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Abstract

This paper investigates the local and global ionospheric responses to the 2022 Tonga volcano eruption, using ground-based
Global Navigation Satellite System (GNSS) total electron content (TEC), Swarm in-situ plasma density measurements, the
Ionospheric Connection Explorer (ICON) Ion Velocity Meter (IVM) data, and ionosonde measurements. The main results are
as follows: (1) A significant local ionospheric hole of more than 10 TECU depletion was observed near the epicenter “45 min
after the eruption, comprising of several cascading TEC decreases and quasi-periodic oscillations. Such a deep local plasma
hole was also observed by space-borne in-situ measurements, with an estimated horizontal radius of 10-15 deg and persisted
for more than 10 hours in ICON-IVM ion density profiles until local sunrise. (2) Pronounced post-volcanic evening equatorial
plasma bubbles (EPBs) were continuously observed across the wide Asia-Oceania area after the arrival of volcano-induced
waves; these caused a Ne decrease of 2-3 orders of magnitude at Swarm/ICON altitude between 450-575 km, covered wide
longitudinal ranges of more than 140 deg and lasted around 12 hours. (3) Various acoustic-gravity wave modes due to volcano
eruption were observed by accurate Beidou geostationary orbit (GEO) TEC, and the huge ionospheric hole was mainly caused
by intense shock-acoustic impulses. TEC rate of change index revealed globally propagating ionospheric disturbances at a
prevailing Lamb-wave mode of “315 m/s; the large-scale EPBs could be seeded by acoustic-gravity resonance and coupling to
less-damped Lamb waves, under a favorable condition of volcano-induced enhancement of dusktime plasma upward ExB drift

and postsunset rise of the equatorial ionospheric F-layer.
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Key Points:

 Shock-acoustic impulses created a significant ionospheric hole of 10+ TECU de-
pletion near the epicenter, with an estimated radius of 10-15°

¢ Pronounced post-volcanic equatorial plasma bubbles were continuously developed
across the Asia-Oceania area covering ~140° longitudes

+ Strong plasma bubbles were likely triggered by gravity wave resonance with Lamb
waves and volcano-increased PRE/PSSR, of equatorial F-layer
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Abstract

This paper investigates the local and global ionospheric responses to the 2022 Tonga vol-
cano eruption, using ground-based Global Navigation Satellite System (GNSS) total elec-
tron content (TEC), Swarm in-situ plasma density measurements, the Ionospheric Con-
nection Explorer (ICON) Ion Velocity Meter (IVM) data, and ionosonde measurements.
The main results are as follows: (1) A significant local ionospheric hole of more than 10
TECU depletion was observed near the epicenter ~45 min after the eruption, compris-
ing of several cascading TEC decreases and quasi-periodic oscillations. Such a deep lo-
cal plasma hole was also observed by space-borne in-situ measurements, with an esti-
mated horizontal radius of 10-15° and persisted for more than 10 hours in ICON-IVM
ion density profiles until local sunrise. (2) Pronounced post-volcanic evening equatorial
plasma bubbles (EPBs) were continuously observed across the wide Asia-Oceania area
after the arrival of volcano-induced waves; these caused a N, decrease of 2-3 orders of
magnitude at Swarm/ICON altitude between 450-575 km, covered wide longitudinal ranges
of more than 140°, and lasted around 12 hours. (3) Various acoustic-gravity wave modes
due to volcano eruption were observed by accurate Beidou geostationary orbit (GEO)
TEC, and the huge ionospheric hole was mainly caused by intense shock-acoustic im-
pulses. TEC rate of change index revealed globally propagating ionospheric disturbances
at a prevailing Lamb-wave mode of ~315 m/s; the large-scale EPBs could be seeded by
acoustic-gravity resonance and coupling to less-damped Lamb waves, under a favorable
condition of volcano-induced enhancement of dusktime plasma upward ExB drift and
postsunset rise of the equatorial ionospheric F-layer.

Plain Language Summary

The catastrophic 2022 Tonga volcano eruption triggered giant atmospheric waves
that propagated into and strongly impacted Earth’s ionosphere. Using ground-based multi-
GNSS TEC and ionosonde measurements as well as space-borne Swarm and ICON satel-
lites observations, we found large-scale, intense ionospheric disturbances. The eruption
created a large ionospheric hole near the epicenter embedded with cascading TEC drops
and periodic oscillations, resulting from various shock-acoustic wave impulses. Atmo-
spheric Lamb waves propagated globally at a velocity of ~315 m/s, coupled to ionosphere
heights possibly via acoustic-gravity resonance, and caused global-scale ionospheric dis-
turbances. We report for the first time that strong nighttime equatorial plasma bubbles
were continuously observed over the vast Asia-Oceania area of more than 140° longitu-
dinal range, lasting around 12 hours following the consecutive arrival of volcano-induced
waves and the dusk terminator. These results demonstrate far-reaching and long-lasting
atmosphere-ionosphere impacts from a devastating natural disaster, and highlight new
ways in which surface conditions can impact the upper atmosphere.

1 Introduction

Natural geological disasters such as volcanic eruptions and intense earthquakes can
create impulsive forcing near Earth’s surface and cause considerable atmospheric pres-
sure waves (e.g., Hines, 1960; Yeh & Liu, 1974; Komjathy et al., 2016). Depending on
their velocities and/or frequencies, these atmospheric waves include supersonic shock waves
along with acoustic and gravity waves (AGWs). Acoustic waves travel through adiabatic
compression and decompression, with frequencies higher than the acoustic cutoff frequency
(~3.3 mHz), periods smaller than 5 min, and radially outward propagating velocity at
the sound speed (Astafyeva, 2019; E. Blanc, 1985). By comparison, gravity waves are
triggered by vertical displacement in the ocean surface and atmosphere, with gravity be-
ing the predominant restoring force. They are characterized by lower-than-buoyancy fre-
quencies, periods of several to tens of minutes, and obliquely upward propagating pat-
tern with oppositely directed phase and group velocities (Artru et al., 2004; C. Y. Huang
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et al., 2019). The initial AGWs generated by these events can even reach ionospheric heights
with exponentially-increased amplitudes, modulating ionospheric electron density lead-

ing to traveling ionospheric disturbances (TIDs) through ion-neutral collisional momen-

tum transfer (e.g., Afraimovich et al., 2010; Cahyadi & Heki, 2013; Chou et al., 2020;
Dautermann, Calais, & Mattioli, 2009; Hao et al., 2006; Huba et al., 2015; Inchin et al.,
2020; Komjathy et al., 2012; J. Y. Liu et al., 2006; Nishioka et al., 2013; Rolland et al.,
2011; Tsugawa et al., 2011; Zettergren et al., 2017).

