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Abstract In this work, we investigate various types of ionospheric disturbances observed over Europe
following the earthquake that occurred in Turkey on 6 February 2023. By combining observations from
Doppler sounding systems, ionosondes, and GNSS receivers, we are able to discern different types of
disturbances, propagating with different velocities and through different mechanisms. We can detect co-seismic
ionospheric disturbances close to the epicenter, as well as ionospheric signatures of acoustic waves propagating
as a consequence of propagating seismic waves. Unlike the vast majority of past ionospheric co-seismic
disturbance studies that are primarily based on Total Electron Content variations, reflecting disturbances
propagating around the F-region peak, the focus of the present study is the manifestation of disturbances at
different ionospheric altitudes by exploiting complementary ionospheric remote sensing techniques. This is
particularly highlighted through ionospheric earthquake-related signatures established as specific ionogram
deformations known as multiple-cusp signatures which appear as additional cusps at the base of the F-region
attributed to electron density irregularities generated by Rayleigh surface waves that generate acoustic

waves propagating up to the ionosphere. Therefore this study underlines the advantage that multi-instrument
investigations offer in identifying the propagation of earthquake-related ionospheric disturbances at different
ionospheric altitudes and distances from the earthquake epicenter.

1. Introduction

On 6 February 2023, two earthquakes with magnitude My, > 7 occurred in Turkey. The first shock was recorded
at 01:17 UT with a magnitude of 7.8, while the second shock at 10:24 UT with M, = 7.7 (Cetin et al., 2023;
Dal Zilio & Ampuero, 2023; US Geological Survey, 2023). These primary shocks were followed by many after-
shocks with magnitude lower than 7. Both major earthquakes happened in the region of the East Anatolian Fault,
with the epicenters separated by about 95 km. The first event was located at 37.20°N, 37.13°E, and the second
at 38.05°N, 37.25°E; both events took place at a depth of around 10 km (Bondér & Storchak, 2011; Heki, 2021).

The work of Leonard and Barnes (1965) and Davies and Baker (1965) concerning the great Alaskan earthquake
of 1964, has already demonstrated that major earthquakes can cause disturbances in the ionosphere. Since then, it
has been established that these ionospheric disturbances are manifested as different types of earthquake induced
traveling ionospheric disturbances (TIDs), propagating through different mechanisms (Astafyeva, 2019; Brissaud
& Astafyeva, 2022; M. Li et al., 2023; S. Li et al., 2023; Meng et al., 2019).

Co-seismic ionospheric disturbances are generated by waves traveling vertically up to the upper atmosphere in the
vicinity of the epicenter (Astafyeva & Afraimovich, 2019; Afraimovich et al., 2001; Afraimovich, Astafieva, &
Kirushkin, 2006; Afraimovich, Astafyeva, & Zhivetiev, 2006). As shown by Rolland et al. (2013) through model
results, these vertically propagating acoustic waves are accelerated and deflected horizontally due to the variation
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of atmospheric parameters with altitude. As a result, such acoustic waves are detected as fast TIDs propagat-
ing radially outward from the epicenter. Co-seismic disturbances start traveling out from their origin at around
1,000 m/s, the speed of sound at the height of the F layer, but have been observed to split at some distance from
the epicenter into different modes traveling with velocities of about 600 and 3,000 m/s (Astafyeva et al., 2009;
Brissaud & Astafyeva, 2022; Galvan et al., 2012; Maletckii & Astafyeva, 2021).

On the other hand, seismic waves propagating out from the epicenter—in particular Rayleigh surface waves—
can also generate acoustic-gravity waves propagating up to the ionosphere (Astafyeva et al., 2009; Komjathy
etal., 2016; Y. Liu & Jin, 2019; Rolland, Lognonné, & Munekane, 2011; Rolland, Lognonné, Munekane, Rolland,
& Munekane, 2011). These disturbances are expected to propagate at the speed of the Rayleigh waves, between
2000 and 5,000 m/s, but with a delay of around 10 minutes required for the vertical propagation of disturbances
from the ground to ionospheric altitude (Astafyeva, 2019; Lognonné, Artru, et al., 2006; Lognonné, Garcia,
et al., 2006). Since seismic waves on the ground can reach long distances, this mechanism can produce distur-
bances in the ionosphere beyond the range where the shock-acoustic waves traveling through the ionosphere are
attenuated (e.g., Maruyama et al., 2016a, 2016b).

Finally, there are acoustic-gravity waves traveling much slower, with velocities in the order of a few hundred
meters per second (Astafyeva et al., 2009; Meng et al., 2019). Besides the various types of traveling disturbances,
evidence of longer lasting impacts on the ionosphere, particularly close to the epicenter (Astafyeva, 2019, and
references therein) has been reported. However, such effects are not considered here.

Earthquakes with M, > 6.5 are expected to generate co-seismic disturbances in the ionosphere (Perevalova
et al., 2014). The amplitude of ionospheric disturbances and the distance from the source at which they can be
detected are of course dependent on the magnitude of the event, see for instance Heki (2021). In addition to the
earthquake magnitude, the depth and the focal mechanism (Astafyeva & Heki, 2009) are also decisive factors
that affect the excitation and propagation of TIDs. On top of these primary earthquake attributes, additional
factors such as atmospheric conditions (Rolland, Lognonné, & Munekane, 2011; Rolland, Lognonné, Munekane,
Rolland, & Munekane, 2011) and the orientation of the geomagnetic field (Astafyeva & Heki, 2009; Zettergren &
Snively, 2019) also define the characteristics of possible ionospheric disturbances based on the coupling between
the movement of the ground surface and the upper atmosphere.

Thus, a complex view of a superposition of different types of TIDs is observed after an earthquake, which
differs significantly from one event to another. Besides different modes of TIDs, also ionospheric signatures of
infrasound can be observed in the aftermath of major earthquakes (Chum et al., 2012; Chum, Liu, et al., 2018;
Lastovicka & Chum, 2017).

Ionospheric disturbances, including those resulting from an earthquake, can be detected using Doppler sounders
(Chum et al., 2012; J. Y. Liu et al., 2006), ionosondes (e.g., Maruyama et al., 2016a), or GNSS receivers that
can facilitate Total Electron Content (TEC) estimation (Afraimovich et al., 2001; Calais & Minster, 1995). This
complementary view from observations from different instruments, is ideal for detecting different disturbance
types (Astafyeva, 2019; Meng et al., 2019). A lot of recent research has focused on the detection of ionospheric
signatures of earthquakes in GNSS data or in satellite data (M. Li et al., 2023; S. Li et al., 2023; Maletckii &
Astafyeva, 2021; Ruan et al., 2023; Yang et al., 2022), because for much of the globe these are the only availa-
ble observations. However, in the European region, more types of instruments are available in relatively dense
observational networks (see Figure 1). Disturbances can be observed from a close proximity to the epicenter to
distances over 3,000 km, and therefore velocities can be calculated. The aim of this paper is to present an inte-
grated picture of the various modes of TIDs generated during this event, as observed by different monitoring
networks.

