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Abstract Data acquired by broadband seismic stations distributed around the world are used to doc-
ument the exceptionally long duration signal from the tsunami-associated gravity wave that followed the
January 2022 Hunga-Tonga eruption. The first arrivals of this wave, with a frequency of around 2 mHz, are
recorded at the time the tsunami arrives to each station, but the highest recorded frequencies, which reach
40 mHz, arrive 5 days later at some sites, following the prediction of a gravity wave originating at the Hunga-
Tonga region and traveling in deep water. This dispersive signal is detected in most of the stations located in
the Pacific Ocean basin and its coasts, but also in the Indian Ocean, Antarctica, and some stations in North
America located hundreds of kilometers from the coastline. The signal is comparedwith the data gathered af-
ter earthquakes that have produced large tsunamis, showing that the seismic records from the Hunga-Tonga
eruption are very different. Following the hypothesis pointed out by Omira et al 2023, we propose that the
origin of this exceptional characteristic is due to the interaction between the tsunami and atmospheric waves
that travel a little faster.

1 Introduction
On January 15 2022, the Hunga-Tonga (H-T) volcano,
located in the South Pacific Ocean, produced one of
the most powerful volcanic events recorded to date,
with an estimated TNT equivalent yield of 100-200 Mt
(Vergoz et al., 2022) and a plume that reached 55 km
high (Carr et al., 2022). This exceptional eruption gen-
erated a large seismic earthquake and powerful at-
mospheric waves, detected by multiple instruments
throughout the world, from simple weather stations to
satellites, infrasound detectors, microbarographs, tidal
gauges, geodetic stations, and broad-band seismic sta-
tions. The effects of the violent eruption reached even
the ionosphere, where they produced significant vari-
ations in the ionospheric total electron content (TEC)
(e.g. Astafyeva et al., 2022). Probably the most out-
standing feature after the H-T eruption was the atmo-
spheric wave generated by the eruption, characterized
by a sudden variation in pressure. The wave’s passage
was recorded during at least four laps of the planet. Var-
ious publicationshave shown thatmost of the energy in-
jected into the atmosphere propagated as a Lamb wave
(e.g. Amores et al., 2022). Atmospheric Lamb waves are
characterized by their low-frequency range, typically
below 10mHz, their non-dispersive character, and their
ability to travel long distances without significant atten-
uation. Analysis of the Lamb waves generated by the
H-T eruption has shown that their propagation velocity
is close to 310ms-1 and that the pressure variations have
been in the range of hundreds of Pascals (Matoza et al.,
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2022). Wright et al. (2022), based on the analysis of satel-
lite images for several hours, also identified the prop-
agation of gravity waves in the atmosphere, travelling
with phase speeds between 240 and 270 ms-1 and show-
ing frequency dispersion. As these authors pointed out,
gravity waves that remain coherent and spread across
the globe are unprecedented.
The H-T eruption generated an exceptional tsunami,

recorded on a global scale, with a very long duration
and unexpected wave heights in the far field (e.g. Omira
et al., 2022). The onset of this tsunami was detected
earlier than expected by tsunami propagation models,
as the direct tsunami was preceded by a distinct, fast-
travelling, moderate height tsunami that was clearly
detected worldwide, arriving several hours before the
main one (e.g. Carvajal et al., 2022; Zhou et al., 2023;
Ho et al., 2023). This kind of feature, interpreted to
result from the large pressure oscillation generated by
the Lamb wave passing over the location, was first de-
scribed by Harkrider and Press (1967) after the Kraka-
toa eruption and it is often called a meteotsunami (e.g.
Denamiel et al., 2023). The main tsunami waves were
observed on coastal tide gauges distributed throughout
the world, although the largest values, with heights >3
m, were recorded off the coasts of California and Chile
(Carvajal et al., 2022). The arrival time of these waves
agrees well with the theoretical travel times of a free
tsunami wave originating in the vicinity of the volcano
at the time of the eruption and traveling at 198 ms-1,
the speed corresponding to the average depths of the
Pacific waters. As shown by Ho et al. (2023), the dif-
ferences in time and amplitude of both surges are af-

1
SEISMICA | ISSN 2816-9387 | volume 2.2 | 2023

https://doi.org/10.26443/seismica.v2i2.1033
https://orcid.org/0000-0003-1801-0541


