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Abstract

The January 2022 Tonga volcanic eruption generated atmospheric pressure waves that propagated over the ocean’s
surface and triggered a meteotsunami. This meteotsunami caused significant amplitudes exceeding 100 cm

along various Pacific coastlines far from the volcano. However, the factors driving such amplification remain

unclear. This study presents numerical simulations of the meteotsunami, focusing on the Ryukyu Islands in Japan,
where a maximum amplitude of 100 cm was recorded. Two models for simulating pressure waves from the eruption
were utilized: one based on the superposition of waves tuned using the dispersion relation of atmospheric grav-

ity waves (synthetic waves), and the other based on a detailed numerical model that assumes the release of a heat
source from the eruption vent. The synthetic pressure wave simulations showed good agreement with the observa-
tions, accurately reproducing the 100 cm amplitude at Amami. To further analyze the factors contributing to the large
amplitude at Amami, additional simulations were conducted by limiting the resolution to offshore areas deeper

than 2000 m while maintaining a high resolution in coastal bathymetry. These simulations showed that reducing
offshore resolution decreased the amplitude at Amami from approximately 100 to 60 cm, highlighting the significant
role of offshore microtopography such as Daito Ridge and Oki-Daito Ridge in coastal amplification. The difference

in amplitude was particularly notable in ridge areas with depths of 2000-5000 m. Moreover, the proportion of free
waves to the total tsunami amplitude was estimated by terminating atmospheric pressure forcing during the compu-
tation. The results indicated that free waves alone could amplify from less than 5 cm offshore to 50 cm at the Amami
coast, which is approximately half the amplitude when forced waves are also considered. These findings provide
crucial insights into assessing the future predictability of meteotsunamis. Future research should investigate the nec-
essary resolution and relationship between atmospheric wave properties and tsunami amplification. Understanding
these factors is essential to improve the prediction and risk assessment of meteotsunamis.
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1 Introduction

In January 2022, a massive eruption of the Hunga Tonga—
Hunga Ha’apai volcano in the Kingdom of Tonga gener-
ated atmospheric pressure waves, resulting in various
types of pressure waves being observed worldwide
(Matoza et al. 2022; Shinbori et al. 2023; Horvath et al.
2024). These atmospheric pressure waves excited the
sea surface, and the excitation continued to increase as
the waves traveled. This phenomenon is referred to as a
meteorological tsunami (meteotsunami). Typical mete-
otsunamis are caused by atmospheric disturbances
(Monserrat et al. 2006; Rabinovich 2020). This Tonga
meteotsunami was unique in that the atmospheric pres-
sure waves were caused by a volcanic eruption, which
is a rare occurrence. The last confirmed volcanic mete-
otsunami before this event was generated by the 1883
Krakatoa eruption (Nomanbhoy and Satake 1995). After
the volcanic eruption in Tonga, oscillations at sea level
that could be identified as meteotsunamis were observed
on coasts worldwide. The occurrence of these meteotsu-
namis was not only limited to the South Pacific but was
also confirmed in the Caribbean and Mediterranean seas
(Devlin et al. 2023; Heinrich et al. 2023).

The area affected by the tsunami caused by the col-
lapse of the caldera from this eruption was relatively
small. However, meteotsunamis exceeding 1 m in height
have been observed on the coasts of Chile, the United
States, and Japan, which are more than 8000 km away
(e.g., Carvajal et al. 2022; Takahashi et al. 2023; Pacheco
et al. 2024; Imamura et al. 2022; Lynett et al. 2022). As
indicated in previous studies, the amplification fac-
tor of these meteotsunamis is attributed to Proudman
resonance. Proudman resonance is a phenomenon
in which forced waves are gradually amplified when

the wave speed of the sea surface and the propagation
speed of atmospheric disturbances are roughly equal.
The 2022 Tonga eruption generated Lamb waves that
travel at the speed of sound, Pekeris waves associated
with the internal mode of atmospheric free oscillation,
and atmospheric gravity waves of various wavelengths
and speeds (Wright et al. 2022; Watanabe et al. 2022).
The impact of each of these atmospheric waves on sea
surface excitation has been studied previously.

The sea-surface excitation caused by the Lamb wave,
which had the largest pressure amplitude and was the
first to reach Japan, has been extensively studied (e.g.,
Kubota et al. 2022; Yamada et al. 2022). These stud-
ies have shown that the behavior of the meteotsunami
during the first 1 to 2 h can be largely explained by
the excitation from the Lamb wave offshore and wave
shoaling. Regarding the Pekeris wave, Watanabe et al.
(2022) reproduced the generation of this wave from
the eruption using climate simulations. Subsequently,
Suzuki et al. (2023) conducted meteotsunami simula-
tions based on the simulated Pekeris wave, demonstrat-
ing that the Pekeris wave played an important role in
forming part of the meteotsunami observed in Japan.
For atmospheric gravity waves, individual waves with
various wavelengths propagated at different speeds
and reached Japan. Several studies shown that these
waves significantly contributed to the generation of
subsequent waves several hours after the arrival of the
Lamb wave (e.g., Nishikawa et al. 2022; Miyashita et al.
2023). These waves propagate at their respective inher-
ent speeds; however, because the speed of ocean long
waves is determined by water depth, in areas with sig-
nificant changes in water depth, forced waves cease to
exist and transform into free waves.
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A representative amplification mechanism for free
waves is bay resonance. Bay resonance occurs when the
period of the incident waves entering from the mouth of
the bay coincides with the natural period of the bay, caus-
ing the wave phases to overlap and amplify. It has been
suggested that the Tonga meteotsunami may have expe-
rienced amplification owing to bay resonance (Pakok-
sung et al. 2023; Zaytsev et al. 2024). However, in some
locations, these two amplification mechanisms alone
cannot explain the amplitudes exceeding 1 m. Even
when meteotsunamis are simulated with sufficient hori-
zontal resolution to capture the bay resonance, pressure
waves with amplitudes less than 1 hPa cannot reproduce
the observed amplified waves (Miyashita et al. 2023).
Therefore, to understand the amplification of this mete-
otsunami, it is necessary to focus on amplification phe-
nomena other than Proudman and bay resonances.

