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Ocean gravity waves generated 
by the meteotsunami at the Japan Trench 
following the 2022 Tonga volcanic eruption
Tung‑Cheng Ho*   , Nobuhito Mori    and Masumi Yamada    

Abstract 

The 2022 eruption of the Hunga Tonga-Hunga Ha’apai volcano excited an atmospheric Lamb wave, which induced a 
fast-traveling tsunami. This tsunami was driven by the pressure-forced wave traveling at the speed of the Lamb wave 
and, thus, was much faster than conventional tsunamis. This was the first case in which ocean bottom monitoring 
systems widely observed an air pressure-induced tsunami. We found that the pressure-forced waves split and gener‑
ated ocean gravity waves after passing the Japan Trench based on the S-net data. Our simulations show that changes 
in water depth can amplify or decrease the pressure-forced wave. Simultaneously, an ocean gravity wave is generated 
due to the conservation of water volume. Because the ocean gravity wave was slower than the pressure-forced wave 
near Japan, it was separated from, and traveled behind, the pressure-forced wave. We explained the wave separation 
phenomenon and reproduced the waveforms of different splitting stages observed by the stations near the Japan 
Trench.
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Graphical Abstract

Introduction
The Hunga Tonga-Hunga Ha’apai volcano, located in 
the Kingdom of Tonga in the South Pacific, approxi-
mately 65  km north of the Tongan capital island of 
Tongatapu, erupted violently at UTC 04:14, 15 Janu-
ary 2022 (USGS). After the eruption, global tsunami 
monitoring systems and tide gauges observed tsunami 
signals earlier than theoretically expected for tsunami 
waves (Carvajal et al. 2022). Furthermore, the recorded 
data revealed that the tsunami traveled at a speed of 
approximately 300–315  m/s (Kubota et  al. 2022; Yam-
ada et al. 2022), much faster than the conventional tsu-
nami speed of approximately 200  m/s for an average 
ocean depth of 4 km.

The fast-traveling tsunami wave, which was a type of 
meteotsunami (Hibiya and Kajiura 1982; Monserrat et al. 
2006; Rabinovich 2020; Vilibić et  al. 2016), was caused 
by the air pressure pulse excited by the eruption, a pulse 
known as a Lamb wave (Lamb 1911; Matoza et al. 2022). 
At the source, the Lamb wave induced a sea surface dis-
turbance (hereafter referred to as a pressure-forced 
wave), and ocean gravity waves were simultaneously 
generated due to the conservation of mass (Kubota et al. 
2022). The pressure-forced wave traveled at the speed 
of the Lamb wave, which is much faster than the ocean 
gravity waves, which traveled at the long wave speed, 
√

gh , where g is gravity acceleration and h is the water 
depth. As a result, pressure-forced waves were observed 
in Japan a few hours earlier than would otherwise be 

predicted from conventional tsunami speeds and are 
called fast-traveling tsunamis (Kubota et al. 2022).

Following the eruption of the Krakatau volcano 
in 1883, it was proposed that pressure-forced waves 
could generate ocean gravity waves when traversing 
major water depth changes (Garrett 1970). The erup-
tion in Tonga was the first event in which ocean bottom 
pressure gauges (OBPGs) widely observed pressure-
forced waves. In addition, the densely distributed tsu-
nami monitoring system near the Japan Trench, S-net, 
observed the wave “splitting” that one pressure-forced 
wave split into two waves after passing the trench. 
Tanioka et al. (2022) reported separate waves observed 
by OBPGs near the Japan Trench. They performed a 
one-dimensional air–sea coupling simulation with a 
simple bathymetry synthetic test and indicated that the 
separation effect is sensitive to the wavelength of the 
Lamb wave. Yamada et al. (2022) noted that the arrival 
times of the disturbances at the OBPGs were almost the 
same as the arrival of the Lamb wave. However, those 
sea surface disturbances observed at tide gauges were 
further delayed because the separated tsunami, when 
passing the continental slope, traveled at the speed of 
the ocean gravity wave.