SEISMICA | RESEARCH ARTICLE | Long duration dispersive signal after the 15 January 2022 Hunga-Tonga eruption

15/01 16/01 17/01 18/01 19/01 15/01 16/01 17/01 18/01 19/01

15/01 16/01 17/01 18/01 19/0115/01 16/01 17/01 18/01 19/01

a) b)

c) d)

A
m

pl
it
ud

e 
(m

2 /
s4

/H
z)

 (
dB

)

Figure1 Examples of the long-durationdispersive arrivals detectedat stationson thePacific islandsof Rarotonga (RAR) and
Wake (WAKE), Antarctica (SBA), and Central Chile (PEL). Frequency is represented using a logarithmic scale. White dashed
lines show the gravity dispersion curves.

fected by the bathymetry variations along their path.
Zhou et al. (2023) noticed that the pressure disturbances
produced by the Lamb wave (<200 Pa) are not sufficient
to explain the relatively large amplitudes of the meteot-
sunamiwaves observed in some areas, particularly near
the coast of Japan. They analyzed if this amplification
could be related to the Proudman resonance, and con-
cluded that it is better explained by nearshore amplifi-
cation effects. However, Lynett et al. (2022) suggested
that the air-pressure passing over the deep-water sub-
duction zones in the Pacific triggered a Proudman reso-
nance effect, with eachmajor trench in the PacificBasin
generating a small tsunami. These multiple tsunamis
could explain the persistent sea-level perturbations in
the Pacific coasts.
Themain phase of the eruptive process included four

large explosions, observed in satellite data and generat-
ing seismic waves detected around the world. Themain
explosion, at 04:14 on January 15, 2022, was detected by
global seismic networks, which assigned a magnitude
of 5.8 to the event. This explosion resulted in the ex-

citation of Earth normal modes, with the planet puls-
ing every 4.5minutes formore than 4 hours (Diaz, 2022;
Garza-Girón et al., 2023; Ringler et al., 2022). Broadband
seismometers also recorded the successive passages of
the Lamb waves, showing that the associated pressure
variations were, even after traveling four times around
the planet, strong enough to be detected in an instru-
ment not specifically designed to detect them (Diaz,
2022).
In this contribution, seismic data recorded around

the world are used to document another of the features
that make post-eruption seismic records exceptional:
the recording of surface gravity waves (SGW), in a fre-
quency rangebetween5and50mHz,which canbe iden-
tified continuously in some places for time intervals up
to five days. Although long-lived, dispersive SGW gen-
erated by cyclones have been reported in seismic data
recorded on the Antactic ice shelves (e.g. Cathles et al.,
2009), there are no previous examples to my knowledge
of any signal being recorded continuously for such a
long time interval all around the world. I show some
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representative examples of the signal, compare the seis-
mic records with with hydroacoustic and deep-water
pressure sensor data, analyze the differences between
the seismic signal of the tsunami generated by the H-
T eruption and the seismic records of large tsunamis,
comment on the global distribution of the observations,
and finally discuss the possible origins of this signal.

2 Seismic observations of tsunami-
related dispersive signals

Data from low sampling channels from broadband
seismic stations distributed all over the globe and
integrated into the main worldwide large-scale seis-
mic networks, including the Global Seismograph Net-
work (Albuquerque Seismological Laboratory/USGS,
2014), IRIS/IDA seismic network (Scripps Institution
of Oceanography, 1986), Geoscope (IPGP and EOST,
1982), andGeofon (GEOFONDataCentre, 1993), were re-
trieved, using the IRIS online services, to investigate the
seismic record of the H-T tsunami. Data were merged
into files of seven days of duration, from January 15
to 21, 2022, and transformed to the frequency-time do-
main using Obspy routines based on the classical FFT
transform (Megies et al., 2011; Krischer et al., 2015).
Spectrogramswere calculated using awindow length of
1800 s, with 80% overlap.
As stated above, I will focus on the long-duration dis-

