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A coupled atmosphere-ocean source
mechanism was a predictor of the 2022
Tonga volcanic tsunami
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Volcanic tsunamis pose significant threats to nearby coastal communities. Despite extensive
research, the mechanism behind tsunami generation remains unclear, and the ability to forecast a
destructive tsunami has proven elusive. Here we present findings from the 2022 Tonga volcanic
incident, showing that the leading air-pressure wave holds promise as a key predictor of tsunami
behavior. We constructed an integrated atmosphere-ocean model to explain the underlying
mechanism and validated it with various data, including satellite altimetry measurements. Contrary to
prior hypotheses, our results reveal that: (1) the eruption process governs both the air-pressure and
tsunami dynamics; and (2) the resulting crater volume controls the volcanic ejecta that produces the
air-pressure waves, while the corresponding mass loss in the ocean triggers influxes of water into the
crater, generating the tsunami. This study unveils a coupled atmosphere-ocean source mechanism in
generating volcanic tsunamis and advocates for incorporating air-pressure sensors into early warning

systems.

The Hunga-Tonga Hunga-Haapai (HTHH) volcano, situated at 20.546°S
and 175.390°W, ~65 km northwest of Tongatapu, Tonga, commenced its
eruption at 4:07 UTC on 15 January 2022' (Fig. la, b). NASA satellite
imagery indicated intermittent eruption activity lasting for hours™™.
Seismometers recorded eruptions, equivalent to a 5.8-magnitude earth-
quake  (https://earthquake.usgs.gov/earthquakes/eventpage/us7000gc8r/
executive). The eruptions generated global atmospheric Lamb waves,
detected circulating the planet multiple times™. Swift-traveling oceanic
waves triggered tsunami alerts across the Pacific Ocean, resulting in minor
impacts in distant areas’®. Near the volcano, however, the eruption was
destructive. The near-field tsunami caused the deaths of three people and
significant destruction to many low-lying coastal communities in Tonga-
tapu, ‘Eua, and the Ha’apai Group of Tonga. The tsunami runup height
reached 15m at Mango Island, and the inundation extended to 500 m
inland, as reported by the Tonga Geological Services’. The volcanic erup-
tion, tsunami, and ashfall caused an estimated US$90.4 M in damages, the
equivalent of ~18.5% of Tonga’s Gross Domestic Product'.

The most widely known volcanic eruption is the 1883 Krakatau event,
which generated a global-scale tsunami with a maximum wave height of
5.15m at Jakarta, recorded by a tide gauge''. The resulting devastation
claimed over 36,000 lives, primarily through the subsequent tsunami,
obliterating 300 villages around Indonesia’s Sunda Strait between Java and
Sumatra. The 1883 volcanic eruption also generated a large atmospheric
wave or lamb wave with significant oscillations in pressure over nine days as

recorded by barometers in Europe and the United States'*'. On 22
December 2018, the Anak Krakatau (“Child of Krakatau”) erupted anew
and triggered a smaller yet still deadly tsunami. This event caused 431
fatalities, and 7200 injuries, and displaced 46,646 individuals' ° The eruption
induced a Mw 5.1 earthquake in the regional seismic network'®. Globally,
nineteen events of volcanic tsunamis have been recorded since the instru-
mental era"”.

Since the 1883 Krakatau incident, the formation of tsunamis via vol-
canic eruptions has remained a captivating enigma. Previous studies have
suggested at least eight formation mechanisms'’~*". These include subaerial
landslides, submarine landslides, pyroclastic flows, caldera or flank col-
lapses, collapses of eruptive column, deep-ocean explosions, volcano-
tectonic earthquakes, and the atmospheric origin of air-pressure waves. In
the immediate aftermath of the 2022 Tonga volcanic incident, several of
these mechanisms were employed to replicate the tsunami phenomenon.
For instance, Omira et al.”' and Ren et al.”* demonstrated the atmospheric
origin of the tsunami by simulating the Proudman resonance effect of air-
pressure waves over deep-ocean trenches. Pakoksung et al.” and
Purkis et al.** simulated the tsunami by the submarine explosion scenario
without the atmospheric effect. Their simulations involved either a single
explosion of 25 megatons or three increasingly larger explosions of 0.5, 4,
and 15 megatons, respectively. In contrast, Lynett et al.”* suggested multiple
mechanisms for the tsunami by prescribing the air pressure and tsunami
initial conditions separately.
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Fig. 1 | Air-pressure and tide-gauge in Tonga. a Location of the HTHH volcano.
b Close-up of the local bathymetry, with the red diamond indicating the location of
the Tonga tide-gauge. ¢ Air-pressure data from Tonga, showing three distinct
troughs corresponding to significant eruption cycles starting at 4:26, 5:01, and 5:46,
each lasting approximately 20 minutes. d Tide-gauge data from Tonga (nkfa2
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station) compared with air pressure-converted sea level (magenta, by Egs. (1), (2)).
e Tide-gauge data from Tonga (nkfa station) compared with air pressure-converted
sea level (magenta, by Eqs. (1), (2)). Note that the nkfa tide gauge (green) mal-
functioned at 5:25, with red circles indicating data points outside the expected range,
likely due to the malfunction.

