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Abstract

he 15 January 2022 eruption of the Hunga volcano provides a unique opportunity to study the reaction of the ionosphere to

large explosive events. In particular, this event allows us to study the global propagation propagation of travelling ionospheric

disturbances using various instruments. We focus on the detection of the ionospheric disturbances caused by this eruption over

Europe, where dense networks of both ionosondes and GNSS receivers are available. Despite the large distance from the eruption

site, clear effects were detected in this region. We combine a variety of data, including atmospheric pressure measurements,

ionosonde soundings, TEC data and in situ measurements in order to track the disturbances across the region. In this way, we

are able to detect the disturbances propagating in both directions along the great circles from the eruption site to Europe.
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ABSTRACT19

The 15 January 2022 eruption of the Hunga volcano provides a unique opportunity to study the20

reaction of the ionosphere to large explosive events. In particular, this event allows us to study the21

global propagation of travelling ionospheric disturbances using various instruments. We focus on22

the detection of the ionospheric disturbances caused by this eruption over Europe, where dense23

networks of both ionosondes and GNSS receivers are available.24

This event took place on the day of a geomagnetic storm. We show how data from different instru-25

ments and from different observatories can be combined to clearly distinguish the TIDs produced26

by the eruption from those caused by concurrent geomagnetic activity. By comparing observa-27

tions obtained from multiple types of instruments, we also show that TIDs produced by various28

mechanisms are present simultaneously, with different types of waves affecting different physical29

quantities.30

Key words. Travelling ionospheric disturbances – Volcanic eruption impact on the ionosphere –
medium scale TIDs
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1. Introduction31

After a series of smaller disturbances starting at the end of 2021, on January 15, 2022, at 04:15 UT,32

the Hunga volcano in Tonga (20.54◦S, 175.38◦E) (Global Volcanism Program, 2013; Cronin et al.,33

2017) produced a powerful eruption (Global Volcanism Program, 2022). In terms of total energy34

released, this was the largest volcanic eruption since the 1991 eruption of Mount Pinatubo. Large35

eruptions are known to produce wave-like disturbances up to ionospheric altitudes. Such travelling36

ionospheric disturbances (TIDs) have been observed for instance after the Pinatubo eruption of 199137

(Igarashi et al., 1994), as well as the 2004 eruption of the Asama volcano in Japan (Heki, 2006), the38

2003 eruption of Soufrière Hills on Montserrat (Dautermann et al., 2009), and even earlier already39

in the context of the 1980 eruption of Mount St. Helens (Roberts et al., 1982). Nevertheless, due40

to the infrequent occurrence of large volcanic eruptions, fewer studies have been done on their41

ionospheric effects than for instance on the effects of earthquakes and tsunamis (Astafyeva, 2019)42

or by strong tropospheric circulation (Šindelářová et al., 2009; Nishioka et al., 2013).43

TID signatures have also been observed after other explosive events (Huang et al., 2019). In44

particular nuclear tests have been known to cause ionospheric disturbances (e.g., Breitling and45

Kupferman, 1967; Hines, 1967; Kanellakos, 1967; Albee and Kanellakos, 1968; Park et al., 2013;46

Zhang and Tang, 2015). Other large explosive events, whether anthropogenic, such as conventional47

explosions (Barry et al., 1966; Fitzgerald and Carlos, 1997; Drobzheva and Krasnov, 2006) and48

rocket launches (Chou et al., 2018), or natural, such as superbolide meteor impacts (Pradipta et al.,49

2015; Luo et al., 2020), can also produce medium scale TIDs (MSTIDs). Some historic events,50

such as the industrial accident in Flixborough in 1974 (Jones and Spracklen, 1974; Krasnov et al.,51

2003) and conventional bombing campaign during World War II (Scott and Major, 2018) have re-52

cently been reanalysed in this perspective. However, it has been shown both from observations and53

from theoretical considerations that the MSTIDs generated through different mechanisms can be54

very distinct from each other (Kirchengast, 1997; Huang et al., 2019). Clear differences have been55

observed when comparing disturbances generated from highly localised explosive events such as56

nuclear explosions and volcanic eruptions (Roberts et al., 1982; Huang et al., 2019). Ionospheric57

signatures of less localised phenomena such as tsunamis and seismic events are even more differ-58

ent (Huang et al., 2019; Astafyeva, 2019). Because of the uniqueness and rarity of such violent59

eruptions, it is important to carefully analyse all observational data related to this event60

Two different physical mechanisms can cause TIDs to appear after a volcanic eruption: distur-61

bances can be produced directly in the ionosphere at the location of the eruption and travel radially62

outwards at ionospheric altitudes, or ionospheric disturbances can result from the propagation of63

various types of waves through the lower atmosphere. The waves propagating through the lower64

atmosphere are further distinguished into acoustic waves, gravity waves and Lamb waves, depend-65

ing on their frequency compared to the acoustic cutoff frequency (Yeh and Liu, 1974; Haaser et al.,66

2017). A volcanic eruption can produce waves of all these types, which will propagate outward from67

the eruption with different velocities and to different distances before dissipating. For this event, a68

Lamb wave was detected as the leading wavefront, followed by various disturbances of different69

natures (Burt, 2022; Kubota et al., 2022; Kulichkov et al., 2022; Saito, 2022). In this study, we70

look for disturbances in the ionosphere over Europe, close to the antipode of the eruption. MSTIDs71

propagating through the ionosphere from the site of the eruption are not expected to proceed to72

such distances (Haaser et al., 2017; Astafyeva, 2019). Themens et al. (2022) indeed find that large73
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scale TIDs produced directly in the thermosphere above the eruption dissipate after a few thousand74

kilometres. However, medium scale TIDs travelling with the Lamb wave front seem to propagate75

further (Themens et al., 2022; Zhang et al., 2022), and clear signatures of waves travelling around76

the globe in the lower atmosphere have been detected (Burt, 2022; Matoza et al., 2022; Wright77

et al., 2022). Waves might thus be expected to appear in the ionosphere either at the same time as78

the ground-level pressure disturbances, for the Lamb waves, or with MUF delay for disturbances79

propagating upwards from the troposphere.80

Various relatively dense networks of observatories are available in Europe to monitor the iono-81

sphere using different instruments. This provides us an opportunity to combine results from multiple82

data sources. We analyse data from both vertical and oblique ionogram traces, GNSS derived total83

electron content (T EC), as well as in situ measurements from the Swarm C satellite when it passed84

over the region. In Section 2 we first describe the geomagnetic background conditions during the85

period of interest, followed by a description of the various observatories and data types used in86

this study. In Section 3 we systematically describe all the different observations from the various87

instruments, followed in Section 4 by a discussion of how the various observations relate to each88

other. Finally, in Section 5, we summarise the conclusions of our analyses. In this last section we89

also give some ideas and recommendation for improving the observation of MSTIDs such as those90

seen here in the future.91

2. Data and methods92

2.1. Geomagnetic background conditions93

The period before and after the eruption on January 15 saw some significant geomagnetic distur-94

bances. It can be seen from the Dst shown in Figure 1 that this event took place during the recovery95

phase of a geomagnetic storm. The Dst reached a minimum of −91 nT on January 14 at 23 UT. The96

bottom panel of Figure 1 shows the local hourly K-index derived for the geomagnetic observatory97

in Dourbes, co-located with the ionosonde DB049. It is evident from this figure that some moderate98

geomagnetic disturbances were detected in Europe after 19 UT on January 15, until the early hours99

of January 16. This is precisely the period during which the various waves related to the eruption100

are expected to arrive in Europe. During periods of geomagnetic activity, large scale TIDs are often101

produced in the auroral regions, travelling towards lower latitudes. A major challenge is therefore102

to distinguish TIDs produced by gravity waves in the lower atmosphere from those appearing at the103

same time from auroral sources.104

2.2. Vertical and oblique ionogram soundings105

Table 1 lists the ionosondes from which data is used. Their locations are also shown in Figure 2.106

Together, these twelve ionosondes provide a relatively dense set of observations over Europe.107

It should be noted that the sounding cadences are not the same at all observatories. The highest108

time resolution is available at the five ionosondes operating a five minute sounding interval. Other109

observatories use intervals up to fifteen minutes. This is particularly important considering the dis-110

turbances caused by a volcanic eruption are expected to fall in the MSTID range and might not be111

readily evident from observations with coarser time resolution.112
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Fig. 1. Top: real-time Dst provided by the Kyoto WDC for Geomagnetism; Bottom: local magnetic K-index
from the Dourbes observatory co-located with the ionosonde DB049 at 50.1◦N, 4.6◦E. The vertical red line
indicates the moment of the explosive eruption while the purple band shows the interval during which volcano
induced MSTIDs are detected over Europe.