To understand the mechanism of complex tsunami 
wave splitting, we performed two-dimensional simu-
lations of synthetic tests and considered a case study 
with actual bathymetry. We first discuss the relation-
ship between the water depth and the amplitude change 
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of the pressure-forced wave that was associated with 
the generation of the ocean gravity wave. We then apply 
our method to reproduce the observations following the 
Tonga eruption. It is suggested that tsunami wave split-
ting is associated with the amplitude change of the pres-
sure-forced wave due to changes in water depth.

Data and methods
Observation data
We used air pressure data and ocean bottom pressure 
(OBP) data in our analyses. The air pressure data were 
recorded by barometers from the Incorporated Research 
Institutions for Seismology (IRIS) and the Japan Coast 
Guard (JCG). The OBP data recorded the ocean bottom 
pressure changes due to the air pressure pulses and sea 
surface waves. We utilized OBP data from S-net (Seafloor 
Observation Network for Earthquakes and Tsunamis 
along the Japan Trench) and DONET (Dense Ocean-
floor Network for Earthquakes and Tsunamis). The S-net 
comprises 150 stations distributed off northeast Japan 
(Tohoku) near the Japan Trench. The DONET consists 
of approximately 50 stations located off south Japan near 
the Nankai Trough. We processed all data via the non-
causal 3rd order Butterworth filter, where a bandpass fil-
ter with corner frequencies of 1/300 and 1/6000 Hz was 
applied to remove unrelated signals.

Tsunami computation
We performed air–sea coupling simulations using two-
dimensional linear shallow water equations in Cartesian 
coordinates (Woodruff et al. 2018). The continuity equa-
tion is given by

where u and v are the velocities along the x and y direc-
tions, h is still water depth, and η is sea surface vertical 
displacement or sea-surface height change. We incorpo-
rated the effects of air pressure variation into the momen-
tum equations following the long-wave approximation. 
The pressure combined with the hydrostatic pressure and 
air pressure variation is given by P = ρgη + Pair , where g 
and ρ are the gravitational acceleration and water density. 
Pair is the air pressure variation that triggers meteorologi-
cal tsunami waves [refer to Saito et al. (2021) for details]. 
The momentum equations with air pressures are then 
given by (Gill 1982; Saito et al. 2021; Kubota et al. 2022):

(1)
∂η

∂t
+

∂(hu)

∂x
+

∂(hv)

∂y
= 0,

(2)
∂u

∂t
= −

1

ρ

∂Pair

∂x
− g

∂η

∂x
,

The assumption of Pair for modeling the observed 
Lamb wave is introduced in the following section.

For the OBPGs, the ocean bottom pressure variation is 
given by POBP = Pwater + Pair , where Pwater = ρgη (Saito 
et al. 2021; Kubota et al. 2022). The ocean water density 
at the sea surface ranges approximately 1025–1030  kg/
m3, so the static water pressure at a sea surface height 
of 1 cm is approximately 1.01 hPa. Thus, to incorporate 
the OBP data with sea surface height, we approximated 
Pwater = 1 hPa when sea surface height equals 1  cm in 
our analyses (Vennell 2010).

We applied the model of a hybrid finite volume-finite 
difference scheme with third-order Runge–Kutta time-
stepping (Shi et  al. 2012) to perform the simulation by 
solving the linear shallow water equations. In the numer-
ical computation, the time step was fixed to one second. 
We used one arc-minute grid bathymetry data resam-
pled from the 15 arc-second gridded GEBCO 2021 data 
(GEBCO Compilation Group 2021).

Modeling the Lamb wave
We analyzed the relation between the peak amplitudes 
and the locations of the barometers. Figure 1a shows that 
the amplitudes were, roughly, inversely proportional to 
the square root of the distance from Tonga. However, the 
amplitudes observed at some barometers differ from the 
regression. This implies that local environments, such as 
atmospheric conditions or topography, could influence 
the Lamb wave amplitude.