While the basic principle of tsunami generation necessitates the dis-
placement of a substantial water volume, it’s worth noting that before the
eruption, the HTHH volcano was positioned partially above sea level with
minimal water above the crater (Supplementary Fig. S1). This geophysical
setting contradicts the typical scenario of deep-ocean explosions triggering
tsunamis. Adding to the enigma, recent seafloor surveys of the volcano have
shown no substantial indications of caldera or flank collapses”*””. The survey
team discovered that the volcano’s rim was remarkably intact, with no signs
of significant deep-ocean explosions™. On the other hand, the effects of air-
pressure waves on sea levels have been well understood and characterized by
moving origins with Lamb waves™, but these have been observed globally
with small amplitudes of a few centimeters, which cannot explain the near-
field destruction of the volcanic tsunami™.

The central question is how the volcanic eruption managed to trigger
such a destructive tsunami with a relatively small amount of water present.
Despite the discovery of the Lamb wave over a century ago in 1881", its
connection to volcanic tsunamis at the source region remains elusive. These
uncertainties surrounding the genesis of tsunamis and air-pressure waves
underscore the challenges in predicting volcanic tsunamis effectively to
safeguard lives. Understanding the source mechanism of generating Lamb
waves and volcanic tsunamis has been challenging due to the logistical
difficulties of collecting near-field data during eruptions. Without fully
understanding the forming mechanism, developing a predictive approach
for early warning is difficult.

In this study, we found an intrinsic coupling between air-pressure
waves and tsunamis at the source region during their formation. Using an
integrated atmosphere-ocean model, we show that this coupling origi-
nates from the volcanic ejection process, which causes lateral explosions of
air to form air-pressure waves and a proportional influx of water in the
ocean to trigger tsunamis. Since the volcanic ejecta results from the mass
loss in the ocean, the principle of mass conservation allows fast-moving
air-pressure waves to provide predictive insights for tsunamis. This cou-
pled atmosphere-ocean source mechanism is distinct from previously
proposed mechanisms, offering a novel understanding of volcanic

tsunami genesis and the potential for early warning systems in the near
field, where most fatalities occur.

Results

Air-pressure and tsunami connection

We found that the air-pressure waves (Fig. 1¢), measured from the Tonga
meteorological station, after converted into sea-level (by Egs. (1), (2)),
predict the Tonga tide-gauge-recorded tsunamis well in both strength and
waveforms (Fig. 1d, e). The air-pressure data originates from the Tonga
Meteorological Office, while the tide-gauge measurements at NuKu’alofa
waterfront (nkfa) and Vuna Wharf (nkfa2) stations were sourced from
https://www.ioc-sealevelmonitoring.org/ (Supplementary Figs. S2 and S3).
Notably, the three instances of low air pressure correspond closely to the
respective heights of the tsunami recorded by the tide gauges. The three
pressure lows indicate three major eruptions at HTHH. The correlation
exhibits exceptional accuracy in the first wave (Supplementary Fig. $4), but
less so in subsequent waves due to the resonance effects of the first and
largest wave within the vicinity of Tonga’s islands and harbors. When it
comes to tsunami warnings, the primary concern is the largest wave. The
nkfa tide gauge experienced malfunctioning at 5:25 UTC, but still captured
the first and the second waves, which confirms the correlation between the
air-pressure wave and the tsunami.

