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The 15 January 2022 Hunga, Tonga, volcano’s explosive eruption produced the most powerful blast 
recorded in the last century, with an estimated equivalent TNT yield of 100–200 megatons. The blast 
energy was propagated through the atmosphere as various wave types. The most prominent wave was a 
long-period (>2000 s) surface-guided Lamb wave with energy comparable to that of the 1883 Krakatoa 
Lamb wave; both were clearly observed by pressure sensors (barometers) worldwide. Internal gravity, 
acoustic-gravity, and infrasound waves were captured in great detail by the entire infrasound component 
of the International Monitoring System (IMS). For instance, infrasound waves (<300 s period) were seen 
to circumnavigate Earth up to eight times. Atmospheric waves captured by the IMS infrasound network 
and selected barometers near the source provide insight on Earth’s impulse response at planetary scales.

© 2023 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The Hunga Tonga-Hunga Ha’apai volcano (hereafter referred to 
as Hunga) is a largely submerged volcano in the Tonga-Kermadec 
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volcanic arc that formed by the westward subduction of the Pacific 
plate below the Indo-Australian plate. The volcanic cone rises from 
a depth of approximately 2,000 m below sea level and culminates 
with a summit caldera measuring 4 km times 2 km and reaching 
a mean depth of 150 m (Cronin et al., 2017). The caldera reaches 
the surface into the uninhabited islands of Hunga Tonga and Hunga 
Ha’apai, approximately 65 km north from the Tonga capital city.
 BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The activity of this volcano remained mostly undetected before 
the Surtseyan eruptions that occurred in 2009 (Vaughan and Web-
ley, 2010) and 2014 (Cronin et al., 2017). Based on estimates from 
satellite observations, the 2009 eruption drove ash plumes up to 
altitudes of 7.6 km and released a total amount of 0.0176 km3

erupted material, resulting into a Volcanic Explosivity Index (VEI) 
2 eruption (Vaughan and Webley, 2010). The 2014–2015 activity 
lasted for five weeks and was characterized by eruptive clouds rich 
in gas, reaching altitudes up to 10 km (Global Volcanism Program, 
2022). Each of these eruptions caused an increase of emerged 
material and formation of new land, rapidly eroding afterwards. 
Samples collected on nearby islands provided evidence of highly 
explosive deposits dating approximately 1000 yr ago, suggesting 
that the collapse of Hunga volcano that generated the existing 
caldera might have driven the 1108 CE tropical eruption that pro-
duced more than 1 ◦C global cooling (Sigl et al., 2015).

After weeks of mildly sustained volcanic activity, Hunga entered 
a strong eruptive phase reaching a climax on 15 January 2022 at 
around 04:15 UTC. The rapidly rising ash cloud reached an alti-
tude of 58 km while developing an umbrella cloud around 30 km 
altitude, as reported by NASA (National Aeronautics and Space Ad-
ministration) Earth Observatory (Image of the Day for 17 February 
2022). Within 2 h from the onset, it spread to a 600 km diameter 
before being distorted from the wind, indicating a large eruptive 
potential (Global Volcanism Program, 2022). The event was glob-
ally recorded on seismic stations as a long-lasting (∼6000 s) wave 
train of long-period seismic surface waves (Poli and Shapiro, 2022). 
From the explosive source impulse derived from globally detected 
surface waves, Poli and Shapiro (2022) estimated a downward ver-
tical force ∼2.5 larger than that of the 1980 Mt. St. Helens erup-
tion, even though more complex models might better capture the 
force evolution for eruptions. The corresponding VEI is 5.8, rank-
ing the Hunga eruption among the most energetic events recorded 
during the last century. The explosive eruption excited different 
atmospheric wave modes (infrasound, Lamb, and internal gravity 
waves) spanning from ∼1 h period until audible, propagating at 
global ranges and reaching the upper atmosphere layers (Matoza et 
al., 2022). The large-amplitude Lamb waves generated forerunner 
tsunamis propagating at ∼310 m/s, which were measured world-
wide – even in the Atlantic and the Mediterranean – and preceded 
the tsunami generated at the source in the Pacific region (Andrews, 
2022). The interaction of atmospheric Lamb and gravity waves 
with the tsunami wave resulted in a longer-lasting tsunami than 
the earthquake-induced counterparts (Andrews, 2022).

Atmospheric waves were recorded by various observation net-
works, including the infrasound, seismic, and hydroacoustic sta-
tions of the International Monitoring System (IMS). The Compre-
hensive Nuclear-Test-Ban Treaty Organization (CTBTO) has been 
operating the IMS for 25 yr (Mialle et al., 2019). The IMS com-
prises four sensor technologies: seismic, hydroacoustic, infrasound 
(SHI), and radionuclides. The purpose of this network is to de-
tect, identify, and locate nuclear explosions which would detonate 
underground, underwater, or in the atmosphere. Upon comple-
tion, the IMS will consist of 321 stations, of which 60 infrasound 
stations will monitor the atmosphere. Events other than nuclear 
explosions generating strong infrasound signals can be either of 
anthropogenic origin, like accidental explosions (e.g., Vergoz et al., 
2019) and rocket launches (e.g., Pilger et al., 2021), or of natural 
origin other than volcanoes, like meteoroid events (e.g., Le Pichon 
et al., 2013). According to the Reviewed Event Bulletin (REB) re-
leased by CTBTO’s International Data Center (IDC), all 53 IMS in-
frasound stations operational at the time of the Hunga explosive 
eruption recorded signals from the event, alongside 4 hydroacous-
tic hydrophone triplets and over 20 seismic IMS stations, making 
this the largest event ever recorded by the IMS infrasound stations 
2

and surpassing the Chelyabinsk 2013 airburst (e.g., Le Pichon et al., 
2013).

Lamb waves induced by nuclear tests in the atmosphere were 
extensively used to estimate their yield (Pierce and Posey, 1971) 
in TNT (TriNitroToluene) equivalent, where 1 kiloton TNT = 4.184 
× 1012 Joule. Such an approach has also been used to infer major 
explosive eruption yield, leading to 35 megatons (MT) TNT equiv-
alent for the 1980 Mt. St. Helens eruption (Donn and Balachan-
dran, 1981) and 70 MT for the 1991 Pinatubo eruption (Tahira et 
al., 1991). A maximum yield of 100–150 MT was estimated for 
the 1883 Krakatoa eruption (Harkrider and Press, 1967), far larger 
than the maximum yield of ever detonated nuclear tests (50 MT; 
Stevens et al., 2002).