The rapid development over the past few decades of ground-based Global Naviga-
tion Satellite System (GNSS) receiver networks has allowed ionospheric responses to volcano-
induced AGWs to be intermittently investigated based on sporadic eruption events. For
instance, Roberts et al. (1982) found that ionospheric TIDs after the explosion of Mount
St. Helens were detected 4900 km away with various propagation velocities between 350—
550 m/s. C. H. Liu et al. (1982) found that some atmospheric perturbations for this same
event were capable of travelling globally in the form of Lamb waves. Moreover, Heki (2006)
observed that ionospheric total electron content (TEC) disturbances triggered by acous-
tic waves after the Asamo volcano eruption could propagate as fast as 1.1 km/s. Dautermann,
Calais, and Mattioli (2009) and Dautermann, Calais, Lognonné, and Mattioli (2009) found
that quasiperiodic TEC oscillations around 4 mHz were detected 18 min after the Soufriere
Hill Volcano explosion and lasted 40 min, with various horizontal velocities between 500—
700 m/s. Shults et al. (2016) observed that the propagation velocity of ionospheric TEC
disturbances after the Calbuco volcano eruption was around 900-1200 m/s, close to acous-
tic speeds at ionospheric heights. Nakashima et al. (2016) found that harmonic acous-
tic oscillations created by the Kelud volcano eruption lasted for 2.5 hr with ionosphere
disturbances traveling at 800 m/s. These studies in aggregate have greatly informed com-
munity knowledge of co-volcanic ionospheric disturbances.

The recent Hunga Tonga-Hunga Ha’apai (herein simplified as Tonga) volcano erup-
tion at 04:14:45 UT on 15 January 2022 was the largest eruption in the last three decades,
causing significant wave perturbations from ocean surface to the whole atmosphere across
the globe in less than 24 hours (Duncombe, 2022). This event provides a unique scien-
tific opportunity to advance the current understanding of volcano-induced local and global
ionospheric responses. So far, prompt studies have provided some initial analyses of iono-
spheric disturbances after eruption. For example, Themens et al. (2022) analyzed regional
and global large-scale and medium-scale TID features following the eruption; Zhang et
al. (2022) found global propagation of Lamb waves for three full cycles within four days;
Lin et al. (2022) reported rapid appearance of disturbances in the conjugate Hemisphere;
Harding et al. (2022) found that strong horizontal neutral wind perturbations due to vol-
cano eruption could considerable modify equatorial electric field.

Despite these important early results, more features of this event remain to be an-
alyzed. In this study, we use ground-based GNSS TEC data, satellite in-situ measure-
ments from Swarm and ICON, and ionosonde measurements to investigate two new phe-
nomena associated with the Tonga volcano eruption: (1) A significant ionospheric plasma
hole was observed near the eruption epicenter with a depletion magnitude of more than
10 TECU and a horizontal radius of 10-15°. (2) Pronounced post-volcanic evening equa-
torial plasma bubbles (EPBs) were continuously observed across a wide Asia-Oceania
area of ~140° longitudes following the arrival of Lamb waves, with magnitude decreased
by 2-3 orders and lasted around 12 hours. In particular, this is the first time such dra-
matic plasma density depletion associated with volcano-induced AGWs has been reported.
Our study also uses Beidou Geostationary Orbit (GEO) data for precise TEC measure-
ments at stationary ionosphere pierce points (IPPs) near Tonga and accurate analysis
of local ionospheric disturbances. These results are discussed in the following sections.



114 2 Instruments and Data Description

115 Ground-based GNSS TEC data are produced at the Massachusetts Institute of Tech-
116 nology’s Haystack Observatory using 5000+ worldwide GNSS receivers, and are provided
17 through the Madrigal distributed data system (Rideout & Coster, 2006; Vierinen et al.,

118 2016). Besides traditional GPS/GLONASS TEC, we also used TEC from 240+ avail-

119 able Beidou receivers, especially from Beidou GEO receivers adjacent to eruption. Bei-
120 dou GEO TEC data can provide more robust estimation from stationary IPPs in a man-
121 ner less impacted by complicated ionospheric spatiotemporal variability. In addition to
122 the absolute TEC, we also used two other quantities to investigate ionospheric response
123 to the eruption: (1) Detrended TEC (dTEC), characterizing the wave-like ionospheric

124 oscillations by removing a background variation trend for all satellite-receiver TEC pairs.
125 Detrending is performed using a Savitzky-Golay low-pass filter with a 30-min sliding win-
126 dow (Savitzky & Golay, 1964; Zhang et al., 2017, 2019). (2) Rate of TEC Index (ROTI),
127 describing dynamic ionospheric changes due to plasma irregularities and/or gradients.

128 ROTT is defined as the 5-min standard deviation of the TEC time derivative (Pi et al.,
129 1997; Cherniak et al., 2014; Aa et al., 2019).

130 Besides ground-based GNSS TEC, we also used in-situ electron density (N,) mea-~
131 surements from the European Space Agency’s Swarm constellations (Friis-Christensen
132 et al., 2008; Spicher et al., 2015). Swarm includes three identical satellites that fly in ap-
133 proximately circular orbits at 88° inclination. Swarm A and C fly side-by-side at around

134 450 km with 1.4° longitudinal separation, and Swarm B fly at around 510 km (Knudsen
135 et al., 2017).

136 ICON is a low-Earth orbit satellite for ionospheric and thermospheric measurements
137 that flying at an altitude of 575 km with an inclination angle of 27° (Immel et al., 2018).
138 ICON carries Ion Velocity Meter (IVM) instruments that consists of the Retarding Po-
139 tential Analyzer (RPA) and the Drift Meter (DM), which collectively provide ion den-

140 sity, the major ion composition, the ion temperature, and the ion velocity measurements
141 (Heelis et al., 2017). In this study, we use ICON-IVM ion density and velocity measure-
142 ments to analyze the volcano-related ionospheric disturbances.

143 Moreover, the infrared brightness cloud temperature data, derived from Geosyn-

144 chronous Operational Environmental Satellites (GOES) and other selected geostation-
145 ary satellites (Janowiak et al., 2017), were also used to gauge volcano-related convection
146 activity. Equatorial ionosonde measurements of F2-layer peak height (hmF2) and elec-

147 tron density profiles at GUAM (13.62°N, 144.86°E) are also utilized.