The prediction is formulated as follows. First, we converted the air
pressure (black line in Fig. 1c) into sea-level anomaly (magenta in Fig. 1d, e)
based on the principle of inverted barometer (IB) effect, i.e., an increase in air
pressure (p,) of 1 mbar (or hPa) corresponds to a surface depression of
approximately 1 cm. Mathematically, the effect of the air pressure on the sea
level can be written as #"* = —p,/gp, where p is the water density, and g is the
gravity coefficient. This formula converts the atmospheric pressure anomaly
into the thickness of water. We then convert the thickness of water into a
tsunami with the empirical tsunami runup formula at the Tonga coast’":

n(t+1) = —(p,(t)/8P)Ry (1)
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Fig. 2 | Formation of air-pressure wave and ocea-
nic tsunami. a Schematic of the coupled
atmosphere-ocean source mechanism during the
volcanic eruption. The brown cylinder, 4 km in a
diameter and 800 m deep, presents the crater formed
by the volcanic ejection of water, gases, and magma
into the atmosphere. The red arrows indicate the
mass gained by the atmosphere and the resulting air
expansion that triggers air-pressure waves. The blue
arrows show water velocity as it fills the oceanic
cavity, generating the tsunami. b Depth-averaged air
velocity, depicted by red arrows, illustrates the lat-
eral blast as air radiates away from the crater. The
background color corresponds to the air pressure
anomaly (lower pressure) one minute after initi-
alization. ¢ Depth-averaged water velocity, repre-
sented by red arrows, shows the influx of ocean
water toward the crater. The background color
reflects the sea level anomaly (higher sea level) one
minute after initialization.
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Here Ry is the empirical runup factor, ¢ is the time, and 7=
d/v, — d /v, is thelead time of the air-pressure wave over the tsunami at the
measurement location, in which d is the distance from the volcano, v, and v,
are the travel speed of the air-pressure wave and the tsunami, respectively.
We have used the calibrated formulation based on coastal measurements™:

Ry = 1.29 (tan(oc)\ /L, /HD> 7 ©)

Here L, is the wavelength, H, is the significant tsunami height, and « is
the slope angle. Their values are 40 km, 1.2 m, and 3.6 degrees in the Tonga
case, like those used in previous studies®*,

Note that air-pressure waves travel in the atmosphere with negligible
effect on the coast and land. Differently, tsunamis become slower and
increase in height toward the coast. Both air pressure and tsunami travel
speed can be estimated precisely as the atmosphere and ocean depth are
known™. Tonga is located ~65 km from the volcano. The speed of the air-
pressure wave is ~330 m/s, traveling in the atmosphere with an averaged
depth of 11.2 km. The speed of the tsunami is about 82 m/s in the near field,
based on bathymetry data that has an average depth of 680 m from the
volcano to Tonga. The arrival time was 3 minutes for the air-pressure wave
and 13 minutes for the tsunami, respectively. The air-pressure lead time is
about 10 minutes, which is used in Egs. (1), (2), aligning well with the actual
data observed in Tonga.

Coupled atmosphere-ocean source mechanism
To explain the physical connections between the air-pressure wave and the
tsunami, we constructed an integrated atmosphere-ocean model based on
the open-source code of the Regional Ocean Modeling System (ROMS),
which is available online (www.myroms.org). ROMS is a full hydrodynamic
ocean general circulation model, mainly used in the oceanography com-
munity for various applications®”. For tsunami simulation, the shallow-
water equation module with a constant water density is used, which is like
the widely used tsunami model of Satake™. In this study, we used 12-vertical
levels for the water column—a similar setting used in previous studies of the
2004 Indian Ocean tsunami and the 2011 Japan tsunami***,

For the atmospheric pressure waves (or Lamb waves), we used
the same ROMS model, but replaced the ocean depth (bathymetry)
with the atmosphere depth. Following Amores et al.”’, the

atmosphere depth can be derived by

_y-R-T

H
A Mg )

(€)

where y=14 is the nondimensional ratio of specific heat of air corre-
sponding to the range of atmospheric temperatures, R = 8314.36 J/kmol/K
is the universal gas constant, T is the absolute temperature, with a mean
value of 273.15, and M = 28.966 kg/kmol is the molecular mass for dry air.
The mean atmosphere depth is ~11189.24 m. The atmosphere pressure is
converted into equivalent water thickness by a factor of 1/gp, meaning 1
millibar corresponds to 1 centimeter of water thickness.

