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Abstract: In this work, we investigate various types of ionospheric disturbances observed over Europe 27 
after the earthquake in Turkey on 6 February 2023.By combining observations from Doppler sounding 28 
systems, ionosondes, and GNSS receivers, we are able to discern different types of disturbances, 29 
propagating with different velocities and through different mechanisms. We can detect the co-seismic 30 
disturbances produced in the ionosphere close to the epicenter, as well the ionospheric signatures of 31 
acoustic waves propagating as a consequence of propagating seismic waves. 32 
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1. Introduction 44 

 45 

On 6 February 2023, two earthquakes with magnitude MW > 7 occurred in Turkey. The first 46 

shock was recorded at 01:17 UT with a magnitude of 7.8, while the second shock at 10:24 UT 47 

with MW = 7.7 (Çetin et al., 2023; Dal Zilio & Ampuero, 2023; US Geological Survey, 2023). 48 

These primary shocks were followed by many aftershocks with magnitude lower than 7. Both 49 

major earthquakes happened in the region of the East Anatolian Fault, with the epicenters 50 

separated by about 95 km. The first event was located at 37.20°N, 37.13°E, and the second at 51 

38.05°N, 37.25°E; both events took place at a depth of around 10 km (International 52 

Seismological Centre, 2023; Bondár & Storchak, 2011). 53 

The work of Leonard & Barnes (1965) and Davies & Baker (1965) concerning the great Alaskan 54 

earthquake of 1964, has already demonstrated that major earthquakes can cause disturbances in 55 

the ionosphere. Since then, it has been established that these ionospheric disturbances are 56 

manifested as different types of earthquake induced travelling ionospheric disturbances (TIDs), 57 

propagating through different mechanisms (Astafyeva, 2019; Meng et al., 2019). 58 

Co-seismic ionospheric disturbances are generated by waves travelling vertically up to the upper 59 

atmosphere in the vicinity of the epicenter (Afraimovich et al., 2001, Astafyeva & Afraimovich, 60 

2006, 2019). As shown by Rolland et al., (2013) through model results, these vertically 61 

propagating acoustic waves are accelerated and deflected horizontally due to the variation of 62 

atmospheric parameters with altitude. As a result, such acoustic waves are detected as fast TIDs 63 

propagating radially outward from the epicenter. Co-seismic disturbances start travelling out 64 

from their origin at around 1000 m/s, the speed of sound at the height of the F layer, but have 65 

been observed to split at some distance from the epicenter into different modes travelling with 66 

velocities of about 600 and 3000 m/s (Astafyeva et al., 2009, Galvan et al., 2012). 67 

On the other hand, seismic waves propagating out from the epicenter—in particular Rayleigh 68 

surface waves—can also generate acoustic-gravity waves propagating up to the ionosphere 69 

(Astafyeva et al., 2009, Rolland et al., 2011, Komjathi et al., 2016). These disturbances are 70 

expected to propagate at the speed of the Rayleigh waves, between 2000 and 5000 m/s, but with 71 

a delay of around ten minutes required for the vertical propagation of disturbances from the 72 

ground to ionospheric altitude (Lognonné et al., 2006; Astafyeva, 2019). Since seismic waves on 73 

the ground can reach long distances, this mechanism can produce disturbances in the ionosphere 74 

beyond the range where the shock-acoustic waves travelling through the ionosphere are 75 

attenuated (e.g., Maruyama et al., 2016a; 2016b) 76 

Finally, there are acoustic-gravity waves travelling much slower, with velocities in the order of a 77 

few hundred meters per second (Astafyeva et al., 2009, Meng et al., 2019). Besides the various 78 

types of travelling disturbances, evidence of longer lasting impacts on the ionosphere, 79 

particularly close to the epicenter (Astafyeva, 2019, and references therein) has been reported. 80 

However, such effects are not considered here. 81 

Earthquakes with MW > 6.5 are expected to generate co-seismic disturbances in the ionosphere 82 

(Perevalova et al., 2014). The amplitude of ionospheric disturbances and the distance from the 83 

source at which they can be detected are of course dependent on the magnitude of the event, see 84 

for instance Heki (2021). In addition to the earthquake magnitude, the depth and the focal 85 

mechanism (Astafyeva & Heki, 2009) are also decisive factors that affect the excitation and 86 

propagation of TIDs. On top of these primary earthquake attributes, additional factors such as 87 

atmospheric conditions (Rolland et al., 2011) and the orientation of the geomagnetic field 88 

(Astafyeva & Heki, 2009; Zettergren & Snively, 2019) also define the characteristics of possible 89 



ionospheric disturbances based on the coupling between the movement of the ground surface and 90 

the upper atmosphere. 91 

Thus, a complex view of a superposition of different types of travelling ionospheric disturbances 92 

is observed after an earthquake, which differs significantly from one event to another. Besides 93 

different modes of TIDs, also ionospheric signatures of infrasound can be observed in the 94 

aftermath of major earthquakes (Chum et al., 2012; 2018a; Laštovička & Chum, 2017). 95 

Ionospheric disturbances, including those resulting from an earthquake, can be detected using 96 

Doppler sounders (Liu et al., 2006; Chum et al., 2012), ionosondes (e.g., Maruyama, 2016a), or 97 

GNSS receivers that can facilitate TEC estimation (Calais & Minster, 1995; Afraimovich et al., 98 

2001). This complementary view from observations from different instruments, is ideal for 99 

detecting different disturbance types (Astafyeva, 2019; Meng et al., 2019). In the European 100 

region, all these instruments are available in relatively dense observational networks (see Figure 101 

1). Disturbances can be observed from a close proximity to the epicenter to distances over 102 

3000 km, and therefore velocities can be calculated. The aim of this paper is to present an 103 

integrated picture of the various modes of TIDs generated during this event, as observed by 104 

different monitoring networks. 105 

 106 

 107 
Figure 1. Map showing locations of instruments used for this study. The earthquake epicenter is also 108 
shown (red asterisk). 109 
 110 

2. Data and Methods 111 

2.1 Geomagnetic conditions 112 

The Turkey earthquakes took place during the ascending phase of the 25th solar cycle.  113 

