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G E O P H Y S I C S

Delayed submarine caldera subsidence creates extreme 
tsunami hazard
Shane J. Cronin1*, Bastian Steinke1, Jose C. Borrero2, Emile A. Okal3, Marta Ribó4, Jie Wu1,  
James D. L. White5, Marco Brenna5, Joali Paredes-Mariño1, Mila Huebsch1, Rachael Baxter5,  
Ulrich Speidel6, Alexa R. Van Eaton7, Larry G. Mastin7, Michael A. Clare8, Isobel A. Yeo8,  
James E. Hunt8, Jacob Nash8, James B. Garvin9, Rennie Vaiomounga10,  
Taaniela Kula10, Sung-Hyun Park11

The 2022 Hunga volcano eruption generated one of the largest and most destructive volcanic tsunamis ever re-
corded. We interpret the timing, nature and relative hazard of volcanic-tsunamigenic processes by combining 
geophysical, oceanographic, atmospheric, and eye-witness observations of this event. Hydro-acoustic signal (T 
waves) detected on seismic stations up to 2600 km away provided a key to discerning tsunami triggers from ex-
plosions, volcanic mass flows, and caldera subsidence. The largest tsunami was generated by the first of at least 
two sudden caldera-subsidence events. This occurred 1 hour after globally detected explosions that produced 
smaller tsunami. Our results provide rare insights into the rates of caldera subsidence and highlight the complex 
multiple sources of tsunamis resulting from eruptions of oceanic volcanoes.

INTRODUCTION
Isolated eruptions from oceanic and submarine volcanoes are rare 
to observe directly and difficult to monitor instrumentally. De-
spite this, the VEI 6, 15 January 2022 eruption of Hunga volcano 
(Kingdom of Tonga, SW Pacific; Fig. 1) is one of the best recorded, 
large-scale emergent to submarine eruptive events known. The eruption 
has already extended our knowledge of volcanic processes through 
a series of superlatives, including: the highest (and widest) erup-
tion plume ever recorded (1, 2); the greatest rates of lightning ever 
recorded (>2600 flashes min−1) (3); unique globe-encircling at-
mospheric waves coupled to the ocean surface (4–7); the fastest 
eruption-fed density currents (submarine mass flows) ever docu-
mented (8); rapid formation of a ∼860-m-deep and 3.6-km-wide 
caldera of ∼6.85 km3 volume (9–11), and globally dispersed vol-
canic tsunami (12–14), including an unusually large and catastrophic 
event (15, 16).

Few volcanic tsunami are recorded and even fewer with subma-
rine triggers (17). Krakatoa’s 1883 VEI 6 eruption produced similar 
near- and far-field effects to Hunga (18, 19), with the largest tsunami 
associated with pyroclastic density currents (PDCs) entering the 
ocean (20, 21). The 1952 Myojin-Sho (Japan) and 1996 Karymskoye 
Lake (Russia) eruptions generated tsunami via submarine explo-
sions, and Ritter Island (Papua New Guinea) via submarine flank 
collapse in 1888 (17, 22–24). Hunga’s largely submerged 1800-m-high 
edifice produced multiple caldera-forming eruptions in the last few 

thousand years and its potential for large-scale eruptions was recog-
nized (25, 26). Small deep calderas such as Hunga (Fig. 1B) (8, 11) 
form mainly by piston-style collapse (27). While calderas may sub-
side gradually (28–30), rapid and large submarine caldera collapses 
are likely tsunamigenic (21, 31, 32). Caldera subsidence during erup-
tions is also associated with other tsunamigenic processes, such 
as PDCs, eruption-fed submarine currents or mass flows, landslides 
and explosions (17, 21, 33). Because of few well-observed examples 
of volcanic-tsunami genesis, their threats are poorly quantified and 
they are not included in automated global warning systems (21).

Near-field measurements of submarine and small-island eruptions 
are rare, because isolated oceanic volcanoes lie typically far from 
land-based seismic networks and ocean-bottom seismometers are 
sparse. Far-field seismic recordings do not capture near-surface vol-
canic processes well, due to the attenuation of high-frequency seis-
mic energy [e.g., (34)]. The closest stations to the 2022 Hunga 
eruption were 750 km away (Fig. 1A). At such distances, only major 
explosions and the highest energy, magma-tectonic processes are 
recorded seismically (35). On the other hand, submarine mass-
movement processes may directly radiate energy into seawater, gen-
erating hydro-acoustic energy (36). Hydro-acoustic waves travel 
efficiently in the SOFAR (Sound Fixing And Ranging) channel (37), 
at water depths of 600 to 1800 m. These are converted into seismic 
energy as they encounter land. The energy that passes through the 
SOFAR channel travels at <30% of the celerity of P and S seismic 
phases [i.e., 1.49 km s−1 in the Pacific Ocean; (36)], hence the term, 
tertiary seismic phase or T waves (38, 39). Travel times of T waves 
can be altered by local bathymetry, repetitive conversion between 
hydro-acoustic and seismic phases, and heterogeneities in the water 
column (39, 40). By providing insight into the high-frequency part 
of the seismic spectrum (typically 2 to 10 Hz), T waves may reveal 
tsunamigenic sources violating seismic scaling laws, which can con-
sist either of anomalously slow seismic events [i.e., “tsunami earth-
quakes” (41)], or landslides and volcanic eruptions (42–46).

