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Abstract—The 2022 Hunga Tonga-Hunga Ha’apai eruption

generated tsunamis that propagated across the Pacific Ocean. Along

the coast of Japan, nearshore amplification led to amplitudes of

nearly 1 m at some locations, with varying peak tsunami occur-

rence times. The leading tsunami wave can generally be

reproduced by Lamb waves, which are a type of air-pressure wave

generated by an eruption. However, subsequent tsunamis that

occurred several hours after the leading wave tended to be larger

for unknown reasons. This study performs multi-scale numerical

simulations to investigate subsequent tsunami waves in the vicinity

of Japan induced by air pressure waves caused by the eruption. The

atmospheric pressure field was created using a dispersion relation

of atmospheric gravity wave and tuned by physical parameters

based on observational records. The tsunami simulations used the

adaptive mesh refinement method, incorporating detailed bathy-

metry and topography to solve the tsunami at various spatial scales.

The simulations effectively reproduced the tsunami waveforms

observed at numerous coastal locations, and results indicate that the

factors contributing to the maximum tsunami amplitude differ by

region. In particular, bay resonance plays a major role in deter-

mining the maximum amplitude at many sites along the east coast

of Japan. However, large tsunami amplification at some west coast

locations was not replicated, probably because it was caused by

amplification during oceanic wave propagation rather than meteo-

rological factors. These findings enhance our understanding of

meteotsunami complexity and help distinguish tsunami amplifica-

tion factors.

Keywords: 2022 Hunga Tonga-Hunga Ha’apai eruption and

tsunami, meteotsunami, far-field tsunami, multi-scale tsunami

simulation.

1. Introduction

On January 15, 2022, a massive eruption occurred

at the Hunga Tonga-Hunga Ha’apai volcano (here-

after referred to as ’the volcano’) in Tonga, an island

nation in the South Pacific. While the eruption had

been ongoing since December 2021, the most sig-

nificant event occurred at approximately 4:14 UTC

on this date (Purkis et al., 2023). This eruption was

one of the most intense volcanic events in recent

history (Terry et al., 2022), releasing an enormous

amount of energy and ejecting a substantial volume

of volcanic ash and gas into the atmosphere. It gen-

erated a series of tsunami waves that propagated

across the Pacific Ocean, impacted numerous coastal

regions and caused considerable damage (Borrero

et al., 2023).

Tsunami waves after the major eruption have

been observed in various areas along the Pacific

coast, including New Zealand (Gusman et al., 2022),

Australia (Munaibari et al., 2023), Mexico (Ortiz-

Huerta & Ortiz, 2022; Ramı́rez-Herrera et al., 2022),

Chile (Carvajal et al., 2022) and Japan (Imamura

et al., 2022; Wang et al., 2023). The tsunami waves

traveled over the Pacific Ocean, caused widespread

damage and exhibited very complex behavior

worldwide. The far-reaching impacts of the tsunami

underscore the vulnerability of coastal communities

to such natural disasters.

In Japan, tsunamis reaching amplitudes of 0.5–1.0

m were observed over a wide area. No serious tsu-

nami inundation damage was reported; however, an

amplified tsunami caused ships to capsize in harbors
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(Imamura et al., 2022). The maximum amplitude was

delayed by several hours or more after the arrival of

the leading tsunami. For example, the maximum

amplitudes were recorded over 6 h after the leading

tsunami at some gauges such as Kushiro, Nemuro and

Urakawa. In addition, the leading tsunami reached

the coast of Japan several hours earlier than expected.

The sudden and unexpected tsunami caught many

residents off guard, highlighting the need for

improved early warning systems and coastal resi-

lience measures. Wang et al. (2023) analyzed records

of this tsunami event from high-frequency radars,

offshore bottom pressure gauges and tidal gauges on

the east coast of Japan, respectively, and attempted to

develop a prompt forecast network of tsunami

waveforms using data assimilation. Their results

showed that it is difficult to predict tsunamis using a

traditional method because the mechanism of wave

generation is different from that of general tsunamis.

The eruption of the volcano generated a complex

set of pressure, Lamb and air gravity waves (Amores

et al., 2022; Yuen et al., 2022). These waves, which

traveled at different speeds, contributed to the gen-

eration and propagation of the tsunami waves

observed in the Pacific. Atmospheric pressure gen-

erated by volcanic eruptions may excite the sea

surface, resulting in a type of tsunami that occurs less

frequently than other natural disasters. The last con-

firmed event of this type was the 1883 eruption of

Krakatau in Indonesia (e.g., Nomanbhoy & Satake,

1995; Paris et al., 2014). These tsunami events are

classified as meteotsunami (or meteorological tsu-

nami; e.g., Monserrat et al., 2006; Rabinovich &

Monserrat, 1996; Rabinovich 2020). The interaction

between air pressure changes and the ocean surface

can lead to the formation of waves that can be

amplified and travel large distances, resulting in

significant impacts on coastal regions. When the

celerity of long waves in the ocean matches the speed

of the air pressure waves, the ocean wave can be

continuously excited and largely amplified. This

physical phenomenon is well known as Proudman

resonance (Hibiya & Kajiura, 1982; Vilibić et al.,

2008).

The Tongan tsunami event excited by Lamb

waves of preceding pressure waves has been the

subject of several studies on global (e.g., Kubota

et al., 2022; Lynett et al., 2022) and regional scales

(e.g., Gusman et al., 2022; Tanioka et al., 2022).

These studies were fairly successful in reproducing

tsunami waveforms synchronized to the arrival time

of the Lamb wave and showed that the Lamb wave

was dominant in the leading tsunami behavior. The

relationship between pressure-induced ocean waves

and sea bathymetry was also investigated (Ho et al.,

2023; Liu & Higuera, 2022). The occurrence of

Proudman resonance has also been suggested. How-

ever, there is currently no simulation capable of

reproducing a large tsunami amplification in the

range of 1 m on the Japanese coast using realistic

bathymetry and pressure wave data. Suzuki et al.

(2023) performed a tsunami simulation around Japan

using realistic bathymetry and pressure waves that

were numerically solved. Their study reproduced

resonance in the open ocean but did not lead to sig-

nificant amplification along the coast. The difficulty

in simulating large amplified tsunamis lies in the

diversity of their amplification sources. Proudman

resonance is most likely to occur in deep, flat, open

ocean regions, where ocean wave speeds and atmo-

spheric pressure velocities correspond to each other.

The horizontal scale of this phenomenon is on the

order of a few kilometers. However, to reproduce

resonance in bays, it is necessary to capture tsunami

behavior at the smaller scale of each bay. Tsunami

simulations that include phenomena at various spatial

scales are thus required to understand in detail the

factors that cause tsunami amplification.

Complicating this tsunami phenomenon is the

diversity of tsunami wave sources. During this tsu-

nami event, tsunamis other than meteotsunami were

also observed near the volcano (Borrero et al., 2023).