We assumed a plan air pressure wave Pair travels along 
the radial direction φi at a translation speed v = 310 m/s 
from the volcano to location i =

(

xi, yi
)

 , where the origin 
is the volcano, and the x and y-axes are taken as east and 
north, respectively. The angle φi is measured from the 
north. The φi is obtained by the spherical law of cosines, 
which is given by

where δ and α are the distances from the volcano 
(

xv , yv
)

 
in longitude and latitude directions, and β is the distance 
between i and 

(

xv , yv
)

 . For S-net stations, φi is approxi-
mate 45°, so we set φi = N45◦ W in our simulation. The 
air pressure wave Pair from the volcano to location i was 
given by

(3)
∂v

∂t
= −

1

ρ

∂Pair

∂y
− g

∂η

∂y
.

(4)cosφi =
cos δ − cosα · cosβ

sin α · sin β
,

(5)
Pair(r, t) = hAi e

−
(r−vt)2

2σ2 + hBi e
−

(r−vt+3σ)2

2σ2 + hCi e
−

(r−vt−3σ)2

2σ2 ,
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where r is the distance from the volcano along φi , σ was 
set to 90 km, and hAi  , hBi  , and hCi  were determined based 
on the observed waveforms at locations i . We assumed 
the amplitude to be constant in the vicinity of Japan and 
set hAi  , hBi  , and hCi  to 1.5, − 0.2, and − 0.5  hPa, respec-
tively, to reproduce the observed Lamb wave well.

Synthetic tests
The amplitude change of the pressure‑forced waves
The pressure-forced wave is the sea surface disturbance 
induced by a moving air pressure wave, such as the Lamb 
wave (Proudman 1929). It has been found that the ampli-
tude of the pressure-forced wave is influenced by the 
ratio of the air pressure speed and the long wave speed 
(Vilibić 2008; Vennell 2010), i.e., Fr = U

/

√

gh , where U 
and 

√

gh are the speeds of the air pressure wave and the 
long wave, respectively. Proudman resonance occurs 
when Fr = 1 (Proudman 1929). Otherwise, when Fr  = 1 , 

the amplitude of the pressure-forced wave is larger when 
Fr is closer to 1 (Vilibić 2008; Vennell 2010). Since the 
Lamb wave traveled at an almost constant speed of 
approximately 310 m/s (Matoza et al. 2022; Lynett et al. 
2022; Kubota et al. 2022), Fr was controlled by the water 
depth. Assuming U = 310 m/s , the amplitude is larger 
when 

√

gh is closer to 310  m/s. This means that the 
amplitude of the pressure-forced wave will be more 
strongly amplified when the water depth is closer to 
9.8 km.

The effect of depth change: from deep to shallow water
When the water depth changes, the pressure-forced wave 
adjusts its amplitude to fit the new depth. We performed 
a synthetic test of a plane air pressure wave traveling on 
a domain of approximately 1112 by 6646 km in y and x 
directions, respectively. The bathymetry resolution is 
one arc-minute. We set a 5° west–east direction, updip 
slope from a depth of 4 km to 1 km at x = 3002 km in the 

Fig. 1  a The black circles represent the peak amplitude of the observed air pressures relative to the distances between the barometers and the 
Tongan volcano. The red line is the regression line of the peak amplitude developed by applying the attenuation relationship hA = h0R

−0.5 , where 
h0 is assumed to be 132 hPa, and R is the distance from the source. b The black and red lines display the observed and simulated air pressures in 
Japan. The green bars indicate the peak amplitude estimated by the regression. The station locations are shown in Additional file 1: Fig. S1
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domain. The air pressure wave is a Gaussian-shaped wave 
given by Eq.  (5) with σ = 90 km , hAi = 1 hPa , hBi = 0 , 
and hCi = 0 . The initial location is given by φi = N90◦ E 
(x-direction), r = 820 km when t = 0 . We extracted 
the wave profile at the center of the y direction, where 
y = 556  km. Figure  2 shows the synthetic test of an air 
pressure wave traveling at 310 m/s passing over the slope. 
Figure 2a illustrates the different snapshots of wave pro-
files. The moving air pressure wave induced the incident 
pressure-forced wave (wave 1), which travels at the same 
speed as the air pressure wave. When wave 1 passed the 
slope, it split into waves 1′ and 2. Wave 1′ was the trans-
mitted pressure-forced wave traveling at the same speed 
at shallow depths. Wave 2 was the ocean gravity wave 
generated when wave 1 passed the slope. Because wave 
2 traveled at the long wave speed, slower than wave 1′, it 
was separated from and propagated behind wave 1′.