To understand the amplification, it is essential to use
offshore and coastal observational data. Observations
from the Deep-Ocean Assessment and Reporting of Tsu-
namis (DART) buoys indicate that, in the deep ocean of
the northwest Pacific, sufficiently distant from the vol-
cano, the maximum amplitude is approximately 5 cm.
Therefore, the influence of Proudman resonance at these
locations was minimal. In contrast, the tide gauges on the
coast of Amami Island, approximately 900 km away from
the nearest DART 52404, recorded amplitudes exceed-
ing 100 cm. This indicates that amplification from 5 to
100 cm occurred over the distance between the deep
ocean and shallow coast. Similar amplifications of up
to 100 cm were recorded along the coasts of North and
South America (Omira et al. 2022; Zaytsev et al. 2024).
However, the primary factors contributing to these
amplifications and the magnitude of each factor contri-
bution have not yet been quantified. Understanding the
amplification mechanisms is crucial not only for vol-
canic meteotsunamis but also for evaluating the predict-
ability of meteotsunamis caused by general atmospheric
disturbances.

This study aims to reproduce the significant tsunami
amplitudes observed in the Ryukyu Islands, including the
Amami Islands in Japan, during the 2022 Tonga mete-
otsunami and to understand the amplification factors
from offshore to coastal areas. Specifically, we focused
on Amami, which is one of the locations that recorded
the largest amplitudes along the Japanese coast. Eastern
Japan has a dense offshore observation network that has
enabled extensive analysis of this meteotsunami (e.g.,
Kubo et al. 2022; Tanioka et al. 2022; Wang et al. 2023).
However, in southwestern Japan, including the Ryukyu
Islands, such offshore observations are sparse, leaving
many aspects of the amplification process unexplained.
The main methodology of this study is similar to that of
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a previous work (Miyashita et al. 2023), but focuses on
these unexplained areas and provides a more detailed
analysis. In addition, this study quantified the contribu-
tion of the representation of microtopography in deep-
ocean areas to meteotsunami amplitudes.

The remainder of this paper is organized as follows.
First, the next section provides an overview and descrip-
tion of the meteorological and oceanographic data, along
with an explanation of the numerical computation meth-
ods. Subsequently, the numerical results of the meteotsu-
nami simulated under various meteorological conditions
were compared with observational data to validate the
differences in reproducibility. Based on this compari-
son, the major factors contributing to significant tsunami
amplification at the Amami location were estimated. Fur-
thermore, additional simulations were performed con-
sidering the conditions of the numerical simulations that
successfully reproduced the amplification. The spatial
distribution of the amplification mechanisms and their
physical processes are discussed. The final section pre-
sents conclusions.

2 Data and methods

2.1 Observation data acquisition

To understand the physical phenomena and compare
and validate the simulation results, this study used obser-
vational sea surface pressure and sea level data. Obser-
vations from the Japan Meteorological Agency (JMA)
were used for pressure data. JMA conducts observations
across all the land areas in Japan. The observation results
indicate that, near Japan, the pressure waves generated by
this eruption were initially characterized by Lamb waves
with an amplitude of approximately 2 hPa passing at
nearly the speed of sound, followed by small atmospheric
gravity waves with amplitudes of less than 0.5 hPa arriv-
ing over the subsequent hours. To validate the pressure
data used in the tsunami simulations described later, time
series are compared at two locations where the effects of
topographic shielding are expected to be minimal.

Two types of sea level data were used in this study.
One was from the DART instruments managed by the
National Oceanic and Atmospheric Administration
(NOAA). These instruments are widely deployed across
the world’s oceans and cover deep-ocean areas. Thus,
they are useful for capturing the amplitude changes
from the deep ocean to shallow coastal areas. Six specific
recordings located between the volcano and the Japanese
coast were used among the waveforms recorded by
the DART buoys across the Pacific. The positions and
numbers of stations are shown in Fig. 1a. NOAA provides
the data in the form of sea level anomalies by applying a
filter (Mungov et al. 2013), which were used in this study.
However, note that the DART stations record bottom
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Fig. 1 Bathymetry distributions conditioned for the tsunami simulation. The red triangle represents the location of the volcano, and numbered
yellow boxes represent DART buoys. a Full simulation domain; b enlarged view of southwest Japan, including the Ryukyu islands areas; and ¢

coastal area around Amami Island

pressures and these data originally include atmospheric
pressure changes. Complete separation of the oceanic
pressure changes from the atmospheric pressure changes
is difficult. Hence, the unit cmH>O is considered more
appropriate for describing the DART data in this study.
The other type of sea level data comes from
coastal gauges, which are managed by JMA and are
installed widely along the Japanese coast. During the
meteotsunami event, these gauges recorded tsunamis
across the country. In this study, five locations in
the southwestern islands of Japan were selected, as
shown in Table 1, and are used to validate the coastal

Table 1 Properties of JMA tidal gauges and maximum

amplitudes

Number Name Latitude (°N) Longitude (°E) Max.
amplitude
(cm)