In the islands of Oceania near the volcano, the

topographic change caused by the caldera collapse

may have contributed to the tsunami run-up. In

addition, although the Lamb wave and air gravity

waves have different velocities, they overlap each

other. Thus, the tsunami behavior near volcanoes was

complex and simultaneously influenced by various

factors. On the other hand, in Japan, the effect of

tsunami caused by the caldera collapse was almost

negligible, and the Lamb wave and gravity waves

were separately observed. Therefore, elucidating the

mechanism of tsunami amplification in Japan can
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contribute to understanding the characteristics of

pressure wave of this eruption and global tsunami

phenomenon.

This study aims to provide a comprehensive

multi-scale numerical simulation of tsunami waves in

Japan excited by air pressure waves caused by the

2022 Tonga volcanic eruption. Particular emphasis

was placed on the waves after the initial arrival of the

tsunami. The atmospheric pressure was modeled by

considering the dispersion relation of air gravity

waves. The representation of pressure waves passing

around Japan was tuned using pressure observation

records. High-resolution computationally demanding

simulations over a wide coastal area were conducted

using an efficient simulation method. Note that we

did not consider tsunamis triggered by caldera col-

lapse, as a preliminary study indicated that such

tsunamis did not affect the Japanese coast, and pre-

vious studies (Heidarzadeh et al., 2022; Terry et al.,

2022) have also shown that their effect is negligible

in the North Pacific region.

The remainder of this article is structured as fol-

lows. Section 2 describes the curation and processing

of observational data, pressure wave modeling and

methods for creating pressure data and provides an

overview of numerical models for tsunami simula-

tions, simulation conditions and bathymetry data.

Section 3 describes the results of the meteotsunami

simulation and discusses their comparability to

observational records. Section 4 uses the simulation

results to explain the amplification sources along the

coast of Japan. Finally, conclusions from the study

are presented in the last section.

2. Methodology

2.1. Observation Data and Processing

In this study, offshore and coastal waveform

observation records were used to validate the results

of the tsunami simulations. Data were sourced from

offshore ocean buoys forming part of the Deep-ocean

Assessment and Reporting of Tsunamis (DART)

project. DART is a real-time tsunami detection

system managed by the United States National

Oceanic and Atmospheric Administration (NOAA)

and provides critical information to protect coastal

communities from the impacts of tsunamis. The

DART program has a long history of successful

operations (e.g., Mungov et al., 2013; Rabinovich &

Eblé, 2015), and its buoys deployed throughout the

world’s oceans provide a wealth of information for

researchers. During the 2022 Tongan tsunami, five

DART buoys (21,418, 21,420, 52,401, 52,402 and

52,404) were operational in the vicinity of Japan. To

extract tsunami signals, periodic components [ 100

min were filtered out.

The Japan Meteorological Agency (JMA) tidal or

tsunami gauges were used for coastal observation

records. The JMA operates an extensive network of

tidal gauges distributed throughout Japan, which are

essential for monitoring sea level changes and

predicting coastal hazards, such as storm surges and

tsunamis. This study used data from 40 of these

gauges on the Pacific Ocean side, as shown in Fig. 1.

The gauges where the maximum amplitudes were

below a threshold of 5 cm or not significant were

omitted. As shown in the figure, the gauges for

evaluation form a dense series along the Japanese

coastal areas. They were generally numbered from

west to east, except for gauge number 30, which was

located on an isolated island (Chichijima).

Table 1 provides detailed information on the 40

JMA gauges, showing coordinates, peak amplitude

during the event and the time of its occurrence (time

elapsed after the main explosion at UTC 04:14 on

January 15, 2022). This relative time measure is used

in the following. The maximum tsunami amplitude

for each gauge was extracted from the observed

waveform by applying a bandpass filter with corner

frequencies of 1/300–1/6000 Hz (5–100 min) to

remove unrelated signals. Note that the maximum

tsunami amplitudes used here do not necessarily

coincide with those published by JMA because

periodic components \ 5 min were filtered out. The

reason for filtering out the shorter side of the period is

the horizontal resolution of the tsunami simulation.

Wave components with a period of a few minutes

cannot be reproduced unless the resolution is quite

high. The tsunami amplitudes and occurrence times

differed between gauges by several hours or more.

This occurred even between nearby sites, indicating
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the complexity of this event and the diversity of the

factors causing major tsunamis.

In addition, JMA atmospheric pressure observa-

tion data were used to tune the simulated

spatiotemporal distributions of atmospheric pressure.

Time series data from four gauges (Naze, Nishi-

noomote, Hachijojima and Kamaishi) were used to

target only the eruption-induced pressure changes.

These gauges face the Pacific Ocean, are located on

small islands and are less affected by topography.

Their eruption-induced signals were, therefore, rela-

tively clear among the atmospheric pressure gauges

near Japan. Similar to the ocean wave observations,

the long-period components were filtered out for

comparison purposes.

Spectral and wavelet analyses were used to

analyze the observed waveforms, perform prepro-

cessing and compare the characteristics of the

generated atmospheric pressure as shown in the

following sections. These analyses are important

tools for observing wave characteristics in the

frequency domain and have been used in numerous

tsunami cases. In particular, wavelet analysis is an

essential method for representing the time variation

of the signal magnitude at each frequency and is most

useful for events such as the 2022 Tonga tsunami,

where the characteristics of the air pressure as a wave

source change with time (e.g., Wang et al., 2022).

2.2. Pressure Wave Generation

The numerical tsunami model used a realistic

spatiotemporal distribution of pressure sourced from

observational records. The pressure waves caused by

a volcanic eruption can be broadly classified into two

types: Lamb waves and acoustic gravity waves (e.g.,

Kulichkov et al., 2022; Wright et al., 2022). Lamb

waves propagate horizontally at the speed of sound

across the Earth’s surface exhibiting no vertical

oscillation in their velocity. Acoustic gravity waves

propagate vertically and horizontally and result from

buoyancy forces within the atmosphere, causing

Figure 1
Location of JMA tidal or tsunami gauges around the Pacific coast of Japan. Red circles represent JMA tidal or tsunami gauges. Number labels

represent gauge numbers used for identification in this study. Detailed gauge locations and observed tsunami amplitudes following the

modeled eruption are shown in Table 1. The two yellow squares represent DART buoys off the coast of Japan
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periodic oscillations in air pressure. The 2022 Tonga

volcanic eruption produced both types of waves, and

they have been detected and analyzed in many studies

striving to understand the impact of the eruption on

the atmosphere.

The maximum pressure anomaly for Lamb waves

near Japan has been reported as approximately 2 hPa

(Imamura et al., 2022; Nishikawa et al., 2022). As

these waves propagate at the speed of sound and have

no dispersion, the observed waveforms can be

reproduced relatively easily by simple amplitude

tuning. This study modeled Lamb waves in the same

manner as Gusman et al. (2022) and Kubota et al.

(2022), assuming that the pressure amplitude of peak

PpðrÞ and trough PtðrÞ was proportional to r�1=2,

where r is the distance from the volcano (km). Our

model also employed separate amplitude parameters

for the peak and trough of the wave; PpðrÞ ¼ 169=
ffiffi

r
p

(hPa) and PtðrÞ ¼ �109=
ffiffi

r
p

(hPa). These amplitude

parameters were adjusted to approximately 2 hPa for

the pressure peaks and 1 hPa for the troughs. The

speed of sound was assumed to be 310 m/s.