Combining seismic, hydro-acoustic, oceanographic, atmospher-
ic, and eye-witness data from the 15 January 2022 Hunga eruption 
(Fig.  2), we provide an integrated overview of the ∼11-hour-long 
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eruption and isolate the most important volcano-oceanographic 
processes. In particular, we document the rare case of a submarine 
caldera subsidence event and quantify its timing, duration, and 
influence on tsunami generation and volcanic dynamics. Through 
this work we show how T waves can be used to distinguish be-
tween eruption-fed density currents and caldera-collapses. Below, 
we describe the distinct eruption phases including escalation to 
peak intensity, plume foundering, and coincident catastrophic tsu-
nami generation.

RESULTS
Eruption escalation to peak intensity (04:00 to 04:40)
Following several weeks of intermittent Surtseyan eruptions (47), 
the climactic Hunga eruption spanned from ∼04:00 to 15:12 univer-
sal time coordinated (UTC) on 15 January 2022 (3) (local time is 
UTC +13 hours, all times are reported in UTC). The first plume vis-
ible on satellite imagery was at 03.00 (Fig. 2A) (3). The largest seis-
mically recorded explosion events occurred at ∼04:15 and ∼04:25 
[with equivalent seismic energy up to M5.8 (48)]. Each explosion 
generated a tsunami (Fig. 2C) with 1- to 4-m run-up that reached 
Kanokupolu on western Tongatapu (Fig. 1C; ∼58 km travel dis-
tance), after 8 to 10 min travel time (15, 16). Waves from the same 
explosion events were registered on a tide gauge in the nation’s capi-
tal city Nuku’alofa (∼69 km travel distance) around 15 min later 
(Fig. 1C). The small artificial harbor housing the tide gauge is subject 

to overflow and peak wave attenuation. Security camera footage 
from Nuku’alofa waterfront confirms two of the many tsunami wave 
arrivals at ∼04:45 and ∼05:17, before power failure. Slower tsunami 
arrival at Nukualofa is due to the longer travel distance and the waves 
traversing a ∼15-km-wide shallow bench (<30 m-deep) before ar-
rival (fig. S1) (15, 16). Global air pressure oscillations during this 
time also generated distal deadly tsunami across the wider Pacific 
Ocean (4, 13, 49, 50).

Accompanying explosions between 04:15 and 04:25, the Hunga 
eruption plume rapidly rose, expanded and generated high-intensity 
lightning, until the plume top peaked at ∼04:40 (Fig. 2A and fig. S2) 
(2, 3). Plume growth was accompanied by increasing mass eruption 
rate (MER), as inferred from increasing energy of eruption-related 
seismicity (at frequencies <0.2 Hz at the closest station ∼750 km 
away; Fig. 2, D and E). Negative spikes in air pressure were recorded 
on Tongatapu (Fig. 2B), indicating ingestion of surface air into the 
rising plume, associated with pulsing in eruption energy. High light-
ning rates ensued due to the dominance of steam in the plume, 
which converts to ice particles above 9 km in elevation (fig. S2) (3).

Contrasting with a typical Plinian eruption column fed by gas 
expansion of magma, the Hunga plume was driven by magma vol-
atilizing seawater (51), with rates of thermal input and steam pro-
duction similar to the heat flux from erupting magma (52). The 
plume-top showed little variability from ∼04:40 until 05:30, but 
concurrently the <0.2 Hz seismicity and lightning rates waned 
(Fig.  2E). The eruption vent was likely near the NW caldera rim, 