2. Data and Methods
2.1. Geomagnetic Conditions
The Turkey earthquakes took place during the ascending phase of the 25th solar cycle.

To quantify geomagnetic disturbances measured on the ground, the SYMH (H. Li et al., 2011), Kp (Kaurisitie
et al., 2017), and Polar Cap North (PCN) index (Stauning, 2013) have been considered. Figure 2 shows the time
series of the respective indices in the period 5-7 February 2023, also indicating the time of the two main shocks
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Figure 1. Map showing locations of instruments used for this study. The earthquake epicenter is also shown (red asterisk).

(01:17 and 10:24 UT on 6 February 2023) in red. Although not shown here, from the late evening of 5 February,
the solar wind speed increased, revealing the occurrence of a high speed stream (HSS) linked to a coronal hole
in the northern solar hemisphere (Vanlommel, 2018). The solar wind speed slowly increased during 6 February
and reached a speed of 600 km/s on 7 February. In correspondence with the passage of such a HSS and under
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Figure 2. (a) SYMH, (b) Kp, and (c) Polar Cap North Index, in the period 5—7 February 2023. The red dashed lines and the
corresponding stars indicate the time of the two main shocks (01:17 and 10:24 UT on 6 February 2023).
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favorable conditions of the Interplanetary Magnetic Field, geomagnetic disturbances covering the period under
consideration are found. As reported in Figures 2a—2c, these disturbances maximize in the early hours of 7 Febru-
ary (SYMH = —42 nT, Kp = 4, PCN = 8.3). These solar driven disturbances manifested in the ionosphere as
spread-F, visible during the nighttime in the higher latitude ionospheric observatories. In addition, the first main
shock took place during a local winter night, when background ionization is low. Conversely, during the daytime
a positive storm was observed with somewhat enhanced TEC values. As a result of these conditions, no clear
indication of ionospheric disturbances propagating at longer distances over Europe was detected after the first
shock 01:17 UT with the exception of the region closer to the epicenters, as described in Maletckii et al. (2023).
The rest of this paper focuses on the second main shock at 10:24 UT.

2.2. Seismic Context

The different types of seismic waves (body waves: primary P and secondary S and surface Rayleigh waves
LR) generated by the main shocks were identified at many seismic stations, some of which are located close
to an ionosonde station (Figure 1). Figure 3 shows the appearance of seismic waves at various seismic stations
co-located with an ionosonde station after the M, 7.7 earthquake (7, = 10:24:52 UT). The velocity of the seismic
surface waves can be calculated based on the arrival times of the waves and the ground distance of the seismic
stations from the epicenter (Table 1). The seismic data is available in the European Integrated Data Archive
(EIDA, Strollo et al., 2021). The amplitude of seismic waves registered at Nicosia (ATHA station) were so strong
that they caused saturation of the instrument. Determination of Rayleigh wave packets at stations closer to the
epicenter is not easy in the case of such a large earthquake. Rayleigh waves arrive with a minor delay with respect
to the S phase. Furthermore, local effects can modify the shape of the waves. We considered the propagation
speed of the LR waves to identify the correct Rayleigh arrival time to the different stations during the manual
selection.

2.3. Continuous Doppler Sounding Systems

The European network of Continuous Doppler Sounding Systems (CDSS) currently consists of the multi-point
and multi-frequency system operating in the Czech Republic at frequencies of 3.59, 4.65, and 7.04 MHz (Chum
et al., 2021; Lastovicka & Chum, 2017) and systems recently installed (at the end of 2022) in Belgium and
Slovakia operating at frequencies of 4,59 and 3.59 MHz, respectively. As indicated in Table 2, data from the
Belgian transmitter in Dourbes (50.099°N, 4.591°E) received in Uccle (50.798°N, 4.358°E), the Czech trans-
mitter located in Dlouha Louka (50.648°N, 13.656°E) received in Prague (50.041°N, 14.476°E), and the Slovak
transmitter in Zahor (48.625°N, 22.205°E) received in Kolonica (48.935°N, 22.274°E), shown in Figure 1, were
analyzed in this paper. It should be noted that half distances between the transmitters and corresponding receivers
are several times smaller than the reflection heights, so the zenith angle o of sounding radio waves is small and
therefore cos(a) =~ 1. The surface horizontal distances of midpoints between the listed transmitter—receiver pairs
in Belgium, the Czech Republic and Slovakia from the epicenter of the Turkey earthquake are about 2,920, 2,280,
and 1,700 km, respectively.

CDSS measure the Doppler shift that radio waves are subjected to, when reflected from the ionosphere due to
the plasma motion and changes in electron density (Davies et al., 1962; Jacobs & Watanabe, 1966). CDSS have
a relatively high time resolution (several seconds) due to the continuous sounding of harmonic radio waves of a
specific frequency, but they do not provide any information about the reflection height, the region which contrib-
utes most to the observed Doppler shift (Chum, Liu, et al., 2016; Chum, Urbaf, et al., 2018). Therefore, it is useful
to operate CDSS in the vicinity of an ionospheric sounder that can provide information on the CDSS sounding
frequency reflection height, which is essential for a variety of studies (Chum et al., 2012, 2021). CDSS mainly
detect medium scale TIDs (TID) or spread F (Chum et al., 2014, 2021), but they can also be used for the analysis
of electric field that penetrates the ionosphere during geomagnetic storms (Kikuchi et al., 2021, 2022), infra-
sound generated by earthquakes (Artru et al., 2004; Chum et al., 2012; Chum, Cabrera, et al., 2016; Chum, Liu,
etal., 2016), typhoons and severe tropospheric weather (Chum, Liu, et al., 2018; Georges, 1973) or volcano erup-
tions (Chum et al., 2023), ionospheric response to solar eclipses (J. Y. Liu et al., 2019; Sindelarova et al., 2018),
solar flares (Chum, Urbaf, et al., 2018) etc.

