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Abstract: On January 15, 2022, the Hunga Tonga-Hunga Ha‘apai volcano erupted, causing 10 

tsunamis all around the world; enigmatic tsunamis arrived much earlier by > ~2 hr than the 

conventionally predicted tsunami travel time. Here, we investigated the generation and 

propagation mechanisms of the tsunami “forerunner.” The simulation found that fast-moving 

atmospheric pressure waves drove the leading sea height rise, while the scattering of the leading 

waves by small islands in the Pacific Ocean triggered the coda tsunamis. The tsunamis arriving 15 

later than the theoretically predicted time are composed of various waves generated both from 

traveling and static sources, which makes the tsunami much more complex and longer-lasting 

than earthquake-induced tsunamis.	

 

One-Sentence Summary: We discovered the generation mechanisms of the fast-traveling 20 

tsunamis by atmospheric pressure waves on the 2022 Tonga eruption. 

 
 

Main Text: 

At 04:14:45 on January 15, 2022 (UTC), a massive volcanic eruption occurred on a 25 

small, uninhabited island in the South Pacific, Hunga Tonga-Hunga Ha‘apai (black triangle in 

Fig. 1A) (1). This volcano stretches 20 km across and is topped by a submarine caldera 5 km in 

diameter (2). Satellite-based observations revealed that this eruption blasted volcanic ash into the 
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stratosphere as high as ~40 km and most parts of the island disappeared (2–4). The atmospheric 

pressure rises with amplitudes of ~2 hPa propagated globally, as observed by the world 

barograph network (Fig. 1B). The satellite-based observations captured this global atmospheric 

pressure wave propagation (4, 5). The initial waves propagating at a velocity of ~300 m/s are 

Lamb waves, atmospheric pressure waves propagating in the air at the acoustic speed (6, 7). 5 

Similar global pressure waves have also been recorded in past volcanic eruptions (8–10). 

Global coastal tide gauges recorded tsunamis associated with this eruption (4) (fig. S1), 

but they arrived much earlier by > ~2–3 h than the theoretically predicted tsunami travel time 

from the volcano, Ttsun (green contour lines in Fig. 1A) (5). The globally distributed ocean-

bottom pressure gauges also recorded these fast-traveling tsunamis, with amplitudes of ~3–4 hPa 10 

at the time corresponding to the Lamb wave arrivals, as well as the subsequent tsunami-like 

disturbances (Fig. 1C). Compared to past major earthquake-induced tsunamis, the ocean-bottom 

pressure changes due to this eruption were much longer in duration (fig. S2). Here, we 

investigated the generation mechanism of these enigmatic global forerunning and long-lasting 

tsunamis, related to the atmospheric pressure waves radiated by the eruption. 15 
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Fig. 1. Location map and observation dataset. A. Location map. The black triangle denotes 

the Hunga Tonga-Hunga Ha‘apai. Red circles denote the barographs. Blue inverted triangles are 

the ocean bottom pressure gauges. Green contour lines are the theoretical tsunami travel time, 

Ttsun. B. Observed barograms. C. Observed ocean-bottom pressure gauge waveforms. The 5 

angular distances between the source and stations (Δ) and the azimuth from the source to the 

station (φ) are also shown. A bandpass filter with a passband of 1,800–7,200 was applied. The 

theoretical travel times of the Lamb wave (Δ/V0, gray bars) and tsunami (green bars) are also 

shown. 
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We studied a tsunami propagating across the globe generated by the Lamb wave. The 

methods are detailed in the Supplementary Material. Assuming the Lamb wave at a propagation 

velocity of V0 = 300 m/s (Fig. 1B), we first conducted a global propagation simulation of 

atmospheric pressure waves (Fig. 2A). We then simulated the generation and propagation of 

ocean waves driven by the atmospheric pressure waves (11, 12) using global bathymetry data 5 

(13). We finally calculated the ocean-bottom pressure changes (pbot) as the sum of the 

atmospheric pressure (patm) and the sea-surface height changes η (peta = ρwg0η, ρw: seawater 

density, g0: gravity acceleration, 9.8 m/s2): pbot = patm + peta (12, 14). 

The observed and simulated waveforms of the barographs and ocean-bottom pressure 

gauges are compared in Fig. 2 and fig. S3. These waveforms coincided well with each other 10 

around Lamb wave arrivals. After some additional simulations assuming various V0 values, we 

found that the observed tsunamis were reproduced with velocities of V0 = 280–320 m/s (fig. S4). 