 114 



 115 
Figure 2. SymH (panel a), Kp (panel b) and Polar Cap North Index (panel c), in the period 5-7 February 116 
2023. The red dashed lines and the corresponding stars indicate the time of the two main shocks (01:17 117 
and 10:24 UT on 6 February 2023). 118 
 119 

To quantify geomagnetic disturbances measured on the ground, the SymH (Li et al., 2011), Kp 120 

(Kaurisiti et al., 2017) and Polar Cap North (PCN) index (Stauning, 2013) have been considered. 121 

Figure 2 shows the time series of the respective indices in the period 5-7 February 2023, also 122 

indicating the time of the two main shocks (01:17 and 10:24 UT on 6 February 2023) in red. 123 

From the late evening of February 5, the solar wind speed increased, revealing the occurrence of 124 

a high speed stream (HSS) linked to a coronal hole in the northern solar hemisphere 125 

(Vanlommel, 2018). The solar wind speed slowly increased during 6 February and reached a 126 

speed of 600 km/s on 7 February. In correspondence with the passage of such a HSS and under 127 

favorable conditions of the Interplanetary Magnetic Field, geomagnetic disturbances covering 128 

the period under consideration are found. As reported in Figure 2a-c, these disturbance maximize 129 

in the early hours of 7 February (SymH= -42 nT, Kp=4, PCN=8.3). These solar driven 130 

disturbances manifested in the ionosphere as spread-F, visible during the nighttime in the higher 131 

latitude ionospheric observatories. In addition, the first main shock took place during a local 132 

winter night, when background ionization is low. Conversely, during the daytime a positive 133 

storm was observed with somewhat enhanced TEC values (Vanlomel, 2018). As a result of these 134 

conditions, no clear indication of ionospheric disturbances were detected over Europe after the 135 

first shock 01:17 UT, and the rest of this paper focuses on the second main shock at 10:24 UT. 136 

 137 
 138 



2.2 Seismic context 139 

 140 

The different types of seismic waves (body waves: primary P and secondary S, surface waves: 141 

Rayleigh waves LR and Love waves LQ) generated by the main shocks were identified at many 142 

seismic stations, some of which are located close to an ionosonde station (Figure 1). Figure 3 143 

shows the appearance of seismic waves at various seismic stations co-located with an ionosonde 144 

station after the Mw 7.7 earthquake (T0 = 10:24:52 UT).  The velocity of the seismic surface 145 

waves can be calculated based on the arrival times of the waves and the ground distance of the 146 

seismic stations from the epicenter (Table 1). The seismic data is available in the European 147 

Integrated Data Archive (EIDA, Strollo et al. 2021). The amplitude of seismic waves registered 148 

at Nicosia (ATHA station) were so strong that they caused saturation of the instrument. 149 

Determination of Rayleigh wave packets at stations closer to the epicenter is not easy in the case 150 

of such a large earthquake. Two types of surface waves (Love and Rayleigh waves) arrive with a 151 

minor delay with respect to the S phase. Furthermore, local effects can modify the shape of the 152 

waves. We considered the propagation speed of the LR waves to identify the correct Rayleigh 153 

arrival time to the different stations during the manual selection.   154 

 155 



 156 
Figure 3. Vertical seismic wave component (Z) recorded at different seismic stations (close to an 157 
ionosonde station in Europe) as generated by the earthquake at 10:24 (UT), in order of increasing distance 158 
from the epicenter. “Counts” in the y-axis is the raw number read off the physical instrument, ie. the 159 
voltage read from a sensor. For example, a “count” value of 3.27508E9 would indicate ground motion of 160 
1 m/s — you can divide the count value by 3.27508E9 to convert into meters per second. However, this 161 
multiplier varies from station to station.  P, S and Rayleigh wave (LR) indicate the corresponding wave 162 
type in the subplots.  163 
 164 
 165 



Name  Code 

Geographic 

Latitude           

[ºN] 

Geographic 

Longitude 

[ºE] 

Distance 

[km] 

Arrival times [UT] 

P  

waves 

S  

waves 

Rayleigh 

wave 

Athalassa, Cyprus ATHA 35.1 33.4 460 10:25:52 10:27:07 - 

Athens, Greece ATHU 37.9 23.8 1199 10:27:22 10:29:23 - 

Mesagne, Italy MESG 40.6 17.8 1691 10:28:25 10:31:17 10:32:02 

Sopron, Hungary SOP 47.7 16.6 1975 10:29:02 10:32:17 10:32:40 

Průhonice, Czech R. PRU 50.0 14.5 2232 10:29:25 10:33:09 10:34:17 

Ruegen, Germany RGN 54.5 13.3 2574 10:29:56 10:34:07 10:36:31 

Dourbes, Belgium DOU 50.1 4.6 2900 10:30:25 10:34:53 10:37:23 

 166 
Table 1. List of seismic stations, which are situated close to a European ionosonde station, in order of 167 
increasing distance from the epicenter:  name, code and attributes (latitude, longitude, and distance from 168 
epicenter in km) of the stations, and the arrival time of different waves at the stations. 169 
 170 

2.3 Continuous Doppler Sounding Systems 171 

The European network of Continuous Doppler Sounding Systems (CDSS) currently consists of 172 

the multi-point and multi-frequency system operating in the Czech Republic at frequencies of 173 

3.59, 4.65 and 7.04 MHz (Laštovička and Chum, 2017; Chum et al., 2021) and systems recently 174 

installed (at the end of 2022) in Belgium and Slovakia operating at frequencies of 4,59 and 3.59 175 

MHz, respectively. Data from the Belgian transmitter in Dourbes (50.099°N, 4.591°E) received 176 

in Uccle (50.798°N, 4.358°E), the Czech transmitter located in Dlouha Louka (50.648°N, 177 

13.656°E) received in Prague (50.041°N, 14.476°E), and the Slovak transmitter in Zahor 178 

(48.625°N, 22.205°E) received in Kolonica (48.935°N, 22.274°E), shown in Figure 1, were 179 

analysed in this paper. It should be noted that half distances between the transmitters and 180 

corresponding receivers are several times smaller than the reflection heights, so the zenith angle 181 

 of sounding radio waves is small and therefore cos(). The surface horizontal distances of 182 

midpoints between the listed transmitter – receiver pairs in Belgium, the Czech Republic and 183 