1. Ishigaki 2433 124.16 17

2. Naha 26.21 127.67 29

3. Amami 28.32 129.53 103

4. Tanegashima 3046 130.96 50

5. Aburatsu 31.58 131.41 66
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tsunami amplitudes. Table 1 also lists the maximum
amplitudes observed during this meteotsunami
event, ranging from locations with amplitudes of less
than 20 cm (1. Ishigaki) and those exceeding 100 cm
(3. Amami). Detailed locations of the coastal gauges are
shown in Fig. 1b. Both the atmospheric pressure and
sea level data were processed to remove long-period
components and extract the pressure and sea-surface
anomalies for comparison with the simulation results.
Two types of datasets were used for bathymetry
data. The General Bathymetric Chart of Oceans
(GEBCO) Dataset 2023 was used for broad areas.
GEBCO is a bathymetry dataset with a resolution
of 15 arcseconds that covers the entire globe,
encompassing the entire region of tsunami simulations
(Fig. 1a). The other dataset comprised bathymetry and
topography data published by the Central Disaster
Management Council of the Japanese Cabinet Office.
This dataset was used particularly for reproducing
the amplification of tsunamis in coastal areas with a
resolution of 5 arcseconds. This resolution corresponds
to approximately 150 m around Amami Island, which
is sufficient to capture the geometry necessary for
reproducing the bay resonance. The data originally
provided in the plane rectangular coordinate system
were converted to latitude and longitude data using
the Gauss—Kriiger projection method Kawase
(2013). As described later, the spatial and temporal
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with 15 arcseconds for offshore areas and 5 arcseconds
for shallow sea areas around Amami Island.

Figure 1b illustrates the bathymetry of the Ryukyu
Islands. Several ridges lie in the southeast offshore of the
five JMA gauges, which are marked in green circles. The
Kyushu-Palau Ridge extends north—south offshore from
5. Aburatsu station. Oki-Daito Ridge and Daito Ridge
are located offshore, 2. Naha station. Amami Plateau is
located off the coast of 3. Amami station. Between these
ridges and the coast lies a deep region with depths rang-
ing from 6000 to 7800 m, known as the Ryukyu Trench.
The bathymetry around the Ryukyu Islands is charac-
terized by a series of ridges and trenches, which are
expected to play a significant role in the amplification of
meteotsunamis.

2.2 Pressure wave generation/simulation

Tsunami simulations require the spatiotemporal distri-
bution of the surface atmospheric pressure. In this study,
two types of spatiotemporal pressure distributions were
created. The differences between the two methods are
shown in Fig. 2. One dataset was synthesized using the
dispersion relationship of atmospheric gravity waves to
create simple waves. This method and dataset are identi-
cal to those used by Miyashita et al. (2023). For further
details, refer to their work. The linearized dispersion rela-
tion of atmospheric gravity waves is expressed as follows:

resolutions during tsunami simulations can vary with , 2/, 2 9 4k2N?
. > . . w:—(k +m +u)1— 1-— s
the computation time. However, the highest resolution 2 2 (k% + m? + p?)
during the simulations depended on the available data, (1)
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Fig. 2 Snapshots of the spatial distribution of air pressure field. The left panel shows the sea level pressure anomaly generated by the combination
of tuned amplitudes and the dispersion relation. The right panel shows that of numerically simulated data by JAGUAR. The red triangle in the South
Pacific represents the volcano. The green circles indicate the JMA pressure gauge, and the gray circles labeled S1 and S2 indicate the station

virtuality located for comparison
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where w is the angular frequency, ¢; is the speed of sound,
k and m are wavenumbers in the horizontal and vertical
directions, respectively, N is the buoyancy frequency, and
g is the gravitational acceleration. Using this equation,
the unique period and wave speed can be determined for
a given gravity wave wavelength. Assuming that waves
of different wavelengths radiate from the same point
source simultaneously and evolve over time, a horizontal
spatial pattern is generated as each wave propagates at
a different speed. Various spatial patterns of sea surface
pressure can be created using different wavelengths and
their corresponding amplitude parameters. By tuning
the combinations of wavelengths and parameters,
spatiotemporal distribution data were created to match
the time series of atmospheric pressure observations in
Japan. The temporal interval of data was 1 min. During
the numerical simulations, the spatial distribution of the
pressure between the 1-min intervals was interpolated. It
should be noted that gravity waves cannot be generated
without considering the thermosphere (Tonegawa and
Fukao 2022); thus, this simplified assumption is limited in
its representation of actual gravity waves. The horizontal
resolution of the pressure data was 6 arcminutes (~
10 km).

The other pressure distribution was a pressure anomaly
simulated using a numerical model. The Japanese Atmos-
pheric General circulation model for Upper Atmosphere
Research (JAGUAR; Watanabe and Miyahara 2009)
is used to simulate the generation and propagation of
atmospheric Lamb, Pekeris, and gravity waves resulting
from the Tonga volcanic eruption. The details of this data
are described in Watanabe et al. (2022). Unlike the syn-
thesized waves mentioned earlier, this model considers
the realistic atmospheric wind and temperature profile
up to the lower thermosphere. This consideration allows
for the solution of a more complex three-dimensional
wave propagation. It is important to note that this sim-
ulation aims to reproduce Lamb and Pekeris waves and
does not specifically aim to reproduce the spatiotemporal
distribution of subsequent trailing gravity waves around
Japan. However, comparing tsunami simulations using
the conditions of this simulated wave with those using
the synthetic wave allows the investigation of the impact
of pressure waves on meteotsunamis, which cannot be
reproduced by simplified assumptions. Although the
simulations were conducted in three dimensions, only
the pressure at the sea surface level was extracted for
use in the tsunami simulations. The interaction between
the atmosphere and the ocean was not considered in the
JAGUAR model. The temporal interval of distribution
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was 1 min. The horizontal resolution of the pressure data
was 3 arcminutes (~5 km), which is higher than that of
the synthetic data.