 

 

Fig. 2. Comparisons between the observed and simulated waveforms. A. Comparison for the 15 

barograph waveforms. B. Comparison for the ocean-bottom pressure waveforms. Gray and red 

traces are the observed and simulated waveforms. The waveform traces are aligned based on the 

azimuthal distance from the source. The theoretical travel times of the tsunami (green bars) are 

also shown. 
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The global propagation of atmospheric pressure and fast-traveling tsunami is shown in 

Movie S1 and Fig. 3. In association with the propagation of the ~2 hPa atmospheric waves (Fig. 

3A), we can confirm the propagation of the leading sea-surface uplift (red arrows in Fig. 3B), 

which is interpreted as the waves forcibly excited by the Lamb waves. We also found that the ~4 5 

hPa forerunning ocean-bottom pressure increases corresponding to the Lamb wave pulse (Fig. 

3C). The relative amplitude ratio between the atmospheric and ocean-bottom pressures was 

consistent with global observations (Fig. 1). It should be noted that this wave was not generated 

by a resonant mechanism between tsunamis and atmospheric waves (15) because the sea surface 

height did not increase with an increase in travel distance. On careful inspection of some regions 10 

such as the Hawaiian Islands, the South Pacific Islands, and the Mariana Trench, scattered 

tsunamis are generated by these islands and steep bathymetry changes, as secondary sources 

(black arrows in Fig. 3B). A simulation assuming fully flat ocean earth, which did not excite 

these secondary waves, confirmed that the bathymetry-related scattering was the cause of these 

tsunamis following the leading wave (figs. S5 and S6). 15 

 

 

Fig. 3. Snapshots of the generation and propagation of tsunamis. A. Snapshots of the 

atmospheric pressure wave, B. Snapshots of the sea-surface height change. Distinct wave signals 

are marked by arrows. C. Snapshots of the ocean-bottom pressure change. The animation of this 20 

simulation is available in Movie S1. 
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After passing the Lamb-wave pulse and the scattering-originated tsunamis, the 

propagation of the sea-surface depression can also be confirmed (blue arrows in Fig. 3B), in 

which its wavefront spreads at the theoretically predicted tsunami velocity c0 = (g0h0)0.5 (g0: 

gravity acceleration, h0: seawater depth). This wave is expected to be a result of water volume 

conservation (14, 15) (fig. S7, Movie S2). The sea surface uplift forcibly caused by the Lamb 5 

waves propagates around at a velocity of V0, which causes sea-surface subsidence at the source 

to conserve the total water volume. The subsided sea-surface displacement then collapses due to 

gravity and propagates as tsunamis at velocity c0. This subsidence wave is one of the factors 

consisting of tsunamis after the theoretical tsunami arrival, Ttsun (component 2A in Fig.4). 

Tsunamis generated at the volcano source region by seafloor crustal deformation due to 10 

eruptions (16, 17) or volcano collapses (18, 19) can also contribute to tsunamis after Ttsun 

(component 2C). Another important factor is the waves caused by atmospheric pressure waves 

propagating at a velocity close to tsunamis (V0 ~c0, component 2B) (11, 15), as the volcanic 

eruption excites various atmospheric waves other than Lamb waves (10). Some of them are 

referred to as atmospheric gravity wave modes, which have a velocity close to that of a tsunami 15 

(~200–220 m/s) for most parts of the Pacific Ocean (h0 ~4–5 km). This results in the resonance 

of the waves (15, 20–23), in which the atmosphere continuously supplies the wave energy to the 

ocean and thus the tsunami height increases with the increase in travel distance. All the waves 

excited by the mechanisms of components 2A, 2B, and 2C in Fig.4 propagate at a velocity of c0 

~200–220 m/s as tsunamis. 20 

To appropriately reproduce the entire observed tsunami waveforms, it is essential to 

consider all the contributing factors shown in Fig. 4 (components 1, 2A, 2B, and 2C). 

