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ABSTRACT

We present a narrative of the eruptive events culminating in the cataclysmic January 15, 2022 eruption of Hunga
Tonga-Hunga Ha'apai Volcano by synthesizing diverse preliminary seismic, volcanological, sound wave, and
lightning data available within the first few weeks after the eruption occurred. The first hour of eruptive activity
produced fast-propagating tsunami waves, long-period seismic waves, loud audible sound waves, infrasonic
waves, exceptionally intense volcanic lightning and an unsteady volcanic plume that transiently reached—at 58
km—the Earth's mesosphere. Energetic seismic signals were recorded worldwide and the globally stacked seis-
mogram showed episodic seismic events within the most intense periods of phreatoplinian activity, and they
correlated well with the infrasound pressure waveform recorded in Fiji. Gravity wave signals were strong enough
to be observed over the entire planet in just the first few hours, with some circling the Earth multiple times
subsequently. These large-amplitude, long-wavelength atmospheric disturbances come from the Earth's atmo-
sphere being forced by the magmatic mixture of tephra, melt and gasses emitted by the unsteady but quasi-
continuous eruption from 0402+1-1800 UTC on January 15, 2022. Atmospheric forcing lasted much longer
than rupturing from large earthquakes recorded on modern instruments, producing a type of shock wave that
originated from the interaction between compressed air and ambient (wavy) sea surface. This scenario differs
from conventional ideas of earthquake slip, landslides, or caldera collapse-generated tsunami waves because of
the enormous (~1000x) volumetric change due to the supercritical nature of volatiles associated with the hot,
volatile-rich phreatoplinian plume. The time series of plume altitude can be translated to volumetric discharge
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and mass flow rate. For an eruption duration of ~12 h, the eruptive volume and mass are estimated at 1.9 km® and
~2 900 Tg, respectively, corresponding to a VEI of 5-6 for this event. The high frequency and intensity of
lightning was enhanced by the production of fine ash due to magma—seawater interaction with concomitant high
charge per unit mass and the high pre-eruptive concentration of dissolved volatiles. Analysis of lightning flash
frequencies provides a rapid metric for plume activity and eruption magnitude. Many aspects of this eruption
await further investigation by multidisciplinary teams. It represents a unique opportunity for fundamental
research regarding the complex, non-linear behavior of high energetic volcanic eruptions and attendant phe-
nomena, with critical implications for hazard mitigation, volcano forecasting, and first-response efforts in future

disasters.

1. Introduction

The eruption of Hunga Tonga-Hunga Ha'apai Volcano (HTHH) in
mid-January 2022 was arguably the most violent volcanic eruption in the
past 138 years. HTHH's first large eruption occurred on January 13, 2022
at 1520 UTC (14 January 4:20 local time), sending a plume of ash up to
20 km into the stratosphere. The cataclysmic eruption onset on January
15 at 0402 + 1 UTC (~17:02 local time), with eruption intensity
increasing drastically at ~0408 UTC (see Global Volcanism Program,
2022a) producing a plume that reached a maximum height of ~58
km—well within the mesosphere—by 0430 UTC (Bates and Carlowicz,
2022). These dramatic events, including attendant shock-waves, were
captured by meteorological satellites, and were heard in New Zealand,
Hawaii and in Alaska (Global Volcanism Program, 2022a). This eruption
is on a par with other great eruptions including Pinatubo, Philippines in
1991 and Krakatoa in 1883 (Global Volcanism Program, 2022a) and
exceeds the hitherto most powerful eruption known—the 180 CE
ultra-plinian eruption of Taupo in New Zealand, which had an estimated

plume height of ~50 km based on tephra dispersal (Walker, 1980). The
eruption triggered a rare volcanogenic tsunami that caused loss of life
and massive damage in the Kingdom of Tonga (Global Volcanism Pro-
gram, 2022a,b,c). Historically, HTHH experienced at least two destruc-
tive, caldera-forming events prior to the January 2022 paroxysmal
eruption, with the most recent dated at 1040-1180 CE (Cronin et al.,
2017; Brenna et al., 2022). Magma recharge of the Hunga magmatic
system culminating in caldera collapse evidently is a recurring phe-
nomenon, at least in the Holocene. We refer the reader to Kusky (2022)
for spectacular figures showing the eruption scenario and important
geological information. Our paper differs from Kusky (2022) in that we
focus on new technical details based on data analysis of seismic, acoustic,
IR satellite imagery, volcanic lightning and geochemical data as well as
scaling from geophysical, geochemical, volcanological and computa-
tional perspectives. We propose a first-order narrative of the climactic
eruption, consistent with preliminary volcanological, infrasound,
seismic, volcanic lightning, and tsunami observations and analyses that
suggest the ingress of seawater played an important role in this violent,
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Fig. 1. (a) A map of the Tonga-Kermadec subduction system; inset shows this region on a global map. The black line indicates the cross section in panel (c), whereas
red lines illustrate back-arc spreading centers in the Lau Basin. The red triangle indicates the Hunga Tonga-Hunga Ha'apai volcano. (b) A schematic cartoon showing
the Tonga-Lau subduction system. (c) A cross section of SV-wave velocity constrained by Rayleigh wave tomography (Wei et al., 2016). Bathymetry is plotted on top
with vertical exaggeration. Hunga Tonga-Hunga Ha'apai and the East Lau Spreading Center (ELSC) are highlighted in red. Black bold curve indicates the Tonga slab

surface according to the Slabl.0 model of Hayes et al. (2012).
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phreatoplinian eruption. Fresh opportunities for future research and
many challenges to multidisciplinary researchers abound.