Figure 2 simultaneously shows the spatial distribu-
tion of the surface pressure anomalies at the same time
for the two types of pressure data. The synthetic pres-
sure assumes a uniform spatial pattern, resulting in a
simple superposition of spatial patterns. In contrast, the
pressure simulated by JAGUAR exhibited an anisotropic
spatial pattern. Only one of the following waves is promi-
nently displayed; this subsequent wave corresponds to
the Pekeris wave.

Figure 3 presents a comparison of the waveforms and
wavelet analyses at several locations. The positions of
these locations are shown in Fig. 2. In this study, the
passage of time was represented using relative time
based on the main eruption time. Two of the four
locations are JMA meteorological observation sites,
while the remaining two are virtual gauge stations
that approximately evenly divide the area between
the volcano and the Ryukyu Islands of Japan. No
observational data were available for these stations. At
the location closest to the volcano, the passage of the
pressure waves was concentrated within a short time. As
the distance from the volcano increases, the components
of each wave separate owing to differences in wave speed.
The observational waveforms contain the most diverse
components, including noise. Synthetic waves also show
the separation of waves as they approach Japan. As they
were tuned, the waveforms represented the observational
waveforms well. The pressure waves from the JAGUAR
model primarily exhibited an initial Lamb wave and
a subsequent Pekeris wave, with few of the other
components observed in the actual data.

2.3 Numerical tsunami simulation

Numerical simulations of the meteotsunami were
conducted using the spatiotemporal distribution of the
surface atmospheric pressure as the forcing condition.
The GeoClaw package (Mandli and Dawson 2014) was
used for the meteotsunami simulations. This model is
based on nonlinear shallow water equations commonly
used for tsunami and storm surge simulations and
was solved using the finite volume method. The
model employs an adaptive mesh refinement (AMR)
method, which allows it to change the time interval and
spatial resolution as required during its computation.
Specifically, when tsunami waves have not yet arrived
or are negligible, the simulation is performed with
coarse time intervals and spatial resolutions. This
capability makes the model useful for wide-area tsunami
simulations, such as the Tonga meteotsunami event
(Omira et al. 2022; Yuen et al. 2022). As mentioned in the
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Fig. 3 Pressure waveforms and wavelet analysis at 4 pressure gauges. The top four panels show the comparisons of time-series sea level pressures.
The horizontal axis represents the relative time based on the main eruption time. The other panels show the wavelet (-t) diagrams for the observed
data and synthetic pressure model and numerical model JAGUAR, respectively

bathymetric data description, the entire computational
domain was covered by GEBCO2023 data with a
resolution of 15 arcseconds. However, only the shallow
coastal area around Amami Island used the 5 arcseconds
data from the Cabinet Office. Thus, the highest
resolutions for most regions were 15 arcseconds and 5
arcseconds only around Amami Island. However, using
these resolutions uniformly across all regions at all times
is computationally infeasible. Therefore, five resolution
levels were utilized: 12 arcminutes, 4 arcminutes, 1
arcminute, 15 arcseconds, and 5 arcseconds, from
coarsest to finest. The highest resolution was achieved
only when the tsunami amplitude was sufficiently large
in the surrounding area. To accurately represent the
offshore topography and bathymetry of southwestern
Japan, a specific region was designated for computation
at 15 arcseconds even offshore.

The computational domain is shown in Fig. 1a, and the
region computed in detail at 15 arcseconds is shown in
Fig. 1b. Figure 1c shows the region around Amami at a
resolution of 5 arcseconds. The time increment of the
simulation was automatically determined to ensure that
the (Courant-Friedrichs—Lewy) CFL number remained
sufficiently small according to the resolution level.

Astronomical tides were not considered, and the initial
water level was set to zero throughout the domain.
The configuration files for the simulations are publicly
available, and anyone can replicate the calculations. For
more details, refer to available data and materials.

3 Results

First, we compared the simulated results with the
observed tsunami waveforms. Figure 4 compares the
waveforms from the DART buoys in deep-ocean regions.
For the observational data, continuous oscillations
lasting several hours or more were observed at all
locations from the onset of the initial water level change.
However, the amplitudes were less than 5 cm. The initial
excitation by the Lamb wave was in good agreement in
both simulations using synthetic pressure and simulated
(JAGUAR) pressure conditions. At station 52406, which
was the closest to the volcano among the six stations,
the simulated amplitude was smaller than the observed
amplitude. This discrepancy may have occurred because
the atmospheric pressures were tuned to match the
pressure anomalies near Japan, making it likely that the
pressure amplitudes at locations far from Japan would
differ from the actual values. In addition, the short period
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Fig. 4 Comparison of simulated and observed tsunami waveforms for the six DART gauges. Blue, orange, and black lines represent the simulated
waveforms under the synthetic pressure and JAGUAR pressure, and the observed waveforms, respectively. The relative time on horizontal axes
is based on the main eruption time

components of the DART data were filtered out, which
may have caused the discrepancy in the amplitude.