persive signal that dominates the spectrograms in the
5-50 mHz band for time intervals ranging from one to
five days. Fig. 1 shows the records of this signal at four
representative stations located on Rarotonga andWake
Islands in the Pacific Ocean, Scott Base in Antarctica,
and central Chile, covering distances between 1600 and
10000 km from H-T. The strong dispersive character of
this feature, the wave onset propagation time, and the
variable slope of the signal show that its origin is the
main tsunamiwave generated by theH-Teruption prop-
agating across the ocean. To confirm this point, I have
calculated the dispersion curves of a gravity wave as-
suming propagation in deep water. In this case,

vp =
√

g

k
= d

t
(1)

and

vg = 1
2

√
g

k
(2)

where g is gravity, k is the wavenumber, d is distance, t
is propagation time, and vg and vp are group and phase
velocities, respectively. Τhen,

k = g

v2
p

= g

(2vg)2 = gt2

4d2 (3)

and, from the classical equation

ω =
√

gk = 2πf (4)

we can estimate frequency as a function of time for any
given distance. White dashed lines in Fig. 1 show the re-
sulting curves for each distance range, proving that this
is the origin of the signal. The mismatches observed at

the lower frequencies for distant sites can be explained
by the deepwater hypothesis, and do not affect to the in-
terpretation of the signal. The identification of the first
arrival of the dispersive curve is difficult since, on the
onehand, the high energy Lambwave, with frequencies
below 5 mHz, arrives relatively close and, on the other
hand, the excitation of the normal nodes on Earth gen-
erate a relatively large energy at 0.3 mHz for hours after
the eruption (e.g. Diaz, 2022; Ringler et al., 2022).
The dispersive character of oceanic surface gravity

waves (SGW) was first observed in the late 1950s by
Munk and Snodgrass (1957), who analyzed the incom-
ing swell at Guadalupe Island (Mexico) and showed that
the wave trains had an increasing frequency. Broad-
band seismometers deployed on Antarctic ice shelves
have providedmultiple examples of days-long SGWgen-
erated by storms, as shown by Cathles et al. (2009),
MacAyeal et al. (2006) or Lipovsky (2018). Recently, Hell
et al. (2019) have proposed a method to use these data
to verify the position of high wind speed areas over the
Southern Ocean and Aster et al. (2021) have shown that
the swell interaction with the Ross Ice shelf triggers
small, near-front seismic signals.
SGW related to the Hunga-Tonga eruption have been

observed by Le Bras et al. (2022) in the data recorded by
four of the hydroacoustic sensors deployed in shallow
waters by the International Monitoring System (IMS)
network in the Pacific Ocean. In order to compare with
the seismic records and confirm the common origin of
the signals, I have recovered the data from the H11S1
instrument, located close to Wake Island, where seis-
mic data is available. Additionally, I have recovered the
data from the microbarometric sensor WAKE.IU.LDO,
co-located with the seismic instrumentation. The spec-
trograms of the three sensors, shown at Fig. 2, have
been calculated using the same parametrization in all
the cases but are represented using adapted amplitude
scales to better highlight the amplitude variations. As
observed, the microbarograph (Fig. 2a) clearly records
the passage of the Lamb waves traveling in opposite di-
rections of the great arc (red and orange arrows) and
no evidence of a tsunami-related signal is detected.
The broad-band seismic data (Fig. 2b) is dominated in
this frequency range by the tsunami-related dispersive
wave. The arrival of the seismicwaves, a fewminutes af-
ter the H-T explosion, is observed at frequencies higher
than 10 mHz. The first passage of the Lamb wave is de-
tected as a low frequency signal preceding the arrival
of the oceanic tsunami signal. For frequencies above 20
mHz, several teleseismic events can be identified, the
most prominent corresponding to a M 6.1 earthquake
with epicenter in Papua-Guinea on 16 January around
13:00.
The in-water hydroacoustic sensor (Fig. 2c) shows the

dispersive gravitywave associatedwith the tsunami, vis-
ible between 8 and 50 mHz and clearly consistent with
the seismic data. Le Bras et al. (2022) noted the pres-
ence of a secondary dispersive signal at this station, in-
terpreted as aneffect of the tsunamipropagation though
the Tonga-Kermadec trench. This signal is also clearly
observed in the seismic data, which seems to provide
the most complete record of the event at this location.
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Figure 2 Waveforms and spectrograms for the microbarograph (a), broad-band station (b), and hydroacoustic sensor (c),
located atWake Island (North Pacific). The upper panels show the correspondingwaveform, filteredbetween 0.5 and 70mHz.
The red and orange arrows in (a) show the arrival of Lamb waves. Dotted lines in (b) and (c) show the gravity wave arrival.