This paper provides a comprehensive description of the chronol-
ogy of the Hunga eruption as observed by the IMS technolo-
gies. The IMS infrasound network and different atmospheric wave 
modes are introduced in Section 2. Section 3 describes the in-
frasound data processing and introduces the applied methods for 
estimating the Hunga eruption yield. The infrasonic and acoustic-
gravity waves observed across the entire IMS infrasound network 
as well as the unique features of the global atmospheric wave ob-
servations are described in Section 4. Potentially limiting aspects 
of the yield estimate and a comparison of Hunga volcano with his-
torical eruptions are discussed in Section 5.

2. Global observations of atmospheric waves

2.1. IMS infrasound network

The entire IMS infrasound network, currently consisting of 53 
certified stations, detected the Hunga explosive eruption. Besides 
infrasound, these stations also enabled global observations of Lamb 
waves. Fig. 1 shows the station locations and the modeled arrival 
times of both wave types using celerities estimated from the atmo-
spheric conditions (see Supporting Information SI1). The nomen-
clature used for the identification of the different wave passages 
follows Matoza et al. (2022): A1 for the direct short-orthodrome 
arrival, A2 for the first long-orthodrome arrival, A3 for A1 plus one 
circumnavigation, etc.

The IMS infrasound stations are arrays of at least four sensors 
with apertures ranging from 1 to 4 km. All sensors are equipped 
with wind-noise reduction systems for reducing small-scale distur-
bances at a sensor. Indeed, infrasound monitoring capability is lim-
ited by local wind conditions, particularly related to atmospheric 
convective turbulence. In the 0.01–0.5 Hz band, infrasound noise 
generally increases with wind speed by ∼5 dB per m/s (Walker 
and Hedlin, 2010). Installed sensors are microbarometers, sensi-
tive to pressure changes down to 1 mPa. IMS stations continuously 
sample the differential pressure (BDF channel) at a rate of 20 Hz. 
The instrument response of this channel is designed for the fre-
quency range ∼0.01–5 Hz. At lower frequencies, BDF amplitudes 
are recovered by deconvolution to correct the high-passed pres-
sure data for the instrument responses as referenced in the IDC 
databases. This restitution is performed in the frequency domain 
using a sensor-dependent waterlevel corresponding to the mini-
mum frequency of 0.1 mHz, as implemented in ObsPy (Beyreuther 
et al., 2010).

2.2. Atmospheric waves

The Navier-Stokes equations for compressible flow in the pres-
ence of gravity govern the mechanical wave motion types dis-
cussed in this paper, known as acoustic-gravity waves (AGW). Their 
study invariably relies on the linearized, small-amplitude pertur-
bation expansion of the equations (e.g., Gossard and Hooke, 1975). 



J. Vergoz, P. Hupe, C. Listowski et al. Earth and Planetary Science Letters 591 (2022) 117639

Fig. 1. Station maps of the 53 certified IMS arrays; the estimated short-orthodrome (a, c) and long-orthodrome (b, d) propagation times of Lamb waves (a, b) and infrasound 
waves (c, d) from Hunga are color-coded and depicted by isochrones each 2 h. The infrasound network station numbers are indicated by circles (a, c). For each wave type 
and array, the last observed arrival (see Section 3.1) is indicated by a number (denoting A1 to A16) in the square (b, d).
Four types of modal solutions emerge: acoustic waves, acoustic-
gravity waves, internal gravity (buoyancy) waves, and the special 
surface-guided Lamb waves.

While gravity and compressibility terms of the governing equa-
tions are important for acoustic-gravity modes, compressibility 
dominates for frequencies higher than the buoyancy or Brunt-
Väisälä (BV) frequency around 3.3 mHz, and AGW reduce to in-
frasonic waves. Since the acoustic cutoff and BV frequency change 
with elevation (Gossard and Hooke, 1975), an acoustic-gravity 
mode in the troposphere may turn into an acoustic mode in the 
thermosphere (Kshevetskii et al., 2021). Therefore, the association 
of wave types is ambiguous around the BV frequency.

The soliton-like wave which traveled around the Earth corre-
sponds to the Lamb wave solution (e.g., Lamb, 1932). It emerges 
from the governing AGW equations when the vertical velocity is 
set to zero. The energy is theoretically confined within the lower 
scale height (∼8 km) of the atmosphere, whereas it concentrates 
at larger atmospheric scales for other acoustic and gravity modes 
(Francis, 1973). Its nominal group velocity is ∼310 m/s (e.g., Press 
and Harkrider, 1962; Bretherton, 1969) where this value depends 
on the lower atmosphere effective sound speed, explaining the 
asymmetric travel time isochrones in Fig. 1. Under ideal conditions 
the Lamb wave propagates as an edge wave (Pierce and Posey, 
1971) above a horizontal boundary in a windless isothermal atmo-
sphere (Bretherton, 1969). Although Earth’s atmosphere is neither 
isothermal nor restless, Lamb waves can be observed after highly 
energetic events as well as in the ambient pressure field (Nishida 
et al., 2014). Surface friction can limit Lamb wave lifetimes, which 
are of the order of days (Lindzen and Blake, 1972); their attenua-
tion distance largely exceeds the ∼40,000 km circumference of the 
Earth – far beyond acoustic-gravity modes’ (Francis, 1973). Lamb 
waves bridge the gap between acoustic and acoustic-gravity modes 
since they can exist at all periods between a few minutes to less 
than a day (Francis, 1973).