2. Tectonic setting and background petrology of Hunga Tonga-
Hunga Ha'apai volcano

The Tonga-Kermadec arc is an archetypical example of mature intra-
oceanic island arc volcanism (Fig. 1a), and has served as a natural lab-
oratory for evaluating subduction zone magmatism and the evolution of
volcanic arcs (Smith and Price, 2006). Rapid (200-250 mm/yr) sub-
duction of the Pacific Plate beneath the Indo-Australian plate, coupled
with the onset of back-arc rifting at 2-5 Ma to form the adjacent Lau Basin
(Bevis et al., 1995; Taylor et al., 2016), have resulted in a relatively thick
~20 km crustal column at the central Tonga Ridge (Contreras-Reyes
et al., 2010; Brenna et al., 2022) that is home to one or more volumet-
rically significant, shallow magma reservoirs (Brenna et al., 2022). The
mantle source for these arc magmas follows the interpretation of recent
high-resolution seismic imaging of the Tonga Trench (Zheng et al., 2007;
Li et al., 2019). Seismic velocity and attenuation images show that the
decompression melting beneath the back-arc spreading system is much
more extensive and intensive than the flux melting beneath the Tofua arc
(Fig. 1c; Wei et al., 2015; Wei et al., 2016; Wei et al., 2018). The in-
teractions between these two melting systems control the crustal struc-
ture as well as magma composition (Martinez and Taylor, 2002; Wei
et al., 2015). Subduction of the Pacific oceanic lithosphere, including the
hydrothermally-altered oceanic crust and uppermost partially serpenti-
nized mantle, liberates volatiles at depth and triggers intermediate-depth
earthquakes to form a double seismic zone (Fig. 1b; Wei et al., 2017). The
volatiles trigger partial melting in the peridotitic mantle wedge region
overlying the Wadati-Benioff zone (Smith and Price, 2006). Geochemical
analyses of lavas erupted along this Tofua Volcanic (TVA) segment of the
arc (Taylor et al., 2016) suggest that depleted mid-ocean ridge basalt
(MORB) from the adjacent Lau Basin and pelagic sediments from the
subducted slab also contribute to parental magma compositions (Smith
and Price, 2006; Cooper et al., 2010). These magmas evolve by fractional
crystallization and possibly ingestion of older wallrock during ascent
through the crust, and undergo further compositional evolution in
shallow storage reservoirs at 5-8 km depth accompanied by open-system
magma recharge (Brenna et al., 2022), to produce basaltic andesites and
andesites. Evidence for shallow magma reservoir growth, caldera resur-
gence, and vertical deformation since the early 2010s is shown by
recently uplifted shore-platforms and fresh coral along the Hunga Tonga
shoreline (Cronin et al., 2017; Brenna et al., 2022).

The island remnants of Hunga Tonga and Hunga Ha'apai are the
highest points of HTHH, a ~2 km tall andesitic stratovolcano that lies
~67 km north-northwest of Tongatapu - the largest and most densely
populated island in the Kingdom of Tonga (Cronin et al., 2017;
Colombier et al., 2018). Eruptive activity was first recorded in 1912, but
as the majority of the edifice is submarine, relatively little is known about
the earlier eruptive history of HTHH (Bryan et al., 1972; Cronin et al.,
2017). Subaerially exposed lavas of the main volcanic edifice are variably
phenocrystic (2-40% pyroxene and plagioclase) basaltic-andesites and
andesites (Brenna et al., 2022). On Hunga Ha'apai, lava flows are over-
lain by three sequences of highly-vesiculated, crystal-poor andesitic
tephras, and topped by an andesitic welded ignimbrite produced during
the caldera-forming eruption of 1040-1180 CE (Cronin et al., 2017;
Brenna et al., 2022). Recently-erupted tephras from 2009 to 2014-15
have compositions very similar to older exposed tephra sequences, high
inferred volatile contents (4.6-5.1 wt% H20), and are slightly less
evolved than the welded ignimbrite (Colombier et al., 2018; Brenna
et al., 2022). For full geochemical and petrologic descriptions of earlier
HTHH eruptive products, the reader is referred to Brenna et al. (2022).

The conceptual model of HTHH's magmatic system proposes that the
magma source is an open-system shallow magma reservoir at 5-8 km
depth that is compositionally and thermally buffered by the continuous
or nearly-continuous recharge of homogeneous magmas (Brenna et al.,
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2022). Despite overlapping compositions between the caldera-forming
welded ignimbrite and underlying tephras, a record of
high-temperature mixing is preserved in the crystal cargo from
caldera-forming events. As posited by Brenna et al. (2022),
caldera-forming events at HTHH may be immediately triggered by mafic
recharge. In between these large-scale events, the magma reservoir may
be replenished by small amounts of well-homogenized melt, and volatiles
accumulates in the magma as it crystallizes (Blake, 1984; Edmonds et al.,
2022). These volatiles likely contributed to magmatic overpressure,
triggering small, intra-caldera eruptions to maintain an equilibrium until
sufficient volatiles had been concentrated to prime the HTHH magma
reservoir (Caulfield et al., 2011; Edmonds et al., 2022; Geshi et al., 2022)
for the paroxysmal January 15, 2022 eruption. Preliminary analyses of
ashfall collected on January 15, 2022 suggest that an influx of
volatile-saturated mafic magma had recently recharged the HTHH sys-
tem, possibly triggering this paroxysmal event (Witze, 2022).