Acoustic gravity waves have dispersive charac-

teristics and require more complex modeling. The

dispersion effect and smaller amplitude also make it

difficult to determine the intensity of each individual

wave at each wavelength from the collection of

observed waveforms. We did not perform numerical

simulations of pressure waves but simply superim-

posed parametric pressure waves based on the

dispersion relation of the internal gravity waves.

The assumptions behind this relation are briefly

described below. The modeling is identical to that in

Wright et al. (2022).

The basic linear theory can often be used to

describe atmospheric gravity waves in terms of minor

deviations from a vertically varying and stably

stratified background state. The driving force behind

Figure 2
Dispersion relation of air acoustic and gravity waves. The vertical and horizontal axes are non-dimensionalized on the representative scales.

Gray-shaded areas represent the range of acoustic and atmospheric gravity waves, respectively

Vol. 180, (2023) Multi-scale Simulation of Subsequent Tsunami Waves 3199



the gravity waves is the buoyancy generated by the

adiabatic displacement of air parcels. First, the

horizontal-vertical (x–z) plane is considered (as in

Nishikawa et al., 2022). The Coriolis force is

neglected, and the buoyancy frequency N is consid-

ered constant. Although the buoyancy frequency N

and speed of sound cs generally depend on altitude

above sea level, they are considered constant here to

simplify the solution form. This assumption is useful

for understanding the characteristics of gravity waves

in a dispersion relation. Let the solution of the

traveling gravity waves be in the form of

Table 1

Properties of JMA tidal gauges and maximum amplitudes

Number Name Latitude Longitude Peak tsunami Peak occurrence time

(�N) (�E) (cm) (h)

1 Ishigaki 24.33 124.16 17 10.8

2 Naha 26.21 127.67 27 10.3

3 Amami 28.32 129.53 89 10.7

4 Tanegashima 30.46 130.96 50 10.6

5 Aburatsu 31.58 131.41 59 12.3

6 Matsuura 32.95 131.96 14 12.8

7 Uwajima 33.23 132.55 14 14.7

8 Tosashimizu 32.78 132.96 79 11.2

9 Muroto 33.27 134.16 40 11.0

10 Yuki 33.77 134.59 49 11.3

11 Komatsushima 34.01 134.59 15 12.6

12 Sumoto 34.35 134.90 5 12.2

13 Kobe 34.68 135.19 10 15.9

14 Osaka 34.66 135.43 12 14.4

15 Tannowa 34.34 135.18 8 12.4

16 Wakayama 34.22 135.15 20 13.0

17 Gobo 33.85 135.16 34 11.1

18 Shirahama 33.68 135.38 28 9.5

19 Kushimoto 33.48 135.77 72 12.1

20 Uragami 33.56 135.90 36 11.1

21 Kumano 33.93 136.17 29 11.7

22 Owase 34.08 136.21 37 13.4

23 Toba 34.49 136.82 52 12.5

24 Nagoya 35.09 136.88 12 13.9

25 Akabane 34.60 137.19 60 12.0

26 Maisaka 34.68 137.61 27 11.7

27 Omaezaki 34.61 138.22 66 11.0

28 Shimizu 35.01 138.52 22 10.2

29 Uchiura 35.02 138.89 45 10.9

30 Chichijima 27.09 142.19 80 10.3

31 Mera 34.92 139.82 45 15.5

32 Okitsu 35.13 140.25 25 10.8

33 Oarai 36.31 140.57 61 10.7

34 Onahama 36.94 140.89 65 10.7

35 Ayukawa 38.30 141.51 37 12.9

36 Ofunato 39.02 141.75 21 10.3

37 Kuji 40.19 141.80 73 13.2

38 Hakodate 41.78 140.72 29 11.9

39 Kushiro 42.98 144.37 39 12.6

40 Hanasaki 43.28 145.57 52 15.8

Peak occurrence time shows time elapsed after the largest eruption
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w ¼ ŵ exp i kx þ mz þ xtð Þ½ �; ð1Þ

where w is the vertical velocity and ŵ is the ampli-

tude of the vertical velocity fluctuations. vector

k ¼ ðk;mÞ is the wavenumber of the disturbance and

x is the frequency. The characteristics of the solution

are conveniently illustrated in the case of an

isothermal atmosphere, and the velocity decreases

exponentially with height:

ŵ / exp �lzð Þ; where l ¼ 1

2

N2

g
þ g

c2
s

� �

: ð2Þ

These assumptions and the linearized forms of the

fundamental equations [e.g., Gill (1982) and Fritts

and Alexander (2003)] yield the dispersion relation

1

c2
s

x4 � k2 þ m2 þ l2
� �

x2 þ k2N2 ¼ 0: ð3Þ

This equation is fourth order in x and represents both

acoustic and gravity waves. Solving x2 yields the

following equation:

x2 ¼ c2
s

2
k2 þ m2 þ l2
� �

1 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 � 4k2N2

c2
s k2 þ m2 þ l2ð Þ

s

" #

¼ 0:

ð4Þ

The positive root represents acoustic waves, and the

negative root represents gravity waves.

Figure 2 illustrates Eq. (4), by showing x as a

function of k. The Lamb wave characteristics are also

shown in a separate relation x2 ¼ k2c2
s using a

hydrostatic approximation. For clarity, the vertical

and horizontal scales are non-dimensionalized on the

representative scales N and Hs, where Hs is Earth’s

scale height. N and Hs in this figure are assumed to

have typical values of 1:18 � 10�2 s�1 and 8:4 � 103

m, respectively. This x–k plane is divided into two

regions: x[ kcs represents sound waves, and x\kcs

represents gravity waves. In the gravity wave region,

the frequency asymptotically approaches N as k

increases and reaches its maximum when m ¼ 0.

By fine-tuning different N and cs parameters and

changing the number of wave superpositions and the

amplitude of each wave, various spatiotemporal

pressure patterns can be generated using the same

equations. Following the dispersion relations, several

patterns of composite waves were generated by

superimposing waves of various wavelengths to

reproduce pressure waveforms consistent with

observed records in Japan. Prior to tuning the

parameters, from a comparison between the time

series of tidal gauges and atmospheric pressure

gauges, ocean waves are amplified at many locations

immediately after the passage of the atmospheric

gravity waves. Meanwhile, it is evident from Fig. 2

and Eq. (4) that the atmospheric acoustic wave

always travels faster than the atmospheric gravity

waves. For these reasons, acoustic waves were not

considered in the study. For simplicity, the amplitude

of gravity waves was determined by tuning the

parameter to the �1=2 power of the distance from the

volcano for each wavelength, as in the case of Lamb

waves.

Four patterns of spatiotemporal pressure fields

were generated. Table 2 shows an outline of the

generated pressure conditions. One was composed

only of the Lamb wave (referred to as Pressure L),

and the other three consisted of the Lamb and gravity

waves (referred to as Pressures A, B and C). The

components of the Lamb wave are the same for all

pressure conditions. For gravity waves, Pressure A, B

and C have different intentions. Obviously, not all

possible scenarios could be considered, but we set up

fewer patterns so that a broad effect could be tested.