At station 52404, the closest to the Ryukyu Islands, the
tsunami amplitudes simulated under the synthetic pres-
sure condition (~7 cm) exceed the observed amplitudes
(~2 cm) during the period following the arrival of the
Lamb wave. This discrepancy is likely due to the synthetic
pressure being slightly larger than the observed pressure.
In particular, the synthetic pressure exhibits stronger
short-period components compared to observations, as
shown in the comparison at the Naze location in Fig. 3.
Consequently, this may result in a slight overestima-
tion in the subsequent comparisons for coastal regions.
However, overall, the tsunami amplitudes at the DART
stations under the synthetic pressure condition were
generally close to the observed amplitudes. In contrast,
under the JAGUAR condition, the oscillations follow-
ing the Lamb wave excitation are smaller, and there are
weaker high-frequency components. As shown in Fig. 3,
the pressure anomalies from JAGUAR include only the
components of the Lamb wave and gravity waves within
specific frequency bands.

Figure 5 shows a comparison between the observed
and simulated tsunami waveforms at JMA coastal
gauges. While the difference in tsunami amplitudes

8 10 2 4 6 8 10

between the synthetic and JAGUAR conditions was only
a few centimeters offshore, as observed with DART, this
difference significantly increased in coastal areas. Under
synthetic pressure conditions, the simulated tsunami
waveforms closely matched the observed waveforms
at the five locations. The maximum amplitude ranged
from approximately 20 cm (1. Ishigaki and 2. Naha) to
100 cm (3. Amami), which is in good agreement with
the observations. However, prolonged oscillations were
observed 12-15 h after the eruption at 4. Tanegashima
and 5. Aburatsu, that were not reproduced accurately.
This limitation is likely due to the representation of
pressure waves through the superposition of a finite
number of waves. In contrast, the tsunami waveforms
under the JAGUAR condition show similar patterns to
the synthetic conditions for the first few hours after the
initial water level excitation but do not exhibit significant
subsequent amplifications. This was because the pressure
amplitudes after the passage of the Lamb wave were
smaller. In addition, these results indicate that pressure
waves that cannot be expressed without considering the
vertical structure of the atmosphere are not the main
contributors to the significant tsunami amplification
observed along the coast.
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Fig. 5 Comparison between simulated and observed tsunami waveforms at coastal gauges. The line colors are similar to that in Fig. 4

While the simulated waveform at Amami generally
shows good agreement with observations, the
simulation failed to match the occurrence time of the
maximum amplitude. This discrepancy is likely due to
the assumptions of linear theory and constant wave
speed in the synthetic wave model. The Lamb wave
was constructed based on the observed signal, which
exhibited a clear speed, allowing for accurate modeling.
However, for atmospheric gravity waves, it is not possible
to determine individual wave speeds and periods directly
from observations. Furthermore, the dispersion relation
of atmospheric gravity waves depends on parameters
such as temperature and adiabatic lapse rate, which are
spatially non-uniform. In this study, the synthetic waves
assumed these parameters to be uniform across the
entire domain, potentially introducing discrepancies in
the dispersion relation compared to reality. The influence
of wind during propagation also cannot be neglected as a
factor contributing to the timing mismatch.

This study successfully reproduced the maximum
amplitude at Amami station, which recorded the largest
amplitude among the JMA gauges. However, our previ-
ous work (Miyashita et al. 2023) could not show such a
result despite the use of the same synthetic pressure data.
The difference in the conditions between the two studies
was the resolution of the offshore bathymetry. In the pre-
vious study, to perform simulations for the entire Japa-
nese coasts, deep-depth areas were coarsely represented
due to computational limitations. In contrast, this study
focused on Ryukyu Islands, and the offshore bathymetry

was represented at a higher resolution. This difference
was considered to have a significant impact on the tsu-
nami amplification. In the next section, we will further
investigate the impact of the offshore bathymetry resolu-
tion on the tsunami amplification.

4 Assessment of the amplification factors

To further clarify the cause of the amplification up
to 100 cm at Amami station, numerical experiments
focusing on the representation of offshore
microtopography were conducted. Figure 6 illustrates
the differences in the AMR criteria region specifications.
In this experiment, three regions, designated as Regions
A, B, and C, were set up, as shown in the figure, and
three types of simulations were performed for each
region. These regions indicate the range within which
computations can be performed at the highest available
resolution of 15 arcseconds. Thus, outside these regions,
even if the tsunami amplitude is sufficiently large, the
AMR resolution level is restricted, and the computations
are performed at the next lower resolution level, namely,
1 arcminute. The only difference in the computation
conditions pertains to these regions, whereas the
pressure anomalies use synthetic data.

Region A was identical to the synthetic pressure con-
dition simulation mentioned above and covered the
same area as that shown in Fig. 1b. Region A includes
the Kyushu-Palau Ridge running north—south near lon-
gitude 135° E and two east—west ridges slightly further
west (Daito Ridge and Oki-Daito Ridge from north to
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south). In contrast, Region B does not include most of
the Kyushu-Palau Ridge but consists of the remaining
Daito Ridge group. This means that the detailed topog-
raphy of the Kyushu-Palau Ridge was not represented in
the tsunami simulations. Region C does not include any
of these ridges. As we moved from Region A to Region
C, the area computed at the highest resolution of 15 arc-
seconds becomes smaller. The summits of these ridges
are approximately 2000-3000 m deep, while the sur-
rounding depths at the bases of the ridges are approxi-
mately 5000-6000 m. This study evaluates the impact
of differences in the representation of offshore bathym-
etry centered around these ridges on the amplification of
meteotsunamis.

Figure 7 compares the tsunami waveforms at Amami
resulting from the meteotsunami simulations performed
, 1 under the configurations of Regions A, B, and C.
Fig. 6 Numerical cor:legouratiom o1f3d0:fferent r;sg;ution b Note that the waveforms for Regions A, B, and C were

time offset to facilitate comparison with the observed

domains for comparison. The labeled frames indicate regions . . .
where the highest resolution of 15 arcseconds is achieved waveform. Focusing on the right panel of the figure, it

L

»,_4 W i.