3. Provisional volcanology of the cataclysmic January 15, 2022
eruption

After seven years of inactivity, HTHH erupted on December 20, 2021
sending a plume of ash into the stratosphere (Global Volcanism Program,
2021). Eruptive activity continued intermittently for several weeks until
January 13, 2022, when an episode of subaerial activity began at 1520
UTC, generating plumes of ash, steam, and gas that rose as high as 20 km.
A 5 km-wide ash column was observed by Tongan geologists at 0530 UTC
on 14 January (1830 local time; Global Volcanism Program (2022a). The
subaerial activity was intermittent from 1143 to 1704 UTC, with plumes
rising to ~15 km altitude. At 1820 UTC on January 14, a 10-15 min
eruption produced an ash plume that rose to 14 km, and by the end of
January 14, the middle third of the island that had been expanded over
the previous two months was destroyed, relocating the vent to ~200 m
b.s.l (Witze, 2022). We estimate that as much as 0.1 km? of magma may
have been evacuated from the shallow magma storage reservoir between
December 20, 2021 and the early afternoon of January 15, 2022. The
removal of magma and a significant portion of the overlying edifice
preceding the climactic January 15, 2022 event may have played a role in
the particularly violent nature of the eruption, and should be better
quantified in future studies.

On January 15, 2022, a large submarine phreatoplinian eruption at
HTHH was initiated at ~0402 + 1 UTC (~17:02 local time), based on
infrasound and seismic data presented in Sections 4.2 and 4.3. By 0430
UTC the eruption plume had risen to a peak height of ~58 km (Bates and
Carlowicz, 2022), and by 0603 UTC the plume umbrella was ~600 km
wide (Global Volcanism Program, 2022a). Over the interval 0519-1000
UTC there were roughly 400 000 lightning strikes recorded by the
GLD360 network (Global Volcanism Program, 2022a). Satellite imagery
suggests plume heights were relatively sustained at >30 km from 0420 to
0850 UTC (Khlopenkov and Bedka, unpublished footage; Bates and Car-
lowicz, 2022), and that eruptive activity continued with varying in-
tensities until ~1710 UTC. Residents on nearby Mango Island “fled to an
area that was 30 m elevation, 700 m from the coast, and remained
through the night as ash fell” (Global Volcanism Program, 2022c).
Although initial reports are fragmentary, this suggests an eruption
duration of circa 12 h. As of the time this manuscript was submitted,
measurable volcanic activity at HTHH has ceased, and no notable seismic
activity has occurred since January 24, 2022 (Global Volcanism Program,
2022b).

4. Summary of unusual observations and preliminary results

In this section we present a preliminary analysis of various signal-
s—including lightning, infrasonics, eruptive plume heights, tsunami
waves, and seismic waves—generated by this tsunamigenic eruption.
Violently explosive, tsunamigenic eruptions are quite rare in the geologic
record; this kind of eruption only happens at HTHH every ~1000 years or
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so (Brenna et al., 2022). Large tsunamigenic earthquakes at subduction
zones—such as the 2004 M 9.2 Sumatra, the 2011 M 9.1 Tohoku-Oki
earthquake, and the 1964 M 9.2 Alaska earthquake—occur on rela-
tively much shorter timescales. This event poses challenging questions
for statisticians of rare events, as such eruptions do not conform to
Gutenberg-Richter scaling, at least on humanly observable timescales.
This eruption also excited Earth's atmosphere, producing gravity waves
which circled the Earth multiple times, unprecedented amounts of vol-
canic lightning, and a shock wave which was heard as far away as Alaska
(Adam, 2022; Global Volcanism Program, 2022).

4.1. Volcanic lightning observations

The HTHH eruption column produced a prodigious amount of vol-
canic lightning. The data we examined were summary data from the
GDP360 instruments operated by Vaisala, Inc. The eruption the previous
day, January 14, produced >190 000 flashes over 20 h (S. Ryan, writt.
comm.). The stronger main eruption on January 15 produced >400 000
flashes in total with 200 000 flashes in the peak hour (S. Ryan, writt.
comm.).

By conducting a frame-by-frame analysis of the same publicly avail-
able data (Churchill, unpublished footage) containing raw CG stroke
counts by intensity, and interpolating the time of each stroke count from
the underlain and correlated Himiwari-8 satellite footage, we obtained
>700 000 sources (Fig. 2; Supplementary Table S1). During the strongest
stage of the main eruption, the number of flashes was 80% of worldwide
lightning during the most active hour! These observations are
unprecedented.