We initialized the atmosphere and ocean model by the same sequence
of eruption process, but with an opposite orientation of initial velocity field
(Method 1), as schematically shown in Fig. 2a. Note that both the atmo-
sphere and ocean models are the depth-averaged shallow-water-equation
model. Their progressive variables are the surface elevation 7 and the depth-
averaged velocity (U, V), representing the air-pressure wave and depth-
averaged air velocity in the atmosphere, as well as the sea-level (or tsunami)
and depth-averaged ocean velocity in the ocean, respectively. The air-
pressure wave and the tsunami can be initialized either by a perturbation of
the surface # or the velocity (U, V)”. In our case, the atmosphere model is
initialized by a depth-averaged air velocity away from the crater, while the
tsunami model is initialized by a depth-averaged ocean velocity toward the
crater, respectively (Fig. 2b, c).

In the atmosphere model, the outward initial velocity field represents
lateral explosions of air extending far beyond the volcanic rim. This is
consistent with satellite images, which show the radiative aerosols expanded
hundreds of kilometers in the sky””. The initial conditions represent three
sequences of volcanic eruptions for a period of 20 minutes, with strength
reduced by a halfin each period, as suggested by the Tonga air-pressure data.
Air pressure caused by volcano eruption is primarily a low-pressure system
at Earth’s surface—the atmospheric base. The atmospheric model generates
a negative air-pressure anomaly, as shown by the background color with a
minimum of 35 mbar (Fig. 2b). This air-pressure IB is applied to ocean
model as the sea-surface condition.

In the ocean model, the initial velocity field is an influx field toward the
crater, opposite to the initial atmosphere field, representing the movement
of the ocean water to fill up the erupted cavity (Fig. 2c).
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Fig. 3 | Comparison of modeled air pressure and 1010
tsunami with Tonga data. a Comparison of air
pressure. b Comparison of sea level at the

nkfa2 station. ¢ Comparison of sea level at the nkfa
station. The dashed lines represent the air pressure-

predicted tsunami based on Egs. (1), (2).
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The atmospheric and oceanic initial conditions are implemented at the
same time sequence and resulted in an accumulated kinetic energy of
7.8%10% Joule for the atmosphere and 3.5 % 10! Joule for the ocean,
respectively (Method 1).

We run the two models in parallel, and sum their results as the total
(atmospheric and oceanic) tsunami,

A0 = A 40

Here, 7 is the total sea-level anomaly or tsunami, where A and O
indicate the components of atmospheric and oceanic tsunami, respectively.
The negative sign of the atmospheric component represents the inverse
barometer (IB) effect, resulting in a sea-level depression when there is a
positive air-pressure anomaly. Removing the negative sign, 5 + #°
represents the total ocean bottom pressure, where #* is the equivalent air-
pressure measurements on land adjusted by gp.

Figure 3 shows the simulated air-pressure wave and tsunami at the
Tonga location, compared with the smoothed Tonga air-pressure and tide-
gauge data to focus on the large features represented by the model. The
model reproduced the data well in both strength and waveforms, suggesting
that the correlation (Fig. S4) between the air-pressure wave and the tsunami
have fundamental physical connections, at least in the near-field.

The model results were further validated by far-field observations,
including the Deep-ocean Assessment and Reporting of Tsunamis (DART)
data, air-pressure measurements on land, and satellite altimetry data. The
DART system measures the ocean bottom pressure”’, which has been
converted to the equivalent of water thickness in meters (i.e., #* + 7°). We
compared our model results with the DART measurements, showing that
the integrated atmosphere-ocean model represents the magnitude and
speed of the tsunami well (Fig. S5). These model-data comparisons confirm
two specific types of tsunamis: the atmospheric tsunami, originating from
the air-pressure effect, travels at the Lamb wave speed of 330 m/s. The
oceanic tsunami, originating from volcanic eruptions, propagates at various

speeds depending on water depth, averaging 160 m/s. On land, air-pressure
sensor data were accessible. Further comparisons of model air pressures (i.e.,
#*) with extended data from surrounding islands of HTHH reveal con-
sistent air pressure patterns and amplitudes (Fig. S6).

