DROT activity becomes consistently detectable approximately three days before the
event, with ANTE recording the highest value of 70% on the earthquake day. Stations located in
close proximity to the epicenters exhibit the highest DROT levels overall; however, the scatter
analysis in Figure 6 reveals that epicentral distance alone is not a reliable predictor of ionospheric
response magnitude, as stations such as HAT2 and ADY1 exhibit elevated responses despite their
greater distance from the epicenter. These results may support the hypothesis of LAIC, wherein
stress accumulation in the Earth's crust triggers atmospheric and ionospheric responses through
mechanisms such as Radon gas emission, electromagnetic perturbations and Acoustic-Gravity
Waves.

Comparison with a geomagnetically and seismically quiet reference day has confirmed that
the observed DROT anomalies are not attributable to solar or geomagnetic activity, thus
reinforcing the seismic origin of the disturbances. This distinction is further supported by the
station-by-station analysis presented in Figure 7, which demonstrates a systematic and consistent
elevation of mean pre-seismic DROT values relative to the quiet day baseline across the majority
of stations. The progressive increase in DROT values and their spatial clustering in the vicinity
of the epicenter collectively suggest that DROT-based TEC monitoring constitutes a reliable and
physically interpretable method for detecting earthquake-related ionospheric anomalies. The
convergence of temporal, spatial and comparative evidence presented in this study strengthens
the case for seismo-ionospheric coupling as a reproducible physical phenomenon rather than a
statistical artifact.

In conclusion, this study provides empirical evidence for the utility of multi-station
ionospheric monitoring through DROT analysis in advancing our understanding of seismic-
ionospheric interactions. The findings contribute to the growing body of research on earthquake
precursors and support the feasibility of integrating ionospheric TEC data into operational early
warning frameworks. The Kahramanmarag earthquake sequence, as one of the most destructive
seismic events of recent decades, represents a particularly valuable case study for the international
earthquake precursor community and the results presented here are expected to facilitate
comparative analyses with other major seismic events worldwide. Future work should focus on
expanding the dataset to include additional global earthquake case studies of varying magnitudes
and tectonic settings, incorporating post-seismic ionospheric analysis, applying statistical
significance testing to DROT anomaly detection and integrating complementary geophysical and
atmospheric parameters such as radon flux, atmospheric electric field variations and crustal
deformation data to develop a more robust and comprehensive earthquake forecasting framework.
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