Components 2A and 2C can be reproduced by the framework of the conventional tsunami 

simulation because they propagate at the tsunami velocity c0 and the source can be regarded as 

static. If the seafloor is completely flat, the amplitudes of these waves decay with the 25 

propagation distance, in proportion to r−1/2 (r: propagation distance, figs. S8 and S9). On the 

other hand, in component 2B, the wave amplitude increases at a rate proportional to r1/2 when the 

resonance occurs between the ocean wave and moving source (figs. S8 and S9). This indicates 

that the contribution by the atmospheric gravity waves (component 2B) can be larger after 

propagating a certain distance than the others. We can confirm the amplification feature in the 30 

tide gauge records at some locations such as the South American coast (fig. S1). 
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Fig. 4. Schematic illustration of the generation mechanism of the tsunamis in the 2022 

Tonga eruption event. 
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throughout the propagation, which will enlarge the wave amplitude at a greater distance than the 

near-source region, as well as making its duration much longer than the ordinary earthquake-

induced ones, even for several days (fig. S2). There are some factors to control the amplitudes 

these global tsunamis, such as the radiation directivity of tsunamis by the source crustal 

deformation, the amplitudes and directivity of the radiated Lamb and atmospheric gravity waves 5 

(9), and the advection effect during the propagation related to the jet stream at stratospheric 

heights (7, 26, 27). The most decisive factor in controlling the global tsunami size and duration is 

the amount how much gravity wave modes (~200 m/s) are excited by the eruption. To forecast 

the long-lasting resonant-induced tsunamis precisely, we need to accurately model the generation 

and propagation of gravity wave modes. In the aftermath of disastrous tsunamigenic earthquakes 10 

such as Sumatra and Tohoku, our global-scale evaluations of tsunami risks and hazards were 

developed. The present analyses of the 2022 Tonga tsunami shed light on the importance of new 

global tsunami risk evaluations from volcanic eruptions, as well as the importance of establishing 

a new science of global tsunamis (28). 

 15 
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Materials and Methods 
Barograph, ocean-bottom pressure gauge, and coastal tide gauge data 

This study used global barograph data recorded by the Global Seismographic Network 

(GSN) of Incorporated Research Institutions for Seismology (IRIS). The locations of the 
barometers are indicated by red circles in Fig. 1A. We also used the global tsunami data recorded 

by the ocean-bottom pressure gauges from the Deep-ocean Assessment and Reporting of 
Tsunamis (DART) system of the Pacific Marine Environmental Laboratory (PMEL) of the 

National Oceanic and Atmospheric Administration (NOAA), the Seafloor observation network 
for earthquakes and tsunamis along the Japan Trench (S-net), and Dense Oceanfloor Network 

system for Earthquakes and Tsunamis (DONET) of the National Research Institute of Earth 
Science and Disaster Resilience (NIED). These pressure gauge stations are indicated by the blue 

inverted triangles in Fig. 1A. We also examined the global tsunami data recorded by the coastal 
tide gauges retrieved from the Intergovernmental Oceanographic Commission (IOC) (fig. S1). 

To remove the short-period oceanic noises and long-period tidal fluctuations, we applied a 
bandpass filter with a passband of 1,800–7,200 s. The filtered time series are shown in Figs. 1B 

(barometers) and 1C (pressure gauges), and fig. S1C (tide gauges). 
 

Simulations of atmospheric pressure wave propagation 
To simulate the propagation of atmospheric pressure waves, we solved the two-

dimensional acoustic wave equations in spherical coordinates: 
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R is the radius of earth (= 6,378 km), λ and θ are the longitude and latitude, p is the pressure 

change, and v = (vλ, vθ) is the velocity along the longitude and latitude, respectively. The velocity 
of the pressure change is then given by V0 = (K/ρa)0.5, where the air density ρa and the bulk 

modulus K are assumed to be homogeneous in space. The velocity was set to V0 = 300 m/s.  

The function -̇, works as a source of pressure change. We set a point source located at the center 
of the Hunga Tonga-Hunga Ha’apai, x0 = (175.2°E, 20.3°S), as 
 

    -,̇(0, 2) = -.3̇(2)4(0 − 0/)∆6.    (2) 
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where T0 is the duration of the pressure change, and tc is the peak timing of the function (= 
0.5T0). The small area ΔS includes the point source. We set the value p0 = 20 MPa (2 × 107 Pa) 

and the duration as T0 = 2,700 s to simulate the observed pressure change records. Equation (1) 
was solved by the finite difference scheme with a grid spacing of Δλ = Δθ = 2 arcmin (~3.7 km) 

and a temporal interval of Δt = 4 s. 
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Modeling of tsunami generation and propagation 
After the numerical simulation of the atmospheric pressure wave, we simulated the 

generation and propagation of the tsunami excited by the atmospheric pressure wave. Similar to 
the simulation of the atmospheric pressure wave, the following two-dimensional long-wave 