Name Ursi code Latitude Longitude Ionosonde Cadence Distance Azimuth

Juliusruh JR055 54.6◦N 13.4◦E DPS-4D 5 min. 15,931 km 29.0◦

Fairford FF051 51.7◦N −1.5◦E DPS-4D 7.5 min. 16,536 km 5.6◦

Chilton RL052 51.5◦N −0.6◦E DPS-1 10 min. 16,551 km 7.3◦

Dourbes DB049 50.1◦N 4.6◦E DPS-4D 5 min. 16,626 km 17.2◦

Pruhonice PQ052 50.0◦N 14.6◦E DPS-4D 15 min. 16,326 km 34.3◦

Sopron SO148 47.6◦N 16.7◦E DPS-4D 15 min. 16,443 km 39.9◦

Rome RO041 41.9◦N 12.5◦E DPS-4 15 min. 17,148 km 39.3◦

Roquetes EB040 40.8◦N 0.5◦E DPS-4D 5 min. 17,707 km 13.7◦

San Vito VT139 40.6◦N 17.8◦E DPS-4D 7.5 min. 16,940 km 50.3◦

Athens AT138 38.0◦N 23.5◦E DPS-4D 5 min. 16,694 km 62.3◦

Gibilmanna GM037 37.9◦N 14.0◦E AIS-INGV 15 min. 17,384 km 48.1◦

El Arenosillo EA036 37.1◦N −6.7◦E DPS-4D 5 min. 18,158 km 353.19◦

Table 1. List of ionosonde observatories used in this work, in order of decreasing latitude. Note that the
longitudes for the three stations to the West of the Greenwich meridian are listed with negative longitudes.
Distances and bearings to the location of the eruption where calculated using the calculator freely available at
online at this URL: https://www.movable-type.co.uk/scripts/latlong.html. This calculator takes into account
the WGS-84 shape of the Earth, using the formulas found in Vincenty (1975).

The final two columns in Table 1 list the shortest distance over the Earth’s surface between the113

eruption and each observatory, and the azimuth from the ionosonde to the eruption. It can be seen114

from the wide range of azimuths that disturbances arrive at various places in Europe from widely115
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Fig. 2. Location of the twelve ionosondes used in this investigation, as well as the four oblique sounding
links.

different directions. This is due to the studied region being close to the eruption antipode, located in116

southern Algeria. As a consequence, there can be some differences in the arrival times as different117

great-circle paths will pass through different atmospheric conditions, resulting in different average118

sound velocities.119

For the included ionosondes, ionograms were either obtained from the instrument operators di-120

rectly or from the Global Ionosphere Radio Observatory repository (Giro) (Reinisch and Galkin,121

2011). From 18:00 UT on January 15 to 06:00 UT on January 16, the period during which ef-122

fects from the eruption are expected to be visible, all ionograms have been manually scaled. For123

each observatory at least the parameters foF2, hmF2 and MUF(3000)F2 (further simply called124

MUF(3000)) were scaled. TIDs can affect both the peak density, directly related to the critical125

frequency foF2, and the peak height hmF2. The MUF(3000) is determined by fitting an empir-126

ical curve to the trace in the ionograms (Piggott and Rawer, 1978; Paul, 1984), and will be af-127

fected by variations both in foF2 and variations in hmF2. From previous work, for instance Altadill128

et al. (2020), it is known that the MUF(3000) often exhibits a clear signature when a TID arrives.129

Furthermore, scaling the MUF(3000) for oblique traces is relatively straightforward. Because of130

this, in the current work, we primarily use the MUF(3000) from the ionosonde characteristics.131

In addition to the parameters scaled from vertical ionograms we include data from four oblique132

sounding paths. Oblique ionograms are produced by synchronising identical vertical ionogram133

soundings at different observatories. Oblique traces are then visible together with the vertical ones,134

allowing for the scaling of the oblique MUF at the distance between the ionosondes (see Verhulst135

et al., 2017, for more information). Details of the oblique sounding paths used here are given in136

Table 2, and the paths are also shown in Figure 2. For each oblique sounding path only the oblique137

traces at one of the ionosondes was selected for analysis, based on the relative signal quality and138

signal-to-noise ratio achieved in both directions.139

The scaling of ionogram traces, both from vertical and oblique echoes, was in some cases ham-140

pered by the geophysical conditions. As discussed in section 2.1, there were some geomagnetic dis-141

turbances throughout the period under consideration. This caused some instances of spread-F traces142

5
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Transmitter Receiver Midpoint Path-length Cadence Distance Azimuth

PQ052 JR055 52.4◦N, 14.0◦E 518 km 15 min. 16,123 km 31.4◦

DB049 JR055 52.4◦N, 8.8◦E 780 km 5/10 min. 16,285 km 23.2◦

DB049 EB040 40.5◦N, 2.6◦E 1082 km 15 min. 17,689 km 19.3◦

EA036 EB040 39.0◦N, 3.3◦E 747 km 5/10 min. 17,824 km 22.5◦

Table 2. List of oblique ionogram paths used here. The path-length is the distance between transmitter and
receiver. The sounding cadence of 5/10 min. indicates that synchronised ionograms are produced alternatingly
at five and ten minute intervals. The distances and azimuths to the eruption are calculated as in Table 1, from
the midpoint of the oblique sounding path.

at the observatories at higher latitudes, in particular after January 16, 00:00 UT (corresponding to a143

slight increase in geomagnetic activity after midnight, see Figure 1). In addition, the median night-144

time electron density at this time of year can become very low, making it difficult to confidently145

scale ionospheric parameters. This again mainly affects the more northern ionosondes. Parameters146

were only scaled when this could be done with high confidence, leading to some gaps in the time147

series.148

For the vertical ionograms, we use the MUF at 3000 km for all observatories. In order to ob-149

tain the same parameter from the oblique traces, the virtual heights of the reflections should be150

determined. However, the distance at which the MUF(3000) is calculated has no bearing on the151

timing of possible peaks resulting from TIDs. Such conversions can even be a source of additional152

uncertainty, stemming from the uncertainty in determining the virtual heights. We consider here for153

each oblique sounding path the MUF at the length of the path, avoiding the need for conversion to154

a different distance.155

Detrended iso-ionic data dh( f ) provide information about local disturbances in the height of HF156

frequencies reflections due to TIDs. The basic characteristics that can be calculated with this method157

are the oscillations’ periods and the amplitudes. Depending on the cadence of the vertical incidence158

ionograms, the method in general can be employed to detect both medium- and large-scale TIDs.159