Because of the IB effect, sea-surface measurements of the atmospheric
tsunami show the opposite anomaly compared to the DART measurements
at the ocean bottom (i.e., —11A + 110, Method 2). Therefore, surface obser-
vations are crucial evidence for elucidating the mysterious role of air-
pressure waves on tsunamis at sea level. Previously, satellite altimetry has
demonstrated its capability to measure earthquake tsunamis*'. Unlike in-
situ measurements of DART and air-pressure gauges, satellite altimeters
offer a synoptic view of the tsunami in the open ocean, often closer to the
epicenter. The HTHH event was the first significant volcanic eruption to
have occurred in the satellite era. We examined all possible satellite altimetry
measurements that might have captured the surface displacement of the
tsunamis, including the India-French satellite AltiKa, and the Jason-3 and
Sentinel-6 Michael Freilich (S6A) satellite. We processed the data to com-
pare with the model by co-locating the satellite passes with the model in time
and location (Fig. 4 and Method 2). For the first time, we found that the
satellite altimetry captured the tsunami on both near-filed and far-field
locations. The AltiKa satellite observed the tsunami within locations
between 19°S and 28°S during 29-38 minutes after the eruption, while the
S6A and Jason-3 satellites, 30 seconds apart, measured the tsunami through
the volcano center, 5 hours after the eruption (Supplementary Fig. S7).
Surprisingly, the tsunamis fell well within the range of typical ocean
dynamic signals, suggesting that the destructive force of the volcanic tsu-
nami might have diminished in these regions.

Discussion and conclusion

Genesis of air-pressure waves and oceanic tsunami

The primary evidence from the Tonga volcanic observations centers on the
connection between the air-pressure wave and the tsunami, a connection at
the source region previously unexplored. Our atmosphere-ocean model put
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Fig. 4 | Satellite altimetry. a Satellite altimetry track overlaid on the model tsunami
map for the day of the volcanic eruption. b Sea-surface height anomaly recorded by
the S6A satellite within the highlighted red square on the map. Labels C40-C43

correspond to the satellite pass cycles. ¢ Sea-surface height differences are calculated
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by subtracting the pre- and post-eruption past cycles. The heavy red line represents
the cycle on the day of the eruption, while the dashed line shows the modeled
tsunami.

forth a novel explanation of the connection through a coupled atmosphere-
ocean source mechanism during their formation process. In the atmosphere
model, we employ the lateral blast mechanism—caused by the rapid
expansion of air—to initiate the air pressure waves. This mechanism
explains the satellite imagery showing the mushroom cloud in the sky during
the eruptions. It is also corroborated by the wind data from the Tonga Met
Office (Supplementary Fig. S2 (right)). The wind gust arrived in Tonga
~45 minutes after the eruption with a maximum speed of 40 m/s, suggesting
the lateral movement of air by the eruption. Together, these lines of evidence
consistently suggest a lateral forcing mechanism of hot air, resulting in the
formation of a low-pressure center in the near-field and resulting in a high-
pressure anomaly of lamb wave extending to the far fields (Supplementary
Figs. S5 and 6)—a phenomenon unique to volcanic eruptions. This expla-
nation sheds light on the mystery surrounding the generation of alamb wave
within an 11 km-depth atmosphere by a 4 km-sized volcano.

In the ocean, the situation becomes more intricate due to the formation
of a water cavity during volcanic eruptions, ultimately resulting in an
underwater crater. By the continuity principle of fluid flow, surrounding
ocean waters must fill the water cavity, which would induce ocean mass
movement necessary for the generation of the tsunami. Simultaneously, the
large-scale low-pressure center above would raise the sea level upward. This
causes lateral water movement towards the crater, further enhancing the
mechanism to trigger the oceanic tsunami. Eyewitness reports of sea-level
recession preceding the tsunami along the Tonga coast™ further corroborate
this intricate atmosphere-ocean interplay, highlighting the initial movement
of water towards the crater. This explanation sheds light on the puzzle of
how volcanic eruptions, often occurring atop seamounts or partially above
sea level, can trigger tsunamis despite the limited water volume present.
Unlike earthquake-triggered tsunamis, which involve large-scale movement
at the deep-ocean floor and exhibit transoceanic devastation potential”,
volcanic tsunamis possess a distinct characteristic: they are exceptionally
destructive in the near field but comparatively less damaging in the far-field,
despite their extensive reach due to the complexities of the Lamb wave effect
during propagation. This distinction may be attributed to the coupled
source mechanism and the surface forcing mechanism of atmosphere-ocean
interplay, which resulting in a combined behavior akin to storm surges and
earthquake-triggered tsunamis.

