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Abstract

Ocean-bottom pressure gauges of wide and dense ocean-bottom observation networks around Japan, S-net and
DONET, observed ocean waves caused by the Tonga eruption that started at approximately 13:00 JST (UTC 4 0900) on
January 15, 2022. We scrutinized the waveform records of the arriving ocean waves to evaluate their nature and found
two significant disturbances between 20:00 and 21:00 and after 22:00. The first disturbance with a positive-polarity
pulse dominated by long-period components (1000-3000 s) arrived at S-net and DONET stations between 20:00 and
21:00 from the southeast, corresponding to the direction of the short great circle between Tonga and Japan. This
arrival was much earlier than expected for a direct tsunami from the volcano and can be explained by assuming that
the waves propagated along the short great circle path at a velocity of approximately 300 m/s. After 22:00, significant
phases dominated by relatively shorter period components (< 1000 s) arrived from the southeast direction in both
observation networks. In DONET, another phase arrived from the south—southeast direction at approximately 23:30
with shorter period components (approximately 500 s). Most of the near-trench S-net stations recorded the peak
amplitude during the first disturbance, whereas the near-coast S-net stations and DONET stations observed their
peak after 22:00. The amplitudes of ocean-bottom pressure changes in both networks increased as the water depth
decreases. This amplification behavior differed between the first and second disturbances, which is attributed to the
differences in the natures of the arriving ocean and air waves. This study also found several arrivals of air-wave dis-
turbances to be correlated with the ocean-wave phases, which implies that multiple disturbances of ocean-bottom
pressures were generated by the interactions of several disturbances of air waves following the 2022 Tonga eruption
with ocean waves.
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At the Hunga Tonga—Hunga Ha’apai volcano (Global Vol-
canism Program 2013), volcanic activity had increased
since late December 2021, and large eruptions occurred
on January 14 and 15, 2022. The eruption on January 15
was particularly large accompanied by a powerful explo-
sion, producing a huge plume, atmospheric waves, and
ocean waves that traversed the Pacific Ocean (Global Vol-
canism Program 2022; Gusman and Roger 2022; NOAA
Center for Tsunami Research 2022). Sea-level changes
caused by the eruption were observed over a wide area
around the Pacific Ocean rim and were also reported in
other ocean basins, including the Caribbean and Medi-
terranean seas (NOAA Center for Tsunami Research
2022). In Japan, sea-level changes were observed along
the Pacific coastline starting at approximately 20:30,
Japan Standard Time (JST) on January 15 (Coordinated
Universal Time, UTC+0900). The observed sea-level
changes exceeded 1 m in some locations, 1.1 m at Kuji

at Kominato in Amami City, Kagoshima Prefecture at
23:55 on January 15 (JMA 2022).

Along the Pacific Ocean side of Japan, National
Research Institute for Earth Science and Disaster Resil-
ience (NIED) has deployed two large-scale ocean-bot-
tom observation networks for earthquake and tsunami
(Fig. 1a): S-net, Seafloor observation network for earth-
quakes and tsunamis along the Japan Trench (Kanazawa
et al. 2016; Uehira et al. 2016; Mochizuki et al. 2016; Aoi
et al. 2020) is located from Hokkaido to offshore Chiba
Prefecture, eastern Japan, and DONET, Dense Ocean-
floor Network system for Earthquakes and Tsunamis
(Kaneda et al. 2015; Kawaguchi et al. 2015; Aoi et al.
2020) is located in Kumano-nada and off Kii Channel in
the Nankai Trough region of western Japan. The ocean-
bottom pressure gauges of these systems observed ocean
waves caused by the 2022 Tonga eruption. The geodesic
distances and azimuths from the stations to the Hunga

(See figure on next page.)

Fig. 1 a Map of the study area. Blue and cyan squares indicate S-net and DONET stations used in this study, respectively. Solid squares denote
stations for which waveform records are shown in b. The orange arrow indicates a direction that is 140° clockwise from north, which roughly
corresponds to the direction of the short great circle between Tonga and Japan. b Record section of ocean-bottom pressure from 20:00 JST
(UTC+0900) on January 15, 2022, to 03:00 JST on January 16, 2022. Blue and cyan lines denote waveform records of ocean-bottom pressure gauges
,P2,Q1,Q2,and Q3) are shaded in gray. Black bars indicate the theoretical arrival
times of direct tsunamis. The origin time of the tsunami travel time was assumed at 13:00 (Gusman and Roger 2022). Green and pink bars indicate
the theoretical travel times assuming propagation along the short great circle path from the Hunga Tonga—Hunga Ha'apai volcano at velocities