Fig. 1. Maps of Hunga volcano and surrounds. (A) Map of part of the SW Pacific showing seismic sensors (red circles) included in this analysis and the major bathymet-
ric features relevant for hydro-acoustic sound (T wave) transmission. Station details are listed in table S1. (B) Shaded slope map of the Hunga caldera posteruption. The 
deepest flank channels that focused eruption-fed-density currents are annotated with arrows and labeled N and E. (C) Map of Tongan islands nearest to Hunga volcano. 
Nuku’alofa Harbour (tide gauge and weather station), on Tongatapu Island is marked by a white triangle. The diamonds indicate the locations of peak run-up heights from 
the largest tsunami: 18 m at Kanokupolu (05:45 UTC) (western Tongatapu), 21 m at Nomuka-iki Island (∼05:50), and up to 40 m on Tofua Island (time unreported).
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Fig. 2. Multiproxy timeline of the 15 January 2022 Hunga eruption. (A) Eruption plume height and lightning rate (3). Timing of eruption onset and caldera collapse 
and late eruption resurgence are marked by vertical black dashed lines that pass into panels below. (B) Air temperature and pressure and (C) Tide gauge recorded at 
Nuku’alofa Harbor on Tongatapu Island. Tide-corrected water level plotted in gray, with a 48-min-period wavelet decomposition of the tsunami in black. Timing of indi-
vidual waves captured on security footage in Nuku’alofa is indicated by vertical red dashed lines. Tsunami peaks witnessed at Kanokupolu (west Tongatapu) are marked 
by the first two blue dashed lines, with the last blue line marking the time of destruction of the Kanokupolu communication tower. Yellow triangles at the base of the plot 
mark the timing of distinct major atmospheric explosions as recorded by Tarumi and Yoshizawa (48). (D) Amplitude and (E) spectral characteristics of seismic records from 
station MSVF, located in Fiji, 757 km from Hunga. Low-frequency energy (<0.2 Hz) is interpreted as volcanic eruption seismicity, while major higher frequency features (>1 Hz, 
from 04:40 a.m. UTC onward, labeled “T waves”) are interpreted as hydro-acoustic signal.
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where precursory 2021–2022 eruptions (47) and 2014–2015 erup-
tions occurred (26).

Eruption-fed mass flows (04:00 to 4:40)
The arrival of higher frequency (1 to 10 Hz) signals at station MSVF 
in Fiji from ∼04:40 (Fig. 2E) evidence hydro-acoustic energy disper-
sal from Hunga volcano, because volcano-seismic signals are attenu-
ated for this frequency range. This was confirmed by checking the 
onset times of correlative signals at other land-based stations within 
1000 km of the volcano. Stations FUTU, MSVF, and AFI (Fig. 1) 
record two T-wave arrivals in the period from 04:00 to 05:15 
(fig. S3). More distal stations only record one or the other event, 
while sensors >2000 km away do not record them at all. We corre-
late these hydro-acoustic signals to the formation of eruption-fed 
submarine mass flows (33). Eruption column unsteadiness and py-
roclastic surges (water-rich PDCs) travelling out to ∼6 km radius 
are noted in time-lapse images of the eruption (fig. S2). Initial 
eruption-fed mass flows were likely channeled into low points on 
the volcano rim leading to major channels on the northern and east-
ern volcano flanks (Fig. 1). Bathymetric mapping revealed substan-
tial erosion of these channels and the destruction of sea-floor cables, 
20 km east of the volcano (domestic cable) at 04:30 and ∼60 km 
south of the volcano (international cable) at 05:44 (8). Numerical 
models and sea-floor deposit mapping (8, 10, 53) conclude that at 
least 10 km3 of eruption deposits were emplaced over 100 km from 
the volcano. Backtracking T-wave arrival times from FUTU, MSVF, 
AFI, and RAR stations (fig. S3) shows that the earliest eruption-fed 
mass flows were initiated at ∼04:00 and corresponded with explo-
sions 1 and 2 reported in Purkis et al. (16). This suggests a minimum 
average flow front velocity of ∼11 m s−1 to reach the domestic cable. 
Clare et al. (8) estimated velocities of 17.5 to 34.2 m s−1 based on 
triggering by the largest explosions between 4:15 and 4:25, but there 
is no T-wave signal consistent with eruption-fed mass flows trig-
gered in this interval. A second and larger T-phase event initiated at 
04:40 (±5 min) and coincided with the peak MER of the eruption. 
The longer duration and wider dispersal of this signal (Fig. 2E and 
fig. S3) suggest more widespread eruption-fed mass flows radiated 
down all volcano flanks during the MER climax (8, 10). Despite this, 
the T wave is mainly recorded on stations <1000 km distance, as 
well as RAR at 1625 km to the east (fig. S3). Flows generated during 
the 04:40 episode likely traveled at an average of 15.6 m s−1 to reach 
the international cable [slightly faster than the 13.9 m s−1 estimated 
by Clare et al. (8)].

Postclimax plume foundering (∼05:30)
Approximately 1.5 hours after the eruption onset (between satellite 
passes at 05:27 and 05:37; Fig. 2A), the plume top declined from >53 
to 40 km, along with a decrease in lightning (3). At 05:40, a brief 
lightning peak occurred along with a small pressure decrease (∆P = 5 mb) 
on Tongatapu (∼70 km SE) (Fig. 2, A and B). By 05:45 air tempera-
ture on Tongatapu sharply dropped (∆T = 4°C) for several hours 
before returning to normal later that night (local time) (Fig. 2B). 
Surface arrival of the descending cold plume explains the magni-
tude of temperature drop and a subtle increase in air pressure 
(Fig. 2B), which is much greater than the ∆T = 1°C decrease associ-
ated with the expanding umbrella plume blocking sunlight over 
Tongatapu between 04:30 and 05:30.

