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Abstract15

This paper investigates local and global ionospheric responses to the 2022 Tonga volcano16

eruption, using ground-based Global Navigation Satellite System (GNSS) total electron17

content (TEC) and Swarm in-situ measurements. The main results are as follows: (1)18

A significant local ionospheric depletion of 5–10 TECU was observed near the epicen-19

ter, comprising of several cascading TEC decreases and quasi-periodic oscillations. (2)20

The eruption triggered various acoustic-gravity waves manifesting as travelling ionospheric21

disturbances (TIDs) with velocities of 180–1050 m/s; the prevailing Lamb-wave mode22

propagated globally at ∼315 m/s and caused significant global-scale ionospheric distur-23

bances. (3) Pronounced post-volcanic nighttime equatorial plasma bubbles (EPBs) were24

observed in the Asian-Oceania area after arrival of volcano-induced waves; these caused25

a Ne decrease of 2–3 orders of magnitude at 400-500 km, covered wide longitudinal ranges26

over 100◦, and lasted at least 4–5 hours. These EPBs could be seeded by acoustic-gravity27

resonance and coupling to less-damped Lamb waves.28

Plain Language Summary29

The catastrophic 2022 Tonga volcano eruption triggered giant atmospheric waves30

that propagated into and strongly impacted Earth’s ionosphere. Using ground-based multi-31

GNSS TEC measurements and Swarm satellite observations, we found large-scale, in-32

tense ionospheric disturbances. The eruption created a large ionospheric hole near the33

epicenter embedded with cascading TEC drops and periodic oscillations, resulting from34

various acoustic-gravity wave impulses. Atmospheric Lamb waves propagated globally35

at a velocity of ∼315 m/s, coupled to ionosphere heights possibly via acoustic-gravity36

resonance, and caused global-scale ionospheric disturbances. We report for the first time37

that strong nighttime equatorial plasma bubbles were observed in the vast Asian-Oceania38

area over 100◦ longitudinal range, lasting at least 4–5 hours following the consecutive39

arrival of volcano-induced waves and the dusk terminator. These results demonstrate40

far-reaching and long-lasting atmosphere-ionosphere impacts from a devastating natu-41

ral disaster, and highlight new ways in which surface conditions can impact the upper42

atmosphere.43

1 Introduction44

Natural geological disasters such as volcanic eruptions and intense earthquakes can45

create impulsive forcing near Earth’s surface and cause considerable atmospheric pres-46

sure waves (e.g., Hines, 1960; Yeh & Liu, 1974; Komjathy et al., 2016). Depending on47

their velocities and/or frequencies, these atmospheric waves include supersonic shock waves48

along with acoustic and gravity waves (AGWs). Acoustic waves travel through adiabatic49

compression and decompression, with frequencies higher than the acoustic cutoff frequency50

(∼3.3 mHz), periods smaller than 5 min, and radially outward propagating velocity at51

the sound speed (Astafyeva, 2019; Blanc, 1985). By comparison, gravity waves are trig-52

gered by vertical displacement in the ocean surface and atmosphere, with gravity being53

the predominant restoring force. They are characterized by lower-than-buoyancy frequen-54

cies, periods of several to tens of minutes, and obliquely upward propagating pattern with55

oppositely directed phase and group velocities (Artru et al., 2004; C. Y. Huang et al.,56

2019). The initial AGWs generated by these events can even reach ionospheric heights57

with exponentially-increased amplitudes, modulating ionospheric electron density lead-58

ing to traveling ionospheric disturbances (TIDs) through ion-neutral collisional momen-59

tum transfer (e.g., Afraimovich et al., 2010; Chou et al., 2020; Dautermann, Calais, &60

Mattioli, 2009; Hao et al., 2006; Huba et al., 2015; Inchin et al., 2020; Komjathy et al.,61

2012; J. Y. Liu et al., 2006; Nishioka et al., 2013; Rolland et al., 2011; Tsugawa et al.,62