Slovakia from the epicenter of the Turkey earthquake are about 2920, 2280 and 1700 km, 184 

respectively. 185 

 CDSS measure the Doppler shift that radio waves are subjected to, when reflected from the 186 

ionosphere due to the plasma motion and changes in electron density (Davies et al., 1962; Jacobs 187 

and Watanabe, 1966). CDSS have a relatively high time resolution (several seconds) due to the 188 

continuous sounding of harmonic radio waves of a specific frequency, but they do not provide 189 

any information about the reflection height, the region which contributes most to the observed 190 

Doppler shift (Chum et al., 2016a, 2018b). Therefore, it is useful to operate CDSS in the vicinity 191 

of an ionospheric sounder that can provide information on the CDSS sounding frequency 192 

reflection height, which is essential for a variety of studies (Chum et al., 2012; Chum et al., 193 

2021). CDSS mainly detect medium scale travelling ionospheric disturbances (TID) or spread F 194 

(Chum et al., 2014; Chum et al., 2021), but they can also be used for the analysis of electric field 195 

that penetrates the ionosphere during geomagnetic storms (Kikuchi et al., 2021, 2022), 196 

infrasound generated by earthquakes (Artru et al., 2004; Chum et al., 2012, 2016a,b), typhoons 197 

and severe tropospheric weather (Georges, 1973; Chum et al., 2018a) or volcano eruptions 198 



(Chum et al., 2023), ionospheric response to solar eclipses (Sindelarova et al., 2018; Liu et al., 199 

2019), solar flares (Chum et al., 2018b) etc. 200 

  It was shown by Watada et al. (2006) that the near surface pressure fluctuations and air 201 

particle oscillation velocities w0 are determined by the vertical component of the velocity of 202 

Earth surface motion, vz. A high correlation between the waveforms of vz for P and S seismic 203 

waves and air particle oscillation velocities w in the ionosphere determined from Doppler shift fD 204 

were shown in (Chum et al., 2012). The similarity of spectral content of vz and w (fD) at large 205 

distances from the earthquake epicenter was discussed in (Chum et al., 2016a, 2018a). The co-206 

seismic infrasound registered by CDSS during the earthquake under consideration was compared 207 

with ground surface vertical velocities vz measured by seismometers and observed time delays 208 

between vz and w (fD) were compared  numerical simulation using ray tracing code described in 209 

previous works (e.g., Chum et al., 2023). In addition, the values of w obtained from measured 210 

Doppler shifts were compared with the amplitudes of w expected for infrasound propagating up 211 

to the CDSS reflection heights assuming a linear theory of propagation and attenuation due to the 212 

viscosity, thermal conductivity and rotational relaxation (Bass et al., 1984; Chum et al., 2012). 213 

The air particle oscillation velocity w was estimated from the Doppler shift fD using the 214 

approximate formula (1) derived in (Chum et al., 2016a) for (quasi)vertical sounding and 215 

(quasi)vertically propagating infrasound.     216 

   217 

𝑤 = −𝑓𝐷 ∙
𝑐
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 219 

where c is the speed of light, f0 is the sounding frequency, I is the inclination of geomagnetic 220 

field, N is the electron density at the reflection height, N/z is the vertical gradient of electron 221 

density at the reflection height estimated from the ionogram, fIS is the infrasound frequency and 222 

cs is the sound speed. The term N(2fIS)/cs results from the air and plasma compression due to 223 

the infrasound waves. If N/z>>N(2fIS)/cs, equation (1) reduces to (2) 224 

 225 

𝑤 = −𝑓𝐷 ∙
𝑐

2𝑓0𝑠𝑖𝑛2(𝐼)
    (2) 226 

 227 

which is a relation that directly follows from the vertical plasma velocity wp, computed from the 228 

Doppler shift fD by standard equation (3)  229 

 230 

𝑤𝑝 = −𝑓𝐷 ∙
𝑐

2𝑓0
,   (3) 231 

 232 

assuming that (quasi)vertically propagating radio waves reflect from the magnetized plasma, 233 

where electrons freely move only along magnetic field lines and are forced by vertically 234 

oscillating air.    235 

 236 

 237 

 238 

 239 

 240 

 241 



2.4 Ionograms 242 

An ionospheric earthquake-related signature established as a deformation on ionograms is the 243 

multiple-cusp signature (“MCS”) which appears as additional cusps that can be attributed to 244 

electron density irregularities giving rise to stationary points of inflection in the vertical electron 245 

density profile as discussed by Maruyama, et al. (2011, 2012, 2014).  This ionogram signature is 246 

shown in Figures 7 and 8 for several ionospheric stations and may be interpreted as an indication 247 

of the propagation of an acoustic wave as the separation of these points of inflection reflects the 248 

infrasound wavelength in the thermosphere. For this particular event all ionosondes considered 249 

were situated towards north-west with respect to the epicenter with the exception of the nearest 250 

ionosonde to the epicenter located at Nicosia which is positioned south-west with respect to the 251 

epicenter. All eleven ionosondes across Europe considered in this study along with their 252 

respective ionogram cadence are tabulated in Table 2 in accordance to their distance from the 253 

epicenter. Their location is also shown in Figure 1.  254 

 255 

 256 

 257 

Table 2. European ionosondes used in the study, arranged according to distance from the 258 

earthquake epicenter. 259 

 260 

2.5 GNSS derived TEC 261 

 262 

To investigate the ionospheric signatures in Total Electron Content (TEC) we used a collection 263 

of GNSS networks spanning different distances and azimuthal directions with respect to the 264 

epicenter (shown as yellow inverted triangles in Figure 1). Data from 1s and 30s RINEX files 265 

were used, with 1s as the preferred time resolution due to the relatively short period expected 266 

from co-seismic TID (Astafyeva, 2019). The GNSS stations used belong to many different 267 

institutions and networks, specifically INGV (Michelini et al., 2016), TUGASA-Aktif (Ouml et 268 

al., 2011), CYPOS (Danezis et al., 2019), NOA (Chousianitis et al., 2021), IGS (Dow et al., 269 