Table 2

Outline of pressure conditions generated in this study

Lamb wave Gravity wave Note

Pressure L 4 None Lamb wave only

Pressure A 4 4 (wide frequency range) Tuned to best match the observed waveforms in Japan

Pressure B 4 4 (long duration, with periods of 20 to 30 min) Assumes continuous radiation due to eruption

Pressure C 4 4 (long duration, with periods of 10 to 20 min) Same as Pressure B but for different frequency ranges

Vol. 180, (2023) Multi-scale Simulation of Subsequent Tsunami Waves 3201
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The details of the conditions and their rationale are

described below.

First, we recognized from the spectral analysis of

atmospheric pressure observations that the pressure

waves in a wide range of frequencies arrived at Japan.

However, the source and spatio-temporal character-

istics of atmospheric pressure in the whole frequency

domain are poorly understood. Besides, the contri-

bution of each frequency band to the tsunami

amplification can be identified by creating pressure

distributions with a specific frequency band sepa-

rately. Based on this idea, several different patterns

were deliberately created the following patterns were

considered: Pressure A should include as wide a

frequency component as possible in a short time

window and have a similar time series to the

observed ones at JMA atmospheric pressure gauges;

Pressures B and C should test whether pressure wave

trains with a small amplitude (0.5 hPa) can cause

resonance at bays, assuming that the pressure waves

continue to excite the ocean surface; Pressures B and

C should have different frequency bands.

Figure 3 shows the horizontal distribution of

generated pressure fields on the sea surface. These

pressure fields are shown for the same time point in

the four panels, where green circles represent JMA

pressure observation gauges. Patterns of Pressures A–

C have different characteristics. At Pressure A, waves

of various wavelengths radiated simultaneously from

the volcano, each with a different amplitude. When

these waves reached Japan, they exhibited a more

complex time series because of the different phase

velocities of each wave. This pattern is a sea level

pressure wave pattern generated to match the wave-

forms at the JMA pressure gauges at Naze and

Hachijojima. The number of waves, wavelength and

wave amplitude were adapted to agree with the time

series at these gauges.

In contrast, Pressures B and C have long wave

groups, as shown in the lower panels of Fig. 3. This

was intended to reproduce long pressure oscillations

with small amplitudes, assuming that waves were

continuously radiated. The spatial pattern of the wave

group in these patterns was more monotonous than

that at Pressure A, implying that the wavelength

variations of the gravity waves were less diverse.

Wavelengths of wave groups differed between Pres-

sures B and C, intending to produce different pressure

wave velocities.

Figure 4 shows the air pressure waveforms and

wavelet analyses for Pressures A, B and C at the Naze

gauge. The elapsed time was referenced to the main

eruption time, which was also used in the following

figures. Pressure L was omitted because the leading

Lamb wave section did not differ between Pressures

A to C (top panel), which was generally consistent

with the observations, but those waveforms differed

after the Lamb wave passed. The amplitude following

the Lamb wave was small (\ 0.5 hPa) and exhibited

different frequency characteristics. Pressure A con-

tained a wide frequency range of 10- to 50-min

components several hours after the subsequent inci-

dent waves (9–12 h). The relatively high intensities

of these gravity wave frequency bands correspond to

many waves with horizontal velocities of 100–250 m/

s; this broadly includes the velocity ranges that are

estimated to cause Proudman resonance (Kubota

et al., 2022; Suzuki et al., 2023; Tanioka et al., 2022).

Pressures B and C each cover a different frequency

range for an extended duration, with B being centered

mainly on 20–40 min and C on 10–30 min.

The pressure dataset developed in this study is

publicly available. Comparisons of the created pres-

sure waveforms with observations at Nishinoomote,

Hachijojima and Kamaishi are provided in the

Supplementary Information. Following the creation

of the atmospheric pressure waveforms, four patterns

of water surface waves were simulated based on the

spatiotemporal distribution of sea surface pressure,

including one in which only Lamb waves were

considered. These are described in the next section.

2.3. Numerical Tsunami Simulation

Numerical simulations of the meteotsunami event

were conducted under the pressure wave conditions

generated above. Figure 5a shows the entire compu-

tational domain and the horizontal distribution of

bFigure 3

Snapshots of spatial distribution of air pressure field generated in

the simulation. Four patterns of pressure waves were created and

are shown as sub-panels at 8 h after the eruption. The red triangle in

the South Pacific represents the volcano from which the pressure

waves radiate
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bathymetry. The longitudinal and latitudinal extent of

the domain was from 115� to 200� E and from 55� S

to 55� N. Yellow boxes indicate the DART buoys

available during the tsunami. The waveforms

recorded at these DART buoys were used to validate

offshore results.

Figure 5b presents an enlarged map of Japan. On

the way from Tonga to the coast of Japan, pressure and

ocean waves pass through several ocean basins and

ridges. The Japan Trench and Izu-Ogasawara Trench,

which run parallel to the east coast of Japan, are

bordered by various ocean basins and ridges. This

suggests that different types of ocean waves were

excited offshore along the eastern and western coasts.

The depth of the offshore basins ranged from approx-

imately 4000 to 6000 m, corresponding to a possible

surface wave celerity of 200–240 m/s. It is unclear

from which region pressure-induced waves started that

contributed to the maximum tsunami to the coasts of

Japan. Therefore, we solved the ocean wave propaga-

tion in the entire path from the volcano to Japan.

The bathymetry data for this domain were

obtained from the General Bathymetric Chart of

Oceans (GEBCO) Dataset 2022. The GEBCO2022

data have a horizontal resolution of 15 arcseconds,

which is generally sufficient for offshore tsunami

simulations. However, as this is considered insuffi-

cient for solving phenomena that require small spatial

scales, such as resonance in bays, we also obtained

high-resolution bathymetry data. Bathymetry data

provided by the Central Disaster Management Coun-

cil (CDMC), Cabinet Office of Japan, and data from

the Japan Hydrographic Association were used to

solve with a resolution of 5 arcseconds. There were

25 bathymetric data domains at this resolution,

capturing the detailed topography and bathymetry

around all 40 coastal gauges, as shown in Fig. 1. The

CDMC bathymetry data are properly converted from

the Cartesian coordinates (originally provided) to the

geographical coordinates using the Gauss-Krüger

Projection (Kawase, 2013). The bathymetry of these

domains is shown in the Supplemental Information.

Note that, as described below, tsunami behavior was

not necessarily resolved at this high resolution.

The numerical package GeoClaw (Mandli &

Dawson, 2014), which solves nonlinear shallow

water equations, was used for the tsunami simula-

tions. Geoclaw employs a finite-volume method with

adaptive mesh refinement (AMR) and has been used

in previous simulations of this tsunami event (e.g.,

Omira et al., 2022; Yuen et al., 2022) and other

meteotsunamis (Kim & Omira, 2021). In simulations

employing the commonly used nested grid system,

the resolution and integration time intervals were

fixed for each computational domain. This type of

system would usually incur a high computational cost

for tsunami simulations from the Tongan volcano to

Japanese coastal areas because of the intervening

distance of [ 7000 km. However, the use of AMR

and variable resolutions as well as integration time

intervals make such simulations feasible without

exceptionally high-performance computers. The orig-

inal GeoClaw package supports the simulation of

ocean surface waves induced by pressure and wind

fields by assuming a typhoon/hurricane model that

can be expressed using simple parameters. In the

present study, the package was extended to solve for

water waves with arbitrary pressure fields.