2011; Zettergren et al., 2017).63
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The rapid development over the past few decades of ground-based Global Naviga-64

tion Satellite System (GNSS) receiver networks has allowed ionospheric responses to volcano-65

induced AGWs to be intermittently investigated based on sporadic eruption events. For66

instance, Roberts et al. (1982) found that ionospheric TIDs after the explosion of Mount67

St. Helens were detected 4900 km away with various propagation velocities between 350–68

550 m/s. C. H. Liu et al. (1982) found that some atmospheric perturbations for this same69

event were capable of travelling globally in the form of Lamb waves. Moreover, Heki (2006)70

observed that ionospheric total electron content (TEC) disturbances triggered by acous-71

tic waves after the Asamo volcano eruption could propagate as fast as 1.1 km/s. Dautermann,72

Calais, and Mattioli (2009) and Dautermann, Calais, Lognonné, and Mattioli (2009) found73

that quasiperiodic TEC oscillations around 4 mHz were detected 18 min after the Soufrière74

Hill Volcano explosion and lasted 40 min, with various horizontal velocities between 500–75

700 m/s. Shults et al. (2016) observed that the propagation velocity of ionospheric TEC76

disturbances after the Calbuco volcano eruption was around 900–1200 m/s, close to acous-77

tic speeds at ionospheric heights. Nakashima et al. (2016) found that harmonic acous-78

tic oscillations created by the Kelud volcano eruption lasted for 2.5 hr with ionosphere79

disturbances traveling at 800 m/s. These studies in aggregate have greatly informed com-80

munity knowledge of co-volcanic ionospheric disturbances.81

The recent Hunga Tonga-Hunga Ha’apai (herein simplified as Tonga) volcano erup-82

tion at 04:14:45 UT on 15 January 2022 was the largest eruption in the last three decades,83

causing significant wave perturbations from ocean surface to the whole atmosphere across84

the globe in less than 24 hours (Duncombe, 2022). This event provides a unique scien-85

tific opportunity to advance the current understanding of volcano-induced local and global86

ionospheric responses. So far, prompt studies have provided some initial analyses of iono-87

spheric disturbances after eruption. Themens et al. (2022) analyzed regional and global88

large-scale and medium-scale TID features following the eruption. Zhang et al. (2022)89

found global propagation of Lamb waves for three full cycles within four days, and Lin90

et al. (2022) reported rapid appearance of disturbances in the conjugate Hemisphere.91

Despite these important early results, more features of this event remain to be an-92

alyzed. In this study, we report a different new phenomenon using both ground-based93

GNSS TEC and satellite measurements: Pronounced post-volcanic nighttime equatorial94

plasma bubbles (EPBs) were observed over Asian-Oceania area across 100◦ longitudes,95

with magnitude decreased by 2-3 orders and lasted at least 4-5 hours. In particular, this96

is the first time such dramatic plasma density depletions associated with volcano-induced97

AGWs has been reported. Our study is also the first to use Beidou Geostationary Or-98

bit (GEO) data for precise TEC measurements at stationary ionosphere pierce points99

(IPPs) near Tonga and accurate analysis of local ionospheric disturbances. These results100

are discussed in the following sections.101

2 Data and Method Description102

GNSS TEC data are produced at Massachusetts Institute of Technology’s Haystack103

Observatory using 5000+ worldwide ground-based receivers, and are provided through104

the Madrigal distributed data system (Rideout & Coster, 2006; Vierinen et al., 2016).105

Besides traditional GPS/GLONASS TEC, we also used TEC from 240+ available Bei-106

dou receivers, especially from Beidou GEO receivers adjacent to eruption. Beidou GEO107

TEC data can provide more robust estimation from stationary IPPs in a manner less im-108

pacted by complicated ionospheric spatiotemporal variability (Aa et al., 2020).109

We used two quantities to investigate ionospheric response to the eruption: (1) De-110

trended TEC (dTEC), characterizing the wave-like ionospheric oscillations by remov-111

ing a background variation trend for all satellite-receiver TEC pairs. Detrending is per-112

formed using a Savitzky-Golay low-pass filter with a 30-min sliding window (Savitzky113