The disturbances studied in this contribution are driven by lower atmosphere acoustic waves and160

therefore the highest possible cadence is required in order to detect TIDs of medium scale. In the161

results presented in Section 3.2, the detrending is applied for some of the sounders providing data162

at five minute cadence, using a running window of one hour. The iso-ionic data are extracted from163

manually scaled SAO files.164

The MSTIDs expected to be observed in Europe as a result of a volcanic eruption at the other165

side of the world are caused by pressure waves travelling in the troposphere which in turn produce166

disturbances moving up to the ionosphere. Therefore, it is interesting to compare ionospheric ob-167

servations with pressure measurements from barometers at the same locations as the ionosondes. In168

this work, we consider ground level pressure data from barometers co-located with the DB049 and169

EB040 ionosondes. In both cases, pressure measurements are made with a time resolution of one170

minute, allowing the reliable identification of passing disturbances with periods of tens of minutes.171
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2.3. Ionosonde drift measurements172

The DPS-4D ionosondes can be configured to produce Digisonde Drift Measurements (DDM)173

soundings, using a longer transmission on a small band of frequencies, in addition to the tradi-174

tional ionogram soundings. From the angle of arrival and range of the registered echoes the tilt175

of the reflecting layer can be deduced, while the Doppler shifts can be used to calculate the bulk176

plasma drift velocities.177

It has been known for a long time that plasma drift observations can be used to detect TIDs178

(MacDougall, 1966). Paznukhov et al. (2020) showed that also variations in the ionospheric tilts179

can be produced by TIDs, and can be monitored for their detection and characterisation. However,180

obtaining drift and tilt observations from ionosonde soundings presents some difficulties. In partic-181

ular, the calculation of tilts from DDM soundings is not straightforward. We looked at tilt data from182

a few observatories, but we were unable to draw reliable conclusions from it. Therefore, we do not183

include the tilt observations in this work.184

A major challenge for these measurements lies in the selection of a suitable transmission fre-185

quency, on the one hand keeping the examined ionospheric height range small, but on the other186

hand producing a sufficiently high number of echoes in order to obtain reliable drift data. The fre-187

quencies in use during this event were the once employed for routine night-time operation at each188

observatory. Because of the ongoing geomagnetic disturbances described in section 2.1, these were189

not always optimal. We only include drift observations here from a few selected observatories were190

a decent amount of good quality data was available.191

The Digisonde Drift Analysis software (Kozlov et al., 2008) extracts automatically the three di-192

mensional plasma drift velocity components from DDM records. However, as is the case with the193

automatically scaled ionograms, manual verification of all data is required (Kouba et al., 2008). For194

example, in Figure 3 a good quality skymap observation is shown on the left and a problematic one195

on the right. The former contains 399 echoes, all from ranges between 487 and 515 km. Although196

some echoes are spread over the sky, there is a clear clustering around one location and the Doppler197

shifts are consistent. The latter skymap only comprises 70 echoes in total, with ranges spread be-198

tween 267 and 415 km. Echoes with different Doppler shifts are present at different zenith and199

azimuth angles. This is indicative of a skymap containing echoes from several layers or from multi-200

ple reflections, and data needs to be manually filtered and verified before calculating the plasma drift201

velocity in order to obtain a sensible result. Data is filtered to contain only echoes from between202

190 and 400 km, which are the single reflections from the F layer.203

2.4. T EC and in situ data204

GNSS data from different networks covering the European sector – shown in Figure 4 – have205

been used to investigate the impact of the Hunga eruption on the ionosphere in terms of T EC.206

To highlight the effect of the wave-like structure induced by the explosion, T EC data have been de-207

trended by using Varion algorithm. Varion is an open source, Python-based software (available at208

https://github.com/giorgiosavastano/VARION), described in Savastano et al. (2017); Ravanelli et al.209

(2021). This algorithm is based on the computation of the integral over a certain interval of the time210

7
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Fig. 3. Two skymap observations from January 15 produced by the EB040 Digisonde. The left image shows
the result of the sounding at 23:04 UT and the right one at 23:14 UT. Each mark represents the direction
of a recorded echo, with the color indicating the Doppler shift. The arrows drawn on the image indicate the
automatically calculated bulk plasma drift.

differences of geometry-free combinations of carrier-phase measurements from a stand-alone GPS211

station, that reads:212

dT EC(t) =

∫ t

ti
δT EC

(
t′ + 1, t′

)
dt′ =

∫ t

ti

[
40.3

(
1
f 2
2

−
1
f 2
1

)]−1 (
LS

4R
(
t′ + 1

)
− LS

4R
(
t′
))

dt′ (1)213

where dT EC is the detrended T EC, ti represents the initial time of the considered period, LS
4R is the214

geometry free combination of the carrier phase measurements calculated considering the receiver215

R and the satellite S , and f1 and f2 are the GPS L1 and L2 signal frequencies, respectively (Ciraolo216

et al., 2006). Varion makes use of the standard orbit and clock products, and it is based on a thin217

layer approximation of the ionosphere located at 350 km altitude. As the time difference of the218

carrier phase measurements, the effect of the inter-frequency biases on T EC evaluation can be219

ignored, since they can be considered constant along each single arc, if no cycle slips occur and no220

verticalisation is applied.221

The long-term trend is removed from the dT EC time series by computing the residuals with222

respect to a tenth-order polynomial fit. To remove the presence of wiggles at the arc boundaries,223

an elevation mask of 20◦ is then applied. Several algorithms are available in the literature for the224

detection of wavelike ionospheric structures with GNSSs measurements (see, e.g., Saito et al., 1998;225

Komjathy et al., 2005; Hernández-Pajares et al., 2006; Galvan et al., 2011; Belehaki et al., 2020;226

Maletckii and Astafyeva, 2021). Differences lie in the adoption on the slant or vertical T EC, in227

the different use of calibrated T EC values, and in the different employment of band pass filtering228

methods. Varion has been validated against the TID detection method developed by Jet Propulsion229

Laboratory (Komjathy et al., 2005). We further compared Varion results against some of those230

techniques, finding no meaningful differences in the capability of detecting the presence of MSTIDs231

and of estimating its period. Therefore, we only discuss the Varion results in this work.232

In situ measurements from the Swarm Charlie (C) satellite (Friis-Christensen et al., 2008) have233

also been considered to investigate the signature of the ionospheric variations related to the explo-234

8
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Fig. 4. Location of the GNSS receivers used for detrended T EC analysis.

sion. In 2022, Swarm A and C flew closely at around 435 km altitude (speed vA = vC = 7.2 km/s)235

and Swarm B at around 507 km (vB = 7.0 km/s). For the purposes of our analysis, we consider only236

Swarm C because Swarm A data are not available for the period under consideration. However,237

significant differences in the detection of the perturbance between plasma density measured by the238

two spacecrafts are not expected, because they are closely separated (1.1◦ longitude at the equa-239

tor). Swarm B, being located at higher altitudes and covering different local and universal time240

sectors with respect to Swarm C, recorded less evident signatures of the effect of the explosion.241

For our purposes, we consider the electron density (Ne) provided by the Langmuir Probe on board242

the spacecraft and available at a 1 Hz rate—downsampled from original 2 Hz observations—in the243

global Ionospheric Plasma IRregularities product based on Swarm measurements (Jin et al., 2022).244

To highlight the possible signatures of the wave-like structure induced by the explosion in the245

Swarm C Ne measurements, we select tracks passing in the European sector and in time intervals246

that are compatible with the theoretical time of arrival. Figure 5 shows the selected tracks and the247

corresponding hours after the explosion. The longitudinal sectors of the two Swarm C passages are248

28.9◦E and 5.5◦E, respectively.249

Because the speed of the swarm satellite (about 7.2 km/s) is much larger than the speed of the250

ionospheric waves (about 300 m/s), the ionospheric waves are considered fixed with respect to251

the satellite (Kil and Paxton, 2017; Urbar et al., 2022). To identify wave-like signatures in Swarm252

Ne data, we make use of the novel Fast Iterative Filtering technique (Cicone, 2020; Cicone and253

Zhou, 2021). This procedure can be used to decompose a non-stationary, non-linear signal s(t)254

into simple oscillatory components, called intrinsic mode components or intrinsic mode functions255

(IMFs), according to the following formula:256

s(t) =

NIMF∑
i=1

IMF(t, ν)i + res. (2)257

9



Verhulst et al.: Detection of volcano induced TIDs over Europe

Fig. 5. Location of the selected Swarm C tracks. Colour code reports the hours after the eruption.