Pressure sensors for early warning

The intrinsic and measurable correlation between air pressure waves and
volcanic tsunamis presents a promising avenue for predicting volcanic tsu-
namis using air pressure sensors. Specifically, our research demonstrates that

the mass ejected into the atmosphere during a volcanic eruption equals the
mass lost in the ocean, establishing the basis for a quantitative and temporal
link between air-pressure waves and tsunamis. This relationship is governed
by the intensity of the eruption and the resulting crater size, while the air
pressure wave is the front runner. In Fig. 5, we demonstrate the predictive
skills of the air-pressure waves on near-field tsunamis using Egs. (1), (2) and
further validate these predictions with Fiji observations, where co-located air-
pressure and sea-level measurements were available. We found that the air-
pressure waves can predict tsunamis with lead times of 5 minutes, 10 min-
utes, and 50 minutes at distances of 30 km, 65km (Tonga), and 280 km
(Fiji-Suva) from HTHH, respectively. Particularly, the tide-gauge record at
Suva shows three prominent peaks, marked by black arrows in Fig. 5d, which
are consistent with the Tonga tide-gauge measurements, further validating
the coupled atmosphere-ocean source mechanism.

Based on the Tonga data and post-event surveys™”, a volcanic air-
pressure anomaly exceeding 15 mbar could indicate an impending
destructive tsunami, as marked by the magenta dotted lines in Fig. 5b, c. This
suggests that air-pressure sensors could be employed for volcanic tsunami
early warning. For example, both the first and the second eruptions could
generate destructive tsunamis within a 30 km range, necessitating the trig-
gering of alarms for both eruption events in the closer location, while only
the first event would require alarms in Tonga. Notably, the magnitudes of
the air pressure wave and subsequent tsunamis at the closer location nearly
double those observed in Tonga. This might explain the catastrophic out-
comes in the incidents of 1883 and 2018, as many coastal settlements along
the Indonesian Sunda region were situated within a 30-kilometer radius of
the Krakatau volcanoes, much closer than Tonga is to HTHH. Had air-
pressure sensors been integrated into the warning system, residents could
have been alerted in each of these eruption events to save lives. Conversely,
in Fiji, where the air pressure remained well within the alarm threshold, no
warning was necessary, thus avoiding panic among residents. Reducing false
alarms can have significant societal benefits by avoiding economic losses
and increasing trust in the warning system.

Given the observational evidence and model demonstrations from the
2022 Tonga volcanic incident, it is strongly recommended to deploy air
pressure sensors across coastal communities surrounding approximately
ninety potentially tsunamigenic volcanoes worldwide'”. Air-pressure sen-
sors are inexpensive to install and have traditionally been maintained by
weather forecasting agencies, which are also responsible for tsunami early
warning. These sensors could serve to monitor volcanic activity, validate
future research findings, and establish a baseline threshold for calibration.
Should a volcanic eruption generate an air pressure anomaly surpassing the
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Fig. 5 | Air-pressure waves as predictors of tsunamis. a Co-located air-pressure

sensors and tide-gauges (red triangles) around HTHH. b In Tonga, the air-pressure
waves lead the tsunami by 10 minutes. ¢ Ata closer location, 30 km from HTHH, air-
pressure waves lead the tsunami by 5 minutes. d In Suva, Fiji, air-pressure waves lead
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the tsunami by 50 minutes (both data and model). The dashed lines represent tsu-
nami predictions based on Egs. (1), (2), with the dark lines representing data and the
red lines representing the model results.

designated threshold, such as 15 mbar, an alert or alarm system could be
activated to promptly notify and safeguard coastal residents. Indeed,
throughout history, the devastating impacts of volcanic tsunamis have been
predominantly confined to the near field of the eruption epicenter'”. Satellite
altimetry measurements have substantiated the confinement of the Tonga
tsunami. Within the near-field perimeter, a lead time of ~5-10 minutes
exists, providing a crucial window for evacuation measures.

Thanks to the unprecedented observational evidence from the recent
Tonga incident, our study offers two innovative contributions: (A) The
coupled atmosphere-ocean source mechanism provides a unified explana-
tion for the simultaneous formation of air-pressure waves and volcanic
tsunamis, enabling a re-examination of previous assumptions about his-
torical events. (B) The predictive potential of the leading air-pressure waves
for destructive tsunamis holds practical value. Our predictive formula, based
on simple Egs. (1), (2) and inexpensive air-pressure sensors, represents the
first step toward a practical early warning system for volcanic tsunamis.

Methods

Method 1. Computing air-pressure and tsunami initial conditions
An integrated atmosphere-ocean model based on hydrodynamic equations
(www.myroms.org) has been employed to demonstrate the coupled
atmosphere-ocean source mechanism for generating air-pressure waves and
associated volcanic tsunamis. The key lies in formulating the initial condi-
tions for the atmosphere and ocean components of the model. Our method
is detailed as follows.