of 300 and 220 m/s, respectively. ¢ Distribution of peak time of ocean-bottom pressure change between 20:00 and 01:00. d Distribution of peak
amplitude of ocean-bottom pressure change at 20:00-21:30. e Same as ¢ but at 22:00-01:00. f Distribution of the ratio of d the peak amplitude at

at S-net and DONET stations, respectively. Significant phases (P1

20:00-21:30 to e the peak amplitude at 22:00-01:00
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Tonga—Hunga Haapai volcano are 7600-8100 km and
130°-142°, respectively. In this study, we scrutinized the
waveform records of the ocean-bottom pressure gauges

to evaluate the nature of the arriving waves. First, we
overviewed the waveform records of the ocean-bottom
pressure gauges and detected significant disturbances of



Kubo et al. Earth, Planets and Space (2022) 74:104

ocean-bottom pressure with several distinctive phases.
Then, by taking advantage of the high spatial density and
the wide coverage of the S-net and DONET stations, we
probed the characteristics of the phases by an array anal-
ysis and investigate the spatial-temporal distribution of
peak amplitude of ocean-bottom pressure. We also exam-
ined the relationship between the ocean-bottom pressure
disturbances and the atmospheric pressure disturbances
to interpret the origins of these ocean waves.

Overview of observed waveforms of ocean-bottom
pressure

Figure 1b shows the waveforms recorded by the ocean-
bottom pressure gauges at S-net and DONET stations
from 19:00 JST on January 15 to 3:00 JST on January 16.
Time will henceforth be expressed in JST throughout
this study. The waveforms were filtered using a zero-
phase Butterworth bandpass filter in the period band of
360 s and 3600 s, and then were resampled at 1 Hz. In
most cases of earthquake-induced tsunamis, ocean-bot-
tom pressure changes can be directly converted to sea-
surface height changes without considering atmospheric
pressure changes. However, the ocean-bottom pressure
changes following the 2022 Tonga eruption possibly con-
tain the non-negligible effect of atmospheric pressure
changes as well as sea-surface height changes. Hence, we
did not convert the ocean-bottom pressure changes to
sea-surface height changes.

Two significant disturbances with several distinctive
phases were found between 20:00 and 21:00 and after
22:00 (Fig. 1b). The first significant phase arrived at all
stations between 20:00 and 21:00. We call this phase P1
at the S-net stations and Q1 at the DONET stations.
The more southeasterly the station is, the earlier the first
phase was observed. The polarity was positive and the
waveforms were similar among S-net and DONET sta-
tions. The arrival of the first phase was approximately
3 h earlier than that theoretically expected for tsunamis
that generated near the volcano at the time of the erup-
tion (black bars in Fig. 1b). This observed arrival is con-
sistent with the propagation along the short great circle
path from the Hunga Tonga—Hunga Ha’apai volcano at a
velocity of approximately 300 m/s; in Fig. 1b, green bars
indicate the theoretical travel times assuming propa-
gation along the short great circle path at a velocity of
300 m/s. After 22:00, several phases with large ampli-
tudes arrived; however, their behavior differed between
S-net and DONET stations. In S-net, a negative-pulse
phase (P2 in Fig. 1b) and subsequent phases crossed from
south to north after 22:00. In DONET, a relatively large-
amplitude phase with negative polarity arrived before
23:00 (Q2 in Fig. 1b), and subsequently, another phase
with a large amplitude arrived at approximately 23:30 (Q3

Page 4 of 11

in Fig. 1b). The Q2 phase seemed a little unclear, but was
selected based on its relationship with the P2 phase in
terms of arrival time and polarity. The dominant period
of Q3 was shorter than those of Q1 and Q2. In this study,
we focused on these phases and investigated their char-
acteristics by array analysis.

Array analysis in S-net

The wavefield of ocean-bottom pressure in S-net was
derived by interpolating the observed data (Fig. 2; see
the movie in Additional file 2). Here, the original data
were pre-processed using the blockmean command
in Generic Mapping Tools (GMT; Wessel and Smith
1998), and the interpolation with continuous curva-
ture splines was conducted using the surface command
in GMT. At 20:10-21:00, the P1 phase with a posi-
tive pulse crossed from south to north. It propagated
toward the northwest (NW) with an almost-linear
wavefront. At 22:10-22:40, the P2 phase with a nega-
tive pulse propagated toward the NW with an almost-
linear wavefront. Subsequently, disturbances with
similar wavefronts arrived at several times. After 00:00,
waves propagating toward the NW and reflected waves
along the coast were observed.