We estimate that the first flashes occurred several minutes after
eruption onset (Fig. 2; Supplementary Table S1), consistent with plume
lightning elsewhere, such as Redoubt (Hoblitt, 1994; Behnke et al. 2013),
Spurr (McNutt and Davis, 2000), and others. The lightning flashes
expanded out from the source in a donut pattern as seen in videos
(Churchill, unpublished footage; LightningOnDemand, unpublished
footage), so many of the flashes occurred between 100 and 200 km from
the volcano.
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4.2. Volcanic infrasound observations

The January 15, 2022 eruption of HTHH produced the largest infra-
sound signals observed globally in 30 years. These signals were recorded
on many stations worldwide, including all 53 arrays of the International
Monitoring System (IMS) operated by the CTBTO (Brumfiel, 2022), but
the relevant data is not publicly available at this time. Instead, we
downloaded 1 Hz data from 117 infrasound and 584 barometric channels
available from the Incorporated Research Institutions for Seismology
Data Management Center (IRIS DMC), from January 13-20, 2022. After
removing the instrument responses, we found that it was necessary to
apply a 0.0001 Hz (10 000 s period) high-pass filter to fully resolve a
characteristic N-shaped waveform of the blast wave from the main event.
Kataoka et al. (in submission) and Amores et al. (in submission) identify this
as a Lamb wave, which behaves like a surface wave propagating through
the atmosphere. Filtering at higher frequencies causes the amplitude of
the Lamb wave to be underestimated, and the shape to be distorted. The
Lamb wave circled the globe in ~35.5 h and induced prominent seismic
waves via air-ground coupling (Fig. 3) and meteotsunami.

After visually reviewing traces to eliminate noisy stations, we
measured the maximum zero-to-peak amplitude of the Lamb wave at
each remaining station (Fig. 4). It can be seen that the signal generally
decays with distance, as expected. The peak Lamb wave amplitude at the
closest station (757 km from HTHH) is 780 Pa, and the dominant
wavelengths are 1-100 km. To estimate the strength of the signal at the
source, we calculated reduced pressure. Reduced pressure is a metric
used within the volcanic infrasound community to compare infrasound
signals, and is an estimate of the pressure 1 km from the source.
Assuming geometrical spreading like 1/+/r (where r is the source-
receiver distance), we estimate a reduced pressure of ~23 kPa (0.2
bars) by extrapolation back to 1 km (red line in Fig. 4). These pressures
are so high that they imply the actual “source” was larger than 1 km
(radius), and we consider 23 kPa a lower bound for reduced pressure.
Long-wavelength infrasound at distances less than the thickness of the
atmosphere would be expected to decay approximately like 1/r, since
wavefronts would be approximately hemispherical, like seismic body
waves. Including this near field term, we estimate an upper bound of 170

Lightning Activity During the 15 January 2022 Eruption of Hunga Tonga-Hunga Ha’apai Volcano
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Fig. 2. Lightning activity during the January 15, 2022 eruption of Hunga Tonga-Hunga Ha'apai Volcano as a proxy for eruption intensity (Behnke and Bruning, 2015;
Mendez-Harper et al., 2018). Data from unofficial 1-min CG records from the GLD360 dataset compiled by Churchill (unpublished footage).
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kPa for reduced pressure. Comparison of these values with those from
other eruptions (see Supplemental Appendix S2) suggests the January 15
HTHH eruption was in the VEI 5-6 range.

By manually picking the Lamb wave arrival at several dozen stations
and performing a linear regression on arrival times versus distance, we
determined a far-field speed of ~314 + 3 m/s. This agrees with the
theoretical predicted speed of 312 m/s for a Lamb wave (Bretherton,
1969). In the very near-field, the shockwave may have traveled much
faster than this, perhaps reaching distant stations up to 1 min sooner. As
best as we can determine, infrasound radiation indicative of an eruption
began at ~0402 UTC +1 min, and the Lamb wave emerged at ~0415 + 2
min (consistent with the My 5.8 volcanic eruption), peaking around
~0429 + 2 min.

4.3. Seismic observations and initial constraints on the source mechanism

Global seismic stations have widely recorded coherent seismic signals
from the eruption (Fig. 5a). Consistent polarities over the full range of
azimuths (Fig. 5b) indicate that these waves are not caused by shear
faulting. Possible source mechanisms are likely to include vertical force,

(a)
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explosion, and implosion. The USGS reported a surface-wave magnitude
5.8 event for the eruption, with an origin time of 04:14:45 January 15,
2022 (UTC), located at 20.546°S, 175.390°E (USGS, 2022). Based on
teleseismic waves, Poli and Shapiro (in submission) provides an estima-
tion of VEI = 6 for the HTHH eruption, putting it among the largest
volcanic eruptions ever recorded.

To better understand the source time functions of the HTHH eruption,
here we directly stack the P-wave arrivals at teleseismic distances of
70-90°, where the seismic recordings are the densest, and coherent
among different stations. This approach is somewhat similar to the direct
stacking of teleseismic P waves for source time functions of deep-focus
earthquakes (Houston and Vidale, 1994). Specifically, P-wave arrivals
were picked and traces were aligned and stacked according to the picked
times (Fig. 6a). The stacked ground velocity and displacement seismo-
grams (Fig. 6b and c) show four seismic events: E-1, E—2, E—3, and E—4,
with similar waveforms, suggesting episodic eruptive activities. The final
event (E—4) is very close to E—3 in time, and is also considerably smaller
in amplitude than the first three events. Within the first 300-400 s or so, a
good correlation can be seen between the globally stacked seismograms
(Fig. 7a and b) and the barometric pressure waveform recorded at a
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Fig. 5. Map of global seismic stations (a) and recorded waveforms of the HTHH eruption (b). In (a), blue triangles are stations and the red dot is HTHH volcano. In (b),
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Fig. 6. (a) Ground velocity seismograms, high-pass filtered with a corner frequency of 0.01 Hz. Seismograms are aligned based on the picked P travel times. The
seismograms are (b) stacked ground velocity; and (c) stacked ground displacement showing four episodic seismic events, E—1 to E—4.

nearby station in Fiji (Fig. 7¢), which is ~757 km away from HTHH. This
correlation confirms that the eruptive events generated both seismic
signals and atmospheric pressure waves.