In the AMR method, a finite number of resolution

levels are set at the beginning of the computation, and

the resolution of each level is determined in advance.

During computation, area resolutions were adapted as

required. Five resolution levels were used to optimize

the computational cost: 12 arcminutes, 4 arcminutes,

1 arcminute, 15 arcseconds and 5 arcseconds.

GEBCO bathymetry data were used for the fourth

level (resolutions up to 15 arcseconds), while the 5

arcsecond level was based on higher resolution

datasets. These resolution levels varied during each

simulation, with sea surface height as the reference

value. The highest resolution was applied to the

surrounding computational domain when the sea

surface height exceeded 2 cm. This criterion enabled

the simulation to capture the tsunami wavefront.

Even if a tsunami is\2 cm, waves in the vicinity can

be resolved at the second highest resolution level.

Because the horizontal scale of tsunami behavior in

bFigure 4

Pressure waveforms and wavelet analysis at Naze pressure gauge,

located on the Amami Islands at the southwestern edge of Japan.

The top panel shows the comparison of generated with observed

pressure waves. The horizontal axis represents the elapsed time

after the main eruption. The other four panels show the wavelet (f–

t) diagrams for the observed data and Pressure A, B and C,

respectively
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such waters (e.g., DART buoys) can be several

hundred meters, the waves do not necessarily have to

be resolved at high resolution.

This study performed tsunami simulations under

four different pressure conditions (Fig. 3). The effect

of sea level excitation due to spatiotemporal changes

in air pressure caused by the explosion was consid-

ered. Computations were performed from the time of

the start of the explosion to 16 h later, which covered

the tsunami peaks at all 40 coastal gauges. A

spherical coordinate system was adopted to solve

tsunami behavior over a wide area. The simulations

also accounted for Manning’s bottom friction and, in

contrast to atmospheric waves, for Coriolis forcing.

Wind forcing and variations in atmospheric pressure,

other than eruptive factors, were not considered.

bFigure 5

Bathymetry distributions conditioned for the tsunami simulation.

The red triangle represents the location of the volcano, and the

numbered yellow boxes represent DART buoys. Land areas are

indicated in gray. a Full simulation domain; b enlarged view of

Japan

Figure 6
Comparison of simulated and observed pressure-forced waves
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Setup files are publicly available; please refer to the

Data Availability Statement for further details.

3. Results

3.1. Tsunami Offshore Japan

We first confirmed that tsunami waves with

appropriate amplitudes have been recorded in the

open ocean near Japan. Figure 6 shows the simulated

and observed waveforms for the five DART buoys. In

deep oceans, surface waves excited by atmospheric

pressure scatter quickly, which results in small

surface amplitudes. Under Lamb-wave-only condi-

tions, the oscillations were almost inactive after the

arrival of the initial pressure wave, and the subse-

quent waves were not reproduced. However,

conditions in which both Lamb and air gravity waves

were considered reproduced the subsequent high-

frequency component with a maximum amplitude

error of 1 cm. Components of much higher frequency

were not the focus of this study because they are

Figure 7
Horizontal distributions of simulated maximum amplitude for the modeled pressure conditions. Circles filled with grayscale shading represent

JMA coastal gauges and the deviation between the simulated and observed amplitudes at those gauges. Negative value indicates a simulated

amplitude lower than observed amplitude. Yellow boxes represent offshore DART buoys. Note that the number of JMA gauges displayed has

been reduced for visibility
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Figure 8
Comparison between simulated and observed tsunami waveforms at coastal gauges. Black lines represent observed waveforms. Red and blue

lines represent simulated waveforms for Pressure L and A conditions, respectively
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difficult to reproduce under simplified pressure

conditions. Overall, the observed waveforms from

buoys closer to Japan were well reproduced because

the atmospheric pressure conditions were tuned to

these coast-proximate observations. It was noted that

at three DART buoys of 21,418, 52,401 and 52,402,

located in the open ocean southeast/northeast of

Japan, the initial pulses arrived earlier than observed.

This can be attributed to the effect of contrary

background winds (Kulichkov et al., 2022), which

were not considered in the generated pressure con-

ditions. Therefore, a phase shift (6 or 12 min) was

incorporated in the following comparisons to accom-

modate this phase difference on the eastern coast.

We found that the incident water wave in the

simulation had sufficient amplitudes at distances of

tens or hundreds of kilometers offshore from the

Japanese coast. The amplitudes of the subsequent

waves for Pressures B and C were almost identical to

those for Pressure A because of identical pressure

amplitudes. In the following sections, the simulated

tsunami waveforms are compared with those

recorded at the JMA gauges along the coast of Japan.

3.2. Tsunami Along the Coasts of Japan

We examined how deep-ocean tsunami waves

with a amplitude of 5 cm may be amplified in the

coastal areas. Figure 7 shows the spatial distributions

of the simulated maximum tsunami amplitude at

0–16 h after the main eruption for the four pressure

conditions. Circles filled with grayscale represent

JMA coastal gauges and the deviation between the

simulated and observed amplitudes at these gauges. A

negative value indicates that the simulated amplitude

was lower than the observed amplitude. The Lamb

wave-only condition in the upper left panel (Pressure

L) shows a 10-cm tsunami along the eastern coast of

Japan, while no significant amplification was

observed in the other areas. Simulated tsunami

amplitudes deviated from the observed maximum

tsunami amplitudes at most points along the coast in

this scenario, indicating that Lamb wave-only forcing

could not reproduce this tsunami.

In contrast, Pressure A (top right panel), in which

the forcing includes gravity waves, shows extensive

amplification even in offshore areas. The bathymetry

distribution (Fig. 5b) indicates that the large tsunami

areas corresponded to the ridge lines. Differences

between observed amplitudes were also significantly

smaller than under Pressure L. However, the ampli-

tudes of the three DART buoys in deep waters all

were \ 5 cm. This result is consistent with the

observations shown in Fig. 6 and indicates that the

tsunami was greatly amplified during propagation to

shallower areas.

Under Pressure B, the amplification area was

narrower; instead, amplification was observed on a

local spatial scale very close to the shore, and errors

in simulated amplitudes were smaller on the east

coast. This suggests that the maximum tsunami at

these locations was caused by a bay-scale phe-

nomenon rather than driven by offshore processes.

Pressure C had pressure properties similar to

Pressure B, but the spatial distribution of the max-

imum tsunami was very different, owing to the

difference in frequency bands. This indicates that the

frequency band covered by Pressure C (10–20 min)

did not cause bay-scale amplification as under

Pressure B.

Figure 8 shows a comparison of simulated (Pres-

sures L and A) and observed waveforms at the eight

coastal gauges. The gauges that recorded particularly

large tsunamis and the gauges with later peak

occurrence times are displayed. The differences

between the L and A scenarios indicate the effect

of air gravity waves on sea surface elevation. The

time of the leading wave (first peak) at each gauge

corresponds to the time of the Lamb wave arrival, as

confirmed in other studies (e.g., Tanioka et al., 2022;

Yamada et al., 2022).