2009), and EUREF (Torres et al., 2009).  To extract TEC perturbations, we used the dual 270 

frequency geometry-free linear combination of carrier-phase measurements. The TEC along the 271 

satellite-receiver line of sight can be calculated starting from phase measurements as follows:  272 

Station URSI 

Code 

Geographic 

latitude 

Geographic 

longitude 

Ionogram 

Cadence (Min) 

Distance From  

Epicenter (km) 

Nicosia NI135 35.2oN 33.4oE 5.0 460 
Athens AT138 38.0oN 23.5oE 5.0 1199 
San Vito VT139 40.6oN 17.8oE 7.5 1691 
Gibilmanna GM037 37.9oN 14.0oE 15.0 2029 
Sopron SO148 47.6oN 16.7oE 5.0 1975 
Průhonice PQO52 50.0oN 14.6oE 15.0 2232 
Juliusruh JR055 54.6oN 13.4oE 5.0 2574 
Dourbes DB049 50.1oN 4.6oE 5.0 2900 
Roquetes EB040 40.8oN 0.5oE 5.0 3146 
Fairford FF051 51.7oN -1.5oE 7.5 3358 
El Arenosillo EA036 37.1oN -6.7oE 5.0 3835 
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 275 

Where 𝑠𝑇𝐸𝐶𝑝ℎ𝑎𝑠𝑒 is the ambiguous slant TEC; 𝐿1, 𝐿2 are the phase measurements of the radio 276 

signal for the 𝐿1 and 𝐿2 bands defined by their frequency 𝑓1, 𝑓2 and wavelength 𝜆1, 𝜆2. By doing 277 

so, we obtain an uncalibrated version of sTEC, which is strongly related to the observational 278 

elevation. Normally, sTEC is vertically mapped to better compare TEC time-series for different 279 

stations and satellites. However, filtering and detrending such an uncalibrated observable would 280 

prevent the estimation of the wave amplitude since the calibration bias would be multiplied by 281 

the mapping function, causing an amplification of the wave amplitude, especially for low-282 

elevation angles (Verhulst et al., 2022). To prevent or somewhat limit such amplification effect, 283 

we employed NeQuick 2 (Nava et al., 2008), a climatological model that provides a TEC 284 

estimate between two given points (in our scenario, the initial GNSS station and satellite 285 

position). Using this model, we can assign an initial sTEC value between the corresponding 286 

GNSS receiver and satellite, which limits by the “verticalization” process. To investigate the 287 

spatial behavior of the co-seismic TID, we rely on the widely-used thin-layer ionospheric 288 

approximation (Mannucci et al., 1998), with the shell height set to 250 km. To extract the TID 289 

signature from the vTEC, we use a bandpass filter based on the novel Fast Iterative Filtering 290 

technique (Cicone & Zhou, 2021). This technique can decompose non-stationary, non-linear 291 

signals into simple oscillatory components (Madonia et al., 2023; Verhulst et al., 2022) called 292 

Intrinsic mode functions, each defined by its quasi-stationary frequency. By summing those 293 

modes that fall into the frequency band of interest for each time step, we extracted the detrended 294 

TEC (dTEC). 295 

 296 

   297 

3. Observations and Discussion 298 

 299 

3.1 CDSS 300 

 301 

Figure 4 shows the Doppler shift spectrograms recorded by CDSS in Slovakia, the Czech 302 

Republic and Belgium after the M=7.7 Turkey earthquake on 6 February 2023. All four 303 

spectrograms show disturbances caused by infrasound waves. The Doppler shift fluctuations are 304 

not very clear in Slovakia, which prevents further analysis. However, Doppler shift time series 305 

could be obtained from maxima of spectral densities in the Doppler shift spectrograms recorded 306 

in the Czech Republic and Belgium and were used for further analysis. 307 

 308 

Figure 5 displays the vertical component of the ground surface velocity vz measured in Panská 309 

Ves, Czech Republic (plot a) and vertical plasma velocity wp and air particle oscillation velocity 310 

w derived from the Doppler shift time series obtained from CDSS operating at f=4.65 MHz and 311 

7.04 MHz (plots b and c, respectively). The fluctuations of wp (w) in the Czech Republic derived 312 

from the 4.65 MHz signal are shorter than those derived from 7.04 MHz signal due to the low 313 

quality Doppler shift spectrogram after ~10:47 UT (Figure 4.b). The long-term variations, seen 314 

mainly in plots c in Figures 4 and 5 are caused by TIDs not related to the earthquake. On the 315 

other hand, the fast variations are due to the infrasound with a period about 20 s and clearly 316 

correspond to the variations of vz shown in Figure 5.a. In particular, the similarity between vz and 317 



wp (w) for the first pulse (around 10:29:40 UT in vz), which correspond to P seismic waves is 318 

remarkable. The corresponding signatures in the ionosphere recorded by the CDSS are delayed 319 

about 485 s for the 4.65 MHz sounding and about 515 s for the 7.04 MHz sounding. A clear 320 

similarity between vz and wp (w) is also observed for the second pulse (around 10:33:32 UT in vz) 321 

corresponding to S seismic waves. The S waves are then followed by Rayleigh waves of higher 322 

amplitude and by their corresponding ionospheric signatures. The bottom plots (d) and (e) show 323 

ground velocity vz and the corresponding plasma velocities wp and air particle oscillation 324 

velocities w estimated from CDSS observation in Belgium. 325 

 326 

Figure 6 shows the ray tracing simulation results for acoustic waves with a period of 20 s for a 327 

realistic atmosphere over the Czech Republic including the neutral horizontal winds obtained by 328 

HWM14 model (Drob et al., 2015) on 6 February 2023 at 10:45 UT. The ray tracing was 329 

initialized with zenith angles from 2° (red) to 6° (blue). This range covers the expected initial 330 

zenith angles 0, given by the ratio cS0/cG, sin 0 = cS0/cG, where cS0 is the near surface sound 331 

speed and cG is the speed of seismic waves (Rolland et al., 2011; Chum et al., 2016a). The ray 332 

tracing extended up to an altitude of 300 km. The rays reach the altitudes of about 170 km and 333 

190 km for the observed time delays of 485 s and 515 s, respectively (Figure 6.c), which is 334 

consistent with CDSS reflection heights derived from ionograms measured by the nearby 335 