The amplitude of the pressure-forced wave decreased 
from 0.69 to 0.11  cm when the water depth changed 
from 4 to 1  km. The sea surface height of wave 2 was 

much larger than that of wave 1′. However, the bottom 
pressure is a result of the water pressure over the water 
column and the air pressure. Because wave 1′ trave-
led with the air pressure wave at the same speed, the 
pressures from wave 1′ and the air pressure wave were 
superposed into a larger wave as recorded by the bot-
tom pressure, as shown in the lower row of Fig. 2a. The 
snapshots at 150 min and 170 min show that the wave 
amplitude of the bottom pressure associated with wave 
1′ was comparable to the bottom pressure from wave 2.

We computed the time-series waveforms of the air 
pressure, sea surface height, and bottom pressure at 
locations A, B, and C, as shown in Fig. 2a (left). Loca-
tion A is at the lower edge of the slope, and locations 
B and C are at shallower depths 150 and 250 km away 
from A, respectively. Figure  2b shows that the wave-
forms change with distance after passing the slope. 
Location A exhibits only the incident pressure-forced 
wave (wave 1). This shows that the wave did not split 
until it passed the slope. Location B displays a split 

Fig. 2  The synthetic test of an air pressure wave traveling at 310 m/s passing over a 5° updip slope from a depth of 4 km to a depth of 1 km. a The 
wave profiles of air pressure (upper row), sea surface (middle row), and bottom pressure (lower row) along x-direction extracted at y = 556 km. The 
times on the top of the air pressure wave indicate the origin time of the snapshots of the solid or dotted lines. The waves marked with 1, 1′, and 2 
are the incident pressure-forced wave, transmitted pressure-forced wave, and the generated ocean gravity wave, respectively. A, B, and C in the left 
column indicate the locations where we measured the time-series waveforms shown in b. b The waveforms at locations A (left), B (middle), and C 
(right). The red, green, and blue lines represent the waveforms of the air pressure wave, sea surface height, and bottom pressure, respectively
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waveform consisting of waves 1′ and 2. The two waves 
overlapped because of the short distance from the 
slope. At location C, the two waves were separated. 
The difference in the arrival times between wave 1′ and 
wave 2 increases with the distance from the slope. In 
water 1  km deep, the two waves took approximately 
250 km to separate.

The test supports the findings reported by Yamada 
et  al. (2022) that the tsunami signals were delayed at 
the tide gauges. Note that the tide gauges record only 
changes at the sea surface. Because the pressure-forced 
wave was very small and easy to overlook in the sea 
surface height, the ocean gravity waves generated in 
shallow water were regarded as the leading tsunami sig-
nals at the tide gauges. On the other hand, in the OBP 
data, the pressure-forced waves were regarded as the 
leading tsunami waves since the air–sea coupling was 
stronger at deep water and the pressure-forced waves 
were as large as the ocean gravity waves. As a result, the 
two separated waves were observed by OBP stations. 

Additional file 1: Fig. S4 shows the wave distribution at 
snapshot 110 min. Except for the reflection on the left 
boundary, no noticeable effects appear on the lateral 
(up and bottom) boundaries. The results are independ-
ent of the width of the simulation domain.