3 Uniqueness of the observation

The recording of tsunamis on near-shore seismic sta-
tions has been described previously (e.g., Yuan et al.,
2005; Okal, 2007; Poplavskiy and Le Bras, 2013). How-
ever, the seismic recording of the oceanic gravity wave
presented so far is limited to a few hours of duration
following the tsunami arrival. There are not, to my
knowledge, previous reports of dispersion curves re-
lated to oceanic gravity waves being recorded during
several days by broad-band seismometers. To check
the uniqueness of the event, I have recovered the seis-
mic data recorded during the 5 days following the Chile
2010 M8.8, Tohoku 2011 M9.1, and Sumatra 2004 earth-
quakes, that resulted in three of the largest tsunamis
recorded in the Pacific. Fig. 3 shows the spectrograms
of theH-Tevent compared to those for these large earth-
quakes for stations located at Rarotonga (Cook Islands),
Wake Island, and Eastern Island, all of them in the Pa-
cific Ocean.
As noted, for large earthquakes the spectrograms in

the 0.5-70 mHz range are dominated by arrival of the
surface waves that circle the Earth every 3.5 hours,
showing a decay on their frequency content. The ampli-
tude of the waveform is two orders of magnitude larger
for the earthquakes than for the H-T eruption, indicat-
ing that the seismic energy generated byH-Tmain erup-

tive episode was not exceptional. However, the long-
lived dispersive oceanic gravity wave can only be identi-
fied for the H-T eruption, hence suggesting that this sig-
nal is not only related to the energy associated with the
tsunami, but is probably boosted by a secondary mech-
anism.

4 Geographical distribution of the
tsunami-related seismic signals

As commented above, I have retrieved the data for the
vertical components of seismic stations of the global
scale networks that distribute low sampling channels
(LHZ, 1 sample per second). Data has been recovered
for 134 locations covering Australia, Africa, the Amer-
icas, Europe, and a large number of islands in the Pa-
cific and Indian oceans. The tsunami-associated grav-
ity wave has been identified in 46 of these sites, 34%
of the inspected sites, at distances ranging from 750 to
12500 km fromH-T. Supplementary Figure S1 shows the
waveforms and spectrograms of the stations with posi-
tive identifications of the signal, ordered accordingly to
their distance.
As observed in Fig. 4, this feature has been identified

for most of the stations located on islands in the Pa-
cific basin and near the coasts surrounding this ocean

4
SEISMICA | volume 2.2 | 2023



SEISMICA | RESEARCH ARTICLE | Long duration dispersive signal after the 15 January 2022 Hunga-Tonga eruption

Chile 2010
M8.8

Tohoku 2011
M9.1

Sumatra 2004
M9.1

Hunga-Tonga 
2022

A
m

pl
it
ud

e 
(m

2 /
s4

/H
z)

 (
dB

)
A
m

pl
it
ud

e 
(m

2 /
s4

/H
z)

 (
dB

)
A
m

pl
it
ud

e 
(m

2 /
s4

/H
z)

 (
dB

)
A
m

pl
it
ud

e 
(m

2 /
s4

/H
z)

 (
dB

)

27/02 28/02 01/03 02/03 03/03 27/02 28/02 01/03 02/03 03/03 27/02 28/02 01/03 02/03 03/03

15/01 16/01 17/01 18/01 19/01

11/03 12/03 13/03 14/03 15/03 11/03 12/03 13/03 14/03 15/03 11/03 12/03 13/03 14/03 15/03

15/01 16/01 17/01 18/01 19/0115/01 16/01 17/01 18/01 19/01

26/12 27/12 28/12 29/12 30/12 26/12 27/12 28/12 29/12 30/12 26/12 27/12 28/12 29/12 30/12

Figure 3 5-day long spectrograms after the H-T eruption at 3 sites in the Pacific Ocean, compared to records at the same
sites after the Tohoku 2011M9.1, Chile 2010M8.8, and Sumatra 2004M9.1 earthquakes. For the Sumatra event, WAKE records
are not available and GUMO station is used instead.