Digisonde  at Průhonice. Figure 6.b shows the calculated infrasound attenuation along the ray 336 

trajectories, related to the initial, near surface infrasound amplitude. The attenuation is also 337 

plotted in an alternative way in Figure 6.d, which shows the ratio w/w0, which is the ratio of air 338 

particle oscillation velocities w at a specific height to the velocities w0 (w0=vz) near the ground 339 

surface. The solid line represents the unrealistic case of lossless propagation (no attenuation).  340 

 341 

The simulated ratio w/w0 can be compared with the measured values vz, w and wp (w/vz, and 342 

wp/vz) presented in Figure 5 (note different scales for vz, w and wp). The measured ratio wp/wz is 343 

about 50 000 and the ratio w/wz obtained using equation (1) is about 5000. It should be stressed 344 

that the ratio wp/wz and hence the ratio w/wz calculated by equation (2) is higher than the 345 

theoretical limit (about 28 000 at the height of 170 km) for lossless propagation (solid line in 346 

Figure 6.d) and significantly larger than the estimated/modeled ratio (about 15000 at 170 km) 347 

considering the attenuation. From this, it follows that the compressional term in equation (1) 348 

cannot be neglected when deriving the air velocities from the measured Doppler shift fD. It 349 

should be remembered that there is a large uncertainty in electron density gradient derived from 350 

ionograms (~ 6106 m-4 at 170 km and ~ 107 m-4  at 190 km). This may be one of the reasons why 351 

the measured ratio, of approximately 5 000 according to equation (1), is lower than the modelled 352 

one (~15000 at 170 km and ~11000 at 190 km). Another reason is the divergence of infrasound 353 

ray trajectories (geometrical factor) that is not taken into account in the simulation. The actual 354 

attenuation of wave energy is expected to be stronger due to the ray divergence than that shown 355 

in Figures 6.b and 6.d. 356 



 357 

Figure 4. Doppler shift spectrogram recorded for selected sounding paths in (a) Slovakia, (b, c) Czech 358 

Republic at f=4.65 and 7.04 MHz, respectively (d) Belgium from 10:30 to 11:15 UT on 6 February 2023  359 



 360 

Figure 5. (a) Vertical velocity vz of ground surface in Panska Ves, Czech Republic, (b), (c) vertical 361 
plasma velocity wp (blue) and air particle velocity wz (red) derived from measured Doppler shift by CDSS 362 
in the Czech Republic at 4.65 and 7.04 MHz, respectively, (d) Vertical velocity vz of ground surface in 363 
Dourbes, Belgium and (e) vertical plasma velocity wp (blue) and air particle velocity wz (red) derived 364 
from measured Doppler shift by CDSS in Belgium at 4.59 MHz.  365 

 366 



 367 

Figure 6. Ray tracing results for the infrasound waves started from the surface with zenith angle 2° (red) 368 
to 6° (blue). (a) Ray trajectories in vertical cross-section along the wave vector of seismic waves, (b) 369 
Attenuation as a function of height (relative to initial value) calculated by the analytic model assuming the 370 
wave period of 20 s, (c) Height as a function of time and (d) Ratio of air particle oscillation velocities w at 371 
a specific height related to the near surface value w0. Solid line represents the lossless propagation. 372 
 373 

The CDSS did not detect any co-seismic disturbances related to M=7.8 earthquake that occurred 374 

at night at 01:17:35 UT on the same day, 6 February 2023. The main reason besides the low 375 

critical frequency foF2 (only 3.59 MHz systems experienced reflection from the ionosphere) was 376 

the high altitude of reflection (about 340 km). The simulation in Figure 6 clearly demonstrates 377 

that infrasound waves of 20 s period are strongly attenuated above about 250 km and cannot be 378 

detected by CDSS at such altitudes. 379 

A similarity between the waveforms and spectra of the vertical ground surface velocity vz and the 380 

air particle oscillation velocity w determined from the observed Doppler shift fD indicates that 381 

the propagation of infrasound to the altitudes of observation in central Europe was linear. The 382 

velocities vz and hence the initial near surface perturbations w0 were not large enough to lead to 383 

the nonlinear phenomena in the upper atmosphere that have been observed by CDSS in the 384 

vicinity of strong earthquakes (Chum et al., 2016b; Chum et al., 2018a). 385 
 386 

 3.2 Ionograms 387 

Each row in Figures 7 and 8 represents two ionograms for each of the ionosonde stations listed in 388 

Table 2. Here the left column shows the latest seismic undisturbed ionogram. On the 389 

corresponding ionograms for each of these stations a few minutes later (in the right column), 390 

clear multi-cusp signatures are seen. The difference in the consecutive ionograms is particularly 391 

evident at Nicosia, Athens, Gibilmanna, Juliusruh, Dourbes and Fairford. The disturbances 392 

appear to be limited to the lower F region and the cusps are particularly sharp-edged in the case 393 



of Juliusruh, Dourbes and Fairford. The cusps for San Vito, Sopron Roquetes and El Arenosillo 394 

are faint, but can still be identified when the traces are compared with the respective regular 395 

ionograms on the left.  396 

 397 

Considering ionograms from all ionosondes involved, we were able to detect clear “MCS” on 398 

ionograms from almost all stations (with the exception of Průhonice) after 10:35 UT at which the 399 

first signature appeared at the 10:35 UT Nicosia ionogram, which is in line with the arrival of the 400 

acoustic wave in the ionosphere at approximately 10 min after the seismic disturbances 401 

generated by the 10:24 UT shock (indicated with the vertical line) as indicated in Figure 9. The 402 

appearance of the Rayleigh and Love wave signature in the ionosphere is delayed because of the 403 

propagation time of the atmospheric waves from the ground into the ionosphere after the seismic 404 

disturbance has reached the ionosonde location. In fact, associated “MCS” can be identified in 405 

the subsequent ionograms on more distant stations (as ionograms from top to bottom in Figure 7 406 

and Figure 8 are ordered in accordance to their distance from the epicenter). Despite the fact that, 407 

ionograms at Průhonice (PQ052), due to some technical problem with the ionosonde at the time, 408 

do not contain correct polarization and direction of arrival information, the time of arrival of 409 

individual signals is, reliable. In other words – we can use the individual traces on the ionogram, 410 

but we cannot use the color codes of the signal for interpretation.  411 



 412 
Figure 7. Successive ionograms at European stations (from top to bottom: Nicosia, Athens, San Vito, 413 
Gibilmanna, Sopron, Průhonice) registering a clear multiple-cusp signature (“MCS”).  414 