148 3 Results

149 3.1 Local Ionospheric Disturbances
150 Figure 1a shows the volcano epicenter location (20.5°S, 175.4°W) and the great-
151 circle distances from the epicenter at an ionospheric height of 300 km. Also shown are

152 four adjacent Beidou GEO receivers within 1000 km radius: TONG (21.02°S, 175.18°W),

153 LAUT (17.5°S, 177.45°E), SAMO (13.76°S, 171.74°W), and FTNA (14.22°S, 178.12°W).

154 Figure 1b shows a regional view with overlaid infrared brightness cloud temperature at

155 05 UT on 15 January 2022. The dark blue region over Tonga indicates a newly-formed

156 cold area with cloud temperature below 220 K. This was about 80-100 K lower than 1

157 hour ago, which indicates that the initial ash plume had protruded rapidly into the tropopause
158 in less than 45 mins triggering considerable atmospheric cooling. Also shown are fixed

150 IPPs locations of Beidou GEO satellites C01 and C04 for each receiver.

160 The unique Beidou GEO observations with stationary IPPs allow us to accurately
161 determine localized temporal ionospheric variations following the eruption (Figures lc—
162 1f). At TONG, the nearest station to the epicenter, after a minor increase following the
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Figure 1. (a) Global view of the Tonga volcano eruption location (star), four adjacent Beidou
GEO receivers (asterisks), and an ionosonde (triangle). The iso-distance circles from the eruption
epicenter are shown in red lines. (b) Regional view of above-mentioned information and corre-
sponding Beidou GEO IPPs location for CO1 and C04 satellites, overlaid with the deep cloud
brightness temperature observations at 05 UT on 15 January 2022. (c—f) Temporal variation of
Beidou GEO TEC at four sites. The eruption time is marked by a vertical dotted line. Yellow
shades mark three distinct TEC dips using TONG and LAUT measurements as examples. (g)
UT-distance variation of detrended Beidou GEO TEC. The vertical line indicates eruption begin-
ning time; the slanted lines and shades indicate different propagation velocities. (h) Observation

of concentric TIDs near New Zealand using two-dimensional detrended TEC map.
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Figure 2. (a-i) Regional two-dimensional delta TEC maps in the vicinity of volcanic eruption
between 04:15-07:00 UT on January 15. The iso-distance lines from the eruption epicenter (aster-

isk) are shown in red circles.
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eruption, the TEC curves showed three major cascading dips as marked by yellow shades.
Collectively these formed an integrated depletion hole around 05 UT with a depletion
amplitude of around 10 TECU. Smaller-scale periodic oscillations were also detected to
embed in the depletion. Similar to TONG, LAUT TEC curves also exhibited three con-
secutive dips shortly after the eruption, with a clear phase and time delay between CO1
and C04 among TONG and LAUT. Since fixed IPP locations from TONG and LAUT
(corresponding to C01 and C04) were approximately arrayed radially outward in the same
direction away from the epicenter (Figure 1b), we can collectively utilize their distance
and phase/time information to deduce wave propagation parameters in this localized re-
gion. For SAMO and FTNA, the radial distances of their GEO IPPs were close, which
made accurate detection of oscillation phase and time delay a little bit difficult compared
to TONG and LAUT. Nevertheless, immense depletion features can also be seen at SAMO
and FTNA through cliff-like TEC drops as large as 10-15 TECU, and were particularly
prominent over SAMO around 5 UT. This volcano-induced effect was much earlier be-
fore local sunset around 0620-0700 UT,

To further extract wave-like oscillations embedded in the depletion, Figure 1g plots
all detrended Beidou GEO TEC curves in UT-distance coordinates. Volcano-induced fluc-
tuations were generally within 0.5-3 TECU but sometimes reached 6 TECU. Recall from
above that the TEC curves at TONG and LAUT showed three cascading dips as marked
by yellow shades, thus the propagating velocities can be estimated using detrended TEC
through slanted fiducial lines to connect iso-phase points at the valley for each dip from
the same static IPP C01 and C04 between TONG and LAUT. The radial propagation
velocity corresponding to these three major dips were calculated to be 760 m/s, 470 m/s,
and 315 m/s, respectively. Specifically, taking the 315 m/s fiducial line as an example,
we used detrended Beidou GEO TEC to search the time point when C01 TEC at TONG
(black curve) and C01 TEC at LAUT (red curve) reached their respective local mini-
mum point within the third major dip: 05:06:30 UT and 05:48:00 UT. Thus the prop-
agation velocity in this region can be calculated using their IPP distance and time dif-
ference information, which was estimated to be 316.4 m/s. Similarly, when C04 satel-
lite was used for the calculation, the estimated propagation velocity was 312.5 m/s. Taken
as a whole, the fiducial line was estimated to be ~315 m/s. Moreover, some smaller-scale
oscillations with velocities of 180-250 m/s were registered after major perturbations. If
considering TONG measurements alone, another fast travelling wave mode with 1050 m/s
speed can be derived by connecting two initial dTEC bumps at C01 and C04, though
this fast wave did not seem to propagate beyond 1000 km.

We here mainly use TONG and LAUT to derive the fiducial lines since their cor-
responding IPPs are approximately radial outward aligned with respect to the eruption
epicenter. There are some modest variations if using other pairs to do the calculate, say
using TONG and SAMO, possibly due to their respective IPP points and epicenter are
not aligned in a line, considering that the wave propagation could be un-isotropic in dif-
ferent direction. Despite fewer Beidou GEO observations as compared to GPS, these es-
timations have the key quality of being free from possible spatiotemporal variation con-
tamination associated with normal moving IPPs. The estimated onset times of these con-
tinuous perturbations are marked in the horizontal axis of Figure 1g, which are similar
to those derived in Astafyeva et al. (2022) using TONG-FTNA station pairs with multi-
GNSS measurements. In addition, within the eruption near field, Figure 1h displays a
2-D dTEC map combining multi-GNSS measurements to show concentric TID features
over New Zealand at 2000-3000 km distance with an estimated wavelength of 1200-1500 km.
These characteristics are generally consistent with recent studies (e.g., Themens et al.,
2022; Zhang et al., 2022) and will not be described further in this study.

The local ionospheric hole of TEC depletion in the vicinity of the eruption center
can also be observed in 2-D delta TEC maps at different time steps between 04:15-07:00 UT
on January 15 as shown in Figure 2. The delta TEC values were calculated by subtract-



216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

ing averaged TEC values of three geomagnetically quiet reference days (January 11-13)
before the volcano eruption. Despite some data gaps near epicenter, the delta TEC re-
sults clearly demonstrated the evolution of local depletion structures. The signature of
ionospheric hole can be seen around 05 UT near epicenter with sporadic points of TEC
depletion for 5-10 TECU. This depletion continued for at least two hours and extended
outward forming a huge ionospheric hole with its magnitude reaching more than 10 TECU
even around 2000 km away (Figures 2f-2h). The horizontal scale and magnitude of such
a huge ionospheric hole is quite unique and impressive, which are much stronger that that
of the famous Tohoku Earthquake-induced local ionospheric hole with 5-6 TECU de-
pletion and horizontal size of 500 km (e.g., Tsugawa et al., 2011; Saito et al., 2011). The
mechanisms of this local ionospheric hole will be further discussed in Section 4.