The collapse of an eruption plume during an explosive eruption 
can be caused by a rapid decrease in MER, sudden widening of the 

vent zone, caldera subsidence, and/or other dynamic factors [e.g., 
(54–57)]. In humid eruption plumes, heavy downdrafts of ice and 
rain may also promote plume collapse (58). Seismic amplitude and 
energy in the <0.2 Hz frequency range (Fig. 2, D and E) gradually 
decreased at MSVF from 05:15 onward, reaching near pre-eruption 
levels by 06:30. A smaller surge in <0.2 Hz seismicity between 07:45 
to 09:00 is associated with a late explosion at 08:30 (48), and a short-
lived plume resurgence >35 km high (Fig. 2A). Another minor 
plume fluctuation event at 14:00 preceded the eruption ceasing at 
15:12 (3). There is no evidence of a sudden drop in MER coinciding 
with plume collapse, so other causal mechanisms are needed.

Peak local tsunami arrival (∼05:45)
The devastating inundation and destruction of coastal settlements 
on Tongatapu occurred at the same time as the loss of a weather sta-
tion on the Kanokupolu Peninsula (Fig. 1) that sent its last (hourly) 
data packet at 05:00 (15). The weather station and its associated tele-
communications tower are 180 m inland at ∼13 m elevation and 
were not affected by earlier smaller tsunami as residents evacuated. 
The station was ultimately ripped from its foundations and parts 
were found hanging from a tree branch 5 m above ground level ∼260 m 
inland. The Tonga Communications Corporation determined that 
data traffic through the tower ceased at 05:45:24, indicating the time 
of its destruction. An 80-min delay between the first tsunami waves 
and the most catastrophic local tsunami is also supported by eyewit-
nesses’ accounts from evacuees in Kanokupolu and islands ∼80 km 
north of Hunga. Tsunami between 04:15 and 04:25, with 1- to 4-m 
run-ups in Kanokupolu, are well-linked to explosions ∼8 to 12 min 
earlier at the volcano (15, 16). However, no large explosions oc-
curred at a time required (∼05:30 to 05:35) to generate the cata-
strophic tsunami arriving at ∼05:45. Thus another source mechanism 
is needed.

DISCUSSION
Relating caldera subsidence to plume destabilization and 
peak local tsunami
As the eruption MER diminished from ∼05:15 onward (shown by 
the <0.2 Hz seismicity at MSVF and other nearby stations), a large 
and persistent high-energy >1 to 10 Hz signal arrived at 05:38 (Fig. 2E). 
We interpret this as hydro-acoustic energy (i.e., a T wave), generated 
by a much stronger submarine signal source than previously record-
ed at Hunga. We identify this T wave in the seismic records of 14 SW 
Pacific sensors with a coherent pattern (Fig. 3 and fig. S4). Of these, 
arrivals at 12 stations suggest a common source event at Hunga at 
∼05:28 (Fig. 3 and table S1). Observed phase delays are consistent 
with distance to 10 stations (Fig. 3 and table S1), while station CTZ 
shows extremely slow and station FUNA an early T-wave arrival 
that do not match the anticipated origin time of the signal. The onset 
is obscured by noise at station NOUC, and the T wave is weak at 
RIZ. Stations OUZ and WCZ, despite being 1951 and 1978 km from 
Hunga, respectively, show an expected T-wave arrival time.

T waves result from efficient release of acoustic energy into the 
SOFAR channel at 600 to 1800 m below the water surface. Subsid-
ence of a ∼4-km-diameter cylindrical rock mass from a pre-eruption 
level of 0 to 200 m below sea level to >860 m depth is evidenced by 
seafloor mapping at the summit of Hunga volcano before and after 
the eruption (8–11). Submarine caldera subsidence involves intense 
shearing along ring faults and associated reconfiguration of the 
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shallow vent structures as well as multiple smaller-scale landslides. 
Such underwater mass movement generates intense hydroacoustic 
energy. The ∼05:28-generated T wave has a duration of 10 to 15 min 
at stations north of the volcano (MSVF and URZ; Fig. 3 and fig. S4), 
and ∼30 min at more distant stations in other directions. The stron-
gest signal lasts only ∼5 min, indicating a probable timescale for a 
caldera subsidence event. Over the next hours, one or two less-
energetic T waves are recorded by most stations, suggesting stepwise 
caldera collapse (Fig. 3 and fig. S4). Backtracking the second T wave 
suggests an onset time of the second caldera subsidence event at 
∼06:06 (figs. S5 and S6 and table S2).