The effect of depth change: from shallow to deep water
When the air pressure wave is excited by subaerial volca-
noes or travels from land to ocean, it travels from shallow 
to deep water. We set a 5° west–east direction, downdip 
slope from a depth of 1 km to 4 km slope at x = 3002 km 
in the domain identical to that used in “The effect of 
depth change: from deep to shallow water” section. 
In addition, the assumed air pressure wave is also the 
same as that used in “The effect of depth change: from 
deep to shallow water” section. In Fig. 3, we performed 
a synthetic test in which an air pressure wave travels at 
310 m/s passing the slope. Figure 3a illustrates different 
snapshots of the wave profiles. An incident pressure-
forced wave (wave 1) was induced by the moving air 

Fig. 3  The synthetic test of an air pressure wave traveling at 310 m/s passing a 5° downdip slope from 1 to 4 km depth. a The wave profiles of air 
pressure (upper row), sea surface (middle row), and bottom pressure (lower row) along x-direction extracted at y = 556 km. The times on the top 
of the air pressure wave indicate the origin time of the snapshots of the solid or dotted lines. The waves marked with 1, 1′, and 2 are the incident 
pressure-forced wave, transmitted pressure-forced wave, and the generated ocean gravity wave, respectively. A, B, and C in the left column indicate 
the locations where we measured the time-series waveforms shown in b. b The waveforms at locations A (left), B (middle), and C (right). The red, 
green, and blue lines represent the waveforms of the air pressure wave, sea surface height, and bottom pressure, respectively
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pressure wave and traveled at the same speed as the air 
pressure wave. Wave 1 splits into a transmitted pressure-
forced wave (wave 1′) and an ocean gravity wave (wave 2) 
when passing the slope. The amplitude of the pressure-
forced wave increased from 0.11 cm (wave 1) to 0.69 cm 
(wave 1′). The increased water volume was conserved by 
generating a polarity-reversed ocean gravity wave (wave 
2). Since wave 2 traveled at the long wave speed, which 
was slower than wave 1′, it separated from wave 1′ at the 
200 min mark.

Figure 3b shows the air pressure, sea surface, and bot-
tom pressure waveforms at locations A, B, and C marked 
in the left column in Fig. 3a. Location A is at the upper 
edge of the slope, and locations B and C are at deeper 
depths 500 and 1000 km east of A, respectively. Location 
A recorded only the pressure-forced wave (wave 1). It 
shows that wave 1 did not split until passing the slope. At 
location B, the pressure-forced wave was amplified, and a 
negative ocean gravity wave (wave 2) was recorded. The 
waveforms at location C show that the two waves were 
separated. After reaching a water depth of 4 km, the two 
waves separated at approximately a distance of 800  km 
from the slope. On the other hand, the two waves sepa-
rated after only approximately 250 km for a water depth 
of 1  km (see “The effect of depth change: from deep to 
shallow water” section) because of the larger speed dif-
ference between the air pressure wave and the long wave.

In Figs. 2 and 3, the sea surface heights of the pressure-
forced wave were 0.11 cm at 1 km depth and 0.69 cm at 
4 km depth. This suggests that when the pressure-forced 
wave encounters a change in water depth, its amplitude 
is adjusted to fit the new depth. Simultaneously, an ocean 
gravity wave is generated to conserve the water volume 
change accompanied by the amplitude change.

Case study: the Tsunami near Japan after the Tonga 
eruption
After the eruption in Tonga, the S-net OBPGs observed 
tsunami waves in different shapes. To understand the 
mechanism of the deformation of the waves, we per-
formed a case study of the tsunami induced by the 
air pressure wave near the Japan Trench using actual 
bathymetry. We simulated the domain ranged between 
127°–155° E and 23°–47° N as shown in Additional file 1: 
Fig. S1, where the boundaries were at least 900 km from 
the stations. We applied Eq.  (5) to reconstruct the local 
air pressure wave in the vicinity of Japan and used the 
initial source assumption as addressed in “Modeling 
the Lamb wave” section. The moving air pressure wave 
induced a pressure-forced wave on the ocean, which 
generated an ocean gravity wave when passing the Japan 
Trench.