3.2 Global Ionospheric Disturbances with Strong EPBs

Besides significant local depletion, ionospheric ripples also propagated globally. Fig-
ures 3a and 3b show two examples of 2-D global ROTT maps on 15 January 2022 derived
from 5000+ multi-GNSS receivers. At 12:00 UT, large ROTI values manifesting strong
ionospheric irregularities were widely registered in the low and midlatitude East Asian
sector around 6000-9000 km distance. At 14:00 UT, beside the Asian sector, noticeable
gradients features were simultaneously found both in the North and South American area
approximately parallel to the 12,000 km iso-distance line therein. To zoom in the prop-
agation feature, Figures 3c—3h display six consecutive ROTI maps over North Ameri-
can sector between 13:30-16:00 UT. The wavefront propagation signatures can be clearly
seen via eastward structure movement in higher-than-background ROTI values that ap-
proximately parallel to iso-distance lines, which were marked with red arrows. The wave-
fronts propagated outbound from ~11,000 km to ~14,000 km with an average velocity
of 315 m/s, consistent with one propagation mode in Beidou TEC results (Figure 1g).
The full animation of global ROTI variation is attached in the supplementary material.

For widespread irregularity features in the Asian sector, Figures 3i—3n show six ROTI
maps therein between 11-16 UT. Ionospheric irregularities were quite noticeable around
the equatorial ionization anomaly (EIA) crests, which extended westbound from Indone-
sia, Philippines, and the Japan archipelago around 11:00 UT all the way to India and
the Bay of Bengal around 15-16 UT. Moreover, to provide a global synoptic view with
extended spatial/temporal ROTI coverage and to utilize space-borne observations, Fig-
ures 4a—4h show sixteen consecutive paths of Swarm C (blue) and Swarm B (red) satel-
lites that flew in the premidnight local time sector of 23 LT over Asia-Oceania area, over-
laying on top of eight background ROTI maps between 08:30-19:30 UT on January 15.
The iso-distance lines away from the eruption epicenter are shown by black circles with
the anticipated wavefront of Lamb waves being marked by a green circle. The right pan-
els in each subfigure display the corresponding geomagnetic latitudinal profiles of in-situ
N, for Swarm C (even number) and Swarm B (odd number) paths, respectively. The ref-
erence background N, profiles from the day before (dotted lines) and after (dashed lines)
were also plotted for comparison. The westbound phase extension of locally-developed
plasma irregularity features shown by high ROTI values is generally in concert with the
anticipated Lamb waves propagation. Moreover, the volcano-induced local and global

ionospheric disturbances can also be derived from Swarm plasma density profiles. At 08:30 UT

(Figure 4a), Swarm B and C were flying on the eastern side of the volcanic eruption epi-
center about 30—40° longitude away, which did not detect considerable plasma irregu-
larities. At 10 UT (Figure 4b), Swarm C was flying around 167.8°W longitude, merely
7-8° from that of the volcanic eruption. A broad equatorial plasma depletion with a lat-
itudinal width of 20-25° was registered in Swarm C Path 02 comprising of smaller-scale
plasma irregularities, in which the plasma density was reduced by 2-3 orders of magni-
tude reaching as low as 102 cm~3. Such a broad equatorial plasma depletion suggests
that the equatorial ionospheric height was significantly uplifted near the volcanic erup-
tion longitude possibly by enhanced fountain effect, so that the satellite might fly be-
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Figure 3. (a and b) Global 2-D ROTI maps at 12 UT and 14 UT on January 15. The volcano
eruption location (asterisk), iso-distance lines from eruption (red lines), and solar terminator
(black line) are marked. (c-h) Regional ROTI maps over North American between 13:30—

16:00 UT. The red arrows mark the propagation of volcano-induced wavefront. (i-n) Regional
ROTI maps over Asian sectors between 11-16 UT. The iso-distance lines from eruption (red

lines) and geomagnetic equator and +15° lines (cyan) are marked.
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low the F2-region peak height while crossing the equatorial region to encounter low-density
trough (Kil & Lee, 2013; Lee et al., 2014). At 11:30 UT (Figure 4c), Swarm C and B were
flying across the western side of volcanic eruption around 168.8°E and 179.2°E longitudes,
respectively. As can be seen, significant equatorial and low-latitude plasma bite-outs with
the density as low as 102-10% cm™2 were quite obvious in both profiles, which were 2

3 orders of magnitude lower than reference levels. The irregularity activity on reference
days is much weaker. Besides noticeable plasma bubbles, a significant feature of the lo-

cal ionospheric hole was also registered in Swarm B profile of Path 03 between 20-40°S
geomagnetic latitude, thus the latitudinal radius of the ionospheric hole was estimated

to be ~10° that consistent with TEC measurements in Figure 2. In the following time
steps, similar signatures of strong plasma bubbles can also be consecutively observed by
Swarm satellites across Papua New Guinea (Figure 4d), East Asia (Figure 4e), Indone-

sia (Figure 4f), India (Figure 4g), and even partially east African sector (Figure 4h). These
ground-based GNSS ROTT and space-borne in-situ N, data collectively indicate that strong
post-volcanic EPBs continuously developed across a wide Asian sector covering more than
140° longitudes at local postsunset period on January 15. This is reported for the first
time after an extreme volcano eruption.

The latitudinal /altitudinal extension of these post-volcanic EPBs is also worth dis-
cussion. In particular, Swarm profiles in Figure 4e showed that EPBs likely extended to
+20-25° geomagnetic latitudes (MLAT) in East Asian sector, indicating that the Apex
height of these EPBs may reach ~1500 km above the equator. This is quite similar to
those shown in Shiokawa et al. (2004), suggesting a large upward plasma drift speed in
the equatorial region. Similar high-altitude EPBs were occasionally observed in the lit-
erature. For example, Ma and Maruyama (2006) found that EPBs could be observed at
31° MLAT in GNSS TEC observations; Foster and Rich (1998) reported that EPB sig-
natures could be observed by Millstone Hill incoherent scatter radar at 35-37° MLAT;
Katamzi-Joseph et al. (2017) and Cherniak and Zakharenkova (2016) reported that EPBs
can extend to 40° MLAT in Europe using ground-based TEC and in-situ measurements.
(Aa et al., 2019) found that bubble-like ionospheric depletion structures could expand
to much higher latitudes of 46°MLAT that map to Apex height of more than 6000 km.
In contrast, the latitude/altitude extension of these post-volcanic EPBs reported in this
study is smaller than and different from those storm-induced super plasma bubbles.