Overall, the Lamb wave-only forcing scenario

reproduced the leading three or four peaks and

deviated from the observed waveforms a few hours

after the Lamb wave arrival. Subsequently, the water

wave excited by the Lamb wave decayed, and the

oscillation became significantly smaller. However,

the simulation of Pressure A forcing, which included

atmospheric gravity waves, showed that the subse-

quent waves were amplified and reproduced the

observed waveforms well. In particular, the following

sites reproduced the observed waveforms well,

including the maximum amplitude: 4 Tanegashima,

18 Shirahama, 30 Chichijima and 37 Kuji. At 30
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Figure 9
As in Fig. 8 but for Pressure B and C conditions
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Chichijima, an amplitude of 80 cm was reproduced,

which was assumed to be due to the effect of

atmospheric gravity waves. As shown in Fig. 7, in

Pressure A the tsunami amplified along the ridges and

islands to a significant extent.

At Gauges 3 Amami and 9 Muroto, the ampli-

tudes of the subsequent waves under Pressure A were

larger than those under Pressure L but deviated

significantly from the observed amplitudes. Even

under the same pressure conditions, there was a large

difference in reproducibility between 3 Amami and 4

Tanegashima, which are geographically close to each

other. This result also suggests a predominance of

tsunami amplification at the bay scale. In addition, at

most gauges, the simulation amplitudes decreased

approximately 6 h after the initial peak, and the

reproducibility dropped significantly. This indicates

that to reproduce a long-lasting tsunami as observed,

a different type of amplification mechanism is needed

than that present under Pressure A.

Figure 9 shows the simulated (Pressure B and C

forcing) and observed waveforms from the same

eight coastal gauges as in Fig. 8. These air pressures

focused on the continuous forcing of the trailing

waves, as described above. Because of the forcing of

pressure waves with particular frequency bands, large

oscillations were observed at several gauges. Under

Pressure A, 12 h after the eruption, the oscillations

were significantly smaller than the observed wave-

forms at 3 Tenagashima, 28 Muroto and 30

Chichijima. However, under Pressure B, resonances

developed, and the amplitudes were equal to or larger

than those observed. Differences in the occurrence of

resonance between conditions B and C were due to

the difference in the resonance period at each gauge.

At gauge 37 Kuji, the simulated amplitude was larger

than the observed amplitude because the specific

frequency component was more intense, as shown in

the time series and wavelet analyses (Fig. 4). It is

also noteworthy that at gauges 3 Amami and 9

Muroto, no scenarios showed large amplification

(conforming to the observational data), despite the

long duration of the pressure waves with a wide

frequency band. The frequency components of the air

pressure waves contained frequencies that were

predominant at the observed water level; however,

no amplification was observed at these gauges. Thus,

the pressure forcing with frequency components

corresponding to the resonance period did not

Figure 10
Comparison of maximum amplitude between simulated and observed results. Only simulated results for the condition with the least error in

maximum amplitude among the three pressure conditions are shown. Conditions resulting in the least error are indicated by the color of the

bars. Black boxes represent observed maximum amplitude. Simulated results for the Lamb wave-only condition (Pressure L) are plotted as

circles for reference
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necessarily reproduce the amplitude of the observed

water level.

The above results demonstrate that the observed

maximum tsunami wave levels were successfully

reproduced based on comparison with recorded data

from a subset of gauges. The scenario that best-

reproduced observations varied from gauge to gauge

among the three pressure wave conditions incorpo-

rating Lamb and air gravity waves. At some gauges,

Pressure A best reproduced the observed waveform

because the maximum tsunami occurred within a few

hours of the first arrival of the air gravity waves.

However, where the maximum tsunami occurred

later, Pressures B and C, which had longer radiation

times, were better suited to reproducing the observed

waveform. These results demonstrate the diversity of

the amplification factors for this large tsunami.

Figure 10 shows a summary of the numerical

tsunami simulations and the comparison with the

observations. The observed and simulated maximum

tsunami amplitudes for all 40 gauges are shown as

boxes and bars. Bar colors represent the pressure

conditions (A, B, or C) with the least error versus the

observed data. Simulated results considering only

Lamb waves are indicated by circles for reference

purposes. This figure compares only the maximum

values (from 0 to 16 h) and does not consider a

comparison of peak occurrence times. Overall, the

maximum amplitudes were reproduced well for

gauges 27–40 in Eastern Japan, and Pressure B here

Figure 11
As in Fig. 10 but for all simulated results. Horizontal hatched bars indicate the added amplitude of the high-resolution (5 arcseconds)

simulations from the low-resolution (1 arcminute) simulations
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exhibited the least error in the simulation. In contrast,

there were only a few gauges with high reproducibil-

ity along the western coast of Japan, and Pressure A

provided the lowest error results here. At gauges with

maximum amplitude \ 20 cm, errors were almost

below 5 cm. Particularly large tsunamis were

observed at gauges 3 Amami, 8 Tosashimizu and

19 Kushimoto. Here, maximum simulated amplitudes

Figure 12
Comparison of waveforms between the high-resolution (5 arcseconds) and low-resolution (1 arcminute) simulations for Pressure B forcing

condition. Five coastal gauges on the eastern coast of Japan were selected to evaluate dependency on horizontal resolution. The orange lines

represent the high-resolution results (identical to Fig. 9 for Pressure B but different gauges), and the blue lines represent the low-resolution

results

3214 T. Miyashita et al. Pure Appl. Geophys.



differed from observed amplitudes by [ 30 cm.

However, the simulated amplitudes under these

conditions (A–C) were several tens of centimeters

larger than those under the Lamb wave conditions

alone. While tsunamis [ 50 cm are difficult to

reproduce, we have shown that they may be repro-

duced at gauges such as 30 Chichijima by modeling

air gravity waves to create waveforms similar to

those observed.

4. Discussion

Numerical meteotsunami simulations were per-

formed using air pressure forcing data modeled by a

simple linear theory for air waves. In the simulation

considering only Lamb waves in the pressure wave,

the tsunami was relatively larger along the eastern

coast of Japan and smaller along the western coast. A

pressure wave \ 2 hPa reproduced the tsunami

waveform approximately 1 h after arrival; however,

its contribution to subsequent waves was negligible.

This result is consistent with those of previous studies

(e.g., Kubota et al., 2022; Nishikawa et al., 2022;

Yamada et al., 2022).

The simulation results showed that the maximum

amplitudes of air gravity waves, in addition to the

Lamb wave, were successfully reproduced, particu-

larly along the eastern coast of Japan. The east coast

of Japan has a complex shape with numerous bays

ranging from several kilometers to several tens of

kilometers on a horizontal scale. Their geometry and

the pressure waves were probably caused by the bay

resonances at various locations.