4.4. Preliminary volcanological results

Based upon the lightning detection record (Fig. 2; Churchill, unpub-
lished footage; LightningOnDemand, unpublished footage) as a proxy for
plume activity (Hoblitt, 1994; Lane and Gilbert, 1992), GOES-17 and
Himawari-8 satellite imagery of 10.3 pm IR during the paroxysmal 15
January eruption (Khlopenkov and Bedka, unpublished footage; Bates and
Carlowicz, 2022) and Global Volcanism Program reports (Global Volca-
nism Program, 2022a,b,c), peak and average volumetric discharge and
mass flow, as well as total eruptive volume and mass can be estimated
based on a scaling relationship between plume height and discharge
(Carey and Bursik, 2000; see Appendix S4 for a more detailed

explanation of our calculations). These are crude estimates since the role
of external water has not been accounted for explicitly. The ingress of
seawater enhanced the convective region of the volcanic plume (Koya-
guchi and Woods, 1996; Mastin, 2007) as magma enthalpy converted
seawater to buoyant steam. Based on the lightning proxy, satellite im-
agery and eye witness accounts, the eruption duration was circa 12 +£2 h.
Infrasound analysis (Fig. 3), Lamb wave measurements (Fig. 4), and
satellite footage (Khlopenkov and Bedka, unpublished footage; Bates and
Carlowicz, 2022) suggest the eruption may have initiated as early as
0402 + 1 UTC January 15, 2022, ~13 min before the M5.8 event origin
time reported by USGS (2022). During the first 29 min of the eruption the
plume grew to a colossal peak height of 58 km in the mesosphere, and
then oscillated in the 45-50 km range until at least 0520 UTC (Khlo-
penkov and Bedka, unpublished footage; Bates and Carlowicz, 2022). For
the following four hours or so the plume top decreased with some minor
oscillations from ~37 km to ~28 km, and continued to decrease until the



D.A. Yuen et al.

Earthquake Research Advances xxx (xxxx) xxx

(a)
— «10® Stacked P wavelet: displacement, band [20s 100s]
£ 2
3
20
5
g -2 : : \ \ : ; s
-100  -50 0 50 100 150 200 250 300 350 400
(b) Time (s)
G > 10'°Stacked P wavelet: particle velocity, band [20s 100s]
£ 5
2
S 0
g
< -100 -50 0 50 100 150 200 250 300 350 400
(C) Time (s)
5 MSVF: Barometric Pressure, band [20s 100s] -210’1
© ©
Qo a
s ™) :
0 -
28 :
53 -200 28
o9 : o
e 1600 1700 1800 1900 2000 2100 2200
Time (s)

Fig. 7. Comparison of globally stacked seismograms recording ground displacement (a), ground velocity (b), and the barometric pressure record (c) at station MSVF in
Fiji. All three waveforms are bandpass filtered within a period range [20s 100s].

eruption ceased (Khlopenkov and Bedka, unpublished footage; Bates and
Carlowicz, 2022). We surmise that breaching of the magma chamber
occurred at depth at 0402+1UTC, after which a bubbly, gas-laden and
fragmenting magma made its way towards the surface. The exponential
increase in eruption intensity at 0408 UTC could reflect the transition
from surtseyan to subplinian activity, with the change to phreatoplinian
activity marked by intense explosions beginning at 0414 + 2 UTC and
peaking at 0429 + 2 UTC—the likely source of the incredibly large Lamb
waves, tsunami, ground-coupled airwaves, meteo-tsunami, and colossal
amounts of volcanic lightning.

Based on these first-order observations, peak volumetric discharge
and mass flow rates of the volcanic plume are ~9 x 10° m®/s and 1.3 x
10° kg/s, respectively, given a mean column density of 1500 kg/m>
typical of phreatoplinian volcanic columns (e.g., Sparks et al., 1997).
Integration of the plume height time series reconstructed from imagery
gives a preliminary total eruptive volume of 1.9 km?, corresponding to an
eruptive mass of ~2 850 Tg. Explosive activity was aided by the rela-
tively high concentration (~5 wt.% H50) of juvenile (magmatic) HoO
dissolved in the pre-eruptive melt, assuming that pre-eruptive wt.% HsO
is consistent with eruptive products from 2009 to 2014-2015 (Colombier
et al., 2018; Brenna et al., 2022), which is a reasonable preliminary
approximation. A high magmatic volatile content presumably increased
the depth in the volcanic conduit at which magma fragmentation
occurred, supercharging the later and shallower exchange of heat be-
tween already-fragmented magma and seawater, and affording the rapid
flashing to steam with attendant enormous increase in volume. The
conversion of pressure-volume work associated with the expansion to
kinetic energy and vertically-directed momentum coupled to enhanced
plume buoyancy enabled the vigorous plume to develop with associated
atmospheric shock waves. As a crude estimate, if the mass fraction of
seawater constituted 15% of the eruptive product, then the flashing of
seawater from liquid to steam contributes ~2300 km® of volume
expansion (Haar et al., 1984) when heated to magmatic temperatures.
Indeed, a unique aspect of the HTHH eruption was the ingress of seawater
(external, not magmatic water) and its phase change to a supercritical
fluid. The PV work done pushing the atmosphere away from the eruptive
vent constitutes an approximate mechanical energy of ~2 x 107 J,