The coincidence of eruption plume breakdown with gradually 
waning MER, but high-energy T waves, implies that plume collapse 
was caused by rearrangement and defocusing of the vent, rather 
than meteorological or internal-plume processes. Rapid caldera 
subsidence substantially alters the dynamics of an eruption and re-
distributes mass discharge around multiple vents on the caldera rim 
and ring faults (59, 60). In Plinian eruptions, this leads to reduced 
discharge velocity and gas-thrust height, and increased bulk density 
within the vertical plume (56, 61). In the steam-fueled thermal Hunga 
plume (52), a rapid defocusing of steam production would have the 

same effect. Plumeria model results show that the gas-ash mixture 
within the Hunga plume rose to 50 km in 4.2 to 4.7 min, much fast-
er than normal Plinian volcanic plumes (52). Thus, the plume col-
lapse is also likely at the faster end of the range of the 5 to 15 min 
modeled by Van Eaton et al. (58) for high Plinian plume collapses. 
Satellite evidence of plume foundering at Hunga thus suggests cal-
dera subsidence occurred between ∼05:20 and 05:30 (Fig. 2A).

A rapid caldera subsidence event also explains the generation of 
the peak tsunami. This process may cause a negative initial tsunami 
wave, followed by a positive one (62–64). Thus, the Kanokupolu tsu-
nami arrival may have been several minutes before the cell-tower 
destruction at 05:45, placing the triggering event closer to 05:30. 
Bringing together all available observations, the initiation of the 
main episode of caldera subsidence converges at 05:28 to 5:30. At 
05:30 a shallow M4.7 earthquake was recorded near the volcano 
[USGS Earthquake Catalogue (35)], which may be related to caldera 
subsidence or simply coincident.

This largest local tsunami of the eruption sequence caused an al-
most radial pattern of >18 to 40 m run-ups within 100 km from 
source (Fig. 1C) (15, 16). By comparison, the 2018 Krakatau tsuna-
mi had already decayed to <3 to 9 m run-ups by 20 to 50 km from 

Fig. 3. Seismic spectra of the most energetic T wave of the Hunga eruption over 12 of the 14 SW Pacific stations at distances between ∼750 and 2600 km. Station 
details and arrival times in table S1, and full spectra in fig. S4. Note that RIZ is too noisy to isolate the signal onset and NFK has an incomplete record. The signals are time-
corrected and stacked with respect to the theoretical arrival time of the first detectable signal onset (T-wave arrival). Back-projected travel times from stations indicate an 
origin event starting at 05:28 at Hunga volcano (orange star and vertical dashed line). The difference between expected and actual arrival time is indicated via a color code 
within location markers (table S1) with 1 to 2 min as near-optimum arrival (green markers), 5 to 11 min reasonable arrival due to bathymetric obstructions (white markers) 
and red for exceptional delay, which cannot be explained readily by direct ray path bathymetry (red marker). Uncertain arrivals include NOUC where the arrival time is 
obscured by a sharp transient signal and at FUNA where the signal apparently arrives too early (gray markers). Major bathymetric features affecting T-wave travel are 
marked in numbered black squares.
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source and was strongly directional (65). A corelative set of waves is 
recorded on the Nuku’alofa gauge at ∼05:55 (Fig. 2C), consistent 
with time delays between the two stations in the earlier tsunami. 
Approximate arrival times for the largest tsunami at Nomuka-iki 
(∼75 km ENE) is estimated by eyewitnesses at ∼05:50, who had 
evacuated from the coast under darkness and heavy ash fall. Peak 
wave timings at all these sites confirm that the tsunami was trig-
gered between 05:28 and 05:35 at Hunga. Subsequent caldera sub-
sidence events recorded by T waves from ∼06:06 onward may be 
responsible for later, smaller tsunami peaks recorded at Nuku’alofa 
(Fig. 2C).

Insights into submarine volcanic processes using T waves
Our results highlight that two types of long-range hydroacoustic 
signal were generated at Hunga (Fig. 4 and fig. S7); (A) weaker T 
waves mainly noted at closer stations (750–830 km), or in specific 
directions; and (B) stronger T waves that are traceable in all direc-
tions and to distances >2000 km. Type A signals include unsteady 
pulses of 1 to 5 min duration and may only span 5 to 10 Hz, while 
those of type B are steadier and more evenly span the 1 to 10 Hz 