It was shown by Watada et al. (2006) that the near surface pressure fluctuations and air particle oscillation veloc-
ities w,, are determined by the vertical component of the velocity of Earth surface motion, v,. A high correlation
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Figure 3. Vertical seismic wave component (Z) recorded at different seismic stations (close to an ionosonde station in
Europe) as generated by the earthquake at 10:24 (UT), in order of increasing distance from the epicenter. “Counts” in the
y-axis is the raw number read off the physical instrument, that is, the voltage read from a sensor. For example, a “count” value
of 3.27508E9 would indicate ground motion of 1 m/s—you can divide the count value by 3.27508E9 to convert into meters
per second. However, this multiplier varies from station to station. P, S and Rayleigh wave (LR) indicate the corresponding
wave type in the subplots.

between the waveforms of v_ for P and S seismic waves and air particle oscillation velocities w in the ionosphere
determined from Doppler shift f;, were shown in Chum et al. (2012). The similarity of spectral content of v_ and
w (f,,) at large distances from the earthquake epicenter was discussed in Chum, Liu, et al. (2016) and Chum,
Liu, et al. (2018). The co-seismic infrasound registered by CDSS during the earthquake under consideration was
compared with ground surface vertical velocities v_ measured by seismometers and observed time delays between
v_ and w (f},) were compared with numerical simulation using ray tracing code described in previous works (e.g.,
Chum et al., 2023). In addition, the values of w obtained from measured Doppler shifts were compared with
the amplitudes of w expected for infrasound propagating up to the CDSS reflection heights assuming a linear
theory of propagation and attenuation due to the viscosity, thermal conductivity and rotational relaxation (Bass
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Table 1

List of Seismic Stations, Which Are Situated Close to a European lonosonde Station, in Order of Increasing Distance From the Epicenter: Name, Code, and
Attributes (Latitude, Longitude, and Distance From Epicenter in km) of the Stations, and the Arrival Time of Different Waves at the Stations

Arrival times (UT)

Name Code Geographic latitude (°N) Geographic longitude (°E) Distance (km) P-waves S-waves Rayleigh wave
Athalassa, Cyprus ATHA 35.1 334 460 10:25:52 10:27:07 -
Athens, Greece ATHU 37.9 23.8 1,199 10:27:22 10:29:23 -
Mesagne, Italy MESG 40.6 17.8 1,691 10:28:25 10:31:17 10:32:02
Sopron, Hungary SOP 47.7 16.6 1,975 10:29:02 10:32:17 10:32:40
Prihonice, Czech R. PRU 50.0 14.5 2,232 10:29:25 10:33:09 10:34:17
Ruegen, Germany RGN 54.5 13.3 2,574 10:29:56 10:34:07 10:36:31
Dourbes, Belgium DOU 50.1 4.6 2,900 10:30:25 10:34:53 10:37:23

et al., 1984; Chum et al., 2012). The air particle oscillation velocity w was estimated from the Doppler shift f;,
using the approximate Formula 1 derived in Chum, Liu, et al. (2016) for (quasi)vertical sounding and (quasi)
vertically propagating infrasound.
oN
c 0z
w=—fp- .
) 2
2 fosin“(I) (M 2+ N 251s M
oz [
where c is the speed of light, f, is the sounding frequency, I is the inclination of geomagnetic field, N is the
electron density at the reflection height, dN/0z is the vertical gradient of electron density at the reflection height
estimated from the ionogram, f;s is the infrasound frequency and c is the sound speed. The term N-(2nf;()/c,
results from the air and plasma compression due to the infrasound waves. If dN/oz >> N-(2xnf,)/c,, Equation 1
reduces to Equation 2
c
w = _fD [ —
2fosin*(I) @
which is a relation that directly follows from the vertical plasma velocity w,, computed from the Doppler shift f,
by standard Equation 3
c
wp==fp- 5,

» 2 3)
assuming that (quasi)vertically propagating radio waves reflect from the magnetized plasma, where electrons
freely move only along magnetic field lines and are forced by vertically oscillating air.

2.4. Ionograms

An ionospheric earthquake-related signature established as a deformation on ionograms is the multiple-cusp
signature (“MCS”) which appears as additional cusps that can be attributed to electron density irregularities
giving rise to stationary points of inflection in the vertical electron density profile as discussed by Maruyama
et al. (2011, 2012) and Maruyama and Shinagawa (2014). This ionogram signature is shown in Figures 7 and 8
for several ionospheric stations and may be interpreted as an indication of the
propagation of an acoustic wave as the separation of these points of inflec-
Table 2 tion reflects the infrasound wavelength in the thermosphere. For this particu-
European Network of Continuous Doppler Sounding Systems lar event all ionosondes considered were situated toward north-west with
Country I anSIitter Recoiver respect to the epicenter with the exception of the nearest ionosonde to the
) epicenter located at Nicosia which is positioned south-west with respect to

Belgium 50.099°N, 4.591°E 50.798°N, 4.358°E . . . . .
) the epicenter. All 11 ionosondes across Europe considered in this study along
SR Soealie SR LB SO041°N, 14476°E (vt their respective ionogram cadence are tabulated in Table 3 in accordance
Slovakia 48.625°N, 22.205°E 48.935°N, 22.274°E o their distance from the epicenter. Their location is also shown in Figure 1.
HARALAMBOUS ET AL. 6 of 23
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Table 3
European Ionosondes Used in the Study, Arranged According to Distance From the Earthquake Epicenter
Geographic Ionogram cadence Distance from
Station URSI code  Geographic latitude longitude (min) epicenter (km)
NICOSIA NI135 35.2°N 33.4°E 5.0 460
ATHENS AT138 38.0°N 23.5°E 5.0 1,199
SAN VITO VT139 40.6°N 17.8°E 7.5 1,691
GIBILMANNA GMO037 37.9°N 14.0°E 15.0 2,029
SOPRON S0148 47.6°N 16.7°E 5.0 1,975
PRUHONICE PQO52 50.0°N 14.6°E 15.0 2,232
JULIUSRUH JRO55 54.6°N 13.4°E 5.0 2,574
DOURBES DB049 50.1°N 4.6°E 5.0 2,900
ROQUETES EB040 40.8°N 0.5°E 5.0 3,146
FAIRFORD FF051 51.7°N 1.5°W 7.5 3,358
EL ARENOSILLO EA036 37.1°N 6.7°W 5.0 3,835

2.5. GNSS Derived TEC

To investigate the ionospheric signatures in TEC we used a collection of GNSS networks spanning different
distances and azimuthal directions with respect to the epicenter (shown as yellow inverted triangles in Figure 1).
Data from 1 to 30s RINEX files were used, with 1s as the preferred time resolution due to the relatively short
period expected from co-seismic TID (Astafyeva, 2019). The GNSS stations used belong to many different
institutions and networks, specifically INGV (Michelini et al., 2016), TUGASA-AKktif (Yildirim, 2011; Yildirim
etal.,2011), CYPOS (Danezis et al., 2019), NOA (Chousianitis et al., 2021), IGS (Dow et al., 2009), and EUREF
(Torres et al., 2009). Initially, the GNSS network covered the whole European region. Through visual inspec-
tion it was noticed that no TEC arc belonging to stations located further than around 1,500 km showed clear
wavy signatures related to the earthquake. Due to this, we decided to keep only the stations closer than such
distance. The only exception to this criteria was applied to two stations gathering data at 1s co-located with the
Dourbes, San Vito, Sopron, and Pruhonice ionosondes. To extract TEC perturbations, we used the dual frequency
geometry-free linear combination of carrier-phase measurements. The TEC along the satellite-receiver line of
sight can be calculated starting from phase measurements as follows:

2,2
STECphase — ; &
40.308 £,2 — f,2

(LiA — LaA2) 4
Where sTEC,.
and L, bands defined by their frequency f, f,, and wavelength 1, 1,. By doing so, we obtain an uncalibrated
version of sSTEC, which is strongly related to the observational elevation. Normally, sSTEC is vertically mapped

is the ambiguous slant TEC; L,, L, are the phase measurements of the radio signal for the L,

to better compare TEC time-series for different stations and satellites. However, filtering and detrending such an
uncalibrated observable would prevent the estimation of the wave amplitude since the calibration bias would be
multiplied by the mapping function, causing an amplification of the wave amplitude, especially for low-elevation
angles (Verhulst et al., 2022). To prevent or somewhat limit such amplification effect, we employed NeQuick
2 (Nava et al., 2008), a climatological model that provides a TEC estimate between two given points (in our
scenario, the initial GNSS station and satellite position). Using this model, we can assign an initial STEC value
between the corresponding GNSS receiver and satellite, which limit the “verticalization” errors. To investigate
the spatial behavior of the co-seismic TID, we rely on the widely used thin-layer ionospheric approximation
(Mannucci et al., 1998), with the shell height set to 250 km. To extract the TID signature from the vTEC, we
use a bandpass filter based on the novel Fast Iterative Filtering (FIF) technique (Cicone & Zhou, 2021), with the
passband set from 10 to 240 s. Since the data analyzed have a time resolution of 1 and 30 s, in the latter case
the filter was a highpass, with the threshold set to 240 s. FIF, can decompose non-stationary, non-linear signals
into simple oscillatory components (Madonia et al., 2023; Verhulst et al., 2022) called Intrinsic mode functions,
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detrended TEC (dTEC).
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3. Observations and Discussion

3.1. CDSS

Figure 4 shows the Doppler shift spectrograms recorded by CDSS in Slova-
kia, Czech Republic and Belgium after the M = 7.7 Turkey earthquake on 6
February 2023. All four spectrograms show disturbances caused by infra-

1055  11:00 11:05 11:10
Time (UT)

sound waves. The Doppler shift fluctuations are not very clear in Slovakia,
5 which prevents further analysis. However, Doppler shift time series could
be obtained from maxima of spectral densities in the Doppler shift spectro-
35 grams recorded in the Czech Republic and Belgium and were used for further
2 analysis.

—_—— —_—— —_——
w w A Ao
(S, (S

10:55  11:00 11:05 11:10

Figure 5 displays the vertical component of the ground surface velocity v,
5 measured in Panskd Ves, Czech Republic (Figure 5a) and vertical plasma
velocity w, and air particle oscillation velocity w derived from the Doppler
35 shift time series obtained from CDSS operating at f = 4.65 and 7.04 MHz
8 (Figures 5b and 5c, respectively). The fluctuations of w, (w) in the Czech

1050 1055 11:00 11:05  11:10 ; ’ ) "
Time (UT) Republic derived from the 4.65 MHz signal are shorter than those derived

from 7.04 MHz signal due to the low quality Doppler shift spectrogram after

Figure 4. Doppler shift spectrogram recorded for selected sounding paths in ~10:47 UT (Figure 4b). The long-term variations, seen mainly in plots (c) in

(a) Slovakia at f = 3.59 MHz, (b, ¢) Czech Republic at f = 4.65 and 7.04 MHz,
respectively (d) Belgium at f = 4.59 MHz from 10:30 to 11:15 UT on 6

February 2023.

Figures 4 and 5 are caused by TIDs not related to the earthquake. On the other
hand, the fast variations are due to the infrasound with a period about 20s and
clearly correspond to the variations of v, shown in Figure Sa. In particular,
the similarity between v_and w, (W) for the first pulse (around 10:29:40 UT in
v.), which correspond to P seismic waves is remarkable. The corresponding signatures in the ionosphere recorded
by the CDSS are delayed about 485 s for the 4.65 MHz sounding and about 515 s for the 7.04 MHz sounding.
A clear similarity between v, and w, (W) is also observed for the second pulse (around 10:33:32 UT in v,) corre-
sponding to S seismic waves. The S waves are then followed by Rayleigh waves of higher amplitude and by their
corresponding ionospheric signatures. The bottom plots (d) and (€) show ground velocity v_ and the correspond-
ing plasma velocities w, and air particle oscillation velocities w estimated from CDSS observation in Belgium.

Figure 6 shows the ray tracing simulation results for acoustic waves with a period of 20 s for a realistic atmosphere
over the Czech Republic including the neutral horizontal winds obtained by HWM 14 model (Drob et al., 2015)
on 6 February 2023 at 10:45 UT. The ray tracing was initialized with zenith angles from 2° (red) to 6° (blue).
This range covers the expected initial zenith angles a, given by the ratio cy/c, sin a, = cg/c;, where cg, is the
near surface sound speed and c; is the speed of seismic waves (Chum, Liu, et al., 2016; Rolland, Lognonné, &
Munekane, 2011; Rolland, Lognonné, Munekane, Rolland, & Munekane, 2011). The ray tracing extended up to
an altitude of 300 km. The rays reach the altitudes of about 170 and 190 km for the observed time delays of 485
and 515 s, respectively (Figure 6¢), which is consistent with CDSS reflection heights derived from ionograms
measured by the nearby Digisonde at Prihonice. Figure 6b shows the calculated infrasound attenuation along
the ray trajectories, related to the initial, near surface infrasound amplitude. The attenuation is also plotted in an
alternative way in Figure 6d, which shows the ratio w/w,,, which is the ratio of air particle oscillation velocities w
at a specific height to the velocities w, (w, = v_) near the ground surface. The solid line represents the unrealistic
case of lossless propagation (no attenuation).

The simulated ratio w/w, can be compared with the measured values v, w, and w, (w/v_and w/v) presented in
Figure 5 (note different scales for v, w, and wp). The measured ratio wp/wz is about 50,000 and the ratio w/w,
obtained using Equation 1 is about 5,000. It should be stressed that the ratio w /w, and hence the ratio w/w,
calculated by Equation 2 is higher than the theoretical limit (about 28,000 at the height of 170 km) for lossless
propagation (solid line in Figure 6d) and significantly larger than the estimated/modeled ratio (about 15,000 at

170 km) considering the attenuation. From this, it follows that the compressional term in Equation 1 cannot be
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Figure 5. (a) Vertical velocity v, of ground surface in Panska Ves, Czech Republic, (b, c) vertical plasma velocity w, (blue)
and air particle velocity w, (red) derived from measured Doppler shift by Continuous Doppler Sounding Systems (CDSS)
in the Czech Republic at 4.65 and 7.04 MHz, respectively, (d) Vertical velocity v_ of ground surface in Dourbes, Belgium,
and (e) vertical plasma velocity w, (blue) and air particle velocity w, (red) derived from measured Doppler shift by CDSS in
Belgium at 4.59 MHz.

neglected when deriving the air velocities from the measured Doppler shift f,. It should be remembered that there
is a large uncertainty in electron density gradient derived from ionograms (~6-10® m=* at 170 km and ~107 m™
at 190 km) by the true height inversion program NHPC which is embedded into automatic ionogram scaling algo-
rithm ARTIST (Reinisch et al., 2005). This may be one of the reasons why the measured ratio, of approximately
5,000 according to Equation 1, is lower than the modeled one (~15,000 at 170 km and ~11,000 at 190 km).
Another reason is the divergence of infrasound ray trajectories (geometrical factor) that is not taken into account
in the simulation. The actual attenuation of wave energy is expected to be stronger due to the ray divergence than
that shown in Figures 6b and 6d.