& Golay, 1964; Zhang et al., 2017, 2019). (2) Rate of TEC Index (ROTI), describing dy-114
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namic ionospheric changes due to plasma irregularities and/or gradients. ROTI is de-115

fined as the 5-min standard deviation of the TEC time derivative (Pi et al., 1997; Cher-116

niak et al., 2014; Aa et al., 2019).117

Besides ground-based GNSS TEC, we also used in-situ electron density (Ne) mea-118

surements from the European Space Agency’s Swarm constellations (Friis-Christensen119

et al., 2008; Spicher et al., 2015). Swarm includes three identical satellites that fly in ap-120

proximately circular orbits at 88◦ inclination. Swarm A and C fly side-by-side at around121

450 km with 1.4◦ longitudinal separation, and Swarm B fly at around 510 km (Knudsen122

et al., 2017). Moreover, the infrared brightness cloud temperature data, derived from Geosyn-123

chronous Operational Environmental Satellites (GOES) and other selected geostation-124

ary satellites (Janowiak et al., 2017), were also used to gauge volcano-related convection125

activity.126

3 Results127

3.1 Local Ionospheric Disturbances128

Figure 1a shows the volcano epicenter location (20.5◦S, 175.4◦W) and the great-129

circle distances from the epicenter at an ionospheric height of 300 km. Also shown are130

four adjacent Beidou GEO receivers within 1000 km radius: TONG (21.02◦S, 175.18◦W),131

LAUT (17.5◦S, 177.45◦E), SAMO (13.76◦S, 171.74◦W), and FTNA (14.22◦S, 178.12◦W).132

Figure 1b shows a regional view with overlaid infrared brightness cloud temperature at133

05 UT on 15 January 2022. The newly-formed dark blue area over Tonga indicates a cold134

cloud temperature below 220 K, indicating that the initial ash plume protruded into the135

tropopause in less than 45 mins triggering atmospheric cooling. Also shown are fixed IPPs136

locations of Beidou GEO satellites C01 and C04 for each receiver.137

The unique Beidou GEO observations with stationary IPPs allow us to accurately138

determine localized temporal ionospheric variations following the eruption (Figures 1c–139

1f). At TONG, the nearest station to the epicenter, after a minor increase following the140

eruption, the TEC curves showed three cascading dips as marked by yellow shades. Col-141

lectively these formed an integrated depletion hole around 05 UT with amplitude of 5–142

8 TECU. Smaller periodic oscillations were also embedded in the depletion. Similar to143

TONG, LAUT TEC curves also exhibited three consecutive dips shortly after the erup-144

tion, with a clear phase and time delay between TONG and LAUT as well as between145

C01 and C04. Since fixed IPP locations from TONG and LAUT (corresponding to C01146

and C04) were approximately arrayed radially outward in the same direction away from147

the epicenter (Figure 1b), we collectively utilized their distance and phase/time infor-148

mation to deduce wave propagation parameters in this localized region. The radial prop-149

agation velocity corresponding to these three dips were calculated to be 760 m/s, 470 m/s,150

and 315 m/s, respectively. For SAMO and FTNA, the radial distances of their GEO IPPs151

were close, which made detections of oscillation phase and time delay more difficult com-152

pared to TONG and LAUT. Nevertheless, significant depletion features occurred through153

cliff-like TEC drops as large as 10 TECU before local sunset around 0620–0700 UT, and154

were particularly prominent over SAMO.155

To further extract wave-like oscillations embedded in the depletion, Figure 1g plots156

all detrended Beidou GEO TEC curves in UT-distance coordinates. Volcano-induced fluc-157

tuations were generally within 0.5-3 TECU but sometimes reached 6 TECU. The above-158

mentioned propagation velocities can also be estimated through slanted fiducial lines con-159

necting iso-phase wavefronts at different IPPs. Some smaller-scale oscillations with ve-160

locities of 180-250 m/s were registered after major perturbations. By considering TONG161

measurements alone, another fast travelling wave mode with 1050 m/s speed can be de-162

rived by connecting two initial dTEC bumps at C01 and C04, though this wave did not163

seem to propagate beyond 1000 km. Despite fewer Beidou GEO observations as com-164
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Figure 1. (a) Global view of the Tonga volcano eruption location (star) and four adjacent