In equation (2), NIMF is the total number of IMFs, each having its own (quasi-stationary) fre-258

quency ν, from which we can derive the associated wavelength λ. res is the residual, which is259

assumed to be the background trend, as it contains no further oscillatory components. In the Swarm260

case, s(t) = Ne(t) = Ne(lat, lon). The advantage of using Fast Iterative Filtering comes from the fact261

that it is based on a complete theory, with its convergence and stability having been mathematically262

proven, and that it allows for a very fast calculation, being in the order of a hundred times faster263

than methods based on the use of Empirical Mode Decomposition (Huang et al., 1998).264

Moreover, to further highlight the portion of the Ne signal driven by the passage through the265

ionospheric wave-like structure (hereafter dNe), we sum up the IMFs to provide a Ne representation266

as follows:267

Ne = dNe + NeNoise + NeTrend, (3)268

in which NeNoise contains all the high frequency, small-scale variations and NeTrend is the non-269

oscillatory trend, as per equation (2).270

Fast Iterative Filtering and methods based on the implementation of the iterative filtering concept271

have already been proven very effective for providing a fine time-frequency representation of signals272

in ionospheric physics applications (see, e.g., Materassi et al., 2019; Piersanti et al., 2018; Ghobadi273

et al., 2020; Spogli et al., 2019, 2021; Urbar et al., 2022).274

3. Observations275

3.1. Atmospheric pressure wave and TID arrival times276

Figure 6 shows the MUF(3000) for ionosondes DB049 and EB040, together with ground level air277

pressure measurements from co-located barometers and median values of MUF(3000) taken over278

the whole of January 2022. At both locations the time resolution for the ionosonde data is five279

minutes and for the barometer data one minute. The clearest signature in the pressure data is the280

first wave arriving in Dourbes, which corresponds to the shortest of the four travel paths.281

The times of the highest peaks – positive or negative – in the pressure are at 19:29 UT and282

01:40 UT for Dourbes, and at 20:40 UT and 00:42 UT for Ebre. The average velocities for the283

pressure waves calculated from the arrival time and the distances given in Table 1 are 303 m/s and284
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Fig. 6. Air pressure (black lines), MUF(3000) data (red lines), and monthly median MUF(3000) for January
(orange line) for Dourbes (top) and Ebre (bottom) for the period from 12 UT on January 15 to 12 UT
January 16. Note that there are some gaps in the MUF(3000) data, especially at Dourbes, due to unscalable
ionograms.

304 m/s for the two waves arriving in Dourbes, and 300 m/s and 304 m/s for the waves arriving in285

Ebre.286

The background values for the MUF(3000) are clearly influenced by the geomagnetic distur-287

bances described in Section 2.1. During the day-time there is a clear enhancement, while the288

background value during the night is somewhat lower than the monthly median. Superimposed289

on this depleted background the peaks associated with the MSTIDS can be seen around 21:30 UT290

in Dourbes and around 22:20 UT and 01:30 UT in Ebre. The increase in MUF(3000) in Dourbes291

before 01:00 UT is followed by a data gap due to spread-F conditions associated with the geomag-292

netic disturbances at this time and is likely also related to that. In addition, some data are missing for293

the period during which the second MSTID peak should be observed due to unscalable ionograms.294

Note that the MUF(3000) only shows a single peak at the time of arrival of each TID. Especially295

at Dourbes, multiple periods for the pressure wave can be seen in Figure 6. The total time for which296

the pressure is showing a disturbance here is close to one and a half hours. For Ebre, because it297

is closer to the antipode of the eruption, the first pressure wave has not yet entirely subsided by298
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the time the second wave arrives from the other direction. This results in a single, continuously299

disturbed period with two maxima in disturbances but no completely quiet period in between, such300

as can be seen in Dourbes after 22:00 UT.301

The time between the highest maximum and the subsequent minimum in the pressure observed302

at Dourbes is eighteen minutes. The acoustic cutoff depends on the atmospheric conditions but is303

normally around ωa = 3.3 mHz in the lower atmosphere (Astafyeva, 2019), which corresponds to304

a period of about five minutes. Therefore, the waves detected here are well within the gravity wave305

regime. Gravity waves are expected to take forty to sixty minutes to travel from ground level up to306

ionospheric heights (e.g., Astafyeva, 2019), which is in agreement with the data shown here.307

3.2. Iso-ionic contours308

Detrended iso-ionic true height data are shown in Figure 7. In the right side panels, the plots for309

the period during which MSTIDS are expected, 2022-01-15 18:00 UT to 2022-01-16 06:00 UT,310

are presented. On the left, the plots that correspond to the same time interval but occurred three311

days before, when the geomagnetic and auroral activity were at a quiet level, are shown for com-312

parison. The iso-ionic contours are created using data from the Athens (AT138) and Ebre (EB040)313

ionosondes. Data from these specific Digisonde stations are used here because of the completeness314

of the time series of observations and the five minute cadence. Furthermore, the ambient iono-315

spheric density, which is higher in these two stations compared to the higher latitude observatories,316

creates favorable conditions for the propagation of TIDs with higher amplitudes (Hunsucker, 1982;317

Reinisch et al., 2018).318

Fig. 7. Detrended iso-ionic true height dh( f ) plots for a geomagnetically quiet interval – 2022-01-12
18:00 UT to 2022-01-13 06:00 UT – are presented in the left column for the Athens (AT138, top) and Ebre
(EB040, bottom) Digisonde stations. The corresponding plots for the period of interest here, from 2022-01-15
18:00 UT to 2022-01-16 06:00 UT, are shown in the right column.

While some weak fluctuations of random nature are observed during the quiet period, systematic319

oscillations in the heights occur during the disturbed period, for all frequencies ranging from 2.0320

to 4.0 MHz. These oscillations have an average amplitude of approximately 50 km for AT138 and321
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75 km for EB040, and average periods of 45 and 40 minutes, respectively. The small differences in322

amplitudes and periods between the two locations can be understood considering that the electron323

density over EB040 is higher than at AT138. For the periods, it should also be kept in mind that the324

sounding cadence is five minutes, so the difference is close to the limit of the time resolution. The325

most important observation from Figure 7 is that the characteristic parameters of the oscillations at326

both observatories are indicative of MSTIDs which are most likely triggered by lower atmosphere327

forcing.328

For both AT138 and EB040 it is clear that disturbances are appearing almost at the same time as329

when the pressure waves in the lower atmosphere arrive. This is different from the data displayed330

in Figure 6, where the MUF(3000) peaks are seen to appear with a clear delay compared to the331

pressure waves; this will be further discussed in Section 4.332

3.3. MUF from vertical and oblique ionogram traces333

Figure 8 shows the MUF(3000) time series for all twelve ionosondes between January 15, 18:00 UT334

and January 16, 06:00 UT. The MUF(3000) data are offset according to the distances – listed in335