We first used seismic data from the USGS website (https://www.usgs.
gov/natural-hazards/earthquake-hazards/earthquakes) to determine the
precise location of the volcanic eruption and the resulting seafloor defor-
mation. The results are reproducible since seismic data are openly accessible
to both the public and tsunami warning systems. Our seismic inversion
technique follows the methodology outlined by Chen et al.***, yielding a

magnitude of Mw 5.8 earthquake and a three-dimensional representation of
seafloor deformations in the region (Supplementary Fig. S8). Notably, the
inverted seafloor displacements are minimal, only a few centimeters around
the crater, with uplift reaching ~10 centimeters. This minimal seafloor
deformation rules out the possibility of the destructive Tonga tsunami being
caused solely by earthquake forces. Nevertheless, the inversion solution
serves to pinpoint the volcanic eruption’s location and accounts for tectonic
earthquake effects, if significant.

Subsequently, we utilized the seismic-inverted velocity field (U, V) of
seafloor displacement to establish the initial conditions for the atmosphere
and ocean model, respectively. In the case of a volcanic eruption, the initial
disruption in both the atmosphere and ocean is the horizontal displacement
of air and water. Initializing the two models with velocity fields is more
appropriate than directly prescribing pressure and sea-level perturbations.
Specifically, we projected the velocity field onto the model grid, and for-
mulated the eruption process by a sinusoidal function, as detailed as follows.

For atmosphere, the initial condition is:

(U, V,)sin(Z)E,, t<T
Uy, Vi) = 4
(Us, Va)(@®) { 0. other 4)
For ocean, the initial condition is:
—(U,, V,)sin(%)Eg, t<T
Uy, Vp)(t) = 5
(Uo, Vo)(®) { 0. other (5)

In above equations, (U, V,) and (Up, Up) represent the depth-
averaged air velocity and ocean water velocity, respectively. The variable ¢
denotes time, and T represents the period of an eruption cycle. The positive
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sign signifies the expulsion of air from the crater, while the negative sign
indicates the influx of ocean water towards the crater to fill the cavity created
by the eruption.

Analysis of Tonga air-pressure data and satellite imagery reveals three
significant eruptions commencing at 4:26, 5:01, and 5:46. Each eruption lasts
approximately 20 minutes, with intensity halving over time. Based on this
data, we assume a duration of 20 minutes for each eruption cycle; hence,
T'=1200s. To represent these observations, we applied the initial conditions
to the atmosphere and ocean model at each of the eruption commencing
times, while reducing the intensity coefficients E4 and Eg by a half each
cycle. The initial values of E4 and E, are determined by fitting the model to
the air-pressure data and tsunami measurements, resulting in a value of 0.05
and 0.17, respectively. The head and shoulder pattern of the air pressure
(Fig. 1c—e) was reproduced by adding 50% of the E, and E, values at the
corresponding time step during the initial period of the model.

The coupled initial conditions of Egs. (4), (5) establish a quantitative
relationship between the air-pressure waves and the tsunami within the
integrated atmosphere-ocean model. This enables validation through the
correlation of air-pressure measurements and tsunami data. Our model
domain convers the entire Pacific Ocean, with an average grid size of 3 km,
utilizing ETOPO?2 for ocean bathymetry.

The resultant energy source (i.e., initially applied to the atmosphere
and ocean system) can be calculated in the kinetic energy (KE) form:

KE = %ph//(U2 + V?)dxdy 6)

where p and h are the density and depth of atmosphere and ocean,
respectively. The spatial integral is for the source region, in which dxdy is the
grid size. The total energy can be obtained by integrating Eq. (6) over the
eruption period, which has three eruption cycles in the Tonga case. Our
calculation yields that the total atmospheric source energy is about
7.8 X 10" Joule, while the ocean is about 3.5 X 10™ Joule.

The tsunami source energy also can be estimated by the crater volume.
For instance, observational data shows that the crater has a diameter of 4 km
and a depth of 800 m. This results in a volume of 77D ~ 10 km’, where
r=2km and D =0.8 km. This volume of water must be displaced from
around the volcano to the crater by influxes of water, represented by the flow
field (Up, Vo) in Eq. (5). This influx would cause a mass loss of water from a
larger circular area A = 77R?, resulting in a sea-level depression of 7 around
the volcano. The resultant potential energy (PE) is:

PE = %pgnzA. 7)

For simplicity, we assume the sea-level depression is constant, thus nA
equals the crater volume. Given the convertibility of energy, we can assume
PE equals KE, resulting in 77 = 7 meters and R = 21.1 km. A similar approach
can be applied to calculate the atmospheric source energy.