Beidou GEO receivers (asterisks). The iso-distance circles from the eruption epicenter are shown

in red lines. (b) Regional view of above-mentioned information and corresponding Beidou GEO

IPPs location for C01 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 dis-

tinct TEC dips using TONG and LAUT measurements as examples. (g) UT-distance variation

of detrended Beidou GEO TEC. The vertical line indicates eruption beginning 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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pared to GPS, these velocity estimations have the key quality of being free from possi-165

ble spatiotemporal variation contamination associated with normal moving IPPs.166

Within the eruption near field, Figure 1h displays a 2-D dTEC map combining multi-167

GNSS measurements to show concentric TID features over New Zealand at 2000-3000 km168

distance with an estimated wavelength of 1200-1500 km. These characteristics are gen-169

erally consistent with recent studies (Themens et al., 2022; Zhang et al., 2022) and will170

not be described further.171

3.2 Global Ionospheric Disturbances172

Besides significant local perturbations, ionospheric ripples also propagated glob-173

ally. Figures 2a–2f show 2-D global ROTI maps at six time steps on 15 January 2022174

derived from 5000+ multi-GNSS receivers. At 04:50 UT, large ROTI values manifest-175

ing strong ionospheric disturbances were sporadically detected near the epicenter. At 06:35176

UT, large disturbances appeared over New Zealand around 3000 km away. At 08:35 UT,177

signatures of disturbances were found at New Guinea and Hawaiian islands around 5000 km178

away. At 12:00 UT, traces of ionospheric disturbances were widely registered in the low179

and midlatitude East Asian sector around 9000 km distance. At 14:00 UT, beside the180

Asian sector, noticeable disturbance features were simultaneously found both in the North181

and South American area approximately parallel to the 12,000 km iso-distance line therein.182

At 16:15 UT, strong disturbance signals further extended into 14,000 km distance in the183

American sector, and were clearly seen in the Indian sector between 12,000-15,000 km184

away. Despite data gaps, the outbound propagation of ionospheric disturbances can be185

clearly seen from these ROTI maps. The full animation of global ROTI variation is at-186

tached in the supplementary material.187

To compensate for uneven data distribution, Figure 2g uses a time-distance ROTI188

plot to identify and trace disturbance propagation, utilizing all available measurements.189

Note that high-latitude ROTI data above 65◦ geomagnetic latitude were excluded to elim-190

inate space weather impacts as much as possible. Two significant features can be observed:191

(1) Volcano-induced ionospheric disturbances travelled globally to at least 16,000 km away192

from the epicenter. Through calculating the slope of the fitted line along the discernible193

boundary, the global propagation velocity of ionospheric ROTI disturbances is about 315±15 m/s.194

This is consistent with one of the major disturbance velocities (i.e., 315 m/s) derived us-195

ing Beidou GEO TEC. (2) Moderate-to-high ROTI values (>0.25), consistent with strong196

ionospheric irregularities and/or gradients, predominantly occurred between 5000–10000 km197

range around 10–17 UT, following the arrival of volcano-induced wavefronts. These data198

were mainly contributed by Asian-Oceania area as shown in 2-D ROTI maps. We next199

further analyze these propagation and irregularity features.200

For propagation features, Figures 3a–3i display nine consecutive ROTI maps over201

the American sector between 13:35–16:15 UT. The wave propagation signatures can be202

clearly seen via structure movement in higher-than-background ROTI values. The wave-203

fronts were aligned parallel to iso-distance lines with two distinct ends over data-dense204

regions, especially the one over continental US. The wavefronts propagated outbound205

from ∼11,000 km to ∼14,000 km with an average velocity of 315 m/s, consistent with206

the time-distance plot (Figure 2g) and Beidou TEC results (Figure 1g).207

For irregularity features, Figures 3j–3r show nine ROTI maps over the Asian sec-208

tor. Ionospheric irregularities were quite noticeable around the equatorial ionization anomaly209