Table 1 – from the site of the eruption to the various ionosondes. Some ionosondes show much larger336

disturbances than others. The largest effects are generally seen at the lower latitude observatories:337

EB040, GM037, VT139, AT138 and EA036. This might be associated with the different travel338

paths of the tropospheric disturbances, but it could also be influenced by the different background339

electron densities at different latitudes. This is especially true for the period after midnight, when340

the higher latitude ionosondes – JR055, PQ052, DB049, etc. – show almost flat time series while the341

lower latitude sounders still show a clear peak – especially obvious in EA036 and EB040. Before342

midnight there are still clear effects observable at the higher latitudes as well (e.g., for JR055 and343

PQ052). Note again that the MUF(3000) only exhibits a single peak at the onset of the TID, as was344

seen already in Figure 6.345

The precise timing of the ionospheric disturbances is complicated by the varying time resolutions346

at different observatories. Only JR055, DB049, AT138, EB040 and EA036 operate using a five347

minute sounding cadence, which should provide sufficiently fine time resolution to assure a medium348

scale disturbance will be clearly identifiable. At some other observatories, the presence or absence349

of a clear peak might be affected by a coincidence between the TID arrival time and the sounding350

schedule. Nevertheless, all ionosondes show some disturbance about one hour after the passage of351

the lower atmosphere pressure disturbances.352

The green and orange dashed lines on Figure 8 indicate the times at which the acoustic gravity353

waves arrive at each location, assuming they travel with constant velocities of 303 m/s (green) or354

300 m/s (orange). Similarly, the dotted lines show the waves travelling along the longer great-circle355

segments arriving at the same locations (with speeds respectively of 304 m/s and 303 m/s). It can356

be seen from this figure that the disturbances in the ionosphere appear only some time after these357

tropospheric waves. The grey bands indicates the expected interval for the arrival of the ionospheric358

disturbance, assuming a constant delay of forty to sixty minutes from the arrival times for the359

tropospheric waves, using the tropospheric wave speeds from Dourbes. These expected times for360

the appearance of the TIDs indeed correspond fairly well to the onset of the MUF(3000) peaks,361

for those ionosondes where a peak is clearly discernible. Especially for the second wave, many362

observatories do not show any clear peak at all. Only for the lower latitudes – at EA036, GM037,363
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Fig. 8. Manually scaled MUF(3000) time series for all ionosondes. The ionosonde closest to the eruption
site is JR055 at 15,931 km. The values for the other ionosondes are shifted vertically by 2 MHz per 100 km
additional distance from the eruption (see Table 1 for the precise distances). Points are connected by a line
if values could be scaled from subsequent ionograms. Whenever for some reason an ionogram is missing
or the MUF(3000) could not be reliably scaled, the line is interrupted. The green and orange lines show
the arrival times at various distances for the tropospheric acoustic wave, calculated respectively from the
barometer data at Dourbes and Ebre. The dashed lines correspond to the waves travelling along the shortest
great-circle sector, while the dotted lines correspond to the wave travelling along the longer sector. The grey
bands indicate the expected arrival time for the TIDs assuming a delay of forty minutes to one hour from the
ground level pressure wave, and using the velocities calculated from the Dourbes pressure data for the latter.

AT138, and EB040 – is the second peak in the MUF(3000) clearly visible. This might be due to364

observational difficulties, as discussed in section 2.2.365

The MUF values scaled from oblique ionogram traces are shown in Figure 9. As can be seen366

from Table 2, the midpoints for the oblique paths PQ052→JR055 and DB049→JR055 are at sim-367

ilar distances from the eruption site. The midpoint of the DB049→EB040 path is somewhat more368

distant, and the midpoint of EA036→EB040 is the farthest away, at 17,824 km. The limited time369

resolution and occasional missing data limit the accuracy of TID arrival times that can be deter-370

mined from these data. Nevertheless, a progression of the peak in MUF can be discerned with the371

two closest locations seeing a peak around 20:45 UT, the DB049→EB040 path around 22:15 UT,372

and the farthest one at 22:50 UT. These times correspond well with those seen from the vertical373

ionogram data presented in Figure 8. For the EA036→EB040 a second clear peak can be seen374

starting 01:00 UT and reaching a maximum at 01:30 UT on January 16. This agrees well with the375

appearance of the second wave in the vertical ionogram data from the lower latitude observatories.376

The time from the onset of the MUF(3000) increase to its return to the background value is377

between fifty minutes and one hour. Although the limited time resolution makes a precise deter-378
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Fig. 9. Manually scaled MUF time series from oblique ionosonde traces. Note the different ranges for the
vertical axes of the panels. The irregular spacing of the data points for the sounding paths DB049→JR055 and
EA036→EB040 is due to the alternating intervals of five and ten minutes between synchronised ionogram
soundings.

mination of the start and end of the MUF(3000) increase difficult in some cases, this duration for379

the event is very consistent among all observatories. This includes both the vertical and oblique380

ionogram data, as well as the second wave wherever it is visible.381

For those time series with a higher time resolution it seems from Figure 8 that the increasing382

phase is systematically a little longer than the return to the background value. This can be seen in383

the JR055 data – 35 minute increase and 20 minutes decrease – in both peaks at EB040 35 minutes384

and 20 minutes for the first wave and 40 minutes versus 25 minutes for the second wave, and385

possibly also the second wave at EA036 although this is less clear because some data are missing.386

Also in the oblique data from the EA036→EB040 path this asymmetry can be seen (bottom panel of387

Figure 9). However, the time resolution of the data is not sufficient to clearly draw any conclusions388

on this possible asymmetry.389

3.4. TID signatures in individual ionograms390

Travelling disturbances can usually be detected from time series of ionospheric characteristics de-391

rived from ionograms. However, in some cases already in a single ionosonde sounding the effect392

of a TID can be discerned. For example, in Pradipta et al. (2015) forking, splitting and folding of393

ionogram traces were shown to result from the passing of TIDs caused by the 2013 Chelyabinsk394

superbolide, including at some of the same ionosondes used here. Similarly, we show here some395
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examples of ionograms exhibiting TID signatures in Figure 10. These comprise only a limited396

number of representative examples from the EB040 and AT138 observatories. Additional iono-397

grams , including from other observatories, can be found in the Giro repository.398

Fig. 10. On the left, a sequence of observations from the EB040 ionosonde including ionograms for
23:00:01 UT, 23:05:01 UT, and 23:10:01 UT. On the right, a sequence of ionograms from AT138. These
ionograms are for times 21:00:00 UT, 21:05:00 UT, and 21:10:00 UT. In the ionograms, red points represent
O-polarised echoes and green points represent X-polarised ones. Other colors indicate oblique reflections. All
panels show ranges from 80 km to 800 km on the vertical axis, and frequencies from 0.0 MHz to 6.0 MHz
on the horizontal axis. The echoes in the EB040 ionograms starting around 3 MHz and above 440 km are the
oblique trace received from the EA036 transmissions, while those at ranges above 600 km are the oblique
signals from DB049.