 415 
Figure 8. Successive ionograms at European stations (from top to bottom: Juliusruh, Dourbes, Roquetes, 416 
Fairford, El Arenosillo) registering a clear multiple-cusp signature (“MCS”). 417 



Figure 9 shows the time (horizontal axis) of the first acquisition of an ionogram with a “MCS” 418 

after the earthquake (red circle) with respect to the previous unaffected ionogram (white circle) 419 

as well as the time of the main shock (10:24 UT) as indicated by the red star on the x axis. 420 

Apparently we can draw a line through these points with a slope approximating the disturbance 421 

propagation velocity but clearly there exists an ambiguity in defining this line as ionograms were 422 

conducted at intervals of 5 to 15 min (Table 2). This ambiguity for each station is also reflected 423 

on the time difference between red and white circles for each ionosonde (dotted line connecting 424 

the two circles).    425 

Compared to the high-temporal resolution provided by 1 s RINEX files in the GNSS analysis 426 

shown in section 3.3 ionosondes are operated typically at a much lower temporal resolution 427 

according to which they perform an ionogram measurement every 5-15 min intervals (as 428 

indicated by consecutive ionograms from various European stations in Figures 7 and 8). During 429 

such a time interval, an acoustic wave would cover a distance of more than 250 km under a 430 

sound velocity assumption of 0.8 km/s. Unless the ionosonde operates on a campaign mode 431 

where it performs an ionogram measurement every 30 s or 1 min it is not realistic to detect a 432 

clear typical “MCS” on consecutive ionograms.  433 

 434 

 435 
Figure 9. Travel-time diagram of co-seismic ionospheric disturbances causing “MCS”s at each station.  436 

 437 

It is interesting to relate the time of arrival of the P, S and most importantly Rayleigh waves 438 

according to the recordings of the seismic stations shown in Table 1 and the “MCS” appearance 439 

on the ionograms indicated in Figures 7 and 8 considering the corresponding time ambiguity 440 

based on the length of the line connecting each pair of white and red circles. For example 441 

between Nicosia (nearest location to the epicenter as shown in Figure 1) and Athens, the 442 

difference in the time of arrival in the P waves (10:25:52 at Nicosia and  10:27:22 at Athens) and 443 



S waves (10:27:07 at Nicosia and  10:29:23 at Athens) is around 1-2 min (Rayleigh waves 444 

saturate the measurements at both seismic stations) whereas the “MCS” appears clearly on 445 

ionograms that are 5 min apart (10:35 at Nicosia and  10:35 at Athens). For the San Vito 446 

ionosonde we also have a definite estimation for the arrival of Rayleigh waves (10:32:02) the 447 

“MCS” appears on the 10:45 ionogram, which is beyond the 8-10 min delay relative to the 448 

Rayleigh waves arrival at the corresponding seismic station (MESG). However, we can identify 449 

that the “MCS” is not so evident for that specific case as compared to other stations (Nicosia, 450 

Athens Juliusruh and Dourbes). In particular, for Dourbes and Juliusruh the time difference in 451 

the Rayleigh wave arrival (10:36:31 at Juliusruh and 10:37:23 at Dourbes) is comparable to the 452 

time difference of a similar “MCS” appearance on the corresponding ionograms (10:48 at 453 

Juliusruh and 10:50 at Dourbes) which underlines the clarity of the “MCS” as a function of the 454 

time with respect to the ionogram measurement. This emphasizes the importance of the 455 

ambiguity depicted in Figure 9 with respect to the clear identification of “MCS” signatures at 456 

each station and the subsequent capability to determine the acoustic wave propagation in the 457 

ionosphere based on “MCS”. Although not included in Table 1 but considered in Figure 8, the 458 

arrival time of the Rayleigh wave in the Spanish seismic stations ERTA and CMAS was at 459 

approximately 10:43 UT. The ionospheric station Roquetes (EB040) in Spain recorded the 460 

“MCS” irregularities at 10:50 that compared to the arrival time of the Rayleigh wave identified 461 

on the nearest station seismogram at 10:43, this would result in an estimated travel time of the 462 

irregularity from ground to the ionosphere of about 7-8 minutes. The latter agrees well with the 463 

estimated travel time of about ten minutes required for the vertical propagation of disturbances 464 

from the ground to ionospheric altitude (Lognonné et al., 2006; Astafyeva, 2019). The small 465 

timing differences discussed above may be also attributed to the fact that ionograms provide 466 

information on a wide area of the sky over the measuring site and not over a single point but also 467 

on differences on the radiation patterns of transmitting and receiving antennas at the ionosonde 468 

sites. A notable conclusion that we can infer from Figure 9 stems out of the parallel red and blue 469 

lines indicating the ionospheric disturbance propagation and the corresponding driver of this 470 

disturbance which is the Rayleigh wave on the surface, respectively. If we accept that MCS 471 

signatures correspond to perturbations of the electron density profile around an altitude of 140 472 

km then the time shift of approximately 400 sec between the two (almost parallel blue and red 473 

lines) would infer a propagating upward velocity of this acoustic wave from the surface to the 474 

bottom of the F-layer at a velocity of 350 m/s.  475 

 476 

3.3 GNSS 477 

 478 

Once dTEC and the Ionospheric Pierce Points (IPPs) locations were calculated, we investigated 479 

the TID propagation in space through a travel-time diagram (TTD), a technique widely used to 480 

estimate velocities and time of arrival of co-seismic ionospheric waves at different locations 481 