To better investigate the EPBs’ evolution and their connection to volcano-induced
waves, Figures ba—5d show original TEC keograms as a function of time and longitude
along 20°N (the approximate latitudinal location of northern EIA crest over the Asian
sector) during January 13-16, respectively. The EIA crest morphology on January 15
(Figure 5c) was considerably different from the other reference days with more natural
variation. In particular, the ETA crest intensity on January 15 was significantly eroded
by more than 10 TEC unit between 09-14 UT, with a sharp edge following the consec-
utive passage of dusk terminator and anticipated westward-propagating Lamb wave from
6,000 km to 12,000 km that marked by a red arrow. The disturbance propagating speed
was estimated to be 310-350 m/s that consistent with the estimated atmospheric Lamb
wave velocity from recent studies (Themens et al., 2022; Zhang et al., 2022). Most im-
portantly, shortly after the passage of disturbed TEC depletion, noticeable low-density
dark streaks representing EPBs with comb-like periodic longitudinal distribution (shown
by quasi-parallel black dashed lines) were developed and embedded within the partially-
recovered EIA crest. The inter-bubble distance was estimated to be around 400-900 km,
similar to those indicated in previous studies on periodic EPBs structures (e.g., Aa, Zou,
Eastes, et al., 2020; Das et al., 2020; Makela et al., 2010; Huba & Liu, 2020; Takahashi
et al., 2015). These notable features of EIA bite-out and periodic EPBs after the pas-
sage of Lamb waves provide important evidence of the novel linkage between volcano erup-
tion and ionospheric disturbances, which will be further discussed in the next section.
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Figure 7. (a—r) The same as Figure 6, but for six following paths of ICON-IVM between
12:37-22:57 UT on 15 January 2022.

ICON-IVM in-situ measurements also observed significant co-volcanic and post-
volcanic ionospheric disturbances. Figure 6 shows ICON-IVM observation tracks and cor-
responding local time, ion density, and vertical drift results for six consecutive paths be-
tween 02:42-12:19 UT on 15 January 2022. In Path 01, the plasma density and verti-
cal drift variation were generally smooth over the Asia-Oceania sector with merely small
fluctuations before the Tonga volcanic eruption. Starting from Path 02, however, signif-
icant plasma density and drift disturbances were registered following the volcanic erup-
tion around epicenter and adjacent area. For example, at ~04:55 UT in path 02, both
plasma density (Figure 6e) and vertical drift (Figure 6f) exhibited a sudden bump of “plasma
blob” near the volcanic eruption longitude around 185° (175°W), although the latitu-
dinal location of ICON observation was in the conjugate northern hemisphere at this mo-
ment around 4,000 km away from epic center. This would either require a fast propa-
gation mode (e.g., Rayleigh wave) of ~1700-1800 m/s that much larger than those known
air pressure acoustic wave modes indicated in Themens et al. (2022) and Zhang et al.
(2022); or an alternative explanation, as suggested by Lin et al. (2022) and also implied
from the vertical plasma drift spike, is that this was more like a conjugate disturbance
signature due to instantaneous magnetic field mapping effect of polarization electric field
induced by significant zonal wind perturbation due to volcano-induced AGWs. Future
modeling effort and data analysis is still needed to further verify the exact mechanism
of this fast conjugate response, which is beyond the scope of the current paper.

The most striking features shown by ICON-IVM are the strong plasma trough em-
bedded with plasma bubbles that appeared starting from Path 03. In particular, when
ICON was crossing the volcano eruption longitude between 180-195°E around 06:40 UT
(Figure 6h, 19 LT), the in-situ plasma density experienced a drastic depletion of two or-
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ders of magnitude, reaching as low as 10% cm™2 that highlighted by yellow shades. More-
over, noticeable EPBs were embedded within this huge equatorial plasma trough and were
associated with large vertical ExB drift of 60-120 m/s (Figure 6i), representing enhanced
fountain effect near the local dusk after the volcanic eruption, which was favorable for

the amplification of Rayleigh-Taylor instability growth rate and development of plasma
irregularities (Kelley et al., 1976). Similarly, in Path 04, strong postsunset EPBs with

1-2 orders of magnitude depletion and large vertical ExB drift of 60-120 m/s extended
westward between 150-190° longitudes around 08:15 UT. Moreover, in the following two
paths, the deep local plasma hole remained nearly stationary around the eruption cen-
ter. At the same time, significant postsunset EPBs in the Asian sector were gradually
separated from the local plasma hole but continuously developed at further westward
longitudes across 130-170°E around 10:00 UT in Path 05 and about 110-150°E around
11:40 UT in Path 06. Two important results can be derived from these observations: (1)
the horizontal size of the local plasma hole was quite noticeable, with an estimated ra-
dius of around 10-15° that consistent with the TEC results (Figure 2) and Swarm B es-
timation (Figure 4c); (2) the westward propagating phase speed of the continuously de-
veloped EPBs was estimated to be 310-350 m/s that generally agree with the Lamb waves
velocity (Themens et al., 2022; Zhang et al., 2022).

Figure 7 displays similar ICON-IVM results for the following six orbital paths be-
tween 12:37-22:57 UT on January 15. Local plasma hole and strong EPBs were still quite
considerable in Paths 07-09 as shown by yellow shades, which are consistent with Swarm
results. Starting from Path 10, this long-lasting local plasma hole seemed to be filled pos-
sibly by sunrise photo-ionization, as ICON passed the volcanic eruption longitudes in
local morning. EPBs in Asian sector were gradually diminished though still discernible
to some extent. One thing to note is that such a deep local plasma hole and strong EPBs
continued for more than 10 hours before completely subsidized, which is surprisingly unique
and will be further discussed in next section.

4 Discussion
4.1 Huge Local Ionospheric Plasma Hole and Oscillations

Beidou GEO TEC observing geometries provided a unique opportunity to contin-
uously observe and precisely evaluate the volcano-induced local ionosphere character-
istics using fixed IPPs. The most direct feature near the epicenter was a significant iono-
spheric hole with depletion magnitude of more than 10 TECU, forming by consecutive
cliff-like TEC drops. Such a deep ionospheric hole was also observed in the 2-D delta TEC
maps with 104+ TECU reduction and in ICON-IVM plasma density measurements with
1-2 orders of magnitude depletion. In particular, this ionospheric hole has a broad hor-
izontal size with an estimated radius of 10-15° and continued for several hours. Surpris-
ingly, such a huge depletion feature near epicenter was registered in ICON-IVM plasma
density profiles for more than 10 hours until local sunrise. Although a similar phenomenon
of a transient co-seismic ionospheric “hole” near the epicenter has been occasionally re-
ported before (e.g., Astafyeva et al., 2013; Kakinami et al., 2012; Tsugawa et al., 2011),
the magnitude, size, and duration of such a huge ionospheric hole after this volcanic erup-
tion are quite distinct. For example, the local depletion feature associated with the 2011
Japan Tohoku earthquake has a magnitude of 5-6 TECU reduction, a horizontal scale
size of 500 km, and a duration of 60 min (Saito et al., 2011), which are considerably less
than those of the Tonga volcanic eruption.