The sequence of three consecutive vertical incidence ionograms recorded by the Athens399

Digisonde at five minute intervals, from 21:00 UT to 21:10 UT, is indicative of the tilted iono-400
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spheric layers that resulted in O- and X-traces appearing closer together than expected. This is401

associated with multiple reflections of the sounding signals from irregular layers, several of them402

having an oblique arrival angle. For instance, in the ionogram for 21:10:00 UT, on the bottom right403

of Figure 10, both the O- and X-traces are shown to be received obliquely from the north. This404

indicates a tilted ionospheric layer. In the ionogram of 21:05 UT (middle row on the right) it can405

be seen that both the O- and X-traces exhibit an unusual kink (between 3.0 and 3.5 MHz in the406

O-trace). The ionograms recorded in Ebre at five minute intervals between 23:00 UT and 23:10 UT407

show split and folded traces which are also indicative of passing MSTIDs.408

3.5. Plasma drift velocity observations409

In Figure 11 the vertical plasma drift component vz on January 15, obtained from Digisonde Drift410

Measurements soundings at DB049 and AT138, are shown, while Figure 12 shows the same for411

the EB040 observatory for both January 15 and 16. Note that we only discuss vz here because the412

behaviour under quite conditions is known for this component (Kouba and Knı́žová, 2016), allowing413

the identification of irregularitie; effects of zonal winds, measured closer to the eruption site, were414

reported in Harding et al. (2022). It can be seen in Figure 11 that the vz component at both AT138415

and DB049 starts showing quick variations from around 17:00 UT. Comparing this to the vertical416

and oblique MUF and iso-ionic contour plots shown in Sections 3.1 to 3.3, the vz variations can be417

seen to start around the time of arrival of the tropospheric pressure disturbance and the Lamb wave418

signature, but before the big peak seen in the MUF.419

Fig. 11. Vertical drift observed by the ionosondes AT138 (top panel) and DB049 (bottom panel) on January
15. DDM soundings were performed every five minutes, but occasionally no usable data was obtained. This
is indicated by gaps in the line.
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The vz at EB040 shows a continuous disturbance throughout the period from around 20 UT on420

January 15 until after 04 UT the next day. The continuous disturbance is again consistent with the421

tropospheric pressure data shown in the bottom panel of Figure 6, but the disturbances in vz continue422

after the disturbances in the pressure have already subsided.423

Fig. 12. Vertical drift from the EB040 ionosonde for January 15 and 16. Similar to Figure 11, gaps in the
line indicate skymaps from which no vz could be reliably obtained. Note the disturbances with long period in
the early hours on January 15, likely due to large scale TIDs of auroral origin.

Both in Figure 11 and in Figure 12 large vertical drifts can also be observed in the early hours424

of January 15. These are likely the signatures of the geomagnetic disturbances during the night425

preceding the eruption. In particular in the data from EB040 (Figure 12) it can be seen that these426

variations have a period of about an hour. The variations seen in the evening hours have shorter427

periods, indicative of medium scale TIDs.428

3.6. Detrended T EC429

Figure 13 presents the latitudinal distribution of the dT EC defined in equation (1) in a range from430

30◦N to 70◦N in the time interval from 18:00 UT to 24:00 UT of 15 January 2022 by considering all431

the Ionospheric Piercing Points (IPPs) in a longitudinal range from 12.5◦E to 17.5◦E. Only values432

of dT EC > 0.1 TECu are shown. Solid black lines represent wavefronts propagating at 310 m/s,433

highlighting the presence of waves propagating southward from about 19:00 UT to 21.30 UT and434

northward after 22:00 UT. The former is compatible with an ionospheric perturbation originating435

from the pressure wave generated by the explosion travelling northward from the eruption, over the436

North Pole, and finally reaching the European sector from the north about fifteen hours after the437

eruption. The second disturbance is related to the pressure wave travelling first southward reaching438

the European sector going northward eighteen hours after the event. The width of the blue and439

red bands showing the wave-like perturbations suggests that the southward wave has a smaller440

wavelength compared to the northward one, as further discussed below. The presence of waves441

returning from the antipode further confirms that the identified TIDs are not of auroral origin, i.e.,442

not related to the geomagnetic storm occurring around the considered period.443

Figure 14 shows the hodocrone (i.e., the travel time diagram) of dT EC over Italy, from444

16,800 km to 18,500 km from the Hunga volcano as a function of time after the explosion. The445

solid and dotted black lines represent the theoretical time of arrival calculated by considering waves446
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Fig. 13. Keogram reporting the latitudinal distribution of the dT EC from 30◦N to 70◦N for the time interval
18:00 UT to 24:00 UT of 15 January 2022. To guide the reader’s eye, the solid black lines indicate the
wavefronts and the related velocity as inferred from the dT EC in the figure.

propagating at the velocity reported in the legend southward and northward, respectively. Dashed447

and dot-dashed black lines represent the corresponding error band of ±5%. The southward wave-448

fronts are travelling away from the site of the eruption when passing over Italy, while northward449

wave-fronts are travelling towards the eruption when passing over Italy. This behaviour is reflected450

into the opposite slope of the theoretical curves represented by the various black lines in Figure 14.451

In the case of the first (southward travelling) wavefronts, the measured time of arrival represented452

by the red and blue bands fits with the theoretical time of arrival within the 5% error band. For the453

second (northward travelling) wavefront, the measured time of arrival is shorter than the calculated454

one.455

3.7. Swarm C measurements456

Figure 15 shows the time profiles of Swarm C Ne (black solid line), Ne-trend (black dashed line),457

Ne-noise (red dashed line) and dNe (red solid lines) for the periods around 16.7 hours (panel a)458

and 18.2 hours (panel b) after the explosion. The values of dNe, dNe-trend and dNe-noise (i.e.459

higher frequency/smaller spatial scales oscillations) are those obtained through the application of460

Fast Iterative Filtering techniques, according to equation (3). The timing of the main dNe peaks is461

also indicated in the plots. The dNe behaviour illustrates an intensification of wave-like perturba-462

tion after 20:54 UT (panel a) and after 22:28 UT (panel b). The timing of the dNe peaks allows463

estimating the wavelength of the wave-like structure projected along the Swarm C track. Given464

that, vc = 7.2 km/s � vsound, we can calculate the wavelength by taking into account: (i) for the465
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Fig. 14. Hodocrone reporting dT EC over Italy from 16,800 km to 18,500 km from the Hunga volcano as
function of time since the eruption (13 to 19 hours). The solid and dotted black lines represent the theoretical
time of arrival calculated by considering waves propagating at the velocity reported in the legend northward
and southward, respectively. Dashed and dot-dashed black lines represent the corresponding error band of
±5%.

first Swarm passage, by averaging the wavelength estimated by the time difference between the two466

maxima and the two minima; (ii) for the second passage, by estimating the distance between the467

maximum and the minimum. According to this, the first wavelength equals 360 ± 44 km and the468

second is 418 km. This agrees with what is seen in the keogram (Figure 13), in which the blue-469

red bands representing the southward perturbations appear narrower than those for the northward470

perturbations.471

In addition, we can estimate the mean speed of the propagation of the wave-like structure to472

the Swarm track by considering the distance between the largest dNe peak (in absolute value) and473

Hunga volcano. This results in an estimated velocity of 300 m/s for the first and 340 m/s for the474

second track. These values are again in agreement with the theoretical expectations.475

4. Discussion476

It is known that during earthquakes, vertical displacements of the ground or of the ocean floor induce477

perturbations in the atmosphere and ionosphere. The Rayleigh surface waves generated by earth-478

quakes, propagate along the Earth’s surface and induce acoustic waves that eight to nine minutes479

later can be observed in the ionosphere (Astafyeva, 2019). Zel’dovich and Raizer (2002, pp. 464)480

showed that earthquake-induced disturbances, being of acoustic origin, are N-shaped, an initial481

overpressure half-cycle with a relatively fast risetime and a slower pressure decay followed by a482
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Fig. 15. Time profiles of Swarm C Ne (black solid line), Ne trend (black dashed line), Ne noise (red dashed
line) and dNe (red solid lines) for the periods around 16.7 hours (panel a) and 18.2 hours (panel b) after
the eruption. The longitudinal sectors of the two Swarm C passages are 28.9◦E and 5.5◦E, respectively. The
timing of the main dNe peaks are also indicated in the plots.