(Japan, New Zealand, North, Central, and South Amer-
ica). Although some energy around 10 mHz is observed
at times consistent with the gravity wave arrival, the
two stations located on the Hawai’ian islands (KIP and
POHA) show no evidence of the signal, suggesting that
local conditions play a role in its detection. Fig. 5 shows
the waveforms and the spectrograms at sites along a
transect oriented approximately E-W across the SE Pa-
cific Ocean (Rarotonga, Pitcairn and Eastern Islands),
crossing the southern part of the Andes and reaching
the Atlantic ocean at the South Georgia Islands. Al-
though it is difficult to identify the tsunami-related sig-
nal in the filtered waveforms, the spectrograms clearly
evidence the signal, which can be identified for several

days at the most distant sites and is restricted to fre-
quencies below 50 mHz. The figure also proves that the
dispersive signal is not a local effect, but originates from
the H-T eruption.
Many sites located along the Pacific coasts of North,

Central, and South America detect the signal for inter-
vals of two to four days after the first arrival, despite be-
ing located far from the coasts (Fig. 6a). It should be
noted that the largest water heights reported by coastal
tidal gauges correspond to sensors located in Chile and
westernNorth America (Carvajal et al., 2022). More sur-
prisingly, stations located within the North American
continent, in places likeTucson (Arizona), Albuquerque
(NewMexico), and SouthDakota show a low-energy dis-
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Figure 4 Map showing the locations where the tsunami-related dispersive signal has been identified (red dots). The black
star shows the location of the H-T volcano and thewhite dots show the seismic stationswhere this signal has not been identi-
fied. Topography and bathymetry are from the ETOPO2 Gridded Globe Relief Data (National Geophysical Data Center, 2006).
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Figure 5 West-East transect across the south Pacific and Atlantic Ocean, showing gravitywave dispersion at distances rang-
ing from 1600 to 10800 km.
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Figure 6 (a) Detection of the tsunami gravity wave at stations PEL and COYC, located in central and southern Chile. (b)
Idem for stations located within the North America continent. (c) Idem for stations located in the Indian Ocean. The location
of each station is shown in the inset maps

persive arrival for two to three days after the H-T erup-
tion, consistent with the theoretical dispersion of the
gravitywave generated by this eruption (Fig. 6b). Proba-
bly themost outstanding records of the tsunami-related
gravity wave are obtained at the broad-band stations in-
stalled in small islands of the southern Indian Ocean,
such as PAF in the Kerguelen Islands, CRZF in Ile de la
Possesion, and AIS in Nouvelle Amsterdam Island, at
distances around 10000 km from H-T. As observed in
Fig. 6c, the AIS spectrogram shows the gravity wave ar-
rivals duringmore than six days, disappearing only dur-
ing January 21. This is the site where the dispersive sig-
nal can be identified for the longest time.

5 Discussion and Conclusions

Previous studies based on the analysis of sea level, at-
mospheric, and satellite data have documented the ex-
ceptional nature of the tsunami associated with the H-
T eruption. Its salient features include high propaga-
tion speed, long duration, and unexpectedly large am-
plitudesmeasured in distant coastal areas, in particular
in the Pacific coasts of North and South America (Carva-
jal et al., 2022). The tsunami records show two different
arrivals, the first one coincident with the arrival of the
Lamb wave and the second one starting with the arrival

of the free tsunami wave. The arrival of the Lamb wave
is marked by a clear onset in microbarographs, broad-
band seismic stations, and ocean-bottom pressure sen-
sors, and coincides approximately with the onset times
on the coastal tide gauges, which often show gradually
increasing amplitudes over 2-4 hours. Near-surface hy-
droacoustic sensors in the IMS network do not detect
the arrival of the precursory tsunami associated to the
arrival of the Lamb wave (Le Bras et al., 2022), while
deep-water pressure sensors record a clear pulse, dou-
bling the amplitude of the atmospheric pressure signal
(Matoza et al., 2022).