(Astafyeva, 2019; Astafyeva et al., 2009). Moreover, we expanded the TTD further by dividing it 482 

into four sub-panels (Panel (c) of Figures 10, 11 and 12) each corresponding to different 483 

azimuthal ranges with respect to the earthquake epicenter. This modification facilitates the 484 

investigation of the anisotropies in the TID propagation and parameters, which is expected for 485 

co-seismic TIDs (Zettergren & Snively, 2019).  486 

 487 

Figures 10, 11 and 12 show the aforementioned diagram for PRN17, PRN49 and PRN58 488 

respectively. Note that the satellites considered were not the only ones showing clear TID 489 



signatures, but were chosen because they show the signature of both the shock acoustic wave 490 

(Afraimovich et al., 2001; Astafyeva et al., 2009; Heki & Ping, 2005) and the Rayleigh wave induced 491 

TID (Ducic et al., 2003; Rolland et al., 2011). The left Panels show the TTD itself, with the X and Y 492 

axis representing the distance in time and space to the earthquake. Panels (a) show the spatial 493 

distribution of IPPs, the epicenter location and its isodistances. Because of the TID being ion 494 

density waves, the coupling of the neutral and ionized particles is maximal along magnetic field 495 

lines since ion movement is mainly restricted along magnetic field lines (Bagiya et al., 2019;  496 

Rolland et al., 2013). Thus, when investigating the different azimuthal features we need to take 497 

into account that over Turkey the inclination and declination of magnetic field lines are 498 

respectively around 55 and 5 degrees. Panels (b) show the TTD for the stations shown in Panels 499 

(a). Note that the network used was denser than the one visible in Figure 1 (overall network 500 

figure), because we decided to show only those station-satellite links with a clear signature. 501 

Discarding such links also enabled the investigation of a possible preferred azimuth of 502 

propagation by comparing the original spatial distribution and the one of Panels (a). Specifically, 503 

we decided to plot only those arcs that showed a TID amplitude higher than 0.05 TEC units 504 

(TECu). In addition, the IPP tracks are colored according to the initial arc azimuth to the 505 

epicenter to highlight the different wave patterns. Finally, Panels (c) show a slightly different 506 

TTD, where blue and red points correspond to negative and positive TEC perturbations. 507 

Moreover, the TTD here was split into four different subpanels, each showing a different 508 

azimuthal range with respect to the epicenter. Thus, the main difference between Panels (b) and 509 

Panels (c) is that the distance shown in Panels (b) is the distance of the given IPP at the time of 510 

maximum dTEC, while Panels (c) show its time evolution. 511 

 512 

 513 
Figure 10. (a) Spatial distribution of IPPs and the epicenter location (b) Travel-time diagram for the 514 
stations shown in (a) and (c) Travel-time diagram for different azimuth for PRN17. 515 

 516 



 517 
Figure 11. (a) Spatial distribution of IPPs and the epicenter location (b) Travel-time diagram for the 518 
stations shown in (a) and to be completed. (c) Travel-time diagram for different azimuth for PRN58. 519 
 520 

Thanks to the combination of the two TTDs, we can investigate the waveform and amplitude 521 

along with the propagation velocities for different azimuthal ranges. First, Panel (b) of Figure 10 522 

shows how a narrow azimuthal range presents a large amplitude. If we look at the corresponding 523 

IPP tracks, color-coded as in Panel (b), we can discern which geographical area these azimuths 524 

correspond to. Such waveforms are related to GNSS stations located in Cyprus, and the likely 525 

reasons for such this large amplitude could be the observational geometry (IPPs for PRN17) are 526 

actually situated over the epicenter) and earthquake characteristics (such as fault alignment and 527 

focal mechanism (Astafyeva, 2019; Astafyeva & Heki, 2009). The possible impact of such 528 

effects will be discussed below. The waveform visible in all the Panels (b) resembles the typical 529 

acoustic N shape, corresponding to an initial overpressure half cycle with a steep rise-time and a 530 

slower pressure decay followed by a half cycle of rarefaction (Astafyeva, 2019).  531 

 532 

Panels (b), indicate waves of different nature we know from the literature to be produced by 533 

earthquakes. The first TID type, the co-seismic disturbance produced above the epicenter, is 534 

visible in both the South and West subpanels of Panel (c) of Figure 10 and 11 and in the West 535 

subpanel of Figure 12. Note here that the difference in the TID velocity is easily explained by the 536 

fact that the small distance covered by the first shock acoustic wave makes it difficult to reliably 537 

and accurately identify such waves. Moreover, the near-field TID shows almost no signature for 538 

those stations located North of the epicenter, which was expected due to the adverse geometry of 539 

the wave vector and MFLs. The lack of signatures East of the epicenter in Figure 10 and 9 is 540 

instead due to the scarcity of GNSS data accessible for those regions and as well due to the 541 

adverse observational geometry. A similar reasoning applies to the south panel of Figure 11, 542 

where due to the adverse geometry, no clear signatures are visible even if the mutual orientation 543 

of the wave vector and MFLs is optimal. The few stations that are available showed clear TID 544 

signatures East and West of the epicenter for PRN49 where the mutual orientation of the wave 545 



vector and observational link was favorable (See Figure 12). This azimuthal anisotropy is in 546 

good agreement with previous studies (Zettergren & Sniveley, 2019), which used models and 547 

measurements to explain such behaviors (Bagiya et al., 2019; Rolland et al., 2013). To sum up, 548 

the near field TID was defined by a 2-3 minutes period, a maximum amplitude of 1 TECu for 549 

stations located in Cyprus, and a propagation speed of ∼1.150 km/s. In addition, such wave was 550 

detected by PRN 17, 49 and 58, East, South and West of epicenter, with signatures spanning 551 

from a few kilometers to almost 1000 km away from the epicenter.  552 

 553 

 554 

Figure 12.  (a) Spatial distribution of IPPs and the epicenter location, (b) Travel-time diagram for the 555 
stations shown in (a) and to be completed. (c) Travel-time diagram for different azimuth for PRN49. 556 
 557 

The second type of TIDs is the one produced by propagating seismic waves. The West subpanel 558 

of Panel (c) in Figure 10 shows a clear signature of such Rayleigh wave-induced TIDs. 559 

Specifically, such waves propagated at around 3 km/s, and the first signature was visible around 560 