which is in relatively good agreement with preliminary blast energies
associated with atmospheric shock waves of 4-18 MT (see Appendix S2).
Finally, the thermal energy of the eruption estimated at ~10*° J implies
the conversion of thermal energy to blast energy was ~2%, well below
the ideal Carnot cycle limit of ~80% for the conversion of heat to work.
This is expected for the far-from-equilibrium dissipative phenomena
associated with violent volcanic eruptions with attendant shock waves,
tsunami and ground motions, and the violent expansion of heated
seawater. The estimates made here are preliminary and remain to be
refined, in some cases perhaps profoundly, as more complete analysis is
made.

4.5. Tsunami observations and initial modeling results

The tsunami waves induced by the eruption were observed around
the world (Adam, 2022; Kubota et al., submitted; Kataoka et al., submitted;
Ramirez-Herrera et al., submitted; Tanioka et al., in review). We note that
tidal data collected along the coast of Mexico (Ramirez-Herrera et al.,
submitted) and at La Jolla, CA (Fig. 8; Supplementary Table S4) showed
strong signals for >100 h, as if the ocean was sloshing around. Similar
measurements were made in Naples, which is close to the antipodal site
from HTHH. The cause of this is not fully known, although it aligns with
two different arrival times of waves: one at the normal gravity wave
speed that most tsunami exhibit, and another arrival time corresponding
to the acoustic waves that were also observed in the atmosphere (Fig. 3).
These latter waves are similar to meteo-tsunami, waves caused by at-
mospheric pressure disturbances that are often also associated with
resonance effects and also with bathymetric effects (Saito et al., 2021).

In terms of the modeling efforts of the tsunami, the major efforts from
the National Tsunami Warning Center (NTWC) have centered around
using the Deep Ocean Assessment and Reporting of Tsunamis (DART)
buoy network in the Pacific to invert a set of Green's functions that could
reconstruct the gravity wave components of the waves (the atmospheric
signal was detected but was filtered out; NOAA Center for Tsunami
Research, 2022). While this did represent the far-field gravity
wave-based tsunami fairly accurately, the near-field will require signifi-
cant computational resources to understand the true nature of the source
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Fig. 8. Three-day record of La Jolla tidal station, at Scripps Pier. Tidal gauges are in a room in the southwestern corner of the building at the end of the pier. The
vertical scale is in meters relative to the average value of each day's record. Mean sea level is at approximately zero, but varies slightly between records. The tsunami
produced by the January 15 HTHH eruption arrived at La Jolla at approximately 0400 UTC on Jan 16, 2022 (0800 PST on January 15), with disturbances of tens of cm

for many hours.

mechanisms for even the gravity wave. Several recent studies have
modeled the initial tsunami waves as induced by atmospheric waves
propagating at the speed of sound (i.e., the Lamb waves; e.g., Amores
et al., in submission; Kubota et al., in submission), and subsequent tsunami
as scattered waves by small islands in the Pacific Ocean.

5. Research opportunities

The cataclysmic January 15 eruption of HTHH presents a rare op-
portunity for researchers to explore new problems in volcanology,
petrology and geochemistry, seismology, tsunamigenesis, infrasonics,
atmospheric and climate science, physical chemistry, applied mathe-
matics, and fluid dynamics and mechanics. As such, examining the events
surrounding the HTHH eruption will require multidisciplinary collabo-
rations. We illustrate this modus operandi in Fig. 9 below, and emphasize
that the interdisciplinary effort needed to approach these problems is
reflected in—but can certainly not be limited to—the composition of this
writing team.

This study represents a first attempt at understanding the mechanics
of this historic eruption, and we now wait for further, much-needed
data—especially bathymetric measurements, petrologic and geochem-
ical analyses—to be collected so that the scientific community can have a
better understanding of these events. Geophysicists and seismologists
will need to work together closely with volcanologists, igneous petrolo-
gists, geochemists, applied mathematicians, and physical chemists to
better understand the syn-eruptive mechanics of phreatoplinian erup-
tions, as well as the pre-eruptive processes which primed HTHH for this
historic eruption. This is necessary because the triggering mechanisms
and thermochemical reactions of these violently explosive eruptions
must be understood before developed seismic, tsunami, or atmospheric
models can be properly reconciled and the implications for hazard
analysis can be properly considered.