half-cycle of rarefaction. The observed perturbations were suggested to be the manifestations of483

long-period ducted acoustic-gravity waves emitted into the ionosphere close to the epicenter. Chum484

et al. (2012) on Continuous Doppler Sounding System records observed ionospheric disturbances485

over the Czech Republic excited by the 2011 Tohoku earthquake. The authors pointed out that486

individual wave packets recorded on the ground had different observed horizontal velocities and487

correspond to different types of seismic waves.488

On the other hand, tsunamis propagating along the ocean surface generate internal gravity waves489

that propagate obliquely upwards. Because of the low vertical velocity of about fifty meters per490

second, these gravity waves reach the ionospheric heights about 45 to 60 minutes after their gen-491

eration on the surface. The tsunami-related ionospheric disturbances are usually characterised as492

quasi-periodic structures with typical periods between ten and and thirty minutes, falling in the493

MSTID range. Such ionospheric disturbances match the period, velocity and propagation direction494

of the tsunamis from which they originate.495

Shults et al. (2016) used data of ground-based GNSS receivers and observed quasi-periodic iono-496

spheric T EC oscillations following the two Calbuco volcano eruptions in April 2015 in southern497

Chile. The T EC response was registered about fifteen minutes after the beginning of the first erup-498

tion and about forty minutes after the second eruption. The authors explained such a time delay in499

ionospheric responses by different source-waves emitted by the eruptions. Most likely, the first erup-500

tion was accompanied by a shock acoustic wave, followed by the gravity waves generated by the501

ash emission. During the second eruption, only an ash plume was emitted, producing only a more502

delayed response in the ionosphere. The apparent velocities of the observed ionospheric disturbance503

were in the range of 900 to 1200 m/s. It was also noted that the amplitude of ionospheric distur-504
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bances seems to scale with the intensity of volcanic eruptions, as they do for earthquakes. T EC505

changes caused by the five different volcanic eruptions that occurred between 2004 and 2015—506

the Asama, Shin-Moe (two eruptions), Sakurajima, and Kuchinoerabu-jima volcanoes—analysed507

by Nur Cahyadi et al. (2021) showed similar N-shaped disturbances with periods of about eighty508

seconds propagating outward with the acoustic wave speed in the F region of the ionosphere. The509

authors believe that such a uniformity suggests its origin in the atmospheric structure rather than510

characteristics of the volcanic eruptions. Infrasound records observed by ground sensors associ-511

ated with explosive volcanic eruptions have more power in periods much shorter than 1.3 minutes.512

However, only those with periods of 1.3 to 4.0 minutes can reach the ionospheric F region without513

strong attenuation (Blanc, 1985). The amplitudes of the detected impulsive T EC disturbances were514

found to be a few percent of the background absolute vertical T EC, in each case appearing eight to515

ten minutes after the eruption.516

Saito (2022) analysed TIDs observed over Japan, about 7,800 km away from the eruption, by517

using GNSS receiver network data after the eruption of Hunga Tonga-Hunga Ha’apai volcano. Two518

types of TIDs with different characteristics were reported as affecting the T EC. The first TID arrived519

at Japan about three hours after the eruption. The amplitude was about ±0.5 TECU, the wavelength520

was estimated as 400 km and velocity at 250 m/s. The second TID arrived about seven hours after521

the eruption. The recorded amplitude was about ±1.0 TECU and velocity at 270 m/s. However,522

the wavelength was longer than in the case of the first TID and was estimated as 800 km. The523

second time derivatives of ten minute interval images provided by Himawari-8 satellite analysed524

by Otsuka (2022) clearly showed tropospheric waves propagating at about 310 m/s. The signals525

in the satellite images well matched the surface pressure observations in Japan. Kulichkov et al.526

(2022) analysed various characteristics of acoustic-gravity waves induced by the eruption detected527

at different infrasound stations of the Infrasound Monitoring System and by a network of low-528

frequency microbarographs in the Moscow region. Using the correlation analysis of the signals at529

different locations, six arrivals of disturbances emanating from the volcano, which made up to two530

revolutions around the Earth, were detected.531

Fedorenko et al. (2013) showed that TID parameters such as amplitudes, horizontal spatial peri-532

ods and the TID front inclination angle in the vertical plane are increasing as the distance between533

the gravity wave and the excitation source is increasing. They validated their model using literature534

data on disturbances generated by about twenty surface and high altitude nuclear explosions, two535

volcanic eruptions and one earthquake as well as by energetic proton precipitation events in the536

magnetospheric cusp of the northern hemisphere.537

In summary of the above, the literature shows that powerful impulsive events such as this volcanic538

eruption produce simultaneously, through different mechanisms, ionospheric disturbances of vari-539

ous kinds and with various propagation characteristics. It is therefore of great interest to compare540

the TID signatures observed through the various independent methods presented in section 3 above,541

as some observation techniques can reveal traces of different kinds of disturbances than others.542

The arrival times of the disturbances determined from vertical and oblique ionosonde soundings543

and from T EC measurements all agree with the predictions based on a single acoustic wave in the544

troposphere travelling around the globe. The velocities derived for the disturbances in the lower545

atmosphere from the pressure data in Dourbes and Ebre, between 300 m/s and 305 m/s, are also in546

good agreement with each other, as well as with values found in the literature (Haaser et al., 2017;547

Astafyeva, 2019). Although the period under consideration here was affected by some geomagnetic548
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disturbances, we can therefore be reasonably sure that these medium scale disturbances were indeed549

the result of the eruption of the Hunga volcano. Closer to the site of the eruption, disturbances550

can immediately propagate vertically to the ionosphere and spread radially at ionospheric altitude.551

However, these disturbances dissipate within a few thousand kilometres from the eruption and do552

not propagate to the very long distances involved in this study, while Lamb waves and infrasound553

propagating in the lower atmosphere do propagate to larger distances (Themens et al., 2022).554

The TIDs observed in the MUF, both from vertical and from oblique traces, are delayed from555

the arrival times of the tropospheric gravity wave, as seen in Figure 8. The delays are somewhat556

longer than the typical forty to sixty minutes mentioned for instance in Astafyeva (2019) for TIDs557

produced through violent disturbances in the lower atmosphere. One possible reason for this is that558

the disturbances arrived in Europe during the night, when the F-layer electron density peak is at the559

highest altitude. The disturbance, therefore, takes longer to travel from ground level up to hmF2.560

Around the same time as the MUF peak, indicators for medium scale TIDs have also been observed561

directly in ionograms and skymaps. This confirms that the MUF signature is indeed associated with562

an MSTID. The length of this peak varies between observatories, but is in all cases longer than the563

period of the pressure waves in the lower atmosphere. This is likely due to changes in the wave564

structure while travelling upwards through an increasingly thin medium.565

The arrival times of TID signatures seen in the vertical plasma drift obtained from DDM sound-566

ings coincide with those seen in the iso-ionic contours and T EC. However, vz disturbances were567

seen to persist after the sea-level pressure wave has passed entirely, but before the main peak in568

MUF. Thus, we conclude that there is a wave propagating upwards from the troposphere which569

causes the largest MUF variation with some delay compared to the pressure wave (while on the570

other hand the ionospheric disturbances caused by the Lamb wave coincide with it).571

It should be noted that the speed of sound in the lower atmosphere depends strongly on the572

weather conditions such as temperature, air pressure and background winds, which can be very573

different along different paths of propagation around the globe. As can be seen from Table 1, the az-574

imuths of the great circles connecting respectively Dourbes and Ebre to the location of the eruption575

are 17.2◦ and 13.7◦. This indicates that the propagation paths of the acoustic waves to these obser-576

vatories are relatively close to each other. The azimuths to other ionosondes are more different, with577