11 minutes after the earthquake.  561 

Since the expected delay is normally 8 to 9 minutes, we can understand the slightly longer delay 562 

due to the fact that the Rayleigh wave had to propagate from the epicenter to the projection on 563 

the earth’s surface of the first IPP that shows the TID (around 200km, which corresponds to 564 

around 1 minute). The period of such Rayleigh-induced TIDs is nearly the same as for the near-565 

field one, thus around 2.5 minutes. Moreover, in the South quadrant of Panel (c) of Figure 10 it 566 

seems that two different waves are interacting. Specifically, the first TID signature (the one that 567 

shows a speed of 1215 m/s) is interpreted as the co-seismic TID propagating from the epicenter, 568 

while for IPPs further than -500 km, it looks as if a faster wave appeared before the near-field 569 

one and interacted with it. This pattern could be explained by Rayleigh waves propagating 570 

through the ground at speeds around three times higher than the co-seismic TID, which 571 

propagates at the speed of sound if the F-layer. Therefore, the Rayleigh wave overcoming the 572 



slower near-field TID can explain the mode splitting at around -500 km in the South quadrant. A 573 

similar behaviour is also visible in the West quadrant of Figure 11, where two TIDs appeared in 574 

the same observation arcs. The first one, with a speed of 3020 m/s, is the Rayleigh wave 575 

signature, while the slower one is the co-seismic one. The arcs showing such signatures are all 576 

further than 600km, which is consistent with Panel (c) of Figure 10, where the two modes 577 

splitting happens around 500 km of distance. This behavior of two modes splitting is typical of 578 

earthquake-induced TIDs, and many examples are available in the literature (see e.g., Astafyeva, 579 

2019).  580 

 581 

4. Synopsis and conclusions 582 

 583 

The networks of different instruments (GNSS receivers, ionosondes, CDSS, seismographs) 584 

exploited for this study allowed us to study several aspects of the earthquake-induced various 585 

ionospheric disturbances. The first one to appear, was induced by the shock acoustic wave 586 

excited by the earth’s crust movement close to the epicenter. The near-field TIDs parameters are 587 

in accordance with those described by Vesnin et al. (2023), and those seen for other earthquakes 588 

that have been studied in the past (Astafyeva, 2019; Kakinami et al., 2013). Moreover, as 589 

discussed in the results section, this shock acoustic wave -induced TIDs with a clear anisotropy 590 

in the azimuth of propagation, as almost no clear shock acoustic wave related signature is visible 591 

for stations located north of the epicenter. This behavior is again in agreement with models 592 

(Bagiya et al., 2019; Otsuka et al., 2006; Rolland et al., 2013) and instrumental results 593 

(Astafyeva et al., 2009; Kakinami et al., 2013).  594 

 595 

The second type of TID detected is the one related to Rayleigh waves. Thanks to the TEC 596 

hodocrone, we know that such a wave had a speed of around 3 km/s and a period of around 2,5 597 

minutes, a common value for this type of perturbation. As for the near-field TIDs, the Rayleigh 598 

wave shows no clear TID signatures for IPPs North of the epicenter but can instead be traced 599 

further though disturbances seen in ionograms. Note that, as the TIDs produced by earthquakes 600 

are of medium scale, they are seen as distortions in individual ionograms. As shown in Venin et 601 

al. (2023), ionospheric characteristics such as foF2 do not show a clear effect. In earlier literature 602 

(Astafyeva et al., 2009; Galvan et al., 2012, Jin et al., 2015), it was possible to trace different 603 

TID modes in GNSS derived TEC up to almost 2000 km. However, those works analysed the 604 

ionospheric response of more powerful earthquakes, with MW > 8. This can explain why we did 605 

not see a clear TEC signature at such long distances. This work illustrates the complementarity 606 

of ionosonde and GNSS receiver data, as relatively weak disturbances can still be detected as 607 

multi cusp signatures in iongorams at much larger distances. 608 

Another pattern discernible from the GNSS-related figures common for co-seismic TIDs is the 609 

two-mode splitting, which happens around 500 and 600 km away from the epicenter for Figure 610 

10 and 11 respectively. This two modes splitting behavior is typical of earthquake-induced TIDs, 611 

and many examples are available in the literature (Astafyeva et al., 2009; Kakinami et al., 2013).  612 

Finally, using continuous Doppler sounding systems, it was possible to detect infrasound 613 

signatures associated with different types of seismic waves. The infrasound signature associated 614 

with the P and S waves is not discernable in the TEC data or even in the ionograms analysed. 615 

This further illustrates how the use of multiple instruments is required for observing the entire 616 

spectrum of ionospheric disturbances generated by seismic events. 617 



It is worth comparing the ionospheric disturbances described here to those detected after the 618 

eruption of the Hunga Tonga volcano in January 2022 (e.g., Chum et al. 2023, Astafyeva et al., 619 

2022; Themens, et al. 2022, Maletckii & Astafyeva, 2022, Verhulst et al., 2022), as the latter was 620 

the first such eruption in a long time, and the first for which data quality and coverage was 621 

comparable to the earthquake discussed here. After this eruption, TIDs were observed circling 622 

the entire globe multiple times. This is not the case for the earthquake analysed here, although 623 

TID propagation over longer distances is possible for more powerful earthquakes. However, also 624 

the mechanisms for impacting the ionosphere are different between earthquakes and volcanic 625 

eruptions. In the case of the volcanic eruption, the most significant mechanism for influencing 626 

the ionosphere was the Lamb wave, a feature not present in the context of earthquakes. Thus, 627 

although various impulsive events produce signatures in the ionosphere, the nature of their 628 

source is important in determining what type of waves will be detected. Conversely, this 629 

confirms that the details of the observed ionospheric waves can be used to identify the nature of 630 

the earthquake event, as proposed by Sevastano et al. (2017) and Astafyeva (2019). 631 

One aspect of the observations that is clearly similar between events is the anisotropy of the 632 

propagation of ionospheric disturbances produced directly over the source. This was also seen 633 

after the Hunga eruption, as there was significant anisotropy in the TIDs close to the site of the 634 

eruption (Themens et al., 2023). Similar anisotropic propagation was also observed for TIDs 635 

from other sources, for instance in the analysis of Luo et al. (2020) concerning a major meteor 636 

impact. This therefore must be considered a general feature of TIDs excited by impulsive point 637 

sources. 638 

 639 

 640 
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