To investigate the direction-of-arrival of the P1 and
P2 phases, a semblance analysis (e.g., Neidell and Taner
1971; Honda et al. 2008; Kubota et al. 2021) was per-
formed on arrays consisting of three or more near-trench
stations with similar waveforms and water depths. Here,
the bandpass-filtered waveforms in the period of 360—
3600 s were analyzed with a time window of 1800 s and
a sliding interval of 600 s. Assuming a plane-wave inci-
dence, we estimated the velocity and the direction of
arrival. Considering the range of water depths at S-net
and DONET stations (approximately 2000—7000 m), the
search range for the velocity was set between 100 and
340 m/s. Figure 3 shows the results of the semblance anal-
ysis at the selected arrays, and the results for all arrays
are shown in of Additional file 1: Fig. S1. We found that
the direction-of-arrival of P1 at approximately 20:30 was
close to southeast (SE) in all arrays. This direction cor-
responds to that of the short great circle between Tonga
and Japan (cyan line in Fig. 3). The direction-of-arrival of
P2 at approximately 22:20 was also close to SE. Because
of the low resolution in the estimation of velocity, we
will not discuss it here; however, it has little effect on the
results of the estimation of the direction-of-arrival.

Figure 3 also shows scalograms of ocean-bottom pres-
sure gauge data at two S-net stations, and of Additional
file 1: Fig. S1 shows scalograms at other stations. They
were derived from continuous wavelet transform of the
waveforms using TF-SIGNAL (Kristekova 2006) with
the Morlet wavelet as a mother wavelet. The dominant
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Fig. 2 Snapshot of the ocean-bottom pressure wavefield derived by interpolating S-net observations. Squares indicate S-net observation stations
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Fig. 3 Ocean-bottom pressure waveforms and scalograms at STNO4 and S4N22 in S-net and KMC10 and MRE18 in DONET, which are shown
in Fig. 1a. The results of the semblance analysis using waveforms at each station and their neighboring stations (listed in parentheses) are also
shown. Cyan lines in the plots of direction-of-arrival indicate the direction of the short great circle from each station to the Hunga Tonga-Hunga
Ha'apai volcano. Gray shading in the plots of velocity denotes the propagation velocity range expected for the water depth of the stations in each
array. Gray dashed lines indicate the theoretical arrival times of direct tsunamis. Green and pink bars indicate the theoretical travel times assuming
propagation along the short great circle path from the Hunga Tonga—Hunga Ha'apai volcano at the velocities of 300 and 220 m/s, respectively

period components differed between P1 and P2; long-
period components (1000—3000 s) were dominant in P1,
while short-period components (<1000 s) were more
prevalent in P2 and subsequent phases. This difference in
the dominant period was also observed in the wavefield
of S-net (Fig. 2); the wavelength of P1 was longer than
those of P2 and subsequent phases.

Additional file 1: Fig. S2 shows the waveform trace of
ocean-bottom pressure from the near-trench stations
to the near-coast stations. At near-trench stations, such
as S6N12 and S3N19, the arrival of the first phase was
consistent with the assumption of a propagation veloc-
ity of 300 m/s. However, the first phase at near-coast
stations such as S3N12 and S3N13 arrived slightly after
the theoretical arrival time for a propagation velocity of
300 m/s. This indicates that the wave propagation veloc-
ity decreased with the decrease in the water depth, which
was also observed in subsequent phases. Because of this
difference in wave propagation velocity with depth, the
wavefronts of P1 and P2 shown in Fig. 2 rotated coun-
terclockwise as they propagated across the observation
network. Additional file 1: Fig. S2 also indicates that the
sharpness of the first phase is lower at the near-coast sta-
tions than that at the near-trench stations.

Array analysis in DONET

We investigated the significant phases Q1, Q2, and
Q3 at DONET stations. Figure 4 shows the wavefield
of ocean-bottom pressure in DONET (see the movie
in Additional file 3). At approximately 20:30, the first
phase Q1 with a positive pulse propagated toward the
NW. Before 23:00, the Q2 phase propagated toward
the NW. Then, another phase Q3 arrived with a sig-
nificantly large amplitude at approximately 23:30. After
00:00, the wavefield in DONET became complex likely
because of the coastal reflection effect.

Array analysis shown in and Fig. 3 and Additional
file 1: Fig. S1 suggests that the directions of arrival of
Q1 and Q2 were close to SE at all DONET arrays, which
corresponds to the direction of the short great circle
between Tonga and Japan. The Q3 phase arrived from
the south—southeast (SSE) direction, which is slightly
off the direction of the short great circle path from
the Tonga volcano. This difference in the direction-of-
arrival is also found in the wavefield of ocean-bottom
pressure (Fig. 4); the wavefront of Q3 rotated clockwise
compared with those of Q1 and Q2.