Fig. 2 illustrates the different modes discussed above using 
Stockwell-transform (Stockwell et al., 1996) spectrograms derived 
3

from observations at the closest IMS station IS22 in New Caledonia 
(1,847 km from Hunga) and the more distant IS32 in Kenya (15,752 
km). IS22 simultaneously recorded the Lamb mode arrival in the 
100–5000 s bandpass and acoustic modes in the 2–100 s band 
while the arrival sequence at IS32 emphasizes the arrival time dif-
ferences due to the larger Lamb wave celerity (nominally 310 m/s) 
compared to that of stratospheric and thermospheric infrasound 
arrivals (typically 220–270 and 270–320 m/s, respectively). The ac-
tual arrival times coincide with the estimated travel times shown 
in Fig. 1. Internal gravity wave modes, which have lower celerities 
(typically <50 m/s), reach IS22 later, around 08:00 UTC (see en-
ergy between 1000 and 250 s at IS22). An interesting feature in 
the acoustic regime is the double dispersion line observed at IS32 
(Fig. 2b) during the A1 arrival (∼18:00–21:00 UTC). The lower one 
(from 200 to 50 s) corresponds to wavelengths consistent with the 
thermospheric waveguide and is observed on more than half of 
the IMS infrasound stations. It is also observed during the A2 ar-
rival (long orthodrome) on the next day (∼02:00–05:00 UTC). The 
upper dispersion line (50 to 25 s) is clearly visible for A1 on 14 
stations, all located west of the volcano (in Australia, the Indian 
Ocean, and Africa). It corresponds to wavelengths consistent with 
the stratospheric waveguide. IS32 is the most remote station for 
which the stratospheric waveguide is strong and steady over the 
entire source-receiver path.

Such dispersive propagation effects are often observed from 
much shallower waveguides which can interact with infrasound 
waves generated by much smaller energy events (Vergoz et al., 
2019). This simultaneous evidence of dispersion lines associated 
to both stratospheric and thermospheric ducts is unique. Disper-
sion of internal gravity modes is also observed at IS22 (Fig. 2a), 
between 07:00 and 14:00 UTC with a sweep from 500 to 200 s. 
These time-frequency behaviors are in general agreement with dis-
persion curves derived in the literature (Press and Harkrider, 1962; 
Pierce and Posey, 1971), the lower frequencies corresponding to 
acoustic-gravity modes and the higher to acoustic modes. These 
observations spanning the acoustic-gravity to acoustic frequency 
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Fig. 2. Stockwell-transform spectrograms of (a) IS22 (New Caledonia, 1,847 km from Hunga) over 12 h and (b) IS32 (Kenya, 15,752 km) over 14 h. The horizontal dashed 
line recalls the approximate value of the Brunt-Väisälä (BV) frequency in the lower troposphere (∼300 s). Two different bandpass filters are applied to the instrument-
corrected waveforms to visualize the low-frequency infrasound (20–100 s, bottom) and acoustic-gravity and gravity wave modes (100–5000 s, middle). At IS32, both the first 
short-orthodrome (A1) and the first long-orthodrome (A2) arrivals are separated by ∼8 h. The dispersion line above 300 s flattens with the A2 arrival.
range will require further investigation to fully explain the various 
patterns visible in the spectrograms by mode transitions.

3. Methods

3.1. IMS infrasound data: processing and detections

For processing the infrasound records and to characterize co-
herent wavefront properties, the progressive multi-channel corre-
lation method (PMCC; Cansi, 1995) is applied to the BDF data of 
IMS arrays. This method, implemented at the IDC (Mialle et al., 
2019), estimates arrival parameters based on inter-element cross-
correlation and time delays. The PMCC processing time window 
and frequency band configuration is using 1/3-octave band stan-
dardization in the 0.01 to 4.0 Hz frequency band and implemented 
by Hupe et al. (2022) to process the historical IMS dataset. Win-
dow lengths are linearly scaled to the period, with 90% over-
lap. Such configuration improves the station detection capability 
while allowing better discrimination between interfering signals in 
a wide frequency band. For a detailed wavefront property anal-
ysis, the configuration setting of the time-frequency bands has 
been extended to cover the acoustic-gravity and acoustic range 
(0.002–1 Hz) using the instrument-corrected waveforms. The cal-
culated wave parameters include the backazimuth, the frequency, 
the root-mean-square amplitude, and the apparent velocity. PMCC 
has proved to be efficient for detecting coherent low-amplitude 
acoustic waves within incoherent noise as it only requires a single 
computational run for the frequency range of interest (e.g., Vergoz 
et al., 2019; Hupe et al., 2022).

Since the IMS infrasound frequency range of interest lies be-
tween 0.02 and 4 Hz, lower frequency observations have to be 
treated with caution. The instrument-corrected BDF data lead to 
realistic amplitude recovery down to 0.1 mHz for most of the infra-
sound sensors established throughout the IMS. Marty et al. (2021)
show that updated high/low noise models could be established 
with a good confidence down to ∼0.01 mHz. This is confirmed by 
the generally good agreement between the recovered Hunga Lamb 
4

waves obtained from the instrument-corrected infrasound data and 
the barometric static pressure data, which exist at each IMS infra-
sound station. For Hyperion IFS sensors, however, the barograms 
and unexpectedly low amplitudes indicate systematic instrument 
deconvolution issues (Matoza et al., 2022), likely due to missing 
relevant information on the nature of the sensors and a sharper 
transition than other microbarometers in the response function un-
der 0.01 Hz. Moreover, the wind-noise reduction systems of the 
infrasound stations are most efficient above 0.5 Hz. Depending on 
the local conditions, wind noise can affect measurements and low 
frequencies (Section 2.1).

Low frequencies correspond to wavelengths much larger than 
the array apertures (1–4 km), which potentially biases coherent 
wave detection within the background noise. Nevertheless, PMCC 
detections resulting from the adapted processing down to 2 mHz 
coincide well with the spectral content of the waveforms and no-
tably resolve the transition between acoustic, acoustic-gravity, and 
internal gravity wave modes (cf. Fig. 2).

Based on the estimated arrival times and the theoretical back-
azimuths, the last infrasound arrivals associated with the eruption 
are identified using the PMCC detections, as denoted per station in 
Fig. 1d. Since the dominant periods of the observed Lamb waves 
range between 30 and 50 min (e.g., Fig. 2), these are not necessar-
ily covered by the PMCC detections. Therefore, the last Lamb wave 
arrivals denoted in Fig. 1b are found by inspecting the response-
corrected waveforms for large-amplitude signatures in the relevant 
frequency band around the estimated arrival times.