The CDSS did not detect any co-seismic disturbances related to M = 7.8 earthquake that occurred at night
at 01:17:35 UT on the same day, 6 February 2023. The main reason besides the low critical frequency foF2
(only 3.59 MHz systems experienced reflection from the ionosphere) was the high altitude of reflection (about
340 km). The simulation in Figure 6 clearly demonstrates that infrasound waves of 20 s period are strongly atten-
uated above about 250 km and cannot be detected by CDSS at such altitudes.

A similarity between the waveforms and spectra of the vertical ground surface velocity v_ and the air particle
oscillation velocity w determined from the observed Doppler shift f, indicates that the propagation of infrasound
to the altitudes of observation in central Europe was linear. The velocities v, and hence the initial near surface
perturbations w,, were not large enough to lead to the nonlinear phenomena in the upper atmosphere that have been
observed by CDSS in the vicinity of strong earthquakes (Chum, Cabrera, et al., 2016; Chum, Liu, et al., 2018).
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Figure 6. Ray tracing results for the infrasound waves started from the surface with zenith angle 2° (red) to 6° (blue). (a) Ray
trajectories in vertical cross-section along the wave vector of seismic waves, (b) Attenuation as a function of height (relative
to initial value) calculated by the analytic model assuming the wave period of 20 s, (c) Height as a function of time, and (d)
Ratio of air particle oscillation velocities w at a specific height related to the near surface value w,. Solid line represents the
lossless propagation.

3.2. Ionograms

Each row in Figures 7 and 8 represents two ionograms for each of the ionosonde stations listed in Table 3. Here
the left column shows the latest seismic undisturbed ionogram. On the corresponding ionograms for each of
these stations a few minutes later (in the right column), clear multi-cusp signatures are seen. The difference in the
consecutive ionograms is particularly evident at Nicosia, Athens, Gibilmanna, Juliusruh, Dourbes, and Fairford.
The disturbances appear to be limited to the lower F region and the cusps are particularly sharp-edged in the case
of Juliusruh, Dourbes, and Fairford. The cusps for San Vito, Sopron Roquetes, and El Arenosillo are faint, but can
still be identified when the traces are compared with the respective regular ionograms on the left.

Considering ionograms from all ionosondes involved, we were able to detect clear (primarily single) “MCS” on
ionograms from almost all stations (with the exception of Priihonice) after 10:35 UT at which the first signa-
ture appeared at the 10:35 UT Nicosia ionogram, which is in line with the arrival of the acoustic wave in the
ionosphere at approximately 10 min after the seismic disturbances generated by the 10:24 UT shock (indicated
with the vertical line) as indicated in Figure 9. The appearance of the Rayleigh wave signature in the ionosphere
is delayed because of the propagation time of the atmospheric waves from the ground into the ionosphere after
the seismic disturbance has reached the ionosonde location. In fact, associated “MCS” can be identified in the
subsequent ionograms on more distant stations (as ionograms from top to bottom in Figures 7 and 8 are ordered
in accordance to their distance from the epicenter). Despite the fact that ionograms at Prihonice (PQ052), due to
some technical problem with the ionosonde at the time, do not contain correct polarization and direction of arrival
information, the time of arrival of individual signals is reliable. In other words—we can use the individual traces
on the ionogram, but we cannot use the color codes of the signal for interpretation. We have also examined the
possibility to perform an investigation for this earthquake event in accordance to a study based on cusp signatures
on multiple frequencies (5-7 different frequencies) on Japanese station ionograms related to the Tohoku-oki
earthquake in 2011 (Maruyama & Shinagawa, 2014). However in this case (as seen on Figures 7 and 8) for most
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Figure 7. Successive ionograms at European stations (from top to bottom: (a, b) Nicosia, (c, d) Athens, (e, f) San Vito, (g, h)
Gibilmanna, (i, j) Sopron, and (k, 1) Prihonice) registering a clear multiple-cusp signature.
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Figure 8. Successive ionograms at European stations (from top to bottom: (a, b) Juliusruh, (c, d) Dourbes, (e, f) Roquetes, (g,
h) Fairford, and (i, j) El Arenosillo) registering a clear multiple-cusp signature.

ionosondes a single earthquake-related cusp was identified with the exception of the Juliusruh ionosonde for
which two such cusps were observed. Therefore the absence of multiple cusps did not facilitate such an investi-
gation for this event.
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Figure 9. Travel-time diagram of co-seismic ionospheric disturbances causing “multiple-cusp signature”s at each station.

Figure 9 shows the time (horizontal axis) of the Rayleigh wave detection at the investigated seismic stations (blue
circle) and the time of the first acquisition of an ionogram with a “MCS” after the earthquake (red circle) with
respect to the previous unaffected ionogram (white circle) as well as the time of the main shock (10:24 UT) as
indicated by the red star on the x axis. Apparently we can draw a line through these points with a slope approx-
imating the Rayleigh wave and the ionospheric disturbance propagation velocity. It is worth mentioning that
determining the exact beginning of Rayleigh wave is often uncertain, and its shape can vary greatly at different
stations. The intensity and appearance of a Rayleigh wave signature at a particular location is dependent on
several factors: the Rayleigh wave direction, the size of the earthquake, the distance to the earthquake, the depth
of the earthquake. The strength of the waves also depends on the geologic structure of the focal mechanism of
the earthquake and the rupture directivity of the earthquake. The arrival of this phase on the seismograms is not
a sharp pulse, due to the previously arriving phases and its wavelength.

Furthermore, clearly there exists an ambiguity in defining this line (red line on Figure 9) also in the case of the
ionospheric disturbance as ionograms were conducted at intervals of 5—-15 min (Table 3). This ambiguity for
each station is also reflected on the time difference between red and white circles for each ionosonde (dotted line
connecting the two circles).