(EIA) crests, which extended westbound from Indonesia, Philippines, and the Japan archipelago210

around 11:00 UT all the way to India and Bay of Bengal around 15–16 UT. Utilizing space-211

borne observations, Figures 4a and 4c show ten consecutive paths of Swarm B and Swarm212

C satellite that flew in the premidnight local time sector over Asian-Oceania area, over-213

laying on top of background ROTI maps. Figures 4b and 4d display the corresponding214

geomagnetic latitudinal profiles of in-situ Ne along these paths between 11–18 UT, with215

–6–



manuscript submitted to Geophysical Research Letters

a) 2022-01-15 04:50 UT

       
 

-90

-60

-30

0

30

60

L
at

it
u

d
e 

(o
)

 

3k

6k

6k

9k

9k

12
k

12k

15k

15
k

Terminator

b) 2022-01-15 06:35 UT

       
 

-90

-60

-30

0

30

60

  

 

3k

6k

6k

9k

9k

12
k

12k

15k

15
k

Te
rm

in
at

or

c) 2022-01-15 08:35 UT

       
 

-90

-60

-30

0

30

60

L
at

it
u

d
e 

(o
)

 

3k

6k

6k

9k

9k

12
k

12k

15k

15
k

Te
rm

in
at

or

d) 2022-01-15 12:00 UT

       
 

-90

-60

-30

0

30

60

 

 

3k

6k

6k

9k

9k

12
k

12k

15k

15
k

Term
inator

Te
rm

in
at

or

e) 2022-01-15 14:00 UT

0 60 120 180 240 300 360
Longitude (o)

-90

-60

-30

0

30

60

L
at

it
u

d
e 

(o
)

 

3k

6k

6k

9k

9k

12
k

12k

15k

15
k

Terminator

f) 2022-01-15 16:15 UT

0 60 120 180 240 300 360
Longitude (o)

-90

-60

-30

0

30

60

 

 

3k

6k

6k

9k

9k

12
k

12k

15k

15
k

Terminator

0.0

0.2

0.4

0.6

0.8

1.0

R
at

e 
o

f 
T

E
C

 In
d

ex

 

 

 

 

 

 

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Jan 15, 2022 UT

0

5K

10K

15K

20K

G
re

at
 C

ir
cl

e 
D

is
ta

n
ce

 f
ro

m
 V

o
lc

an
o

 E
ru

p
ti

o
n

 (
km

)

315 m
/s

g)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

R
at

e 
o

f 
T

E
C

 In
d

ex

 

 

 

 

 

 

 

Figure 2. (a–f) Global 2-D ROTI maps at six time steps on January 15, 2022. The volcano

eruption location (asterisk), iso-distance lines from eruption (red lines), and solar terminator

(black line) are marked, respectively. (g) UT-distance variation of ROTI values.
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reference background Ne profiles from the previous day also plotted. In concert with high216

ROTI values, significant equatorial and low-latitude plasma bite-outs with density as low217

as 102–103 cm−3 were quite obvious in these profiles, which were 2–3 orders of magni-218

tude lower than reference levels. These data indicate that strong EPBs formed at local219

postsunset. This is reported for the first time after an extreme volcano eruption, and will220

be further discussed in the next section.221

4 Discussion222

Beidou GEO TEC observing geometries provided a unique opportunity to contin-223

uously observe and precisely evaluate the volcano-induced local ionosphere character-224

istics using fixed IPPs. The most direct feature near the epicenter were significant TEC225

depletion of 5–10 TECU formed by consecutive cliff-like drops with duration of ∼1 hr.226

A similar phenomenon of a transient co-seismic ionospheric “hole” near the epicenter has227

been occasionally reported before (e.g., Kakinami et al., 2012; Saito et al., 2011; Tsug-228

awa et al., 2011), but its mechanism is still under debate. Kakinami et al. (2012) sug-229

gested that this is a tsunami-related depletion induced by ionosphere descent and recom-230

bination enhancement through meter-scale sea surface downwelling at the tsunami source231

region. However, Kamogawa et al. (2015) indicated this depletion could instead occur232

after a large inland earthquake. Moreover, numerical simulation results given by Shinagawa233

et al. (2013) and Zettergren et al. (2017) collectively indicated that the TEC depletion234

was more likely to be caused by strong expansion and upwelling in the thermosphere along235

with outward ionospheric plasma flow driven by impulsive nonlinear acoustic wave pulses.236