3.2. Lamb waves and high-yield estimates: a delicate matter

Following the observations of Lamb modes that were emitted 
by atmospheric nuclear tests, Pierce and Posey (1971) – hereafter 
PP71 – developed a theoretical formula to estimate the yield of 
near-surface atmospheric nuclear explosions based on the ampli-
tude and period of the Lamb waves. Considering a scale height 
value of 8 km (e.g., Lamb, 1932) and converting the original PP71 
expression for bursts in the troposphere to SI units returns
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Fig. 3. SHI source chronology of Hunga volcano reflecting the December to February eruptive activity within (a) roughly 2 months, (b) 2 days, and (c) 8 hours around the 
15 January 2022 eruptions of Hunga volcano (major seismic event at 04:15 UTC). The infrasound and hydroacoustic detections of IS22 (backazimuth 88◦) and H03S (249◦), 
respectively, are color-coded by the maximum peak-to-peak amplitude of coherent signal arrivals from Hunga volcano and projected back in time using celerities of 300 m/s 
and 1.48 km/s. Detections with larger amplitudes are stacked on top of smaller amplitude detections. The size of the color-coded circles is scaled to the number of PMCC 
pixels per detection (one pixel is a unitary time-frequency cell used by PMCC to build detections). Events listed in IDC’s REB are aligned as semi-transparent grey markers for 
both seismic (squares) and infrasonic events (circles), the latter of which are sized by the number of detecting stations. Infrasound signals detected at IS22 after 15 January 
2022 are likely associated to Pacific microbaroms rather than Hunga volcano, as their frequency content (around 0.2 Hz) indicates.
Ykt = 0.34Pp2p(T1,2)
3
2

√
sin

(
r

R E

)
(1)

where Y kt is the equivalent TNT yield in kilotonnes, P p2p is the 
peak-to-trough gauge pressure (in Pa), T1,2 is the time (in s) be-
tween the two first positive peaks of the identified Lamb wave-
form, r is the great circle distance from the origin to the station, 
and RE is Earth’s radius.

IMS infrasound data permits equivalent TNT yield estimates 
of any detectable explosive nuclear event based on scaling laws 
made for infrasound measurements as discussed by Green and 
Bowers (2010). These authors cite the Los Alamos National Lab-
oratory relationship where stratospheric winds variability is taken 
into account. They also note that half of the released energy from a 
nuclear explosive actually forms into the blast, the rest converting 
to thermal and radiation energy as opposed to high explosive det-
onation (Garcés, 2019). Another factor of two is introduced when a 
source is on or near a reflective surface, in contrast to a detonation 
in free air (Garcés, 2019). These are crucial impacts for equivalent 
TNT yield estimates. Similar care should be taken when invok-
ing the PP71 relationship. Its theoretical development assumes a 
point explosive detonation and is designed for frequencies around 
the BV frequency. However, this is outside the most energetic pe-
riod range obtained from instrument-corrected IMS signals of the 
Hunga event (∼2000–3000 s, Fig. 2). Therefore, Lamb modes need 
to be filtered at an appropriate frequency range. The PP71 equation 
was developed for nuclear tests and therefore for a source mech-
anism that differs significantly from volcanic eruptions. Since both 
detonations and volcanic explosions can radiate Lamb waves, the 
PP71 equation has been used to estimate an equivalent TNT yield 
of volcanic eruptions, such as for Mt. St. Helens (Donn and Bal-
achandran, 1981) or Pinatubo (Tahira et al., 1991). This approach 
5

reduces blast signal complexity from diverse explosive types (low, 
high, nuclear) to a single standardized metric to compare the ex-
plosive energy of different events. Section 4.3 discusses how and at 
which IMS stations PP71 could be applied. Energy estimates based 
on revisited yield scaling laws (Schnurr et al., 2020) are fairly re-
liable within a stable range of scaled distances (Kim et al., 2021). 
This additional method brings elements of comparison to the re-
sults obtained with PP71.

4. Results

4.1. Source chronology of Hunga, Tonga, inferred from SHI records

The three IMS waveform technologies (SHI) are used to recon-
struct Hunga’s recent eruptive chronology, which began in mid-
December 2021 (Global Volcanism Program, 2022). Fig. 3 shows 
relevant detections by the closest infrasound array (IS22) and a hy-
droacoustic station in the Pacific colocated to IS14 on Fig. 1a (H03, 
Juan Fernández Island, 9,350 km) along with infrasonic and seismic 
REB events from 15 December 2021 to 22 February 2022 (Fig. 3a). 
Stable austral summer stratospheric downwind conditions bene-
fited Hunga’s detection at IS22 during this period. Hunga’s eruptive 
phase started with a significant infrasound event on 19 December 
2021 at 20:46 UTC (REB time), detected by 12 infrasound arrays. 
Following this eruption, IS22 recorded continuing but decreasing 
activity until 4 January 2022, as reflected by decreasing amplitudes 
and number of arrivals. After a quiet period of 9 days, the infra-
sound activity resumed on 13 January with two stronger events 
detected by 4 and 11 infrasound stations (15:19 and 17:37 UTC, 
respectively). Compared to the December activity, the detected in-
frasound amplitudes were almost 10 times larger, whereas the 
duration of this sequence was only 2 days (Fig. 3b). While the in-
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Fig. 4. Main eruptive sequence of Hunga volcano from the comparison of 6 h of the short-period SSTF component (0.01–0.03 Hz, bottom trace) with infrasound (0.02–0.05 
Hz) and mean-free absolute pressure (barometer in Nukua‘lofa, Tonga) recordings near the source. For each station, the waveforms’ envelopes have been aligned relative to 
45 min before the arrival times of the phases associated to the seismic event (04:15 UTC). The main atmospheric event associated to Lamb wave emission occurs between 
04:20 and 04:30 UTC. The time axis at the bottom represents the corresponding retarded time. Reference times are indicated on the right under the station name. Both the 
SSTF and the waveforms reveal several eruptive phases, which are denoted on the timeline at the top.
frasonic intensity reduced on 14 January, the hydroacoustic activity 
recorded at H03 increased for 6 h. The eruptive phase climaxed on 
15 January 2022 between 04:00 and 04:30 UTC, visible across all 
SHI observations (Fig. 3c). The strongest seismic event (REB: Ms 
5.3) occurred at 04:15 UTC, whereas the strongest REB infrasound 
event, detected by the whole IMS infrasound network, is timed 
around 04:30 UTC. IS22 detections exhibited amplitudes another 
10 times larger than 2 days before.