AT138 at 62.3◦ and EA036 at −6.8◦. The paths connecting these observatories to the eruption loca-578

tion are thus very different, and can therefore be expected to have different average sound velocities579

as well. Similarly, the atmospheric conditions through which the waves propagate upwards are not580

identical over the entire region. This explains some of the differences seen in the TID delay times581

in Figure 6. Harrison (2022) found a series of six pulses in the ground level air pressure observed582

in the United Kingdom, with the odd and even pulses travelling respectively at speeds of 309 m/s583

and 314 m/s. This small difference in speed of the disturbances propagating along the two sectors584

of the great circle can also be seen in the GNSS T EC data we show in section 3.6585

A clear agreement between the different data sets is observed in the propagation directions of the586

TIDs. In particular, Figures 8 and 9 for the ionosonde data and Figures 13 and 14 for the T EC show587

a first circular wavefront contracting towards the antipode of the eruption, followed by a second588

wavefront seemingly expanding from the antipode.589

To verify the correspondence between the signatures in the GNSS and Swarm C measurements,590

Figure 16 provides a comparison between dT EC and dNe. Specifically, Figure 15a shows the time591

profile of dNe (blue) from Swarm C, dT ECatt (black dots) and corresponding spline fitting curve592
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(red line) between 22:24:53 and 22:29:35 UT on 15 January 2022, i.e. the second considered track.593

Inspired by what was reported in Spogli et al. (2021), the values of dT ECatt are the along-the-track594

(att) values of dT EC obtained by considering the dT EC values having the shorter spatio-temporal595

distance with each Swarm C measurement.596

Fig. 16. Panel a: Time profile of dNe (blue) from Swarm C, dT ECatt (black dots) and corresponding spline
fitting curve (red line) between 22:24:53 and 22:29:35 UT on 15 January 2022. Panel b: Map of dNe (blue
line) from Swarm C on top of dT EC (with dT EC > 0.1 TECu) red and blue points in the same time interval
of panel a. Deviations from dot-dashed line represent the reference (dNe = 0cm−3) is proportional to the
positive (right) and negative (left) dNe values.

Figure 16b shows the map of dNe (blue line) from Swarm C on top of dT EC (with dT EC >597

0.1 TECu) red and blue points in the same time interval of panel a. Deviations from the dot-dashed598

line representing the reference (dNe = 0 cm−3) are proportional to the positive (right) and negative599

(left) dNe values. We did not apply the same analysis to the first track, as it passes in a sector600

scarcely covered by GNSS observations – see Figure 4 and Figure 5. Notwithstanding the different601

geometry and nature of the observations, dT EC and dNe are also in agreement after 22:28 UT, i.e.,602

the time after which the wave-like perturbations are enhanced.603

5. Conclusions604

Atmospheric pressure waves from the eruption of the Hunga volcano travelled around the globe.605

These waves were still sufficiently powerful when arriving in Europe to produce medium scale606

travelling ionospheric disturbances. Signatures of these MSTIDs were detected in the data from607

different instruments, all giving mutually consistent values for the arrival times, wave periods, and608

propagation velocities. The ionospheric disturbances were detected with a delay of about one hour609
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from the pressure signatures observed at ground level. This is consistent with gravity waves trav-610

elling upwards from the troposphere (Astafyeva, 2019). Therefore, we can be confident that the611

detected TIDs are indeed associated with pressure waves produced by the eruption.612

A significant difference was observed between the onset times of the disturbances seen in the613

MUF series, described in Sections 3.1 and 3.3, and in the iso-ionic contours, shown in Section 3.2,614

and T EC (in Section 3.6). The MUF shows sensitivity to gravity waves, while in the iso-density615

contours the signatures of acoustic waves can be detected. This illustrates a major advantage of616

combining multiple types of data together in order to study different facets of an event like this617

volcanic eruption.618

This is the first volcanic eruption for which medium scale travelling ionospheric disturbances619

have been observed in such detail and through a variety of complementary instruments at the other620

side of the world. This illustrates the continuing importance of the study of TIDs and the develop-621

ment of techniques for their detection and characterisation, as major natural events anywhere on the622

planet can globally affect the ionosphere.623

In recent years, significant progress has been made in developing methods for the automated de-624

tection and characterisation of travelling ionospheric disturbances. Several such systems are now625

working in real-time (Belehaki et al., 2020). Different approaches are used for this purpose, based626

for instance on observations from ionosondes (Kutiev et al., 2016; Reinisch et al., 2018; Altadill627

et al., 2020) or using GNSS-based T EC data (Hernández-Pajares et al., 2006; Borries et al., 2017).628

However, most of these techniques are optimised for the detection of large scale TIDs and some-629

times also assume a planar wavefront. Although we have been able to find clear signatures of630

MSTIDs in various data sets, this required careful human analysis. The results from several au-631

tomated TID detection systems can be found online at the URL https://techtide-srv-pub.space.noa.632

gr/techtide, including archived results for the 15th and 16th of January 2022. Indeed, these archives633

show that no MSTIDs were identified by these automated systems.634

Fig. 17. Doppler shift spectrogram recorded in Czechia from 20:30 to 21:30 UT on 15 January at about
4.65 MHz (the transmission frequencies differ by a few Hertz). Each trace is the signal from a different
transmitter obtained by the same receiver, all with slightly different reflection points.

It is therefore important in the future to consider observational methods that can potentially be635

used to automatically detect also medium scale TIDs to supplement the existing systems for large636

scale disturbances. One such technology is based on continuous Doppler sounding (Laštovička and637

Chum, 2017). An example of the results of such a system can be seen in Figure 17. Here, a clear638
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signature of an MSTID can be seen precisely at the time it is expected. However, at this time there is639

only one such observatory in Europe, in Czechia. Thus, this technology can not be used to monitor640

the ionosphere over the whole region unless a more comprehensive network of observatories is641

implemented. For this reason, we did not systematically include these data in the current paper.642

We can also draw from this event some lessons about the use of ionosonde data for studying643

MSTIDs. It can be seen from the data shown in Figures 8 and 9 that clearly detecting medium scale644

TIDs requires a high cadence of soundings, preferably producing an ionogram every five minutes.645

From the latter figure it is also evident that oblique ionogram traces are a valuable source of data,646

and can serve as a virtual observatory midway between two ionosondes. Systematically synchro-647

nising the operations of different ionosondes to produce oblique traces can therefore significantly648

increase the coverage of a region. Since medium scale TIDs are often the result of disturbances649

in the lower atmosphere, it can also be useful to systematically install pressure sensors collocated650

with ionosondes. Finally, it is worth noting that effects of the MSTIDs can be seen in ionosonde651

data outside the standard Ursi parameters. In Section 3.4 we showed some examples of MSTID652

signatures in the shapes of ionogram traces and in Section 3.5 we showed how the TIDs manifest653

in drift observations produced by ionosondes. These sources of data are currently not systemati-654

cally exploited, but might in the future prove valuable tools for detecting and studying MSTIDs.655

The interpretation of DDM sounding data is currently not as well understood as that for traditional656

ionogram soundings, making it difficult to draw clear conclusions from these data alone. However,657

in this case, we have seen several feature present simultaneously in skymap and ionogram data,658

giving us confidence in our conclusion that these are indeed the signatures of MSTIDs originating659

in the Hunga eruption.660

Overall, this study demonstrates that different types of data, from independent networks of in-661

struments, can be combined and compared in order to obtain a coherent picture of disturbances662

passing over Europe. Despite the moderately disturbed geomagnetic background conditions, com-663

bining data from different observatories allows to clearly identify those TIDs associated with the664

volcanic eruption.665
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