To support the conclusion about the occurrence of

bay resonance, a further simulation was performed

using topography with a deliberately reduced hori-

zontal resolution. While the original simulation used

a maximum horizontal resolution of 5 arcseconds

(approximately 130 m in the mid-latitude zone), this

variant was performed at 1 arcminute (1/12 resolu-

tion). Figure 11 shows the difference of amplitude

between high- and low-resolution results. This fig-

ure is generally the corresponding figure to Fig. 10

but shows the simulated results for Pressures A

through C. High-resolution results are indicated as

stacked bars hatched with lines, while low-resolution

results are indicated as bars filled with plain colors.

Especially in the eastern part of Gauges 27, 33, 34

and 37, the high-resolution simulation increases the

amplitude. This amplification is more significant

under the Pressure B condition. This is consistent

with the intention of radiating long duration pressure

waves to generate resonance in bays.

Figure 12 shows a comparison of the simulated

waveforms between high- and low-resolution models

for Pressure B. The high-resolution simulation

reproduced the amplitudes to some extent, although

the times of the peak occurrences (phases) were dif-

ferent. However, the low-resolution simulation

Figure 13
Spatial distributions of the maximum amplitude with the high (left) and low (middle) resolution simulations and the difference (right). The

yellow circle of each panel represents the location of Gauge 37 Kuji
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Figure 14
Comparison of simulations with resolutions of 1 arcsecond and 5 arcseconds fosucing on Gauge 9 Muroto area. a Waveforms of observed data

(black), the 1 arcsecond (yellow) and 5 arcsecond (blue, dashed) simulations at the gauge. b Spatial distribution of the difference in the

maximum amplitude of the 1 arcsecond simulation relative to the 5 arcsecond simulation. The circle represents the location of Gauge 9

Muroto. Gray area represents land
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showed a significant decrease in the amplitudes of

subsequent waves. The phases of the waveforms also

differed between resolutions, although the same air

pressure conditions were used. The difference in

tsunami amplitude between the high and low reso-

lutions was larger after an elapsed time of 12 h when

the pressure wave was weak. This indicates that the

difference was not simply due to the effect of the

detailed coastal depth profiles and that reproducing

the substantial amplification seen in this tsunami does

require a resolution sufficient to capture the bay

resonance.

Using Gauge 37 Kuji as an example, the maxi-

mum amplitude at different resolutions is focused on.

Figure 13 shows the spatial distributions of the

maximum amplitude in the two simulations and their

difference. The left and middle panels indicate the

high- and low-resolution simulations, respectively. In

the high-resolution simulation, Kuji Bay, a semicir-

cular-shaped bay, was entirely amplified. On the

other hand, the low-resolution simulation showed

amplification only at the inner area of the bay. This

result suggests the occurrence of bay resonance in the

high-resolution simulation. Moreover, in the neigh-

boring bays to the south of Kuji Bay, the differences

in the maximum amplitude by resolution were small.

This is probably because the resonance period of this

bay, typically characterized by bay size and depth, is

longer than that of Kuji Bay, which is not consistent

with Pressure B. Therefore, the presence or absence

of bay resonance is considered to be the main cause

of the difference between the two simulations.

In addition to the resonance aspects, the effect of

offshore tsunami amplification was quantitatively

verified. The spatial distribution of the maximum

tsunami amplitude (Fig. 7) shows that the amplitude

increased from the Japan Trench toward the eastern

coast of Japan, probably because of wave shoaling

effects. In contrast, the maximum amplitude offshore

of the trench axis in the deep ocean was approxi-

mately 5 cm and never exceeded 10 cm, which is

consistent with the findings of Suzuki et al. (2023).

Even though the tsunami excited offshore was small,

Pressures A and B reproduced the amplitudes of the

subsequent tsunamis. This suggests that phenomena

occurring in the offshore basin, such as Proudman

resonance, were not the primary cause of tsunami

amplification along the eastern coast of Japan. This

result was in contrast to South America, where the

contribution of the Proundman resonance was large

(Ren et al., 2023). We also found that even weak air

pressure waves (with an amplitude of 0.5 hPa) could

amplify the tsunami to [ 50 cm in the coastal area

because of the bay resonances.

Amplification by island chains and ocean ridges

was prominent in the spatial distribution of the

maximum amplitude (Fig. 7). These bathymetries

excite waves and constrain their energy based on the

angle and frequency of the incoming tsunami

(Buchwald & Adams, 1968; Buchwald & Longuet-

Higgins, 1969). The simulated results under Pressure

A forcing showed strong amplification in shallow

areas and reproduced observed tsunami waveforms

fairly well. In particular, at Gauge 30 Chichiijma,

tsunamis were amplified over the entire area sur-

rounding the Ogasawara Islands. This suggests that

amplification caused by topographic features is one of

the primary causes of large tsunamis. In addition to

the modeled tsunami event, there have been other

events in which tsunamis were amplified on Chichi-

jima because of the topography (Koshimura et al.,

1999a, b).

These excitations due to bay resonance and sea-

floor topography are highly dependent on frequency

characteristics. During the eruption, the pressure

waves were estimated to have radiated over a very

wide range (Kulichkov et al., 2022; Omira et al.,

2022; Tarumi & Yoshizawa, 2023). Generally, a

sharper pulse results in a wider spectral width (as in

the Fourier transform of Dirac’s delta function). The

modeled eruption event also represented an abrupt

change in atmospheric conditions, which resulted in

the formation of pulse waves and the generation of

strong pressure waves over a wide frequency range

(e.g., Nishikawa et al., 2022). This extended spectral

width may have generated pressure waves prone to

resonance in any region.

Although the waveforms were well reproduced at

several gauges, the amplifications at Gauges 3

Amami, 8 Tosashimizu and 9 Muroto, for example,

could not be explained under any pressure conditions.

To demonstrate that the reason for the deviation is not

simply the horizontal resolution of bathymetry, an

additional simulation was performed for the Muroto
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region as an example. Bathymetry data with a higher

resolution of 1 arcsecond around Gauge 9 Muroto

(from the CDMC dataset) were added to the simu-

lation. Thus, a total of six levels of resolution were

used. The simulation was compared with the original

5 arcsecond resolution simulation to confirm the

difference in tsunami amplitude due to the resolution.

Figure 14a shows the comparison in waveforms

between these two simulations for Pressure A con-

dition. The blue line represents the original

simulation, identical to that in Fig. 8. Although the

additional simulation was performed at 1 arcsecond

resolution, the tsunami amplitude did not increase.

Figure 14b shows the spatial distribution of the dif-

ference in the maximum amplitude between the two

simulations. The only regions where the amplitude

increased with higher resolution were those with the

shape of a bay. In other regions, including Muroto,

the amplitude increased approximately several cen-

timeters even at the shore. It is possible to perform

even more high-resolution simulations. However, we

think that a finer resolution will only be effective in

reproducing amplitudes with shorter periods and will

not lead to a fundamental solution to the large dis-

crepancy from the observed amplitudes. Similar

results where increasing the resolution did not

improve the amplification were obtained for Amami

and Tosashimizu.

To investigate the reason for the large deviation of

simulated amplitude, wavelet analysis of the

observed tsunami waveforms at these two gauges was

performed. Figure 15 shows the results of these

analyses. Amplitudes observed at both gauges

exceeded 70 cm; however, they showed different

frequency characteristics.