125° 130°
1

during the AMR simulations. Region A is the same size as Fig. 1b, is evident that the wavelet components of the tsunami

and the area of the regions decreases as they move from A to B waveforms were almost identical across Cases A, B, and

and then to C. Outside these regions, the highest resolution used C because of the use of the same pressure data, with only
)

is one level lower, at 1 arcminute . . L. . .
slight differences in intensity. However, the maximum

amplitudes differed significantly: 105, 81, and 66 cm
for Cases A, B, and C, respectively. This substantial
difference in the maximum amplitude of approximately
40 cm on the Amami coast arises solely from changing
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Fig. 7 Comparison of tsunami waveforms and scalograms at the Amami station between different horizontal resolution simulations with Regions
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the region of high-resolution computation offshore, even
though the coastal area is computed at 5 arcseconds
resolution. The predominant periods between 10 and 20
min observed in the wavelet analysis of the computed
waveforms were also present in the observed waveforms,
suggesting the occurrence of bay resonance. This
indicates that while the bay itself is sufficiently well-
represented at high resolution, offshore bathymetry plays
a significant role in the accurate reproduction of tsunami
amplification.

Next, we focused on the spatial distribution of the
maximum tsunami amplitudes. Figure 8 shows the
spatial distribution of the maximum amplitudes around
Amami Island for Cases A to C. The spatial pattern of
the maximum amplitudes around Amami Island was
generally the same in the simulations of Cases A and
C. In all bays facing the southeast direction, where the
pressure waves originate, the amplitudes significantly
increase toward the inner parts of the bays, indicating
the occurrence of resonance. Amami Station is one of the
bays in which resonance occurs. Even in Case C, there
were no changes in the spatial characteristics compared
with Case A, and resonance was also considered to have
occurred. Therefore, the maximum amplitude difference
of 40 cm at the Amami station between Cases A and C is

129.25°

129.5° 129.75° 129.25°
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likely due to the intensity of the tsunami waves incident
offshore of the Amami Island area.

Figure 9 compares the spatial distribution of the
maximum amplitudes in the region encompassing Amami
and the offshore ridges between 125° E and 140° E and
15° N and 30° N. The upper panels show the amplitudes,
whereas the lower panels show the differences compared
to Case C. In all the cases, the amplitudes were larger in
the ridge areas than in the surrounding regions. However,
the magnitude of amplification varied between cases.
Notably, in the lower panels in Fig. 9, the difference
in wave amplitude increases as the waves cross the
ridges. The amplitude difference between Cases A and
C (bottom left) was approximately 8 ¢cm near Daito
Ridge, and this amplification effect further increased as
the waves moved from the ridge area toward the coast.
Additionally, the differences in shallow coastal areas
became more pronounced as waves entered the bays
around Amami. The incident wave amplitudes differed
between cases A and C, and as these waves triggered
bay resonance, a significant difference of up to 40 cm in
amplitude was observed along the coast.

Based on the above results, the significant amplification
observed in the Ryukyu Islands, particularly in Amami,
during the 2022 Tonga meteotsunami was successfully
reproduced by our simulations. The simulated maximum

129.5° 129.75° 129.25° 129.5° 129.75°

28.5°
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280 280
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Fig. 8 Spatial distributions of maximum tsunami amplitude around Amami Island for the simulation with Regions A (left), B (middle), and C (right).
The lower panels show the difference between the maximum amplitudes of A to B and B to C, respectively
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Fig. 9 Comparison of maximum tsunami amplitude between different resolution configurations off the Ryukyu Islands. The top panels show
the spatial distributions of the maximum tsunami amplitude, and the bottom panels show the difference from Case C. Black ellipses represent

the locations of Kyushu-Palau Ridge and Daito Ridges

amplitudes were generally in good agreement with the
observations. This study indicated that to achieve results
consistent with observations, the numerical simulation
requires consideration of microtopography in the
deep sea and not just high-resolution computations in
coastal areas. Specifically, the wave amplitude increased
significantly before and after passing over ridges with
summit depths of 2000-3000 m, which likely contributed
to the substantial amplification observed at Amami.
Furthermore, under simulation conditions that closely
matched observations, the amplitude gradually increased
offshore from the Ryukyu Islands, even outside the ridge
areas. This can be caused by the continuous excitation of
the sea surface due to horizontal pressure gradients, such
as those represented by Proudman resonance.

The results above showed the spatial resolution off-
shore from the Ryukyu Islands can significantly alter the
overall tsunami amplitude. Changes in resolution during
the tsunami simulation alter the representation of not
only bathymetry but also atmospheric pressure. There-
fore, the differences between the cases of the refinement
regions might be attributed solely to the resolution of the

pressure data rather than the offshore bathymetry. To
confirm this, the input resolution of the synthetic pres-
sure was deliberately coarsened, and the computation
was performed under the conditions in Region A.