This latter mechanism helps explain our direct observational evidence in this Tonga event:237

the local TEC depletion was composed of cascading decreases that correspond to differ-238

ent acoustic wave impulses.239

Besides the large depletion, several acoustic-gravity oscillation modes with differ-240

ent propagation velocities were identified. The fast modes with 1050 m/s and 760 m/s,241

arising from different excitation conditions, fall within the sound speed range at iono-242

spheric heights and are comparable to prior studies (e.g., Calais et al., 1998; Heki & Ping,243

2005; Heki, 2006; Otsuka et al., 2006). These modes are considered to be caused by acous-244

tic pressure waves generated from the sea surface at the epicenter (Astafyeva, 2019; Chen245

et al., 2011; Tsugawa et al., 2011). The subsequent medium-speed modes between 300-246

500 m/s range could be associated with lower-frequency infrasonic and/or gravity parts247

of AGWs, which propagated to at least 3500 km away as deduced from Figure 1h. The248

ionospheric disturbances also included a slower propagation mode with speeds of 180-249

250 m/s, due to gravity waves triggered by tsunami–atmosphere–ionosphere coupling pro-250

cesses (e.g., Artru et al., 2005; Azeem et al., 2017; Huba et al., 2015; Savastano et al.,251

2017; Meng et al., 2018).252

Volcano-induced acoustic-gravity resonance and ionospheric disturbances exhib-253

ited significant and far-reaching impacts. The 315 m/s mode showed the most distinct254

global-scale travelling signature, reaching 16,000+ km away from the epicenter. C. H. Liu255

et al. (1982) reported that the volcano explosion of Mount St. Helen caused worldwide256

surface pressure oscillations and ionospheric perturbations at far as 10,000 km away from257

the epicenter, which can only be explained in terms of Lamb waves with a horizontal prop-258

agation velocity between 300-310 m/s. The occurrence of atmospheric Lamb waves was259

also reported after the gigantic Kratatoa volcanic eruption in 1883 (Symons, 1888; Pekeris,260

1939). Lamb waves in the millihertz frequency band could be excited by surface air pres-261

sure perturbation due to significant geological/meteorological events, and could prop-262

agate long distances with little attenuation at a sound speed of ∼310 m/s (Bretherton,263

1969; Lindzen & Blake, 1972). Despite the fact that Lamb waves are normally concen-264

trated within a few scale heights in the troposphere/stratosphere, their energy can tun-265

nel into the thermosphere via acoustic-gravity resonance at certain frequencies and thus266

may further cause ionospheric disturbances (Nishida et al., 2014). Our Beidou GEO TEC267
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Figure 3. 2-D ROTI maps over (a–i) American and (j–r) Asian sectors at nine different time

steps on January 15, 2022. The iso-distance lines (red) and geomagnetic equator and ±15◦ lines

(cyan) are also marked.
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Figure 4. (a) The global ROTI map focusing on Asian sector at 11:45 UT on 15 January

2022 with five consecutive Swarm B paths. The magnetic equator and ±15o lines are marked by

blue lines. (b) Variation of in situ electron density as a function of geomagnetic latitudes along

these paths (red lines). The black dotted lines show the corresponding reference profiles from the

previous day. (c, d) The same as Figures 4a and 4b, respectively, but for ROTI map at 13:00 UT

and Swarm C paths.
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observations and global multi-GNSS ROTI results collectively demonstrate the robust268

and long-distance propagation of ionospheric shock fronts with a velocity of ∼315 m/s.269

They also provide new evidence verifying the existence and globally propagating nature270

of atmospheric Lamb waves following recent initial corroborations (Zhang et al., 2022;271