This rare volcanic event introduces new areas for fundamental
research in volcanologically-induced tsunamigenesis, atmospheric
physics, and wave generation. We present some possible avenues for
exploration in these fields by raising questions for which answers are
desperately needed, such as:

VOLCANOLOGY, GEOCHEMISTRY
PHYSICAL CHEMISTRY

GEOPHYSICS

ATMOSPHERIC
TSUNAMI SEI:MOLOGY
MODELING GPS

APPLIED MATHEMATICS
HIGH PERFORMANE COMPUTING
DEEP LEARNING, VISUALIZATION

Fig. 9. An illustration of the real necessity for a multi-disciplinary team to
understand the cataclysmic January 15, 2022 eruption of Hunga Tonga-Hunga
Ha'apai Volcano. Seismologists alone cannot understand this unique phenome-
non, and other disciplines are needed because an understanding of pre-eruptive
volcanological events, as well as the physics and chemistry of the eruption itself,
is inherently necessary to successfully address these novel research questions.
Solutions to such complicated problems will require an increased demand in
computational power and storage, and the implementation of applied mathe-
matics, including machine learning.

1. Can a simplified 1-D tsunami excitation model be applied to
tsunami waves generated by caldera collapse or explosion
mechanisms?

2. What does the excitation model for these wave types look like?
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3. Could localized 3-D models for caldera collapse (e.g., Tinti and
Armgliato, 2003; Tinti et al., 2006) be used to model the HTHH
eruption by using a not-mass-movement forcing model?

4. Could 3-D models for megathrust earthquakes that consider elastic
as well as fluid dynamics (e.g., Saito and Furumura, 2009, or Saito
and Kubota, 2020) be used to model the HTHH eruption?

5. What is the excitation distribution for the explosive component of
a volcanic eruption when coupled with a landslide and/or caldera
collapse? And how might nonlinear inversion models need to be
adapted to account for these complex excitation mechanisms?

6. Can the complex seismic source time function be interpreted by
the various magmatic and eruptive processes? Is a single-force
model (Kanamori and Given, 1982) sufficient for modeling the
seismic wavefield? Do we need a sequence of moment tensor
sources and single-force sources to model the observed seismic
fields? A joint inversion of seismic and tsunami waves (e.g., Ioki
and Tanioka, 2011) should be carried out once tsunami data has
been fully processed by Japanese researchers or NOAA, as such a
modeling effort will provide us a great tool to understand the
forces of the epic eruption of HTHH.

7. To what extent were the long-lived meteotsunami waves affected
by the atmospheric pressure waves, as depicted in Fig. 10? And
how might tsunami propagation calculations (e.g., Thurey et al.,
2007; Schmidt et al., 2010) need to be adapted to account for such
a mechanism?

8. What new knowledge can be gleaned from satellite observations
of the eruption?

9. What thermochemical reactions are necessary to generate a far-

reaching pressure wave?

How might complex wave interactions between the atmosphere

and the ocean affect global wave propagation, and are these in-

teractions globally recorded on tidal gauges and DART buoys?

Can detailed 3-D eruption column thermodynamic and dynamic

models be used to quantify the role of seawater ingress and ju-

venile magmatic dissolved volatiles on the dynamics and elec-
trostatic properties of tall volcanic plumes (Méndez Harper et al.,

2020), such as the 58 km plume produced by HTHH?

10.

11.

The importance of understanding the source mechanism for this
eruption cannot be understated. Even cutting-edge augmented reality
(AR) tsunami-warning system efforts (https://www.zilizhou.com/tonga;
Zhou, unpublished dissertation proposal) which can estimate arrival times
and amplitudes at given locations through use of an app must still rely on
equations that accurately capture the source mechanism. Thus, even the
most advanced of warning systems is susceptible to holes in our scientific
knowledge.

More than ever, this unprecedented eruption calls attention to the
need for high-performance computing to describe these new phenomena,
and address the above research questions and those that will undoubt-
edly follow. Scaling equations for the dynamics of volcanic eruptions
(Woods, 2001) would complement current studies which examine how
condensable gas jets present in submarine eruptions (Calahan and Dufek,
2020). Geoclaw tsunami modeling software developed by Berger et al.
(2011) would require the use of parallel high-performance computing,
and robust code needs to be generated to adapt the submarine landslide
models of Heinrich et al. (2001) to account for the presence of a pressure
wave in tsunamigenesis. To resolve these novel phenomena will require
massive computational resources—we estimate ~100 million hours of
high-performance computing time are needed, as well as a few hundred
petabytes of cloud-based memory. We stress here that the computational
requirements for this problem far exceed those required to model the
2004 Sumatra tsunami or the 2011 Tohoku-Oki tsunami, as there are
multiple types of waves that must be analyzed and modeled, and the
effects of inter-wave interactions and other non-linearities are currently
unknown.

The opportunity to address novel phenomena in the Earth Sciences
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does not come around often, and we believe that this presents an ideal
opportunity alongside traditional science HPC support for companies
with a cloud computing structure—such as Microsoft, Amazon, and
IBM—to support the sciences in their quest to understand the physics of
events which had never before been recorded on modern instruments.