Figure 10 shows the tsunami waveforms at 3. Amami
under the conditions of the synthetic pressure with
different resolutions. The blue line represents the result
of the original simulation (identical to the blue line in
Fig. 7), which used a resolution of 6 arcminutes for the
atmospheric pressure. The yellow and red lines represent
the results of the simulations with resolutions of 15
arcminutes and 30 arcminutes, respectively. The only
difference between these simulations was the resolution
of the atmospheric pressure data. The waveforms were
almost identical in the initial phase, but the amplitudes
differed only around the maximum amplitude. The
result of 15 arcminutes resolution was very close to
the original result, whereas the result of 30 arcminutes
resolution was significantly different. The difference in
the maximum amplitude between the 6 arcminutes and
15 arcminutes resolutions was 5 cm: 105 cm and 100 cm,
respectively. Additionally, the 15 arcminutes resolution
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of the atmospheric pressure data was much coarser than
the offshore bathymetry resolutions in meteotsunami
simulations, which were 15 arcseconds or 1 arcminute.
This indicates that the resolution of the atmospheric
pressure can attribute to the differences in the tsunami
amplitude, but the resolution of the offshore bathymetry
is more critical.

Next, an evaluation was conducted to identify which
offshore regions influenced the amplitude distribu-
tion along the coast of Ryukyu Islands. To achieve this,
additional numerical experiments were performed using
modified bathymetry where ridge areas shallower than
a certain threshold depth were masked to a uniform flat
depth. The threshold depth was set to 5700 m, which
is deeper than the ridge areas but shallower than the
Ryukyu Trench and the surrounding deep sea. Two mod-
ified bathymetry data were created: one with Daito Ridge
and Oki-Daito Ridge masked and the other with Amami
Plateau masked. The results were then compared with
those of the original simulations.
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1 - 25°
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-6
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15° T T T T 15°
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Fig. 11 Spatial distributions of the maximum amplitude off the Ryukyu Islands for the simulation with the masked bathymetry conditions.
The top panels show the maximum amplitude, and the bottom panels show the differences of maximum amplitude from the original
bathymetry condition. Enclosed areas with black lines in each panel represent the masked regions. The all simulation conditions are the same
except for bathymetry conditions. (top-left) The original bathymetry condition, (top-middle) the masked bathymetry around Daito Ridge

and Oki-Daito Ridge, (top-right) the masked bathymetry around Amami Plateau, and (bottom) the differences from the original bathymetry

condition
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Figure 11 shows the spatial distribution of the
maximum amplitudes off the Ryukyu Islands for the
original and modified simulations. The upper panels
show the amplitudes, whereas the lower panels show
the differences compared to the original simulation.
Enclosed areas with black lines indicate the regions
where the bathymetry was modified as flat. The both
masked bathymetry simulations significantly altered
the spatial distribution of the maximum amplitudes in
the downstream areas of the ridges. In particular, in
the bathymetry where the Daito Ridge and Oki-Daito
Ridge were masked, significant changes in the spatial
distribution of amplitudes were observed. Additionally,
in the downstream regions of the ridges, the originally
localized amplitude distribution tended to become
more uniform. This is likely because the shallow depths
at the ridges altered the wave propagation direction,
creating regions of concentrated and sparse amplitudes
downstream. These simulations suggested that the
ridges contributed to the wave focusing effects during
the event. Furthermore, in the simulations with the
modified bathymetry, the amplitudes at 3. Amami were
significantly reduced (Fig. S5 in the Supplementary
Information).

5 Discussion

The reproduction of this Tonga meteotsunami event in
the Ryukyu Island region required a spatial resolution
of 15 arcseconds, even in the offshore areas. For typi-
cal earthquake tsunamis, such a resolution in deep-sea
areas is rarely used, and results that are consistent with
observations can be obtained. During the Tonga Event,
the representative periods of atmospheric gravity waves
are between 10 and 30 min, corresponding to the excited
ocean waves (Fig. 3). This period is shorter than tsuna-
mis caused by major earthquakes, making the represen-
tation of offshore bathymetry important. Similar waves
with characteristic periods are common in meteotsu-
namis caused by atmospheric disturbances unrelated to
volcanic eruptions. Therefore, an accurate prediction of
meteotsunamis caused by such atmospheric disturbances
would require a similar level of horizontal resolution.
As predicting the location and direction of movement
of micropressure waves caused by atmospheric distur-
bances is difficult, high-resolution computations over
a wide area are necessary. This implies the necessity of
high-load computations for pre-event predictions. It was
also confirmed that, in addition to bathymetry resolu-
tion, the horizontal resolution of atmospheric pressure
contributes to the amplification to a certain extent. This
is considered important for forecasting meteotsunamis in
the Kyushu region of Japan, where pressure waves from
atmospheric disturbances in East China Sea frequently
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generate meteotsunamis (e.g., Hibiya and Kajiura 1982;
Asano et al. 2012; Fukuzawa and Hibiya 2020). Determin-
ing the necessary horizontal resolution of atmospheric
data for accurate reproduction of meteotsunamis in flat
offshore bathymetry will be a crucial focus of future
research.

It is important to understand the contributions of the
free and forced waves to the amplification of this event.
This understanding provides new insights into the future
predictability of meteotsunamis. To achieve this goal, an
additional numerical experiment was conducted. Atmos-
pheric gravity-wave forcing was terminated when the
pressure waves reached the Kyushu-Palau Ridge near
135° E, and the tsunami simulation continued without
further pressure forcing. This approach allows the excited
waves to propagate as free waves. The results of this sim-
ulation are compared with those of previous simulations
in which both forced and free waves coexist to evaluate
the impact of free waves.