range (Fig. 2E and figs. S3 and S7). On the basis of plume observa-
tions (fig. S2), we associate Type A T-wave signals with the genera-
tion of PDC dispersal and eruption-fed submarine mass flows. 
Submarine mass flows from all sources generate a strong direction-
ality in T waves (42, 66). At Hunga, unsteady, pulsing signals likely 
reflect repeated collapsing eruption jets that along with radiating 
pyroclastic surges (steam/water rich PDCs) emplace pyroclastic ma-
terial on the steep volcanic flanks to feed energetic and erosive (i.e., 
noisy) submarine currents (Fig. 4, A and B). These are likely concen-
trated through low points on the caldera rim and into channels on 
the N and E volcano flanks (8). Eruptions with magma-surface wa-
ter interaction are notably unsteady, with repeating pulses of particle-
rich jets, and wet surges that radiate hundreds to thousands of 
meters (67–70). Eye-witness observations and videos of Hunga 
eruptions on 30 December 2021 show radiating pyroclastic surges 
radiated out 1 km from collapsing jets, increasing to 2.5 km radius 
on 14 January 2022, and photographs suggest these extended at least 
6 km by 04:25 on 15 January 2022. Once generated, submarine mass 
flows are thin and spread over wide areas of seafloor. Thus, the sourc-
es of hydroacoustic signals are weak, dispersed, and mobile. Flow 
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volcano. The low-velocity zone of the SOFAR channel center is ∼750 m deep in the Pacific Ocean and acts as a wave guide. Magmatic and eruptive processes are gener-
ally recorded as low-frequency (<0.2 Hz) energy on seismic stations >750 km distance. (A) Early eruption stages (started at 04:00 UTC) with PDCs radiating from the main 
(northern) vent up to 2 km. Submarine mass flows to the N and E generate small T-wave signals on close stations (figs. S3 and S7). (B) Rise to peak eruption intensity, with 
plume reaching maximum height at 04:30 UTC. PDCs radiate at least 6 km across the water (fig. S2) and large pulsing submarine mass flows result from eruption-fed 
density currents. Tsunami (locally <3-m run-up) are generated by explosions. (C) Caldera collapse causes foundering of eruption plume and slip along caldera ring faults 
generates persistent strong T waves (Fig. 2 and fig. S4) on all stations including at distances >1900 km. The largest local tsunami is generated by this caldera collapse (run-
up 18 to 40 m at 60 to 100 km from source). (D) A late eruption pulse from 08:30 UTC causes a brief plume resurgence and generates a short T wave signal and a small 
tsunami.
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channeling directs energy in the direction of travel and T waves 
from submarine landslides and explosions feature strong direction-
ality [e.g., (42, 66)]. This explains why only the closest stations to the 
N and E record the eruption-fed currents at Hunga.

The large magnitude and longer-range type B hydroacoustic sig-
nals represent a source process with far more efficient transfer of 
energy from the volcano into the surrounding ocean, such as deep 
landsliding or shallow fault motion (i.e., without major tele-seismic 
energy dispersal). High-energy signals were generated by deep 
slumping events compared to shallower landslides at Kick-‘em-
Jenny Volcano (66). Hence, a probable source for T-wave signals of 
Type B at Hunga is shallow fault motion and landsliding during sub-
sidence of the submarine caldera (Fig. 4C). There was at least 860 m 
of cumulative vertical offset on ring-faults around a ∼4-km-diameter 
caldera. This represents a large surface area of vertical shear, with 
additional shallow faults and associated landslides likely contrib-
uting to submarine energy. Multiple T waves suggest that caldera 
subsidence was stepwise, although the amplitude of the first collapse-
generated signal was the strongest. The Hunga edifice depth and 
caldera subsidence down to ∼860 m below sea level was also well 
aligned to the SOFAR channel (Fig. 4C), thus maximizing the effi-
ciency of T-wave transmission.

Hydro-acoustic waves experience little attenuation, which makes 
them reliable suppliers of information over long distances (71, 72). 
The 05:28-origin T wave from Hunga, however, arrived at stations 
between 1 and 11 min later than the theoretical travel time, with one 
extreme case 37 min late (Fig. 3, fig. S4, and table S1). T-wave prop-
agation in the SOFAR channel may be obstructed by seamounts and 
ridges, delaying signal arrivals due to reflection and path diversion 
around bathymetric obstacles. Direct signal paths to recording sta-
tions from Hunga include major bathymetric features within the 
SOFAR channel (fig. S8), although these are not always reflected in 
travel time delays. At SANVU, a slow arrival could be due to a wave 
path diverting around a shallow ridge (Fig. 3). In New Zealand, the 
northernmost OUZ and WCZ stations record the peak T wave al-
most simultaneously with little delay, while farther south GRZ, URZ 
show increasing delays. These delays could be due to wave reflection 
and slowing while travelling subparallel to the Tonga-Kermadec 
Ridge and the Kermadec Trench. For CTZ, a delay of 37 min is too 
long to be explained by simple deceleration of hydroacoustic energy 
transmission and instead suggests a diverted raypath (e.g., around 
the continental shelf of New Zealand). Shallow onset slopes (e.g., 
continental shelves) delay T waves more effectively than steep slopes 
(36, 39), which may also explain some of the delay at CTZ. By con-
trast, T waves crossing perpendicularly through steep ridges or 
trenches (e.g., to RAR, E of Hunga) were unaffected. A possible 
06:06 origin T wave from Hunga is harder to detect clear onsets due 
to signal overlap, but it appears to show similar behaviors to first T 
wave in stations to the N and W but much greater delays than ex-
pected in S and E stations. This may suggest that these represent two 
separate source events firstly in the NW caldera at 06:06 and then 
∼15 min later in the SE caldera (figs. S5 and S6 and table S2) (36, 39).