A last strong eruption detected by 25 infrasound and 3 hydroa-
coustic stations occurred at 08:31 UTC. This eruption concluded 
the infrasonic and thus subaerial activity of Hunga. In the after-
math, however, the number of seismic events and hydroacoustic 
H03 detections suddenly increased and exhibited a sustained but 
fading activity for one month. A possible interpretation – beyond 
classic aftershock series – is that these modest-size earthquakes 
(mb 4–5) detected by low-noise seismic networks and well-sited 
hydroacoustic stations could accommodate the collapse of the vol-
cano (caldera forming event) that occurred within the hours fol-
lowing the main blast. Further investigation is needed to confirm 
or refute this hypothesis (see Section 5.2).

Hunga volcanic explosion generated strong seismic Rayleigh 
waves that were recorded by the global seismic networks. Poli 
and Shapiro (2022) used these signals to characterize the seis-
mic source corresponding to the explosion as a reaction force 
from the volcanic jet acting on the ground (e.g., Kanamori and 
Given, 1982). Building upon that characterization and seismic data, 
a seismic source time function (SSTF) is derived in this study. 
For this purpose, the propagation of Rayleigh waves from the 
volcano is modeled using a 3D velocity model (Ekström, 2011) 
and attenuation from PREM (Dziewonski and Anderson, 1981). 
The propagation (dispersion, attenuation, and spreading) is decon-
volved from vertical-component data recorded at global stations 
(Poli and Shapiro, 2022, and references therein) to obtain series 
6

of one-station SSTF estimates. The final SSTF that represents the 
displacement at the source position is computed as an average of 
amplitudes of all single-station estimates. As discussed by Poli and 
Shapiro (2022), the spectral analysis of the source process indicates 
two separate time scales. Fig. 4 shows the short-period component 
of the SSTF computed after filtering the signals between 0.01 and 
0.03 Hz. After a short period of silence, the main eruptive phase 
initiated from 04:00 to 04:15 UTC with an increase of SHI activ-
ity and a spectacular exponential increase of atmospheric activity. 
At 04:15 UTC, a Ms 5.3 seismic event marked the beginning of 
the most intense explosions sequence, which maximized towards 
04:30 and ended around 04:40 UTC. The Lamb wave was likely 
emitted between 04:20 and 04:30 UTC. The peak absence in the 
SSTF around 04:30 UTC suggests a decoupling of seismic and atmo-
spheric sources during that sequence, but the complex generation 
mechanism requires further investigation. The following 4 h were 
characterized by rather moderate activity but with hydroacoustic 
peaks and ended with a final strong eruption around 08:31 UTC. 
The comparison of the SSTF with local and remote pressure data 
confirms that the selected sensors shown in Fig. 4 detected the 
same component of a complex source sequence associated to the 
main eruptive phase. For instance, the absolute pressure recordings 
of the barometer station in Nukua’lofa, Tonga’s capital, highlight 
the long-period pressure fluctuations near the volcano and also re-
veal the second explosive eruption at 08:31 UTC. The SSTF also ex-
hibits a good correlation with the infrasound observations at IS22, 
IS36 (New Zealand), IS40 (Papua New Guinea), and IS07 (Australia) 
in terms of relative amplitudes and durations within the 0.02–0.05 
Hz band. These are the four closest IMS stations located under fa-
vorable and stable stratospheric downwind conditions. Therefore, 
for these frequencies and propagation conditions, recorded am-
plitudes matched at first order the generated source levels while 
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Fig. 5. Global instrument-corrected infrasound recordings sorted by distance from the source, with one sensor trace displayed per IMS station. The restituted broadband 
waveform traces of BDF channels are bandpass-filtered between 200 and 5000 s, dominated by large-amplitude Lamb waves. Each trace is normalized by its absolute 
maximum. The background coloring displays backazimuth deviation derived from PMCC low-frequency detections performed in the 1–500 s frequency band. These detections 
correspond to acoustic phases related to the main eruption (and partly the 08:31 event, see e.g., Figs. 2–4). While Lamb waves propagate at an almost constant celerity of 
around 310 m/s (depicted as a clear “M” shape on the waveforms), infrasound waves travel slower and are very sensitive to the atmosphere dynamics up to thermospheric 
altitudes (progressively deformed “M” shape on the detections after one global circulation). The color scale spans from the minimum observed deviation compared to the 
theoretical backazimuth on either the short or long orthodrome for each station.
propagation effects did not significantly impact the duration of the 
recorded signals.

4.2. Global characterization of infrasound and Lamb waves using 
broadband PMCC processing

The Hunga explosion is the first single event detected by all 
operational IMS infrasound stations. Fig. 5 displays instrument-
corrected waveforms associated with this event for all IMS stations 
sorted by distance from the source within 132 h since the eruption 
(5.5 days). High-amplitude signals are Lamb waves characterized 
by periods >2000 s. Each waveform has a color-coded background 
representing the smallest absolute backazimuth deviation of PMCC 
detections calculated in the infrasound band (0.002–1 Hz, see Sec-
tion 3.1) for the short-path or the long-path arrival (theoretical 
backazimuth ±180◦). PMCC A1 (short-orthodrome) arrivals show 
backazimuth deviations below 5◦ for most of the detecting sta-
tions (50 of 53). However, the deviation increases slightly near 
the antipode, to which IS17 (Ivory Coast) and IS48 (Tunisia) are 
the closest. Between A1 and A2 (long-orthodrome) arrivals, an ex-
ceptional drift in backazimuth deviations occurs at stations within 
7

6,000 km from the antipode (IS47 to IS48), with values up to 
the largest possible deviation (90◦). The A2 arrivals still have rel-
atively low deviations, although higher than A1’s. The azimuthal 
drift repeats near the source between A2 and A3 arrivals. This 
global pattern can be recognized four times, even when the num-
ber of detecting stations decreases with successive arrivals. A6 is 
the last visible arrival in Fig. 5. Some stations did not detect A1, 
due to the combined effects of high local wind noise and unfavor-
able propagation conditions. Instead, these stations clearly detected 
the long-orthodrome arrival A2 (e.g., IS42, IS49) or only A3 and 
A4 (IS01). The Lamb waves encircled the globe once within ∼36 
h, with faster travel times (Fig. 1) that produced an increasingly 
larger time delay to the shorter period PMCC infrasound detections 
for longer travel paths (Fig. 5). Four full Lamb wave circulations 
around the globe can be confirmed with a couple of infrasound 
stations by a detailed inspection of the waveforms (see Fig. 1b for 
the last Lamb wave arrivals per station).