tsunami equation was solved (11, 12): 
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where η is the sea surface height, h is the seawater depth, u = (uλ, uθ) is the velocity, ρw is the 
seawater density (= 1,030 kg/m3), and g0 is the gravitational acceleration (= 9.8 m/s2). The 

external force term, including the atmospheric pressure patm, drives the tsunami. After the 
calculation, we calculated the ocean-bottom pressure pbot by the sum of the pressure changes due 

to the atmospheric pressure change patm and because of the sea-surface height change peta = ρwg0η 
(12, 14), expressed as: 
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After the calculation, we compared the simulated barograph and ocean-bottom pressure 

waveforms with the observations (Fig. 2 and fig. S3). Because the present study approximated 
the spatial dimension of the source of the atmospheric pressure wave as the point source, the 

arrival time of the simulated waveforms may not appropriately reflect the observed arrivals. 
Therefore, the traces were uniformly shifted earlier by tshift = 0.5T0 = 1,350 s, so that the wave 

arrivals coincide with the observation. 
 

Validation of the acoustic wave velocity 
The present study assumed an acoustic velocity of V0 = 300 m/s for the numerical 

simulation based on barograph observations. We further tested the simulation by assuming 
various acoustic velocities (fig. S4). Note that the absolute time is arbitrarily shifted in these 

simulations, so that the arrival times of the simulated waveforms coincide with the observations. 
The amplitude and relative arrival difference of the pressure and tsunami waves were reasonably 

explained by all simulations. This indicates that the present analysis could not resolve the 
propagation speed of the Lamb wave, and the uncertainty range of the Lamb wave velocity falls 

in V0 ~280–320 m/s. To resolve the propagation velocity of the Lamb waves in greater detail, 
more careful analysis is necessary. 

 
Investigation of the generation mechanism of the tsunami based on flat-earth simulation 

After propagating the pulsive uplift waves at a speed of 300 m/s, we can confirm the 
subsequent small sea-surface fluctuation and the propagation of the subsidence waves, the latter 

which propagates around at the tsunami velocity c0 = (g0h0)0.5 (g0: gravity acceleration, 9.8 m/s2, 
h0: seawater depth (Figs. 2 and 3). To examine the generation mechanism of these subsequent 

waves, we conducted additional tsunami simulations assuming a constant seawater depth of h = 4 
km (figs. S5 and S6). The simulation results confirmed the uplift wave pulse propagation at a 
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velocity of V0 = 300 m/s, but no subsequent small fluctuations were observed (figs. S5 and S6). 
This result indicates that the origin of these secondary waves was excited by the wave scattering 

associated with the short-wavelength bathymetry heterogeneity in the Pacific Ocean, such as the 
Hawaiian Islands, South Pacific Islands, and the Mariana Trench (Fig. 3). 

After passing the Lamb-wave pulse and the scattering-originated tsunamis, the 
propagation of the sea-surface depression can also be confirmed (blue arrows in Fig. 3B), in 

which its wavefront spreads at the theoretically predicted tsunami velocity. These subsidence 
wave excitations were confirmed in both simulations with real bathymetry (Figs. 2 and 3) and 

constant seawater depth (figs. S5 and S6). This indicates that the origin of the slow-propagating 
subsidence wave did not originate from wave scattering. We interpreted this subsidence wave as 

a result of water volume conservation. When the Lamb wave began to propagate around, the 
seawater around the volcanic source area was forcibly pushed around, which caused the 

subsidence of the sea surface at the source to conserve the total water volume. This sea-surface 
subsidence then collapses due to gravity and propagates around as tsunamis at a velocity of c0. 
The behavior of these leading uplift and subsequent subsidence waves can be visualized more 
simply by the one-dimensional simulation of the atmospheric wave propagation and the tsunami 

(Movie S2 and fig. S7). We can confirm that the uplifted wave propagates at the velocity of the 
Lamb wave (V0), and the subsidence wave chases it at the velocity of the tsunami (c0). The 

behavior of the subsidence wave was also theoretically predicted by ocean wave theory (14,15). 
Our simulation results showed that the amplitudes of the forerunning tsunami waves in 

the ocean-bottom pressure gauges, due to the Lamb wave, had amplitudes of ~3–4 hPa (Fig. 3C), 
which was slightly higher than the atmospheric pressure disturbance of ~1–2 hPa (Fig. 3A). This 

amplitude ratio can be explained by ocean wave generation by moving atmospheric pressure 
(14,15). The amplitude of the ocean-bottom pressure excited by the atmospheric pressure wave 

moving at a speed of V0 is expressed as pobp = {1+1/(1−(V0/c0)2)} × patm for a plane wave 
propagation. Considering an average seawater depth of ~4000 m in the Pacific Ocean, the 

tsunami propagation velocity is c0 ~200 m/s. Using V0=300 m/s, we obtained patm ~1.8patm, 
which is consistent with the observed amplitude ratio. 