The scalograms for DONET stations (Fig. 3, Addi-
tional file 1: Fig. S2) clearly indicate differences in the
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Fig. 4 Snapshot of the ocean-bottom pressure wavefield derived by interpolating DONET observations. Squares indicate DONET stations

dominant period components among the three phases.
Long-period components (1000-3000 s) were domi-
nant in Q1, while the components of the period band
between 700 and 1000 s were dominant in Q2 and
short-period components (approximately 500 s) were
dominant in Q3.

Distributions of peak amplitude and peak time

The peak time of ocean-bottom pressure varied among
the station locations (Fig. 1c). Most of the near-trench
S-net stations recorded a peak at 20:00-21:00 corre-
sponding to the first disturbance, whereas the near-
coast S-net stations and DONET stations observed
their peak during the second disturbance after 22:00.
Figure 1d, e shows the spatial distribution of peak
amplitude for the first and second disturbances,
respectively. The amplitudes of ocean-bottom pressure
change increased with the decrease in the water depth

in both disturbances. During the first disturbance,
P1 and QI, the observed amplitudes were 1-2 hPa at
most stations, while some near-coast S-net stations
observed amplitudes of 4-5 hPa. The amplitudes
between 22:00 and 01:00 at the near-trench S-net
stations were comparable to those of the first distur-
bance, while the near-coast S-net stations observed
larger amplitudes during this period, with a maximum
of over 10 hPa. DONET stations observed the largest
amplitudes (3—-5 hPa) during the Q3 and subsequent
phases, which were larger than those of the first dis-
turbance (1-2 hPa).

The amplitude ratio between the first and second
disturbances differed between the near-trench and
near-coast S-net stations (Fig. 1f), which indicates that
the amplification of ocean-bottom water pressure in
response to a decrease in water depth differed between
the first and second disturbances. This difference may
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have been caused by differences in the dominant period
(wavelength) of the arriving waves, differences in the
degree of coupling of air and ocean waves, and differ-
ences in the direct contribution of atmospheric pres-
sure changes to ocean-bottom pressure changes.

Relationship with atmospheric pressure
disturbance

Following the 2022 Tonga eruption, ocean waves and
atmospheric waves were observed worldwide, and their
correlation has been highlighted (Global Volcanism Pro-
gram 2022; Kubota et al. 2022). Following the Krakatoa
eruption in 1883, correlated disturbances in tide gauge
and atmospheric pressure were also observed (Symons
1888; Ewing and Press 1955), which were expected to
have been caused by the coupling of ocean and air waves
(Press and Harkrider 1966; Harkrider and Press 1967;
Garrett 1970; Francis 1985). Here, to interpret the origin
of the observed ocean waves around Japan following the
2022 Tonga eruption, we jointly investigated ocean-bot-
tom pressure and atmospheric pressure data.

The spatial and temporal distributions of ocean-bottom
pressure and atmospheric pressure are shown in Fig. 5
(see the movie in Additional file 4). For the atmospheric
pressure data, we used records of micro barometers of
the Fundamental Volcano Observation Network, V-net
of NIED (Tanada et al. 2017; Aoi et al. 2020), which
were installed at active volcanoes in Japan, and atmos-
pheric pressure records from proprietary weather sen-
sors, Soratena, of Weathernews Inc. (Weathernews Inc.
2022). The waveforms of atmospheric pressure were fil-
tered using a zero-phase Butterworth bandpass filter in
the period band of 360 s and 3600 s, as well as those of
ocean-bottom pressure. At approximately 20:30, the
first disturbance of atmospheric pressure R1 propagated
toward the NW with an almost-linear wavefront, which
correlated with the first disturbance of ocean-bottom
pressure P1 and Q1. Additional file 1: Fig. S3 shows the
waveform trace of ocean-bottom pressure at the S-net
and DONET stations and atmospheric pressure at the
V-net stations along the geodesic distance from the
Hunga Tonga-Hunga Ha’apai volcano. A positive pulse at
V-net stations (R1) arrived at 20:00-21:00, whose arrival
time and waveform were consistent with those of the first
pulse at S-net and DONET stations (P1 and Q1). The
arrival of R1 was consistent with the propagation along
the short great circle path from the Hunga Tonga—Hunga
Ha’apai volcano at a velocity of approximately 300 m/s,
as well as P1 and Q1. The first atmospheric disturbance
R1 was expected to be Lamb waves, an acoustic mode of
air waves with a propagation velocity of approximately
300 m/s (Lamb 1932; Nishida et al. 2014). Kubota et al.
(2022) clarified through a global simulation that the
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atmospheric pressure disturbance due to Lamb waves
generated by the 2022 Tonga eruption forcibly induced
the sea-surface uplift and that a superposition of the
atmospheric pressure change by the Lamb waves and
induced sea-surface change was observed by ocean-bot-
tom pressure gauges as ocean-bottom pressure. This can
explain the similar waveform and arrival time in the first
disturbance of atmospheric pressure and ocean-bottom
pressure. The peak amplitude of atmospheric pressure
during the first disturbance was approximately 1 hPa at
the V-net stations, while those of ocean-bottom pressure
were approximately 1-2 hPa at the near-trench ocean-
bottom stations. The amplitude difference between the
ocean-bottom and atmospheric pressure changes is
expected to correspond to the sea-surface height changes
of uplift forcibly induced by Lamb waves. The arrival
delay of the first phase and the decrease in its sharpness
at near-coast stations (Additional file 1: Fig. S2) imply
that the couplings between Lamb waves and induced
ocean waves began to break at shallow water depths,
which was pointed out by Tanioka et al. (2022).