Fig. 6a provides a detailed half-day view of PMCC detections at 
IS22 (same time window as Fig. 2a). For comparison, 3 days of 
PMCC detections at this station, plus IS32, IS25, IS37, and IS48, 
are provided in SI2. The arrival times of these detections coin-
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Fig. 6. (a) IS22 PMCC detection results and waveform bandpass-filtered for the PMCC frequency range, showing signals of the first (04:15 UTC) and the second eruption 
(08:31 UTC). (b, c, d) PMCC infrasound detections (≥0.01 Hz) of 16 days at IS22, IS25, and IS17; low-frequency arrivals around the theoretical backazimuths and arrival times 
are attributed to Hunga volcano. The near-surface wind speed at the station (10 min average, orange line) indicates the noise conditions that affect the detection capability 
(see SI2).
cide with the predicted ones obtained from ray-tracing (as shown 
in Fig. 1). IS22 captured also the second eruption at 08:31 UTC 
(Fig. 6a), which generated both Lamb and infrasound waves (cf. 
Fig. 2a).

Figs. 6b–d show simplified PMCC views extended to 16 days 
for IS22, IS25 (Guadeloupe, 13,053 km), and IS17 (Ivory Coast, 
18,165 km), respectively, showing detections along with the pre-
dicted arrival times (SI1). At IS22 and IS25, the backazimuth de-
viation from true is increasing with the number of arrivals (e.g., 
from A1 to A4/A5), whereas a broad backazimuth range is in-
stantly observed at IS17 for the first two arrivals (A1–A2). This 
holds for the majority of the stations within 6,000 km from the 
8

antipode (Fig. 5). From A6 onwards, long-orthodrome arrivals are 
dominant and adapt to the theoretically corresponding backaz-
imuth at IS17. IS17, IS25, and IS56 are the only stations detecting 
A16, corresponding to long-orthodrome signals that traveled more 
than seven times around the globe during more than 13 days. After 
one global circulation, detections are visible only under low wind 
noise conditions (e.g., no detections at IS22 associated to A6–A7; 
see also SI2).

4.3. Yield estimate: using the IMS network and near-field barometers

The propagation of the Lamb waves across the IMS is illustrated 
in Fig. 5. Lamb wave amplitudes (P p2p) and periods (T1,2) are de-
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Fig. 7. Yield estimation using (a, b) PP71 model and the IMS and (c, d) barometers and scaling laws. (a) Peak-to-peak amplitudes of the Lamb wave as a function of range 
for IMS infrasound stations. Trends (dashed and dotted orange lines) are superimposed to guide the eye and the discussion. Reddish triangles indicate measurements from 
stations equipped with Hyperion IFS sensors (three stations are not displayed, due to their very low amplitude). (b) Energy estimates using PP71 model for Lamb wave 
signals bandpass-filtered in the 200–500 s range, with error bars. (c) Waveforms of barometers (colored) closer to Hunga than the closest IMS infrasound station IS22 (in 
black). Distance of each station to Hunga is shown in the legend. (d) Applying the Schnurr et al. (2020) empirical fit in the sweet spot for the closer barometers shown in (c) 
assuming a most probable peak value of 567 Pa at a scaled range 100 m/(kg)1/3 for a 200 MT surface blast.
termined (see Section 3.2) from these instrument-corrected record-
ings. Fig. 7a shows Lamb wave P p2p as a function of great-circle 
distance. Predicted and observed spreading of energy is cylindri-
cal and amplitudes should decrease with r−1/2 in the intermediate 
range before Earth’s curvature becomes important. This trend is 
reported in Fig. 7a. Interestingly, the Lamb wave amplitudes re-
main constant or even slightly increase beyond ∼10,000 km. The 
Earth’s curvature effect, which contributes to lateral focusing of the 
waves, may cause this behavior as recalled in PP71. The authors 
used pseudo-cylindrical coordinates to highlight how the effect of 
Earth’s curvature is accounted for – among other factors – with 
the geometrical term (RE sin(r/RE))

−1/2 (Fig. 7a). A few stations 
exhibit unexpectedly low peak-to-peak amplitudes – for instance, 
IS47, IS56, and IS58 (4, 18, and 50 Pa, respectively). These mea-
surements rely on Hyperion IFS sensors (triangles in Fig. 7) and 
are considered as outliers in this analysis (see Section 3.1), artifi-
cially lowering yield estimates.

Following PP71, where frequencies around BV (∼3.3 mHz) have 
to be considered, Lamb wave signals were bandpass-filtered be-
tween 200 and 500 s and P p2p and T1,2 values were picked up 
again. The corresponding yield estimates are displayed in Fig. 7b 
for distances up to 10,000 km, where lateral focusing starts and for 
which PP71’s formula is not valid anymore. Accounting for uncer-
tainties introduced by manual picking of amplitudes and periods 
as well as filtering (details are provided in SI3), overall, asym-
9

metric errors were obtained as shown in Fig. 7b. With increasing 
distances, yield estimates tend to decrease, possibly related to lim-
itations of PP71’s model and/or to the distortion of the filtered 
waveforms due to propagation effects as lateral changes in celer-
ity and topography. Therefore, only stations up to 7,000 km away 
from Hunga volcano were considered and an average yield of 111 
± 23 MT was obtained.