The speed of an ocean gravity wave rapidly decreases 
when it encounters a steep slope, such as a trench. To 
quantify the wave separation, we estimated the travel 
time difference between the ocean gravity wave and the 
pressure-forced wave for the area between the coast of 
the Tohoku region and the Japan Trench. We simpli-
fied the depth effects by assuming that the separation 
between the ocean gravity wave and the pressure-forced 
wave begins after the incident pressure-forced wave pass-
ing rζ , the deepest location of the trench along r . We 
considered the Lamb wave speed U to be constant, and 
the travel time difference (�t) between the ocean gravity 
wave and the pressure-forced wave for the travel distance 
from rζ to a location of interest on r , i.e., ri , is given by:

The travel time difference per unit distance (�s) grows 
rapidly from deep to shallow water, as shown in Additional 
file  1: Fig. S2. �s becomes significantly large when the 
depth is shallower than 0.1 km. However, in most cases, the 
travel time difference is generally proportional to the travel 
distance.

Figure  4a shows the locations of the S-net stations. We 
illustrated the stations and regions with different colors for 
different �t values. Figure 4b–e illustrates the waveforms of 
the stations shown in Fig. 4a connected by dark lines from 
north to south. Figure 4b–e shows different stages of wave 
splitting in observed and simulated OBP waveforms (blue 
lines). At the stations colored in white, the travel time dif-
ference is smaller than 6 min, and there is no wave splitting 
in the observed and simulated waveforms. The travel time 
difference is slightly larger (6–12 min) at the green stations, 
which show wave deformation due to the overlap of sepa-
rated waves in both observed and simulated OBP wave-
forms. The wave splitting becomes evident at the yellow and 
orange stations due to the significant travel time difference 
in these regions. The two waves are separated at the red 
stations, showing two clear waves in the observation and 
simulation.

Figure 5 illustrates snapshots of the observed and simu-
lated waveforms at station S2N01, which is marked with 
a cyan circle in Fig.  4a. The pressure-forced wave was 
recorded with the air pressure wave as the small lead-
ing wave in the OBP data. The ocean gravity wave passed 
S2N01 after the pressure-forced wave. As a result, a 
smaller pressure-forced wave (420–445 min) and a sepa-
rated ocean gravity wave (445–475 min) were recorded. 

(6)�t(r) =
ri
∫
rζ
�sdr,

(7)�s =
1

√

gh(r)
−

1

U
.
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Fig. 4  S-net stations and observed OBP waveforms compared to the simulated waveforms of air pressure, sea surface, and bottom pressure. a The 
circles represent the locations of S-net stations. The areas shaded by white, green, yellow, orange, and red indicate the areas where �t was < 6, 6–12, 
12–18, 18–30, and > 30 min, respectively. The stations connected with dark lines are those color coded to match the corresponding �t values. The 
waveforms of those stations are shown in b–e from north to south. The light blue circle indicates the location of S2N01. b–e The waveforms of the 
stations that are connected with dark lines from north to south in a. Black lines illustrate the observed bottom pressure data. Red, green, and blue 
lines are the input air pressure wave, simulated sea surface heights, and simulated bottom pressures, respectively. The right y-axes indicate the scale 
of the red and green lines. The background colors of the station names correspond to the circles’ fill colors in a 

Fig. 5  The top three rows exhibit the simulated wave profiles of the air pressure wave, sea surface height, and bottom pressure in different 
snapshots. The gray shaded areas indicate the bathymetry profiles with height marked by the y-axis on the right. The bottom row displays the 
waveforms at S2N01. Dark lines in the bottom plots represent the observed waveform, and the red, green, and blue lines indicate the air pressure, 
sea surface height, and bottom pressure, respectively
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Our simulation reproduced these two waves and could 
extract the sea surface height from ocean bottom pres-
sure data.

Wave deformation due to wave splitting was also 
observed by the DONET. However, because the DONET 
stations were close to the Nankai Trough (< 150 km), the 
travel time differences were small; thus, we could only 
find slight wave deformation at some stations located far-
ther from the trough, as shown in Additional file 1: Fig. 
S3.