The underlying mechanism of such a huge plasma hole is still under debate. For
example, Kakinami et al. (2012) suggested that this is a tsunami-related depletion in-
duced by ionosphere descent and recombination enhancement through meter-scale sea
surface downwelling at the tsunami source region. However, Kamogawa et al. (2015) in-
dicated that this depletion could instead occur after a large inland earthquake. Astafyeva
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et al. (2013) demonstrated that the depletion represents the rarefaction phase of shock-
acoustic waves following large inland or undersea earthquake. Moreover, numerical sim-
ulation results given by Shinagawa et al. (2013) and Zettergren et al. (2017) collectively
indicated that the TEC depletion was likely caused by strong expansion and upwelling

in the thermosphere along with outward ionospheric plasma flow driven by impulsive non-
linear shock-acoustic wave pulses. This latter mechanism helps explain our direct ob-
servational evidence in this Tonga event: the local TEC depletion was composed of cas-
cading decreases that corresponding to different shock-acoustic wave impulses. In ad-
dition, Astafyeva et al. (2022) also observed this plasma hole and indicated that the Tonga
volcanic eruption from shallow underwater should generate stronger shock waves with
large amplitude and prolonged rarefaction phase than those from inland earthquake. This
helps explain the unprecedented magnitude and size of the ionospheric hole. Another
thing worth noting is that this local plasma hole was established near local dusk with

a long-lasting duration that registered in ICON-IVM ion density profiles (Figures 6 and

7) for more than 10 hours until local sunrise, primarily due to shortage of nighttime photo-
ionization source with low background density level, as well as lack of field-aligned plas-
maspheric refilling due to smaller dip angle in the low-latitude region.

Besides the large ionospheric hole, several acoustic-gravity oscillation modes with
different propagation velocities were identified. The fast modes with 1050 m/s and 760 m/s,
arising from different excitation conditions, fall within the sound speed range at iono-
spheric heights and are comparable to prior studies (e.g., Calais et al., 1998; Heki & Ping,
2005; Heki, 2006; Otsuka et al., 2006). These modes are considered to be caused by acous-
tic pressure waves generated from the sea surface at the epicenter (Astafyeva, 2019; Chen
et al., 2011; Tsugawa et al., 2011). The subsequent medium-speed modes between 300-

500 m/s range could be associated with lower-frequency infrasonic and/or gravity parts

of AGWs, which propagated to at least 3500 km away as deduced from Figure 1h. The
ionospheric disturbances also included a slower propagation mode with speeds of 180-

250 m/s, due to gravity waves triggered by volcano and/or tsunami-atmosphere—ionosphere
coupling processes (e.g., Artru et al., 2005; Azeem et al., 2017; Huba et al., 2015; Savas-
tano et al., 2017; Meng et al., 2018).

4.2 Strong Post-volcanic EPBs

The most significant discovery of this study is the presence of strong and long-lasting
post-volcanic EPBs that continuously developed across the Asia-Oceania area on Jan-
uary 15, covering a wide longitudinal range for more than 140° with duration >12 hours
and N, decrease of 2-3 orders of magnitude at Swarm/ICON altitude between 450-575
km. In contrast, EPB activities on the day before and after the volcano eruption were
much weaker as shown in Figure 4. It is known that EPBs are large-scale plasma den-
sity depletions that usually form in the postsunset bottomside F region at the equato-
rial and low-latitude ionosphere, under favorable conditions of prereversal enhancement
(PRE) and increased Rayleigh-Taylor instability growth rate with steep vertical density
gradients after the decay of E region (e.g., Abdu, 2005; Aa et al., 2019; Karan et al., 2020).
Although co-seismic and co-volcanic AGWs and associated ionospheric oscillations have
been widely reported, to the best of our knowledge, such widespread and long-lasting
post-volcanic EPB features have never been reported before, especially considering that
the seasonal behavior of EPBs’ occurrence over Asian and Pacific sector is typically quite
low around January that derived from climatology studies (e.g., Burke et al., 2004; Aa,
Zou, & Liu, 2020; Kil et al., 2009). The mechanism of these anomalous post-volcanic EPBs
needs detailed discussion.

The first thing to consider is magnetospheric driving forces from above since this
volcano eruption happened during the recovery phase of a moderate geomagnetic storm.
Depending on storm phases and local time sectors, the EPBs occurrence can be enhanced
or inhibited primarily via modified equatorial electrodynamic effects caused by the pen-
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(e) Longitudinally symmetric index (SYM-H) during January 13-16, 2022. The volcano eruption
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for EPBs observations. (f) UT-distance variation of ROTI values. The Lamb wave propagation

trend (red line) and equatorial sunset terminator (white line) was also marked.
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etration electric field (PEF) due to suddenly varying magnetospheric convection, and/or
disturbance dynamo electric field (DDEF) due to changes in global thermosphere cir-
culation. (1) Storm enhances EPBs. This usually occurs in the storm main phase when
PEF has the same eastward polarity as dusktime PRE. This combination leads to in-
creased upward equatorial plasma drift and the enhanced postsunset rise (PSSR) of F-
layer height, which provides favorable conditions to enlarge the growth rate of Rayleigh-
Taylor instability (e.g., Aa et al., 2019; Cherniak & Zakharenkova, 2016; Jin et al., 2018;
Tulasi Ram et al., 2008). In some rare cases, nighttime DDEF can sometimes excite atyp-
ical predawn EPBs (Zakharenkova et al., 2019). (2) Storm inhibits EPBs. This usually
occurs in the storm recovery phase when DDEF has been built up with a westward po-
larity in the daytime through local dusk. The modified westward equatorial zonal elec-
tric field leads to downward plasma drift and lowering of the F-layer, causing suppres-
sion of postsunset EPBs (e.g., Carter et al., 2016; Li et al., 2009).

For this event, Figures 8a—8e show temporal variation of interplanetary and geo-
magnetic parameters between January 13-16, 2022. On January 14, following a coro-
nal mass ejection (CME) arrival, the Interplanetary Magnetic Field (IMF) Bz (Figure 8b)
rotated to a sustained negative direction after 15 UT, reaching a minimum value of -17 nT
at 22:25 UT and quickly flipped northward. This indicates the existence of large PEF
at the end of January 14 as also shown in interplanetary electric field (IEF) Ey (Figure 8c).
The Kp index reached 6 between 21-24 UT and the longitudinally symmetric index (SYM-
H) reached a minimum value of -100 nT at 22:25 UT, which registered this storm as a
moderate storm. The large PEF existed around 16-23 UT on January 14, the previous
day of the volcano eruption. During this period, the Asia-Oceania sector was rotating
from local midnight to morning with westward PEF, which inhibited EPBs occurrence
therein as can be seen from background dotted lines in Swarm N, in Figure 4. However,
we emphasize that the observed significant EPBs in the Asia-Oceania sector were mainly
around 06-18 UT on January 15, about 12 hours after this large PEF. As can be seen,
the IMF Bz and IEF has already subsided and exhibited merely small perturbations at
least between 04-15 UT on January 15 before detected EPBs. Thus, it is hard to prove
that the large PEF, which inhibited EPBs in Asian-Oceania sector on January 14, would
have continued for over 12 hours and caused resurgent EPBs on the second day, since
the penetration effect is typically prompt and short-lived in a couple of hours. There were
some fluctuations in IMF and IEF since 15 UT on January 15 due to the arrival of coro-
nal hole high-speed stream, which may provide intermittent PEF to maintain plasma bub-
bles. However, the initial equatorial trough and plasma bubbles occurred much earlier
around 0607 UT as shown by ICON-IVM results. Moreover, January 16 also registered
moderate IMF Bz and IEF Ey fluctuations in the latter half of the day, suggesting the
existence of intermittent PEF similar to that of the volcano eruption day, yet the EPBs
activity was much weaker on January 16 as can be seen from dashed lines in Figure 4.
These collectively indicate that the intermittent PEF was unlikely the dominant driver
of significant EPBs over the Asia-Oceania sector on volcano eruption day.