Three stations of the global barometer sensor network are 
within the sweet spot for Sachs’ scaling relations (Kim et al., 2021), 
corresponding to a scale range of 20 to 100 m/(kg)1/3. The blast 
waveform characteristics have their lowest uncertainty and the 
highest predictability in the sweet spot. Stations in Maopo’opo, 
Futuna (G.FUTU.LDI), Monasavu, Fiji (II.MSVF.LDI), and Afiamalu, 
Samoa (IU.AFI.LDO) are at ranges of 744, 754, and 823 km from the 
source, respectively. The observed peak overpressures (Fig. 7c) of 
the instrument-corrected and low pass filtered signals (120 s cut-
off) match the most likely peak overpressure of 567 Pa predicted 
at a range of 737 km by Schnurr et al. (2020) for an equivalent 
surface yield of 200 MT TNT equivalent (Fig. 7d). Scaled pressure 
and ranges show exceptional stability in the peak overpressure for 
the three nearest stations within 823 km from the source, sug-
gesting they are representative of the source pressure function for 
the Lamb wave. It is important to note that this includes a coarse 
factor of two that accounts for a surface (200 MT) vs. free-air 
(400 MT) detonation assuming a perfectly reflecting boundary; the 
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equivalent yield may be higher from reflectivity arguments (Garcés, 
2019). Multi-resolution analysis of the nearest stations returned an 
observed blast peak period of ∼2000 s (33 min), four times larger 
than the ∼500 s peak period that would be expected for a 200 
MT surface detonation (Garcés, 2019). This is not surprising, as 
eruption processes can be characterized as slower low explosives 
(Garcés et al., 2013) with much longer periods than high explo-
sives.

Both methods presented above provide yield estimates consis-
tent with each other in order of magnitude (100–200 MT surface) 
and an uncertainty factor of two. This uncertainty is typical for his-
torical yield estimates from high-explosive detonations (e.g., Gar-
cés, 2019), and therefore is not surprising for a poorly constrained 
volcanic blast, which is highly complex in its nature as shown in 
the long-duration SSTF (Fig. 4).

5. Discussion

5.1. An exceptional backazimuth drift

The infrasound detections exhibit a significant drift in the back-
azimuth (up to 90◦) within a single arrival at certain IMS stations 
(Fig. 5). This drift is most prominent within 6,000 km from the an-
tipode and affects all infrasound passes around the globe. Several 
path effects may contribute to this phenomenon, including: 1) the 
horizontal refraction of acoustic wavefronts as they traverse one or 
several stratospheric polar vortices, similar to the bending effects 
observed at the edge of cyclonic wind fields (Blom and Waxler, 
2017); 2) inhomogeneities and multiple scattering along the prop-
agation path, causing a broadening of the sound rays (Červený and 
Soares, 1992), where low-frequency sound reaching the station ar-
rives from wider regions of diffraction that in turn correspond to a 
wider backazimuth interval; 3) for later arrivals, the propagation 
of gravity waves and nonlinear acoustic waves produced during 
the eruption sequence can lead to long-lasting perturbations of at-
mospheric temperatures and velocities. These can have a striking 
effect on acoustic wave generation and propagation characteristics, 
hence inducing a highly complex and multiply scattered infrasound 
source in space and time.

To provide a preliminary assessment of the influence of wind 
and temperature variations on the backazimuth drift, ray paths 
were computed using 3D range-dependent ray-tracing (Blom, 
2019) together with ECMWF, MSIS00 (Picone et al., 2002), and 
HWM14 (Drob et al., 2015) atmospheric specifications. These re-
veal that the ray paths are bent significantly as they traverse the 
Arctic stratospheric polar vortex region (Fig. 8a), compared to rays 
computed for a windless atmosphere (Fig. 8c). Furthermore, the 
drift was modeled for IS37 in Norway, which showed a large back-
azimuth drift in the recordings (see Fig. S3, SI2), despite being 
4,000 km away from the antipode. Due to the inherent high-
frequency approximation of ray-tracing and uncertainties in the 
considered profiles, this modeling cannot fully reproduce the ob-
servations. For estimating the backazimuth drift, the celerity and 
backazimuth at ground hits were extracted within 400 km from 
IS37 (see SI4), and the arrival time at each ground hit was cor-
rected for the distance by considering a relative time trel = rIS37/ci , 
where rIS37 is the distance between Hunga and IS37, and ci the 
predicted celerity for ground hit i. This yields an increasing trend 
in backazimuth with relative effective arrival time (Fig. 8b). Al-
though there is considerable scattering in the modeled backaz-
imuth, no significant deviation drift trend is observed over time 
for the windless case (Fig. 8d). This indicates that global wind 
fields are significantly contributing to the observed backazimuth 
drift seen in the IMS data (Figs. 5 and 6, as well as SI2).
10
Fig. 8. Global ray-tracing through a 3D atmospheric model of winds and tempera-
ture (top row) and through the analogue model without wind (bottom row). (a, c) 
Global rays for a windy/windless atmosphere; (b, d) modeled relative arrival time 
against backazimuth calculated for the ground hits within 400 km from the station 
for a windy/windless atmosphere, with solid lines indicating a linear fit between 
time and backazimuth.

5.2. Comparisons with historical eruptions (Krakatoa, Mt. St. Helens, 
Pinatubo)

Based on the literature, infrasound and Lamb waves traveling 
around the Earth are reported for at least five VEI ≥ 5 erup-
tions during the last 150 yr: Krakatoa in 1883 (Simkin and Fiske, 
1984), Bezymianny in 1956 (Passechnik, 1958), Mt. St. Helens in 
1980 (Donn and Balachandran, 1981), El Chichón in 1982 (Mauk, 
1983), and Pinatubo in 1991 (Tahira et al., 1991). However, the 
amplitude (700 Pa at 1,847 km) and the main period (∼2000 s) 
of the Lamb waves induced by the Hunga eruption significantly 
exceeded – up to one order of magnitude – the Lamb waves radi-
ated from other eruptions even of larger magnitude, such as the 
VEI 6 Pinatubo event 1991. They are comparable only with the 
VEI 6 Krakatoa 1883 eruption and lead to similar yield estimates. 
Despite the assumption of a near-surface point source for PP71 
model, the estimated order of energy magnitude found with this 
method (100 MT) matches the upper limit of 150 MT found by 
Harkrider and Press (1967) for Krakatoa with their model when 
trying to reproduce documented waveforms. A more jet-like source 
model may be required for a more in-depth investigation of the ac-
tual energy released into the atmosphere. One should also note the 
difference between a nuclear (instantaneous) explosion for which 
PP71 was tailored and the Hunga eruption which led to a longer 
lasting release of energy into the atmosphere, based on the SSTF 
and the similar duration of the infrasound signals (Fig. 4). How-
ever, and importantly, the Lamb wave train of interest seems to 
have been released nearly instantaneously, based on the numerous 
satellite observations that witnessed the event. The present yield 
estimate reliability within these assumptions is supported by the 
Lamb wave being well established and the large source-to-receiver 
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distance (>1,000 km). The second method based on scaling laws 
and nearer-field barometers backs up the first method. Estimates 
of 100 to 200 MT corroborate the exceptionally high explosivity 
of the Hunga eruption and the similarity with the 1883 Krakatoa 
eruption already stressed by Matoza et al. (2022).