 
Amplitude decay with the propagation distance 

As shown in Fig. 4, one should consider some factors on tsunamis arriving after Ttsun to 
produce the observed waveforms, such as the subsidence tsunami waves compensating the 

leading uplift waves excited by the Lamb wave (component 2A in Fig. 4), the waves related to 
the atmospheric gravity wave propagating at a velocity close to the tsunami (V0 ~c0) with the 

resonance effect (15) (component 2B in Fig. 4), and the tsunamis generated by the seafloor 
crustal deformation (component 2C in Fig. 4). If the seafloor is flat, the amplitude of the 

components 2A and 2C decays with the increase in the propagation distance, in proportion to 
r−1/2 (r: propagation distance). This is because of the geometrical spreading effect of cylindrical 

waves from the Lamb wave and tsunamis. On the other hand, the amplitude of the wave of 
component 2B increased with travel distance, in which the amplitude of this component is 

proportional to r × patm (14,15). Considering the geometrical spreading effect of the atmospheric 
pressure wave, its amplitude increases at a rate proportional to r1/2. These amplification and 

decay features can be confirmed in the numerical simulation using the flat ocean earth (figs. S8 
and S9). 
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Fig. S1. 
Global tide gauge stations and their observed waveforms. The other description of this figure is 

identical to those in Fig. 1. 
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Fig. S2. 
A comparison of the ocean-bottom pressure waveforms (thin lines) and their square-rooted mean 
envelope waveforms (thick lines), at the DART station 51407, between the 2022 Tonga eruption 

event, the 2011 Tohoku earthquake (Mw 9.1, https://earthquake.usgs.gov/earthquakes/ 
eventpage/official20110311054624120_30/executive), the 2010 Chile earthquake (Mw 8.8, 

https://earthquake.usgs.gov/earthquakes/eventpage/official20100227063411530_30/executive). 
Note that the vertical scale of each waveform are different. 
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Fig. S3. 
Comparisons between the observed and simulated waveforms for the atmospheric pressure 
velocity of 300 m/s, in which the traces were aligned by the azimuthal distance. A. Comparison 

for the barograph waveforms from the GSN of IRIS. B. Comparison for the ocean-bottom 
pressure waveforms from the DART system of NOAA. Gray and red traces are the observed and 

simulated waveforms. See the caption of Figs. 1B and 1C for the other description of this figure. 
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Fig. S4. 
Simulation results assuming various acoustic velocities V0. See Fig. 2 for detailed explanations 
of this figure. 
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Fig. S5. 
Simulated waveforms supposing the constant seawater depth of h = 4 km. 
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Fig. S6. 
Snapshots for the simulation with the constant seawater depth of 4 km. 
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Fig. S7. 
The one-dimensional simulation with the constant water depth of 4 km assuming the moving 
atmospheric pressure at speeds of A. V0 = 300 m/s, B. V0 = 250 m/s, and C. V0 = 200 m/s. 
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Fig. S8. 
Distribution of the maximum amplitude of the simulations with V0 = 300 m/s. A. the real 
bathymetry and B. constant water depth of 4 km. The left and right panels denote the maximum 
sea-surface height and the ocean-bottom pressure, respectively. 
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Fig. S9. 
Maximum amplitude of the ocean-bottom pressure associated with the propagation distance, 
based on the simulation with the flat-ocean of 4 km depth. The amplitude decay at a  rate of 
~r−1/2 can be confirmed for the waves due to the Lamb wave (red) and the crustal deformation at 
the source region (green) while the amplitude increases at a rate of ~r1/2 for the tsunami by slow-
propagating atmospheric gravity wave (blue). 
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Movie S1. 
Movie showing the propagation of atmospheric pressure, sea surface height, and ocean-bottom 
pressure. 
 

Movie S2. 
One-dimensional simulation of the atmospheric pressure wave propagation. 
 