Compared to the high-temporal resolution provided by 1 and 30s RINEX files in the GNSS analysis shown
in Section 3.3 ionosondes are operated typically at a much lower temporal resolution according to which they
perform an ionogram measurement every 5—15 min intervals (as indicated by consecutive ionograms from vari-
ous European stations in Figures 7 and 8). During such a time interval, an acoustic wave would cover a distance of
more than 250 km under a sound velocity assumption of 0.8 km/s. Unless the ionosonde operates on a campaign
mode where it performs an ionogram measurement every 30 s or 1 min it is not realistic to detect a clear typical
“MCS” on consecutive ionograms.

It is interesting to relate the time of arrival of the P, S and most importantly Rayleigh waves according to the
recordings of the seismic stations shown in Table 1 and the “MCS” appearance on the ionograms indicated
in Figures 7 and 8 considering the corresponding time ambiguity based on the length of the line connecting
each pair of white and red circles. For example, between Nicosia (nearest location to the epicenter as shown in
Figure 1) and Athens, the difference in the time of arrival in the P-waves (10:25:52 at Nicosia and 10:27:22 at
Athens) and S-waves (10:27:07 at Nicosia and 10:29:23 at Athens) is around 1-2 min (Rayleigh waves saturate
the measurements at both seismic stations) whereas the “MCS” appears clearly on ionograms that are 5 min
apart (10:35 at Nicosia and 10:40 at Athens). For the San Vito ionosonde we also have a definite estimation
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for the arrival of Rayleigh waves (10:32:02) the “MCS” appears on the 10:45 ionogram, which is beyond the
8-10 min delay relative to the Rayleigh waves arrival at the corresponding seismic station (MESG). However,
we can identify that the “MCS” is not so evident for that specific case as compared to other stations (Nicosia,
Athens Juliusruh, and Dourbes). In particular, for Dourbes and Juliusruh the time difference in the Rayleigh wave
arrival (10:36:31 at Juliusruh and 10:37:23 at Dourbes) is comparable to the time difference of a similar “MCS”
appearance on the corresponding ionograms (10:48 at Juliusruh and 10:50 at Dourbes) which underlines the
clarity of the “MCS” as a function of the time with respect to the ionogram measurement. This emphasizes the
importance of the ambiguity depicted in Figure 9 with respect to the clear identification of “MCS” signatures at
each station and the subsequent capability to determine the acoustic wave propagation in the ionosphere based
on “MCS.” Although not included in Table 1 but considered in Figure 8, the arrival time of the Rayleigh wave in
the Spanish seismic stations ERTA and CMAS was at approximately 10:43 UT. The ionospheric station Roquetes
(EB040) in Spain recorded the “MCS” irregularities at 10:50 that compared to the arrival time of the Rayleigh
wave identified on the nearest station seismogram at 10:43, this would result in an estimated travel time of the
irregularity from ground to the ionosphere of about 7-8 min. The latter agrees well with the estimated travel time
of about 10 minutes required for the vertical propagation of disturbances from the ground to ionospheric altitude
(Astafyeva, 2019; Lognonné et al., 2006). The small timing differences discussed above may be also attributed to
the fact that ionograms provide information on a wide area of the sky over the measuring site and not over a single
point but also on differences on the radiation patterns of transmitting and receiving antennas at the ionosonde
sites. A notable conclusion that we can infer from Figure 9 stems out of the parallel red and blue lines indicating
the ionospheric disturbance propagation and the corresponding driver of this disturbance which is the Rayleigh
wave on the surface, respectively. If we accept that MCS signatures correspond to perturbations of the electron
density profile around an altitude of 140 km then the time shift of approximately 400 s between the two (almost
parallel blue and red lines) would infer a propagating upward velocity of this acoustic wave from the surface to
the bottom of the F-layer at a velocity of 350 m/s.

3.3. GNSS

Once dTEC and the Ionospheric Pierce Points (IPPs) locations were calculated, we investigated the TID propa-
gation in space through a travel-time diagram (TTD), a technique widely used to estimate velocities and time of
arrival of co-seismic ionospheric waves at different locations (Astafyeva, 2019; Astafyeva et al., 2009). Moreover,
we expanded the TTD further by dividing it into four sub-panels (Panel (c) of Figures 10-12), each corresponding
to different azimuthal ranges for the first point of the IPP track with respect to the earthquake epicenter. The four
different azimuthal ranges are North (315°-45°), South (135°-225°), East (45°-135°), and West (225°-315°).
This modification facilitates the investigation of the anisotropies in the TID propagation and parameters, which
is expected for co-seismic TIDs (Zettergren & Snively, 2019).

The focal mechanism of the earthquake of interest was strike-slip (M. Li et al., 2023; S. Li et al., 2023), and
from the literature (Astafyeva, 2019; Astafyeva et al., 2014), we know that despite the coseismic displacement
being mainly horizontal, such earthquakes are expected to generate ionospheric disturbances as well. As stated in
Astafyeva (2019), it is still under debate if the amplitude of disturbances caused by strike-slip is comparable with
the ones caused by dip-slip earthquakes of the same magnitude. Moreover, N-shaped waves are expected for this
kind of focal mechanism, while for dip-slip earthquakes, reversed N-shape waves can appear on the subsiding side
in mixed faults and are characteristic of normal faults.

Figures 10-12 show the aforementioned diagram for PRN17, PRN5S8, and PRN49, respectively. Note that the
satellites considered were not the only ones showing clear TID signatures, but were chosen because they show the
signature of both the shock acoustic wave (Afraimovich et al., 2001; Astafyeva et al., 2009; Heki & Ping, 2005)
and the Rayleigh wave induced TID (Ducic et al., 2003; Rolland, Lognonné, & Munekane, 2011; Rolland,
Lognonné, Munekane, Rolland, & Munekane, 2011). Panels (b) show the TTD itself, with the X and Y axis
representing the distance in time and space to the earthquake. Panels (a) show the spatial distribution of IPPs, the
epicenter location, and its isodistances. Because the TID is an ion density wave, the coupling of the neutral and
ionized particles is maximal along magnetic field lines since ion movement is mainly restricted along magnetic
field lines (Bagiya et al., 2019; Rolland et al., 2013). Thus, when investigating the different azimuthal features, we
need to take into account that over Turkey, the inclination and declination of magnetic field lines are respectively
around 55° and 5°. Panels (b) show the TTD for the stations shown in Panels (a). As one might notice, the GNSS
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Figure 10. (a) Spatial distribution of Ionospheric Pierce Points and the epicenter location (b) travel-time diagram (TTD) for
the stations shown in panels (a, ¢) TTD for different azimuths for PRN17.

stations shown in Panels (a) of Figures 10—12 are only a subset of the ones visible in Figure 1. The reason for this
difference is that only those TEC arcs that showed a dTEC amplitude higher than 0.05 TECu are shown, in order
to increase the plots' readability. By looking at the station distributions (Panels (a)), or at the TTD (Panels (c)),
it is possible to investigate the different azimuthal behavior for different PRN links. In addition, the IPP tracks
are colored according to the initial arc azimuth to the epicenter to highlight the different ionospheric response
for different arcs. Finally, Panels (c) show a slightly different TTD, where blue and red points correspond to
negative and positive TEC perturbations. Moreover, as described above, the TTD here was split into four differ-
ent subpanels, each showing a different azimuthal range with respect to the epicenter. Thus, the main difference
between Panels (b) and Panels (c) is that the distance shown in Panels (b) is the distance of the given IPP at the
time of maximum dTEC, while Panels (c) shows its time evolution.