Hazard lessons
The 15 January 2022 Hunga eruption began at 04:00 with weak T waves 
on the closest seismic stations (<750 km), evidencing eruption-fed 
submarine mass flows channeled to the north and east from the NW-
caldera rim vent (Fig. 4A). These traveled >11 m s−1 eastward to de-
stroy a submarine cable by 04:30. As the eruption plume transformed 

and grew during a series of major atmospheric explosions between 
04:15 and 04:25, large explosion-related tsunamis were generated 
(run-up 1 to 4 m within 100 km from source), but no sustained T 
waves were generated. However, once the mass-eruption-rate reached 
its peak between 04:40 and 05:05 high-energy eruption-fed density 
currents were again generated by jetting and PDCs depositing debris 
rapidly onto the steep volcano flanks (Fig. 4B). Strong T waves are 
recorded down-slope of northern and eastern channels (fig. S3) and 
the submarine mass flows traveled >15.6 m s−1 to damage a subma-
rine cable ∼60 km south of the volcano.

Despite the size of this eruption, it only became locally cata-
strophic once the ∼4-km-diameter caldera suddenly subsided (Fig. 4C). 
The first and largest subsidence event of a series of stepwise failures 
began at 05:28 and generated one of the largest volcanic-induced 
tsunamis ever recorded, with run-ups reaching >18 to 40 m at up to 
100 km from source. Caldera subsidence also caused the coincident 
rapid foundering of the eruption plume. The first caldera collapse 
released its strongest energy during a period of ∼5 min to generate 
high-energy T waves captured on 14 SW Pacific seismic stations up 
to 2600 km away. At least two subsequent subsidence events pro-
duced similar high-energy T waves, with a later eruption pulse as-
sociated with one of them at ∼08:30 (Figs. 2A and 4D).

One of the most remarkable implications of this study is that 
sudden failures along ring faults and caldera subsidence caused the 
largest and most destructive volcanic tsunami recorded in the last 
140 years. Caldera collapse was weakly detected seismically, com-
pared to the large atmospheric explosions of the early eruption [at 
04:15 to ∼04:25 (13)]. The subsidence began as eruption energy 
waned, ∼30 min after the eruption-rate climax. Because of the gen-
erally short wavelengths of this type of tsunami source, it likely dis-
persed quickly, explaining why the largest amplitudes were confined 
to within 150 km. In a comparative case, the 2018 Krakatau tsuna-
migenic flank collapse may have preceded the atmospheric explo-
sion and infrasound waves by about 7 min (73). These two examples 
show that volcanogenic tsunami may have highly unpredictable 
triggering processes and timing. The Hunga case reaffirms that 
deadly tsunami hazard may be associated with processes ancillary to 
a catastrophic eruption. In this case, the caldera collapse produced a 
tsunami on nearby islands far larger than the major explosions. Be-
cause the collapse and tsunami trigger is from an already unstable 
system, predicting its timing is difficult, adding uncertainty to the 
hazard. Furthermore, in order to adequately forecast wave dynamics 
of volcanic tsunami, multiple overlapping generation processes must 
be considered, with variable timing as well as coincidence of source 
processes highly likely.

Despite extreme hazards posed by numerous oceanic island and 
submarine volcanoes, they remain challenging to monitor, especial-
ly because eruptions show large disparities in the sequence and na-
ture of events. T waves offer a potential for volcanic tsunami alerting, 
but because T waves are intrinsically high-frequency (>2 Hz), their 
amplitude can provide deceptive estimates of the long-period char-
acteristics of sources of tsunami excitation (39, 43). However, they 
may help detect underwater sources such as eruption-related mass 
flows, notably because they obey different scaling laws, as evidenced 
by the 1998 Papua New Guinea tsunami (74) or during recent volca-
nic crises at Sofu Seamount (75). In the case of the Hunga event, the 
caldera-collapse demonstrates a previously unrecognized T wave 
source, intermediate between a submarine landslide and an earth-
quake. Shallow slip during caldera collapse likely occurs by a series 
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of small (and possibly seismically slow), successive slips on separate 
parts of the ring fault system around the caldera over a period of 
minutes to hours.

Our findings highlight the diversity of T waves and thus their 
potential utility in monitoring difficult to access distal submarine 
volcanic eruptions. We show that submarine caldera collapse is a 
highly effective mechanism for tsunami generation and that T waves, 
which travel ∼7 to 10 times faster than tsunami, have great potential 
for early warning of tsunami generated by major submarine mass 
flows and caldera collapse.