Themens et al., 2022; Lin et al., 2022).272

The last and most significant discovery of this study is the presence of strong and273

long-lasting post-volcanic EPBs over the Asian-Oceania area, spanning a wide longitu-274

dinal range over 100◦ with duration ≥4–5 hours and Ne decrease of 2–3 orders of mag-275

nitude at 400–500 km. EPBs are large-scale plasma density depletions that usually form276

in the postsunset bottomside F region at the equatorial and low-latitude ionosphere, un-277

der favorable conditions of prereversal enhancement (PRE) and increased Rayleigh-Taylor278

instability with steep vertical density gradients after the decay of E region (e.g., Abdu,279

2005; Aa et al., 2019; Karan et al., 2020). One of the most important seeding factors of280

EPBs is atmospheric gravity waves, which form large-scale wave structures in the bot-281

tomside F region and provide initial modulations in the electron density and/or polar-282

ization electric field perturbations for EPBs development (e.g., C.-S. Huang & Kelley,283

1996; Krall et al., 2013; Huba & Liu, 2020; Tsunoda, 2010). Although co-seismic and co-284

volcanic AGWs and associated ionospheric oscillations have been widely reported, to the285

best of our knowledge, such widespread and long-lasting post-volcanic EPB features have286

never been reported before. Moreover, despite a minor geomagnetic storm at the end of287

January 14 with Kp index reaching 5+, the interplanetary magnetic field Bz was close288

to zero between 04-14 UT on January 15, with no hints of a large penetration electric289

field prior to observed dusktime EPBs. The possibility of strong magnetospheric driv-290

ing forces for EPBs was thus unlikely in this situation. The volcano eruption occurred291

at 17:14 Local time (04:14 UT), and the AGW resonance and coupling with Lamb waves292

propagated at 315±15 m/s. Thus, westbound wavefronts and the dusk terminator swept293

over the wide Asian-Oceania area almost consecutively, which maximized the EPBs seed-294

ing under favorable PRE. Besides the direct seeding role, the gravity wave amplitude is295

known to increase exponentially with altitude due to decreasing atmospheric density, thus296

large-scale gravity resonance could modulate F layer heights to elevate and destabilize297

bottomside density gradients (Abdu et al., 2009). In aggregate, these factors effectively298

catalyzed and amplified initial density perturbation, leading to pronounced long-lasting299

EPBs in the equatorial and low-latitude Asian-Oceania area.300

5 Conclusions301

Local and global ionospheric disturbances associated with the 2022 Tonga volcano302

eruption were studied using both ground-based and space-borne observations, includ-303

ing Beidou GEO TEC from fixed IPPs, multi-GNSS ROTI data, and Swarm in-situ Ne304

measurements. The main results and findings are as follows:305

1. The volcano eruption resulted in significant local ionospheric depletion of 5–10306

TECU near the epicenter that consisted of cascading TEC decreases and oscillations. This307

was likely caused by strong thermosphere expansion and large ionosphere outward flow308

via neutral drag driven by co-volcanic consecutive shock-acoustic wave pulses.309

2. We observed both local and distant ionospheric large-amplitude disturbances310

due to various volcano-induced AGW modes with different phase velocities, including311

fast acoustic modes of 1050 m/s and 760 m/s, infrasonic mode of 460 m/s, atmospheric312

Lamb waves mode of 315 m/s, and tsunami-gravity modes of 180–250 m/s. The atmo-313

spheric Lamb waves mode exhibited the most distinct long-distance travelling feature314

reaching at least 16,000 km away from the epicenter, causing significant global-scale iono-315

spheric disturbances via acoustic-gravity resonance and wave coupling.316
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3. For the first time, we observed pronounced and prolonged post-volcanic night-317

time EPBs over the Asian-Oceania area following the arrival of Lamb waves, with Ne318

decreased by 2–3 orders of magnitude at 400-500 km. EPBs covered wide longitudinal319

areas over 100◦ and lasted at least 4–5 hours. Given that the westbound wavefront and320

dusk terminator swept over the Asian-Oceania area consecutively, significant EPBs were321

likely seeded by gravity resonance and coupling with less-damped Lamb waves, under322

the right timing with favorable conditions of postsunset PRE and the Rayleigh-Taylor323

instability.324
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