Conclusions
The eruption of the Hunga Tonga-Hunga Ha’apai vol-
cano caused an unusually fast tsunami throughout the 
Pacific. The observation from the OBPGs near the Japan 
Trench recorded the deformation of tsunami waves. We 
performed synthetic tests to investigate the tsunami wave 
deformation mechanism. The synthetic tests explained 
the wave deformation and splitting observed by S-net. 
We reproduced the observations of OBPGs near the 
Japan Trench following the 2022 Tonga eruption using a 
simplified air pressure model and actual bathymetry.

Our synthetic tests explained the wave splitting mech-
anism: the changes in water depth generate the ocean 
gravity wave and lead to wave split. We summarize the 
process when the pressure-forced wave crosses over 
changes in water depth:

1.	 The amplitude of the pressure-forced wave is 
adjusted to the new water depth.

2.	 The amplitude change is accompanied by the genera-
tion of an ocean gravity wave because of the conser-
vation of water volume.

3.	 The ocean gravity wave travels slower and becomes 
separated from the pressure-forced wave.

This was the first time that OBPGs widely observed 
Lamb wave-induced tsunamis. In addition, the S-net 
observed the waveforms of different splitting processes 
after the pressure-forced wave passed the Japan Trench. 
The abundant observations by S-net provided excellent 
information for a better understanding of the splitting 
mechanism. We utilized the observations to validate our 
simulations, and our simulations sufficiently reproduced 
the observed waveforms for different splitting processes. 
To prevent from the influences from the boundaries of 
the simulation domain, the stations are sufficiently far 
from the boundaries (> 900 km for case study in Japan). 
In addition, we focus on the leading part of the wave-
forms. As a result, the influences from boundaries were 
minimized, and the results are independent of the simu-
lation domain.

The synthetic tests suggest that air pressure waves 
originating from land or across the continents can also 
induce tsunamis. When a pressure-forced wave propa-
gates from shallow to deep water, its amplitude grows, 
generating an ocean gravity wave with polarity-reverse. 
This implies that the induced tsunami wave amplitude 
is limited when the air pressure wave only travels over 
shallow water. Future works on tsunamis in the Atlantic 
Ocean region, such as those occurring in the Caribbean 
and the Mediterranean Sea, can help us understand 
tsunamis induced by the air pressure waves traveling 
from land.
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Additional file 1: Figure S1. The circles indicate the station locations in 
Fig. 1. The fill color of each circle represents the estimated air pressure 
wave speed estimated by considering the great circle distance between 
the station and the volcano. The dotted rectangle indicates the simula‑
tion in the case study of Japan after the Tonga eruption. Figure S2. The 
change of travel time difference per unit distance Δs (min/km) relative to 
water depth ℎ. Figure S3. DONET stations and observed OBP waveforms 
compared to the simulated waveforms of air pressure, sea surface, and 
bottom pressure. (a) The circles represent the locations of DONET stations. 
The areas shaded by white, green, and yellow indicate the zones of Δt(s) 
of < 6, 6–12, and > 12 min, respectively. The stations connected with dark 
lines are the circles filled with the color corresponding to their Δt. The 
waveforms of those stations are shown in Fig. S3b, c from west to east. (b, 
c) The waveforms of the stations connected with dark lines from west to 
east in Fig. S3a. Black lines illustrate the observed bottom pressure data. 
Red, green, and blue lines are the input air pressure wave, simulated sea 
surface heights, and simulated bottom pressures. The background color of 
the station name corresponds to the circle’s fill color in Fig. S3a. Figure S4. 
The wave height distribution at the snapshot at 110 min in the synthetic 
test of the air pressure wave travels from deep to shallow water as shown 
in Fig. 2. The air pressure wave travels from left to right. The contour lines 
at around x = 3002 km indicate the 5° updip slope, where the water 
depth changes from 4 km on the left to 1 km on the right. The green line 
indicates the profile interval in Fig. 2a (left plot). The waves from right to 
left are the positive pressure-forced wave (Wave 1 in Fig. 2), the negative 
ocean gravity wave, and the positive pressure-forced wave reflected on 
the left boundary.
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