At approximately 22:30, another atmospheric pressure
disturbance R2 propagating along the NW was observed,
which correlated with the observed ocean-bottom pres-
sure changes P2 and Q2. At approximately 23:30, DONET
observed another phase arriving from the SSE direction
(Q3 in Fig. 5). At around the same time, an atmospheric
pressure disturbance arrived from the SSE direction with
an almost-linear wavefront (R3 in Fig. 5). Kubota et al.
(2022) suggested that after the arrival of ocean waves
due to Lamb waves, ocean gravity waves arrived with the
propagation velocity of tsunamis (approximately 200—
220 m/s) for most parts of the Pacific Ocean in which
the water depth is approximately 4000-5000 m. Their
expected arrival time (pink bars in Fig. 1b, Additional
file 1: Fig. S3) roughly corresponded to the arrival time
of the second synchronous disturbance of atmospheric
pressure and ocean-bottom pressure. The ocean gravity
waves originated from various factors such as subsidence
ocean waves compensating for the uplift by Lamb waves,
ocean waves displaced by atmospheric gravity waves and
their resonances, tsunamis directly caused by eruption-
induced crustal deformation near the volcano, and waves
induced by topographic effects, such as scattered waves.
Atmospheric gravity waves, a type of atmospheric wave
(Harkrider and Press 1967), were excited by the volcanic
eruption. Some components of the atmospheric grav-
ity waves, such as higher modes GR; or GR, (Harkrider
and Press 1967), have a propagation velocity close to that
of tsunamis, especially at periods shorter than 1000 s
because of the dispersion of higher modes of atmospheric
gravity waves. Owing to the resonance effect between the
atmospheric waves and the ocean waves, in which their
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Fig. 5 Spatial and temporal distributions of ocean-bottom pressure and atmospheric pressure. Circles indicate V-net and SORATENA observations,
while squares denote S-net and DONET observations. Different color pallets are used for the ocean-bottom pressure and atmospheric pressure data

propagation velocities are close to each other (Proudman  with the propagation distance r at a rate of ~ 7'/ (Kubota
1929), the amplitude of ocean-bottom water pressure dis- et al. 2022). This study presents that relatively shorter
turbance caused by atmospheric gravity waves increases  period components (<1000 s) were dominant in the P2,
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Q2, and subsequent phases, which supports the occur-
rence of the resonance effect between the atmospheric
gravity waves and ocean waves. Meanwhile, the ampli-
tudes of ocean waves due to Lamb waves and tsunamis
caused by crustal deformation and scattering decrease
at a rate of ~r~ 12 because of the geometrical spreading
effect. As shown in Additional file 1: Fig. S3, the ampli-
tude of atmospheric pressure after 22:00 (< 0.2 hPa) was
much lower than that of the first disturbance, while the
amplitude of the ocean-bottom pressure after 22:00 was
comparable to or larger than that of the first disturbance.
This indicates that the direct contribution of atmospheric
pressure changes to ocean-bottom pressure changes
was insignificant after 22:00. Therefore, it is likely that
the ocean-bottom pressure change after 22:00 consisted
mainly of ocean gravity waves caused by atmospheric
gravity waves, although further analysis is required.

Notably, the ocean-bottom pressure disturbance of Q3
came from a different direction than the short great cir-
cle direction from the Hunga Tonga—Hunga Ha’apai vol-
cano. The arrival of the atmospheric pressure disturbance
of R3 from a similar direction at approximately the same
time implies a relationship between Q3 and R3. There-
fore, further research should be conducted using global
simulations of air and ocean waves with a realistic global
meteorological model.
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