For Amami (Fig. 15a), the predominant compo-

nent was concentrated between 10.5 and 11.5 relative

hours in the time domain and amplified in a wide

range of 10–30 min in the frequency domain. By

contrast, for Tosashimizu (Fig. 15b), the predominant

component occurred at 10.5–16.0 h relative time, and

its dominant period was relatively narrow, ranging

from 20 to 30 min. A comparison with the wavelet

analysis of air pressure provided information about

the excited waves. Naze, an air pressure gauge, and

Amami, a tidal gauge, were located on the same

island (Amami Oshima), which would suggest that

both should record an almost identical pressure

waveform. Wavelet analyses of the pressure wave-

forms (Fig. 4) show that Pressure A features an

intense component in the corresponding period of

predominance at Amami. Wavelet analysis of Pres-

sure B indicates that a component corresponding to

the predominant period at Tosashimizu was incident

for a long period. Pressures A and B were higher than

the actual observed pressure waveforms; however,

the observed tsunami simulation waveform was sig-

nificantly amplified, whereas the simulated waveform

was not. One reason for this discrepancy is the sys-

tematic biases in bathymetry and topography data.

Another reason may be the existence of secondary

amplification factors in the oceanic tsunami propa-

gation process, such as wave trapping due to island

topography (Longuet-Higgins, 1967). Amplifications

at these sites may thus not have been caused directly

by the atmospheric pressure wave.

The assumption used in constructing both the

atmospheric and tsunami models in this study results

in some limitations of their application to complex

and realistic phenomena. Modeling atmospheric

pressure waves based on the vertical structure of the

atmosphere may improve the simulated tsunami

results. Coriolis force and background winds were

disregarded in the pressure model. In addition,

buoyancy frequency and sound velocity, which vary

with the temperature structure, were assumed to be

constant. These parameters were tuned to match the

waveforms observed in Japan. These assumptions are

the same as those used in Wright et al. (2022) and

Gusman et al. (2022). However, such linear super-

position and simplification of parameters ignore the

possible propagation paths of atmospheric gravity

waves, which may be a source of error in tsunami

waveform reconstruction.

Furthermore, under the simple assumptions of this

study, it was difficult to match the amplitudes with

the observations when considering a wide frequency

bFigure 15

Wavelet analysis of observed tsunami waveforms for gauge

a Amami and b Tosashimizu, located in southwestern Japan. The

upper panel shows the tsunami waveform and the lower panel

shows the wavelet (f–t) diagram
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band and long-lasting waves with features of both

Pressure A and Pressure B. Acoustic waves, which

constitute another type of gravity waves in a linear

wave solution, were also neglected, although it has

been suggested that they contribute to sea-surface

excitation (Nishikawa et al., 2022). Numerical sim-

ulations based on a sophisticated atmospheric model

that implements a three-dimensional structure of the

atmosphere (e.g., Watanabe et al., 2022) can address

these issues and may lead to a better understanding of

tsunami events.

The tsunami model was based on nonlinear long

waves (as in Omira et al., 2022) and did not consider

dispersion. The wavelength and period were shorter

than those of tsunamis generated by typical subduc-

tion earthquakes (Lynett et al., 2022); incorporating

dispersion (e.g., Baba et al., 2017; Kirby et al., 2013)

may be effective in reproducing such tsunamis. In

this tsunami event, the significance of the dispersion

is found to be negligibly small in the far field in

deeper waters (Ren et al., 2023). The significance for

shallower and shorter wavelength components should

also be investigated in the future.

Furthermore, the underlying bathymetry data used

in the model may not be precise, which in turn may

affect the reproducibility of tsunamis. In particular,

the resonance phenomena prominent in the modeled

event were closely related to water depth. It would be

useful to validate the bay resonance period obtained

from the numerical experiments in this study by

comparing it with the resonance period empirically

obtained from other tsunami events (e.g., Rabinovich,

1997; Ren et al., 2021) or with a theoretical method

(e.g., Lee, 1971). In addition to the resonance phe-

nomena, a detailed investigation of the characteristics

of long-wave trapping and the amplification condi-

tions of specific frequencies at each location on the

islands may help understand the amplification factors

of tsunamis in this region.

5. Conclusions

In this study, we conducted simulations of tsu-

namis on the Japanese coast caused by the 2022

Hunga Tonga-Hunga Ha’apai volcano eruption on the

Japanese coast, where the tsunamis were significantly

amplified in many areas by air pressure waves from

the eruption. Linearized wave theory was used to

generate atmospheric pressure data, atmospheric

Lamb waves and gravity waves were modeled, and

dispersion relations were considered for gravity

waves. A spatiotemporal pressure wave model was

developed to reproduce atmospheric pressure fluctu-

ations near Japan by superpositioning waves with

various combinations of wavelengths and amplitude

parameters. The numerical tsunami simulations suc-

cessfully reproduced the maximum tsunami

amplitudes at various locations along the Japanese

coast, while this proved difficult to do using only

Lamb waves or gravity waves of a single wavelength.

The major conclusions from this study are as follows:

• The effect of surface waves excited by the Lamb

wave dominated the surface water fluctuations in

Japan immediately after the Lamb wave passed

until approximately 1 h later. Following this, the

influence decreased, and their contribution to

tsunami amplification at the time of the maximum

tsunami was very small at most sites.

• Tsunami simulation results under conditions using

composites of Lamb waves and air gravity waves

reproduced tsunami waveforms and maximum

tsunami amplitudes well at many locations. The

gravity waves likely amplified the tsunami in

shallow areas such as ocean ridges and island

chains.

• At several locations, bay resonance appears to have

been the primary cause of tsunami amplification,

especially on the east coast of Japan. In contrast,

the maximum amplitudes in offshore basin regions

did not exceed 10 cm, and the tsunami was

amplified as it moved from the trench axis toward

the coast due to shoaling effects. Amplification in

deep offshore areas, such as by Proudman reso-

nance, was likely not a primary amplification

factor, although it may have been contributory.

• At several locations in western and southwestern

Japan, the amplification could not be reproduced

even though the pressure data included a pressure

component equivalent to the predominant period of

the observed tsunami waveforms. Even with the

additional high-resolution simulation (1 arcsec-

ond), its contribution to the tsunami amplitude was

3220 T. Miyashita et al. Pure Appl. Geophys.



small. This suggests that the cause of the tsunami

amplification at these locations was not direct

atmospheric pressure excitation but rather an

amplification of a specific frequency band gener-

ated during wave propagation in the ocean.

These results were obtained by modeling tsunami

behavior at a sufficiently fine scale over a wide area

along the coast of Japan. The AMR method allows

for detailed and efficient tsunami simulations in these

areas. Models of this resolution are clearly useful

since the numerical results show diverse amplifica-

tion factors, and the major amplification factors

differed even at gauges close to each other. The

methodology and simulations used in this study are

readily applicable to other regions. If separation of

the tsunami component caused by the caldera

collapse and the meteotsunami component is desired,

these could be performed in regions closer to the

volcano. Further clarification of the causes of tsunami

amplification requires an investigation of the ampli-

fication characteristics of long waves in island chains

and ridge topography, pressure wave data based on a

detailed atmospheric model and the verification of

bathymetry data bias.
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