Figure 12a shows a comparison of tsunami waveforms
at the Amami station. The blue line at the bottom panel
amami is identical to that in Fig. 7, representing the
case with atmospheric-pressure forcing, where both
forced and free waves coexist. The red line represents
the tsunami waveform from the simulation where
atmospheric forcing was terminated, indicating that
the tsunami waves reaching Amami were free waves.
Focusing on the maximum amplitude, the free-wave case
shows an amplitude of 51 cm, which is approximately
half that in the forced- and free-wave cases, and the
observed amplitude. This indicates that a tsunami with
an amplitude of a few centimeters offshore near the
Kyushu-Palau Ridge could amplify to 50 cm without
further atmospheric excitation. The remaining half of
the amplification was due to atmospheric forcing from
offshore to the coast. Additionally, the experiment with
the free-wave case showed a higher attenuation rate after
the maximum amplitude, resulting in a shorter tsunami
duration compared with the other simulations. The long
durations observed at other locations can be attributed to
prolonged atmospheric oscillations.

Figure 12a also shows the simulated waveforms at vir-
tual offshore stations where no observational data are
available. The locations of these offshore stations are
indicated in Fig. 12b. As the waves propagate, differ-
ences in phase between the free waves and forced waves
become significant, with the shorter frequency compo-
nents weakening in the cased of free wave only. At Sta-
tion O2, the forced waves exhibit oscillations with a
period of approximately 12 min, occurring five times per
hour with an amplitude of 10 cm. In contrast, when only
free waves are considered, these oscillations are approxi-
mately half in amplitude. Therefore, the components in
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this frequency band, which are crucial for resonance at
Amami, had about half of their amplification contributed
by the offshore forced waves.

Figure 12b shows the spatial distribution of the
maximum amplitudes from the free-wave simulation
and the ratio of these amplitudes to the forced- and free-
wave cases. The left panel indicates that free waves are
amplified in the ridge regions. Outside these regions,
except for the areas where the depth shallowed over the
Ryukyu Trench, the tsunami amplitudes attenuated as
the waves propagated. As seen in the ratio of the forced
and free wave cases (right panel), the ratio decreased
monotonically from southeast to northwest outside the
ridge regions. However, in the south of Amami Island,
the ratio of free waves to the maximum amplitude was
high. This suggests that some amplification mechanisms
for free waves influenced by the surrounding island
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topography such as the wave focusing effect exist during
and even after passing through the ridges. Additionally,
the significant 100-cm amplitude observed can be
attributed to continuous atmospheric excitation in
shallow coastal areas, combined with these amplification
mechanisms, differentiating the region from its
surroundings.

Figure 12b shows that the amount of amplification
before reaching the coastlines of the Ryukyu Islands from
the Ryukyu Trench was significantly different. This dif-
ference arises because free waves are primarily amplified
by wave shoaling, whereas forced waves receive addi-
tional excitation from atmospheric waves. In particular,
prolonged weak atmospheric waves have been observed
in Japan due to volcanic eruptions (e.g., Nishikawa et al.
2022; Tsukanova and Medvedev 2022). This feature can
also contribute to the amplification. For instance, among
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atmospheric pressure waves with multiple wave speeds,
assume that the faster waves excite the sea surface. When
the resulting tsunami propagates up a slope and its speed
decreases, the slower atmospheric pressure waves catch
up with the tsunami, leading to further amplification
(Kakinuma and Kosugi 2024). Additionally, the ratio of
forced waves to free waves depends on the propagation
direction of the pressure waves, the slope of the continen-
tal shelf, and the number of successive waves (Tonegawa
and Fukao 2022; Ho et al. 2023). For future prediction
and risk assessment of meteotsunamis, it is important to
understand the conditions under which successive waves
of certain wavelengths result in significant meteotsuna-
mis in each region.

6 Conclusions

In this study, we conducted numerical simulations of
the meteotsunami generated by the 2022 Tonga volcanic
eruption, which has been observed worldwide. The target
area was the Ryukyu Islands in Japan, where a maximum
amplitude of 100 cm was recorded. Two types of models
were used to simulate the pressure waves from the vol-
canic eruptions: one based on the superposition of single
waves tuned using the dispersion relation of atmospheric
gravity waves (synthetic waves), and the second based
on a detailed numerical model that assumed the release
of a heat source from the eruption vent. Simulations
using synthetic pressure waves showed good agreement
with the observations, including an amplitude exceeding
100 cm at the Amami location.

Next, to analyze the factors contributing to the large
amplitude observed at Amami, numerical experiments
were conducted with deliberately limited resolution in
offshore areas deeper than 2000 m while maintaining
high resolution in coastal bathymetry. When the simu-
lations were run under otherwise identical conditions,
the amplitude along the Amami Coast decreased from
approximately 100 cm to 60 cm. This indicates that the
offshore microtopography significantly contributes to
coastal amplification. In particular, the difference in
amplitude due to resolution was notable in ridge areas
with depths ranging from 2000 to 5000 m. Even in the
simulation where only the horizontal resolution of the
atmospheric data was coarsened while maintaining the
same fine bathymetry, nearly the same amplitude was
obtained at Amami. This experiment highlighted the
importance not only of capturing the pressure waves but
also of sufficiently resolving the bathymetry.

Finally, the proportion of free waves to the total
pressure amplitude was quantified by setting the
atmospheric  pressure amplitude to zero after
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atmospheric gravity waves passed over the offshore ridges
of the Ryukyu Islands, thereby eliminating the generation
of forced waves. Even at offshore amplitudes of less
than 5 c¢m, free waves alone could amplify to 50 cm at
Amami, which is approximately half the amplitude when
forced waves are also considered. These results provide
crucial insights into assessing the future predictability
of meteotsunamis. Future research should investigate
the necessary resolution and relationship between the
wavelength and speed of atmospheric waves for accurate
predictions of meteotsunamis, including those caused
by atmospheric disturbances and not just volcanic
eruptions. This will further enhance our understanding
of the amplification phenomena in meteotsunamis.
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