Methods
Tsunami arrival times and eye-witness accounts of eruption phe-
nomena were assembled during a 3-month field period in Tonga, 
with interviews carried out by S.J.C. and J.C.B. Photographic and 
video footage of the eruption events with time stamps were used to 
identify key moments during the eruption as reported in Borrero 
et al. (15) and Clare et al. (8), with further observations of tsunami 
arrival times and communication failures added in this work. Tele-
communications tower data were provided by Tonga Communica-
tions Corporation. Bathymetric profiles to Kanokupolu and Nuku’alofa 
(fig. S1) were generated from GEBCO (76) and Mitchel et al. (77) 
bathymetry maps via Q-GIS software.

Data on eruption plume dimensions and volcanic lightning 
in Fig. 2A were reported by Van Eaton et al. (3). The umbrella cloud 
height was estimated via a dual-satellite configuration. Lightning 
activity was tracked using ground-based sensors. The lightning time 
series data were binned into nonoverlapping 1-min intervals, re-
turning the number of registered pulses per minute. Only pulses in 
close proximity to the center of the eruption column (<20 km dis-
tance) were considered because the high flash rates saturated one of 
the sensors, leading to less reliable pulse detection at greater dis-
tances (3).

The first available eye-witness images of the eruption are at 
04:11 UTC and the last-available showing the whole plume was at 
04:30 UTC. A set of images (fig. S2) was captured from short video 
clips made by Connor Campbell from a single location on the wa-
terfront in western Nukualofa, northern Tongatapu (21°7.475′S, 
175°13.204′W), 66.5 km from Hunga volcano. Following interviews 
with Susie and Connor Campbell by S.J.C., timestamps on the original 
files were used to identify photograph times (±10 s) and any changes 
in focal length to render the same perspective (at the distance of the 
plume) for each image. Brightness/contrast of the original bright after-
noon images (clear skies ∼17 hours local time) was modified to high-
light features of the eruption plume.

Meteorological parameters, air temperature and air pressure 
(Fig. 2B), and wave amplitude data (Fig. 2C) were recorded by a 
meteorological station and a tide gauge, respectively, both located 
∼69 km SE of Hunga volcano in the Nuku’alofa Harbor (15) and sup-
plied by the Tonga Meteorological Service. Subtracting the tidal range 
from the raw gauge data reveals the amplitude of incoming and re-
flected tsunami waves within the harbor. The raw data were sampled at 
one datapoint per minute. Wavelet decomposition was performed on 
the record for a range of frequencies. The 48-min-period wavelet plot 
described the main background pattern of the signal well and likely 
indicates the structure of the main tsunami wave train. Security cam-
era footage for tsunami wave arrival timing (Fig. 2C) was provided by 
Susie Cambell from Sopu (4 km west of the harbor) and the Billfish 
Bar (21°8.432′S, 175°10.820′W), adjacent to the Nuku’alofa harbor.

Seismic records were extracted from the vertical component of 
short-period station MSVF (40 Hz sampling frequency) via the 
FDSN server. The station is located in Fiji, approximately 750 km 
WNW of the volcano, and is one of the closest active stations at the 
time of the eruption. We removed the instrument response from the 
raw data before applying a Butterworth filter between 0.1 and 10 Hz. 
The associated spectrogram was generated via Fast-Fourier Trans-
form over 2048 data points using 50% overlap between windows, 
before converting the spectrum into dB-scale.

To assess the origin time of the most dominant T phases, we ac-
quired seismic records of 14 sensors located across the SW Pacific 
(Fig. 1B). We applied a 1- to 10-Hz Butterworth bandpass filter to 
the raw data, before demeaning and detrending each trace. Spectra 
were generated using a 5-s rolling window with an overlap of 80%. 
We manually assessed spectra and waveforms to determine the ar-
rival time of the T phase at each station (figs. S3 and S4). On the 
basis of the distance between each station and Hunga volcano, and 
assuming an average hydro-acoustic wave velocity of 1.49 km s−1, 
we determined a hypothetical origin time for the main T phase re-
corded after 05:28. On the basis the earliest identified event time, we 
assessed the signal delay at the remaining stations (table S1). We 
repeated this process for the second main T wave on the same sta-
tions, with travel time for the NW stations well behaved but the SE 
stations recording late arrivals (figs. S5 and S6 and table S2). Note 
that the Niue seismic sensor (∼600 km from Hunga) was not opera-
tional at the time of eruption. We used one-dimensional bathymet-
ric profiles along the travel paths between Hunga volcano and each 
seismic sensor (fig. S8) as a preliminary assessment of the factors 
affecting signal dispersion. These profiles were generated from 
GEBCO (76) and Mitchel et  al. (77) bathymetry maps via Q-GIS 
software.

Supplementary Materials
This PDF file includes:
Figs. S1 to S8
Tables S1 and S2
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