The similar setting of Krakatoa and Hunga volcanoes, both con-
sisting of a volcanic island partly submerged in a shallow subma-
rine environment, suggests that phreato-magmatic processes could 
explain the increased explosivity of the events that is required to 
induce the long-period and large-amplitude Lamb waves observed 
for both eruptions.

In accordance with experimental observations and the Fuel-
Coolant Interaction (FCI) theory, the melt interaction with water 
causes the formation of a vapor film that collapses and produces 
thermal and deformation waves in the melt resulting in its rapid 
brittle deformation (Morrissey et al., 2000). As a result, the frag-
mentation is highly increased, as suggested by the fine-grained 
ash production, able to feed buoyant plumes. However, the role of 
phreato-magmatic fragmentation for the climactic phase of Kraka-
toa is still debated (e.g., Madden-Nadeau et al., 2021) and for 
Hunga further research in this direction will require sampling of 
fall-out material and detailed petrological and textural analyses.

An additional similarity among the two eruptions lays in 
the observed eruptive sequence and the existence of a caldera. 
Calderas originate from subsidence or from rapid explosive ejec-
tion of material. They represent the most catastrophic geologic 
events affecting the Earth’s surface, and it is extremely useful, and 
challenging, to recognize potential precursors (Lipman, 2015).

Historical descriptions of the 1883 Krakatoa eruption, as well 
as barometric records, demonstrate that the main event was pre-
ceded by four months of unrest that started with Vulcanian to 
Subplinian activity (Self, 1992) and were followed by discrete ex-
plosive events that progressively changed the island morphology 
(Madden-Nadeau et al., 2021). Eventually, four major explosions 
occurred within ∼5 h leading to the caldera collapse and disrup-
tion of most of the island. This feature is argued to be a general 
evolution of caldera forming events and explains the explosivity in 
terms of magma crystallization and mixing (Madden-Nadeau et al., 
2021).

Results presented in this work suggest a similar evolution. Fig. 3
shows that explosive activity at Hunga volcano started on 19 De-
cember 2021, with an initial explosive event that was recorded by 
12 IMS infrasound arrays (Fig. 3a). Activity persisted for two weeks 
and was primarily subaerial, with infrasound persistently recorded 
at IS22 but with very few seismic and hydroacoustic signals de-
tected.

On 13 January 2022, explosive activity resumed and was radi-
ating – together with infrasound energy in the atmosphere – both 
seismic and hydroacoustic signals that became dominant imme-
diately after the major event. This energy partitioning indicates a 
progressive deepening of the energetic source, suggesting a link 
between the main explosive event of 15 January, marked by the 
peak of the SSTF (Fig. 4), and the triggering of a caldera collapse 
similarly to what has been observed only for Krakatoa over the 
past 150 yr. Future bathymetry investigations and deposit analysis 
will be required to support this data-driven hypothesis.

6. Conclusions

The 15 January 2022 eruption of Hunga volcano, Tonga, gener-
ated an energetic Lamb wave and various atmospheric phenomena 
that were recorded on a global scale as variations of the ambient 
air pressure in the order of hundreds of Pa. Infrasonic, acoustic-
gravity, and Lamb wave features related to the eruption were 
globally recorded during several circumnavigations of the globe. 
11
Infrasound arrivals have been detected after seven complete cir-
cumnavigations, more than 13 days after the blast.

Overall, the current 53 infrasound stations of the IMS network 
provide an excellent global capability for remote sensing of explo-
sive and eruptive events. These are complemented in this study by 
other barometric as well as seismic and hydroacoustic observations 
together with highly efficient methods for array processing, prop-
agation modeling, and yield estimation. A broad frequency range 
is analyzed to capture different acoustic-gravity wave types and 
to identify a suitable frequency band and uncertainty range for 
adapting and applying a method to estimate the eruption explo-
sive yield.

Within this study, the volcanic eruption sequence impact on the 
atmospheric pressure is quantified using these global IMS infra-
sound observations to provide a first reliable estimate of the explo-
sive yield of the main eruption. Consistent estimates of the mag-
nitude order are obtained both considering PP71’s work applied to 
Lamb waves filtered around the BV frequency and recorded within 
7,000 km from the source (∼100 MT), and relying on scaling re-
lations for barometric data within a sweet spot (∼200 MT). The 
Hunga eruption is thus among the most energetic events recorded 
during the last centuries and the first event ever recorded by all 
stations of the IMS infrasound network.

To compare the event with previous volcanic eruptions, the 
chronology of the Hunga volcanic activity in the weeks before 
the main eruption is taken into account using permanent remote 
infrasound observations, but also seismic and hydroacoustic sen-
sors of the IMS network. These observations consistently describe 
the source characteristics in good agreement with a source time 
function derived from global seismometers. The Hunga eruption is 
most similar in intensity, yield, and eruptive behavior to the one of 
the Krakatoa volcano in 1883, and thus represents a unique oppor-
tunity to investigate poorly understood volcanological aspects like 
the phreato-magmatic interaction of large-scale eruptions, which 
might increase the event explosivity, as well as the identification 
of possible precursors leading to caldera-forming events.

Further understanding of such infrequent events with global 
effects will require follow-up on-site investigations of erupted ma-
terial, as well as bathymetry and submerged morphology of the 
caldera, to be combined with multi-technology geophysical obser-
vations. Additional simulations are also needed to explain the wave 
propagation on a global scale, the azimuth drift observed at vari-
ous stations, and the unique broadband frequency spectrum of the 
event.
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