We next discuss the potential DDEF effect. The observed EPBs occurred in the
storm recovery phase, and it is possible that DDEF may have been built up around low
latitudes. However, it is known that the polarity of DDEF is typically westward in the
daytime through local dusk (M. Blanc & Richmond, 1980), which normally causes storm-
time inhibition of EPBs in the postsunset sector via downward ExB drift to reduce the
instability growth rate (e.g., Carter et al., 2016; Li et al., 2009). In this study, signifi-
cant EPBs occurred in the postsunset hours. Thus, we deduce that the storm-time DDEF
is unlikely the primary cause of this event. Moreover, the ICON-IVM drift results in Fig-
ures 6f and 6i showed that the vertical plasma drift exhibited a sudden enhancement right
around the eruption longitude. The storm-induced penetration or disturbance dynamo
electric fields are not expected to have such a sharp longitudinal distinction but usually
exhibit a wide longitudinal coverage with the same polarity during the day/night. Last
but not least, recent studies given by Harding et al. (2022) and Le et al. (2022) have in-
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vestigated equatorial electrojet activities for this same event using ICON/MIGHTI neu-
tral wind measurements, Swarm field-line current data, and ground-based magnetome-
ter data, indicating that the penetration and disturbance dynamo electric field from this
geomagnetic storm had minimal impact on the equatorial electric field perturbation.

Therefore, besides the storm effect, we next discuss lower atmosphere forces after
the volcano eruption. Figure 8f shows a GNSS ROTI figure as a function of universal
time and great-circle distance from volcano eruption location. This time-distance plot
was constructed to compensate for the uneven GNSS data distribution by binning all
available ROTI measurements in terms of the universal time and great-circle distance
from the volcano eruption site. Note that high-latitude ROTI data above 65° geomag-
netic latitude were excluded to eliminate space weather impacts as much as possible. This
time-distance figure would allow us to better identify and trace the volcano-induced dis-
turbances propagation signature. As can be seen, volcano-induced ionospheric distur-
bances travelled globally at least 16,000 km away from the epicenter. By calculating the
slope of the fitted line along the discernible boundary, the global propagation velocity
of ionospheric ROTI disturbances is about 31515 m/s, consistent with the globally prop-
agating nature of less-attenuating atmospheric Lamb waves from historical and recent
corroborations (Bretherton, 1969; Lindzen & Blake, 1972; Themens et al., 2022; Zhang
et al., 2022). Despite Lamb waves are normally concentrated within a few scale heights
in the troposphere/stratosphere, their energy can tunnel into the thermosphere via acoustic-
gravity resonance at certain frequencies and thus can further cause ionospheric distur-
bances (Nishida et al., 2014). Thus, we observed moderate-to-high ROTT values (>0.25)
representing strong ionospheric irregularities that predominantly occurred between 3000—
10000 km range around 07-16 UT, mainly contributed by Asia-Oceania observations,
following the continuous passage of equatorial sunset terminator and volcano-induced
Lamb waves.

This coincident terminator/wave passage and irregularities suggest that acoustic-
gravity resonance and coupling with Lamb waves may explain the occurrence of such strong
EPBs. It is known that the connection between gravity waves and plasma bubbles have
been widely studied using both observations and numerical simulations. For example,
Hysell et al. (1990) found gravity wave modulations were related to radar irregularity
plume formation over Jicamarca; Rottger (1981) indicated that gravity waves from con-
vective thunderstorm have a reasonable impact on equatorial spread-F irregularities; Singh
et al. (1997) indicated that plasma bubble signatures can be developed from wavy ion
density structures in the bottomside F layer; Takahashi et al. (2009) and Fritts et al. (2008)
observed simultaneous appearance of periodic EPBs and upward propagating gravity waves
reaching thermospheric height during the Spread F Experiment. C.-S. Huang and Kel-
ley (1996) simulated the non-linear evolution of Spread-F irregularities induced by the
zonally propagating gravity waves. Numerical simulations given by Krall et al. (2013)
and Tsunoda (2010) investigated the seeding role of Spread-F irregularity due to plane
and circular gravity waves, respectively. Despite these interesting studies, our analysis
of this unique natural hazard event indicates a novel linkage between the volcanic erup-
tion and plasma bubbles that provides further evidence to help verify and understand
the underlying mechanisms.

In particular, the development of plasma bubbles could be attributed to volcano-
induced AGWs via the following three mechanisms:

(1) Direct seeding mechanism. The wave disturbances propagating upward at slant
angles could produce needed perturbation winds, providing precursor modulations in the
electron density and/or polarization electric field to initiate the instability growth (e.g.,
C.-S. Huang & Kelley, 1996; Krall et al., 2013; Huba & Liu, 2020; Retterer & Roddy,
2014; Tsunoda, 2010). In particular, the meridional wind perturbations of gravity wave
could produce plasma density modulations via dynamic effect; the zonal and vertical wind
perturbations across geomagnetic field lines can generate polarization electric field (Abdu
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et al., 2009). Both of which contribute to the instability growth of EPBs development.
Using ICON thermospheric wind measurements, Harding et al. (2022) found that both
zonal and meridional winds exhibited strong oscillations as large as +200 m/s follow-
ing the passage of volcano-induced Lamb waves. This could provide initial seed pertur-
bations that lead to the development of EPBs.

(2) Destabilize bottomside ionospheric gradient. The gravity wave amplitude is known
to increase exponentially with respect to altitude due to decreasing atmospheric density,
which could form large-scale wave structures in the bottomside F region that undulate
F layer heights to elevate and destabilize bottomside density gradients (Abdu et al., 2009;
Tsunoda et al., 2011). Several studies have thus indicated that EPBs could be developed
at the crests of large-scale wave structures and exhibited periodic longitudinal distribu-
tions with inter-bubble distances of several hundred kilometers (e.g., Aa, Zou, Eastes,
et al., 2020; Das et al., 2020; Makela et al., 2010; Takahashi et al., 2015). For this vol-
canic eruption event, the observed EPBs also exhibited quasi-periodic longitudinal struc-
tures as shown in TEC keogram (Figure 4c) and in ICON-IVM plasma density profiles
(Figures 6k, 6n, and 6q), which are consistent with the horizontal wavelength of several
hundred kilometers for the global propagating TIDs related to Lamb waves in both near-
field and far-field (Zhang et al., 2022). This further demonstrates the existence and in-
fluence of Lamb wave-induced gravity waves in triggering EPBs.