Omira et al. (2022) have proposed that these tsunami
characteristics can be explained by a moving source
generation mechanism that continuously pumps en-
ergy into the oceanic tsunami. The first water-height
increase will correspond to the direct response of the
ocean surface to the passage of the air-pressure distur-
bance, while the second arrival will correspond to the
resonance between the ocean and the acoustic waves.
According to their model, the interaction between
acoustic and oceanic waves results in an air–water en-
ergy transfer that leads to an increase in the tsunami
wave amplitude and explains the observed characteris-
tics. The broad-band seismic records of these arrivals
provide additional clues to their interpretation. As
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Figure 7 Seismic (a,c) and microbarometric (b,d) records at stations PAYG (a,b) and KMBO (c,d) located in the Galapagos
Islands (Ecuador) and Nairobi (Kenya), respectively. Red and yellow arrows show the arrival of the successive passages of
the Lamb waves following the two directions of the great arc. Dotted lines show the theoretical arrivals of a gravity wave
generated at 200 km from the recording site.

shown in the previous sections, the tsunami-associated
gravity wave has been seismically recorded for up to 5
days by a significant number of sites distributed within
the islands and coasts of the Pacific and Indian Oceans,
but also at some sites located hundreds of kilometres
inland, particularly in North America. Oceanic gravity
waves have been observed before using seismic instru-
ments, mostly associated with the swell generated by
distant storms. However, the global recording of long-
lived dispersivewaves after theH-T signal has to be con-
sidered as an exceptional feature, not observed during
larger earthquake-generated tsunamis, such as the 2004
Sumatra or the 2011 Tohoku events. The most obvious
difference between large earthquakes and theH-T erup-
tion potentially affecting the tsunami generation is the
highly energetic atmospheric Lamb wave generated by
the H-T eruption. Therefore, it seems reasonable to re-
late the long duration dispersive signal observed in seis-
mic data to a local interaction between the free oceanic
tsunami and the arrival of the atmospheric pressure
wave, consistently with the model presented by Omira
et al. (2022). The large pressure variations detected in
the ocean floor pressure sensors, but not in the shallow
water hydroacoustic sensors, are also consistent with
the proposed mechanism.

The inspection of seismic data at some of the sta-
tions, such as CMLA in the Azores Islands, SOK in Sene-
gal, MBAR in Uganda, KMBO in Kenya, or PAYG in the
Galapagos Islands, allows the identification of an addi-
tional dispersive signal immediately after the arrival of
the Lambwave that provides additional support for this
interpretation (Fig. 7). This wave is also detected by the
co-located microbarometric sensors (Fig. 7b and 7d),
suggesting that it corresponds to an atmospheric per-
turbation. The pattern of this dispersive wave does not
depend on the distance to H-T, as evidenced by the sim-
ilar pattern observed at PAYG, located at a distance of
9500 km (Fig. 7a and 7b), and KMBO, at a distance of
15700 km (Fig. 7c and 7d). On the contrary, the arrival
can bemodeled by a local gravitywave, generated at dis-
tances of approximately 100-200 km from the recording
site. This wave seems to be generated locally by the res-
onance effect proposed by Omira et al. (2022), hence ev-
idencing the effects of the bidirectional interaction be-
tween the atmosphere and the oceans. It is important to
note that this local wave can be identified for at least the
first two passages of the Lamb wave, which once again
highlights the high energy and low attenuation of this
wave. However, developing a detailed physical model
of the proposed interaction is needed before accepting
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or discarding this tentative hypothesis.
The seismic record, of more than four days duration,

of a dispersive wave in the 0.5-50 mHz band in broad-
band stations distributed throughout theworld is an un-
usual feature that clearly deserves attention. The ori-
gin of this wave is related to the tsunami generated
by the H-T eruption and its properties are consistent
with the hypothesis of a local resonance between the
free tsunami and the acoustic waves, which has been
proposed to explain the unusual characteristics of the
tsunami. This is further supported by the observation,
in seismic and microbarometric data, of locally gen-
erated gravity waves, interpreted as a nice example of
oceanic, atmospheric, and solid Earth interaction. The
seismic records presented here provide a new proof of
the exceptional nature of theH-T eruption and are a fur-
ther confirmation that broadband seismic records can
contribute, beyond their usual use in seismology, to the
analysis of other sources of vibration recorded in very
different zones of the seismic spectrum.
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