Thanks to the combination of the two TTDs, we can investigate the waveform and amplitude along with the
propagation velocities for different azimuthal ranges. First, Panel (b) of Figure 10 shows how a narrow azimuthal
range presents an unmatched amplitude. If we look at the corresponding IPP tracks, color-coded (in cyan) as in
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Travel Time Distance plot for GNSS derived TEC for PRN58
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Figure 11. (a) Spatial distribution of Ionospheric Pierce Points and the epicenter location (b) travel-time diagram (TTD) for
the stations shown in panel (a) and to be completed. (c) TTD for different azimuths for PRNSS.

Panel (b), we can discern which geographical area these azimuths correspond to. Such waveforms are related to
GNSS stations located in Cyprus, and the likely reasons for such large amplitude are the observational geometry
(IPPs for PRN17 are pointing toward the epicenter at elevations around 40°) and the Rayleigh wave-induced TID
characteristics. Looking at the modeling results presented in (L. M. Rolland et al., 2013), it is possible to confirm
that the lines of sight defined by low elevation and pointing to the epicenter are expected to show the highest
amplitude due to the integrated nature of TEC. All the waveforms visible in all Panels (b) resemble the typical
acoustic N shape, corresponding to an initial overpressure half cycle with a steep rise-time and a slower pressure
decay followed by a half cycle of rarefaction (Astafyeva, 2019).

Panels (c), indicate waves of different nature we know from the literature to be generated by earthquakes. The first
TID type, the co-seismic disturbance generated over the epicenter, is visible in the South and West subpanels of
Panel (c) of Figures 10 and 11 and in the West subpanel of Figure 12. The near-field wave showed a large range
of different amplitudes (from 0.1 to 1 TECu) and periods in the range of 2-3 min (this difference is explained
by the 30s sampling rate and by the Doppler effect induced by the IPP movement) and a propagation speed of
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Travel Time Distance plot for GNSS derived TEC for PRN49
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Figure 12. (a) Spatial distribution of Ionospheric Pierce Points and the epicenter location, (b) travel-time diagram (TTD) for
the stations shown in panel (a) and to be completed. (c) TTD for different azimuths for PRN49.

around 1,200 km/s. Moreover, the difference in the TID velocity in the different figures is also due to the fact that
the small distance covered by the first shock acoustic wave makes it difficult to manually identify such waves
in a reliable and precise way. Moreover, the near-field TID shows almost no signature for those stations located
North of the epicenter, which was expected due to the adverse geometry of the wave vector and MFLs. The lack
of signatures East of the epicenter in Figures 10 and 11 is instead due to the scarcity of GNSS data accessible
for those regions and as well due to the adverse observational geometry. A similar reasoning applies to the South
panel of Figure 12, where due to the adverse sensing geometry, no clear signatures are visible even if the mutual
orientation of the wave vector and MFLs is optimal. The few eastern stations available showed clear TID signa-
tures East of the epicenter for PRN49 where the mutual orientation of the wave vector and observational link
was favorable (see Figure 12). This azimuthal anisotropy is in good agreement with previous studies (Bagiya
et al., 2019; L. M. Rolland et al., 2013; Zettergren & Snively, 2019), where they used physical modeling to show
how for mid-latitude regions the mutual orientation of acoustic wave vector and MFLs is optimal for equatorward
regions, while the opposite applies to poleward areas. This explains why the earthquake-induced signatures are
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clear only South, East, and West with respect to the epicenter. To sum up, the near field TID was defined by a
2-3 min period, a maximum amplitude of 1 TECu, and a propagation speed of ~1.250 km/s. In addition, such
wave was detected by PRN 17, 49, and 58, East, South, and West of epicenter, with signatures spanning from a
few kilometers to almost 1,000 km away from the epicenter.

The second type of TIDs is the one generated by propagating seismic waves. The West subpanel of Panel (c)
in Figure 10 shows a clear signature of such Rayleigh wave-induced TIDs. Specifically, such waves propagated
at around 3 km/s with a period of around 150 s, and the first signature was visible around 11 min after the
earthquake.

Since the expected delay is normally 8-9 min, we can understand the slightly longer delay due to the fact that the
Rayleigh wave had to propagate from the epicenter to the projection on the earth's surface of the first IPP that
shows the TID (around 200 km, which corresponds to around 1 min). The period of such Rayleigh-induced TIDs
is nearly the same as for the near-field one, thus between 2 and 3 min. Moreover, in the South quadrant of Panel
(c) of Figure 10 it seems that two different waves are overlapping. Specifically, the first TID signature (the one
that shows a speed of 1,191 m/s) is interpreted as the co-seismic TID propagating from the epicenter, while for
IPPs further than —500 km, it looks as if a faster wave appeared before the near-field one and overlapped with it.
This pattern could be explained by Rayleigh waves propagating through the ground at speeds around three times
higher than the co-seismic TID, which propagates at the speed of sound in the F-layer. Therefore, the Rayleigh
wave overcoming the slower near-field TID can explain the mode splitting at around —500 km in the South
quadrant. A similar behavior is also visible in the East quadrant of Figure 11, where two TIDs appeared in the
same observation arcs. The first one, with a speed of 2,623 m/s, is the Rayleigh wave signature, while the slower
one is the near-field one. The arcs showing such signatures are all further than 600 km, which is consistent with
Panel (c) of Figure 10, where the two modes splitting happens around 500 km of distance. This behavior of two
modes splitting is typical of earthquake-induced TIDs, and many examples are available in the literature (see e.g.,
Astafyeva, 2019).