6. Concluding remarks

The destructive events of January 15, 2022 allow us to review the
eruptive history of HTHH in a new light, as this very likely was a caldera-
forming or caldera-modifying event. Large-scale explosive eruptions are
more common at evolved dacitic-to-rhyodacitic systems, such as Pina-
tubo, Tofua, Krakatau, Rotorua, Raoul, and Santorini. However, repeated
eruptions of pumice rafts in the South Pacific (Bryan et al., 2004; Taylor
etal., 2016; Knafelc et al., 2020) and near Japan (Fiske et al., 2001; Geshi
etal., 2022; Yoshida et al., in review) could imply these are more common
than previously anticipated. Volcanoes of the Babuyan Archipelago pose
a specific tsunamigenic threat to countries (and any highly populated
urban centers) bordering the South China Sea, as Didicas and Babuyan
volcanoes are capable of producing explosive (VEI ~4) phreatomagmatic
eruptions, but have no permanent monitoring networks established
(Paris et al., 2014; Terry et al., 2017). Further, the threat of submarine
explosive eruptions and subsequent tsunami is not limited to the Pacific
and Indian Ocean regions. The vent of Kick'em Jenny Volcano in the
Lesser Antilles is located only ~150 m b.s.l. and the volcano has had
numerous explosive eruptions since 1939, presenting significant hazards
to Caribbean Island nations, the Americas, and countries around the
Atlantic Rim (Harbitz et al., 2012; Day, 2015). This newest eruption of
HTHH highlights the need to better understand mafic-to-intermediate
stratocones at inter-oceanic arcs worldwide as, under the right condi-
tions, they may produce cataclysmic, caldera-forming eruptions with
global impact.

This momentous event also puts a spotlight on the nature of phrea-
toplinian eruptions (Houghton et al., 2015), and the novel type of
tsunami waves they are capable of producing. We present a new mech-
anism from the introduction of supercritical fluids at the eruption site
which caused their dramatic volumetric expansion and contributed to
instabilities in magma flow (Wylie et al., 1999), producing excitations of
the Earth's entire atmosphere, and generating unusually fast tsunami
waves and unusually long-lived meteotsunami. This complex tsunami-
genic scenario involves volcanology, petrology, and an understanding of
eruption triggering mechanisms and the particular forces governing
volcanic eruptions—an entirely different animal than traditional sub-
duction zone earthquake tsunami generation models. The mechanisms of
earthquakes are governed by nearly-instantaneous elastic and visco-
elastic forces, whereas volcanic eruptions operate on timescales that are
orders of magnitudes longer. This difference comes from the
thermo-chemical evolution of multi-phase flow with supercritical
Physico-chemical properties (Blundell and Blundell, 2009), such as vis-
cosity and thermal expansivity. Thus, computational volcanology pre-
sents much greater difficulties than computational seismology. The
statistics governing large tsunamigenic earthquakes are quite different
from those describing tsunamigenic volcanic eruptions, and one must
apply probability distributions to these types of events, which are much
more difficult to evaluate than the well-defined Gutenberg-Richter rela-
tionship. This study represents a first attempt at understanding the me-
chanics of this historic eruption, and we now wait for further,
much-needed data (bathymetric measurements, petrologic and
geochemical analyses) to be collected so that the scientific community
can have a better understanding of these events.

The cataclysmic January 15 eruption of HTHH presents a once-in-a-
lifetime opportunity for young researchers to explore new, interdisci-
plinary problems in volcanology. Magmas that originated from Earth's
mantle would later form the same eruption plume that traveled into
Earth's mesosphere, initiating unprecedented atmospheric waves that
traveled the globe. Truly, this was an event that requires the attention of
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Fig. 10. Cartoon schematic illustrating how the eruption dynamics could produce tsunami waves with an unusual type of forcing from atmospheric pressure. These
phenomena are very unusual and cannot be explained by conventional models that rely on the displacement of water by mass movement from earthquakes.

Earth scientists from all fields and backgrounds to understand its inter-
disciplinary nature. It may take many decades to flesh out the exact na-
ture by which phreatoplinian eruptions generate fast-moving tsunami,
atmospheric gravity waves, and disproportionately high eruption
plumes. Nevertheless, we are very excited to see what discoveries the
future holds.

Data and resources

Much of the data used to support the conclusions of this study were
publicly available online, and were obtained from public social media
accounts, footage publicly available on YouTube, and breaking news
reports. All unpublished data were carefully vetted before consideration.
Tidal measurements for the La Jolla, CA sea level station are publicly
available at http://www.ioc-sealevelmonitoring.org/station.php?code
=lajo. Green's function set inversions calculated by the National
Tsunami Warning Center (NWTC) and related tsunami information are
publicly available at https://nctr.pmel.noaa.gov/tonga20220115/. The
facilities of the Incorporated Research Institutions for Seismology (IRIS)
Data Management System, and specifically the IRIS Data Management
Center, were used for access to the global seismic, infrasound, and
barometric waveform and metadata used in this study. We downloaded
data from network codes 20, AK, AT, AU, AV, AZ, BK, C, C0, C1, CC, CH,
CI, CM, CN, CU, CZ, DK, EI, G, GB, GE, GR, GS, GT, HV, IC, I, IM, IU, IW,
JP, LD, LX, MN, MX, NA, N4, NL, NM, NU, NZ, OE, PL, PM, PS, PY, RO,
SB, SC, SG, SS, TA, TX, UO, US, UU, WM, and WY, and these are publicly
available at https://ds.iris.edu/ds/nodes/dmc/. The IRIS DMS is funded
through the National Science Foundation and specifically the GEO
Directorate through the Instrumentation and Facilities Program of the
National Science Foundation under Cooperative Agreement EAR-
0004370. We particularly relied upon data from the Global Seismo-
graphic Network (GSN). The GSN is a cooperative scientific facility
operated jointly by the National Science Foundation (NSF) and the
United States Geological Survey (USGS). The NSF component is part of
NSF’s SAGE facility, operated by IRIS under Cooperative Support
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