(3) Enhancement of PRE and postsunset rise of equatorial F-layer. Gravity waves
can be a necessary factor to trigger initial plasma perturbations but may not always be
a sufficient source leading to plasma bubbles (Huba & Liu, 2020). The background iono-
spheric condition, especially the equatorial vertical ExB drift, is a key factor that di-
rectly influences the Rayleigh-Taylor instability growth rate (Sultan, 1996). It is known
that large eastward thermospheric wind near the equatorial dusk region is responsible
for the PRE via F-region dynamo effect (Eccles et al., 2015; Rishbeth, 1971). The PRE
peak intensity could be enhanced by in-phase superposition of eastward perturbation wind
due to AGWs and the background zonal wind (Abdu et al., 2009; Kudeki et al., 2007).
Some recent studies showed that this volcanic eruption caused extreme thermospheric
zonal winds oscillation with the maximum eastward component reaching 200 m/s together
with strong equatorial electrojet following the passage of volcano-induced Lamb waves
(Harding et al., 2022; Le et al., 2022). In comparison, our study of the ICON-IVM ver-
tical drift measurements clearly demonstrates that the dusktime PRE near epicenter lon-
gitude was indeed largely enhanced to 60-120 m/s (Figures 6f, 61, and 61) following the
volcanic eruption. Moreover, the broad equatorial plasma depletion with 20-25° latitu-
dinal width in Swarm B Ne profile of Path 02 (Figure 4b) also implied that the ionospheric
height near the epicenter longitude could be significantly uplifted so that satellite was
likely flying below the F2 region peak height to encounter low-density region. Further-
more, Figure 9 shows an equatorial ionosonde measurements of Ne profile and F2-layer
peak height (hmF2) at GUAM between January 13-16, 2022. As can be seen, GUAM
hmF?2 exhibited a strong postsunset rise (PSSR) to 440 km at ~09 UT on January 15
around the anticipated arrival time of volcano-induced atmospheric Lamb waves as marked
by a white arrow. This postsunset rise of F-layer was 60-80 km considerably larger than
that of other reference days. The IMF Bz/By and IEF had mere limited variations around
this time, indicating weak penetration electric field effect. Such a large enhancement of
PRE magnitude and postsunset rise of equatorial ionospheric F-layer led to increased
R-T instability growth rate and thus contributed to vigorous EPBs that were shown in
ICON-IVM and Swarm in-situ measurements. Moreover, Figure 8f displays the time-distance
variation of ROTI values with the equatorial sunset terminator and Lamb wave prop-
agation trend being marked. As can be seen, the equatorial dusk terminator and Lamb
wave swept over the wide Asia-Oceania area almost simultaneously or consecutively since
~06:30 UT, which provides a favorable background condition with increased PRE and
Rayleigh-Taylor instability growth rate under the right timing of direct AGWs seeding
induced by the volcanic eruption. The longitudinal extension of these strong EPBs was
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Figure 9. GUAM ionosonde measurements of electron density profiles and F2-layer peak
height (hmF2) during January 13-16, 2022. The white arrow marks the anticipated arrival time
of atmospheric Lamb waves that associated with strong postsunet rise of equatorial F layer

around 09 UT on January 15.

over 140°, which is slightly smaller but comparable to the longitudinal extension of volcano-
induced TIDs (Zhang et al., 2022). This provides further evidence to support the con-
nection between these strong EPBs and volcano-induced AGWs.

In aggregate, these volcano-related factors could work together to catalyze and am-
plify initial plasma density perturbations as well as to contribute to increased PRE/PSSR
and Rayleigh-Taylor instability growth rate, which effectively facilitated the development
of pronounced and extensive EPBs over wide Asia-Oceania longitudes following the con-
secutive passage of sunset terminator and atmospheric Lamb waves. The storm-modified
electric field might provide a partial contribution. Future simulation work is needed to
investigate further this significant EPB event with surface-to-ionosphere connections, which
is beyond the scope of the current observation study.

5 Conclusions

Local and global ionospheric disturbances associated with the 2022 Tonga volcano
eruption were studied using both ground-based and space-borne observations, includ-
ing Beidou GEO TEC from fixed IPPs, multi-GNSS ROTI data, Swarm and ICON in-
situ measurements, as well as ionosonde measurements. The main results and findings
are as follows:

1. The volcano eruption resulted in a significant local ionospheric hole of more than
10 TECU near the epicenter that consisted of cascading TEC decreases and oscillations.
The horizontal radius of this plasma hole was estimated to be around 10-15°. This could
be explained by strong thermosphere expansion and large ionosphere outward flow driven
by consecutive intense co-volcanic shock-acoustic wave impulses. This plasma hole sig-
nature persisted for more than 10 hours in ICON-IVM plasma density profiles until lo-
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cal sunrise, likely due to a shortage of nighttime photo-ionization sources with low back-
ground density levels.

2. We observed both local and distant ionospheric large-amplitude disturbances
due to various volcano-induced AGW modes with different phase velocities, including
fast acoustic modes of ~1050 m/s and ~760 m/s, infrasonic mode of ~460 m/s, atmo-
spheric Lamb waves mode of ~315 m/s, and tsunami-gravity modes of ~180-250 m/s.
The atmospheric Lamb waves mode exhibited the most distinct long-distance travelling
feature reaching at least 16,000 km away from the epicenter, causing significant global-
scale ionospheric disturbances via acoustic-gravity resonance and wave coupling.

3. For the first time, we observed pronounced equatorial plasma trough and pro-
longed post-volcanic evening plasma bubbles over the Asia-Oceania area, following the
volcano-eruption that associated with enhanced dusktime upward plasma drifts of 60—
120 m/s. The observed plasma bubbles continuously developed across a wide longitu-
dinal area at an approximate Lamb wave velocity over 140° and lasted around 12 hours,
with plasma density decreased by 2-3 orders of magnitude at Swarm/ICON altitude be-
tween 450-575 km. Given that the dusk terminator and westbound propagating Lamb
waves swept over the Asia-Oceania area consecutively, significant plasma bubbles were
likely seeded by gravity resonance and coupling with less-damped Lamb waves, under
the right timing with favorable background conditions of largely increased PRE and post-
sunset rise of equatorial F-layer to effectively amplify the Rayleigh-Taylor instability growth
rate via volcano-induced AGWs. The storm-modified electric field could also play a sec-
ondary role though its specific contribution needs future investigation.

Data Availability Statement

GNSS TEC data products are provided through the Madrigal distributed data sys-
tem at (http://cedar.openmadrigal.org/) by MIT. Swarm data are provide by Eu-
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cessed at (https://icon.ssl.berkeley.edu/Data. The cloud brightness temperature
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tral (https://disc.gsfc.nasa.gov/datasets/GPM_MERGIR_1/summary). The solar wind
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