Figure 13 shows the dTEC time evolution for GNSS stations co-located with the Athens, Nicosia, San Vito
(Matera), Sopron (Graz), Pruhonice (Prague), and Dourbes ionosondes. As one can notice from Figure 13, the
only clear wavy signatures belong to the station located in Nicosia for PRN17 and to both Nicosia and Athens for
PRNS58. The TID signature belonging to the Nicosia station in PRN17 shows an unmatched amplitude of almost
1 TECu and appears around 10:35 UT, which is in accordance with the ionosonde measurement. Looking at PRN
58 instead, one can see 2 periodic features around 10:38 UT, with a similar amplitude of 0.1 TECu. Here there
is again accordance in the timing between the Athens ionosonde and co-located GNSS station measurements.
The GNSS station located in Nicosia shows disturbances in PRN24 and PRN49, but due to the poor observa-
tional geometry, the amplitude is not as strong as for the two aforementioned PRNs. The timing of such faint
disturbances is again in accordance with the ionosonde timing. In contrast with Athens and Nicosia, the other
co-located GNSS stations show no clear periodic signatures in any PRN. This discordance between GNSS and
ionosonde measurements is easily explained by the fact that TEC, as an integrated quantity, mostly captures
density fluctuations in the F layer, which gives the highest contribution in terms of ion density. On the other hand,
ionosondes are capable of detecting waves propagating in the lower altitude layers. Thus, one possible explana-
tion is that further than around 1,500 km, the seismic waves are not powerful enough to induce atmospheric waves
capable of propagating up to F heights, while they still induce density perturbations at lower altitudes, which are
detected by ionosondes and CDSS.

4. Synopsis and Conclusions

The networks of different instruments (GNSS receivers, ionosondes, CDSS, seismographs) exploited for this
study allowed us to study several aspects of the earthquake-induced various ionospheric disturbances. The
first one to appear, was induced by the shock acoustic wave excited by the earth's crust movement close to the
epicenter. The near-field TIDs parameters are in accordance with those described by Vesnin et al. (2023), and
those seen for other earthquakes that have been studied in the past (Astafyeva, 2019; Kakinami et al., 2013).
Moreover, as discussed in the results section, this shock acoustic wave-induced TIDs with a clear anisotropy in
the azimuth of propagation, as almost no clear shock acoustic wave related signature is visible for stations located
north of the epicenter. This behavior is again in agreement with models (Bagiya et al., 2019; Otsuka et al., 2006;
Rolland et al., 2013) and instrumental results (Astafyeva et al., 2009; Kakinami et al., 2013).
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dTEC for GNSS stations colocated with ionosondes
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Figure 13. dTEC time evolution for three GNSS stations collecting data at 1s co-located with ionosondes (Athens, Pruhonice (Prague), San Vito (Matera), Nicosia,
Sopron (Graz), and Dourbes) for six different PRN that showed traveling ionospheric disturbance signatures for closely located stations (distance to epicenter lower than

1,500 km).

The second type of TID detected is the one related to Rayleigh waves. Thanks to the TEC hodocrone, we
know that such a wave had a speed of around 3 km/s and a period of around 2.5 min, a common value for this
type of perturbation. As for the near-field TIDs, the Rayleigh wave shows no clear TID signatures for IPPs
North of the epicenter but can instead be traced further through disturbances seen in ionograms. Note that, as
the TIDs produced by earthquakes are of medium scale, they are seen as distortions in individual ionograms.
As shown in Vesnin et al. (2023), ionospheric characteristics such as foF2 do not show a clear effect. In
earlier literature (Astafyeva et al., 2009; Galvan et al., 2012; Jin et al., 2015), it was possible to trace different
TID modes in GNSS derived TEC up to almost 2,000 km. However, those works analyzed the ionospheric
response of more powerful earthquakes, with My, > 8. Unlike the vast majority of past ionospheric co-seismic
disturbance studies that are primarily based on TEC variations, reflecting disturbances propagating around
the F-region peak, the focus of the present study is the manifestation of disturbances at different ionospheric
altitudes by exploiting complementary ionospheric remote sensing techniques. This is particularly highlighted
in this study through ionospheric earthquake-related signatures established as specific ionogram deformations
known as multiple-cusp signatures (“MCS”) which appeared in a number of ionosonde stations far from the
epicenter although we did not identify any clear TEC signature at such long distances. These results prove
that it is possible to identify ionospheric earthquake effects with digisonde data despite the coarse frequency
of the measurements. Moreover, and although digisondes provide information on a wide area of the sky over
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the measuring site and not over a single point, the European network of digisondes made possible to estimate
the velocity of the co-semismic ionospheric disturbance which compares very well with the Rayleigh wave
velocity estimated with seismic data (Figure 9). In addition, assuming that the observed MCS signatures by
ionosondes correspond to perturbations of the electron density profile around an altitude of 140 km (according
to the ionograms), then the time shift of approximately 400 s since the arrival times of the Rayleigh surface
waves at ground (almost parallel blue and red lines in Figure 9) would infer a propagating upward velocity
of this acoustic wave from the surface to the bottom of the F-layer at a velocity of 350 m/s. Therefore this
study underlines the advantage that multi-instrument investigations offer in identifying the propagation of
earthquake-related ionospheric disturbances at different ionospheric altitudes and distances from the earth-
quake epicenter.

Another pattern discernible from the GNSS-related figures common for co-seismic TIDs is the two-mode split-
ting, which happens around 500 and 600 km away from the epicenter for Figures 10 and 11 respectively. This
two modes splitting behavior is typical of earthquake-induced TIDs, and many examples are available in the
literature (Astafyeva et al., 2009; Kakinami et al., 2013). Finally, using CDSS, it was possible to detect infrasound
signatures associated with different types of seismic waves. The infrasound signature associated with the P- and
S-waves is not discernible in the TEC data or even in the ionograms analyzed. This further illustrates how the
use of multiple instruments is required for observing the entire spectrum of ionospheric disturbances generated
by seismic events.

It is worth comparing the ionospheric disturbances described here to those detected after the eruption of the Hunga
Tonga volcano in January 2022 (e.g., Astafyeva et al., 2022; Chum et al., 2023; Maletckii & Astafyeva, 2022;
Themens et al., 2022; Verhulst et al., 2022), as the latter was the first such eruption in a long time, and the first for
which data quality and coverage was comparable to the earthquake discussed here. After this eruption, TIDs were
observed circling the entire globe multiple times. This is not the case for the earthquake analyzed here, although
TID propagation over longer distances is possible for more powerful earthquakes. However, also the mechanisms
for impacting the ionosphere are different between earthquakes and volcanic eruptions. In the case of the volcanic
eruption, the most significant mechanism for influencing the ionosphere was the Lamb wave, a feature not present
in the context of earthquakes. Thus, although various impulsive events produce signatures in the ionosphere, the
nature of their source is important in determining what type of waves will be detected. Conversely, this confirms
that the details of the observed ionospheric waves can be used to identify the nature of the earthquake event, as
proposed by Sevastano et al. (2017) and Astafyeva (2019).

One aspect of the observations that is clearly similar between events is the anisotropy of the propagation of iono-
spheric disturbances produced directly over the source. This was also seen after the Hunga eruption, as there was
significant anisotropy in the TIDs close to the site of the eruption (Vesnin et al., 2023). Similar anisotropic propa-
gation was also observed for TIDs from other sources, for instance in the analysis of Luo et al. (2020) concerning
a major meteor impact. This therefore must be considered a general feature of TIDs excited by impulsive point
sources.
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