Method 2. Satellite altimetry

Since the early 1990s, satellite radar altimeters have been providing mea-
surements of sea-level anomaly with accuracy of ~1 cm after appropriate
corrections®. Such an accuracy easily detected the surface displacements
(~150 cm) of the 2004 Indian Ocean tsunami and the 2011 Japanese
tsunami’®*' but had not observed a volcanic tsunami yet. For volcanic
tsunami, the sea-surface measurements are different from the ocean bottom
pressure,

n 0
Pb:Pu+/ gpdz%Pu+f1gp+/ gpdz ®
—h —h

where P, is the total pressure at ocean bottom and P, is the air pressure at sea
surface, while # is the sea-level anomaly being measured by satellite

altimeters. At the mean sea level, Eq. (8) gives the IB formulation of
1 = —p,/gp, where p, is the air-pressure anomaly. As the air-pressure wave
(or ]amb wave) could not be ignored in the volcanic tsunami, the altimetry
measurements should be in the form of #A70 = —»* + #°, where #* =
p,/gp and #° are the atmospheric and oceanic tsunami, respectively.

For the Tonga volcanic tsunami, we have examined all possible satellite
altimetry measurements that might have detected the surface displacement
of the tsunamis and identified several passes which had the opportunity to
capture the tsunamis (Fig. 4a). We processed the data to compare with the
model by co-locating the satellite passes with the model in time and location.
The SARAL/ALtiKa (Satellite with ARgos and ALtiKa), a joint mission
between the Indian Space Agency and the French Space Agency (CNES)
launched on February 25, 2013, belongs to the global altimetry system for
the precise and accurate observations of ocean circulation and sea-surface
elevation (https://altika-saral.cnes.fr/en/SARAL/GP_mission.htm). Jason-3
and Sentinel-6 Michael Freilich (S6A) are joint missions between NASA,
NOAA, EUMETSAT, ESA and CNES. They were launched on 17 January
2016, and 21 November 2020, respectively, with the objective of providing
high-precision measurements of global sea-level for climate studies (https://
sealevel jpl.nasa.gov).

We found that the AltiKa satellite captured the near-field tsunami,
~38 minutes after the eruption, while the S6A and Jason-3 satellites in
30 seconds apart crossed the tsunami through the post-erupted volcano
center, 5 hours after the eruption. We used tsunami travel times to isolate the
tsunami signals from ocean dynamic features because altimetry data has
both tsunami and ocean dynamic features, while the model only has the
tsunami result.

We have used a cycle-differentiating method by comparing before and
after-cycles of the altimetry passes, as shown in Fig. 4b for the S6A data as an
example. In the ocean between 50°S and 60°S large ocean eddies are gen-
erated and interact with the fronts of the Antarctic Circumpolar Current,
making detection of the tsunami signal difficult. The repeat cycle for these
missions is 10 days between successive identical orbits. Because the eddies
and fronts in the ocean move slowly over a period of 10-20 days®, while
tsunamis travel much faster. This speed difference helps identifying the
tsunami fronts. Figure 4c shows the difference around the location of 53 °S,
where the tsunami propagates according to the travel time, cycle 43 has an
abnormal shift in comparison with all prior and subsequent cycles. The
difference between cycle 43 and cycle 42 stands out and is consistent with the
location and amplitude of the modeled tsunami, confirming detection of the
tsunami. Similar results have been obtained for the Jason-3 data, which is
not shown here.

Note that AltiKa operated on a drifting cycle and did not follow the
same orbit every 10 days; therefore, the cycle-differentiating is ineffective. As
aresult, the procedure for removing ocean dynamic signals within a 10-day
window was not applied to the AltiKa data. This is why significant ocean
dynamic signals within a 10-day period remained, as shown in Fig. S7a, b.
Even without the differencing technique, the AltiKa sea surface shows good
agreement with the model data. With the cycle-differentiating, we have
processed the S6A and Jason-3 data. The S6A and Jason-3 were on the same
pass, but in 30 seconds apart. Fig. S8c, d shows the pass 186 (descending),
which was determined over the volcano after 5 hours of the eruption and
then observed the tsunami front in the Southern Ocean at latitude of 53 °S.
Comparing the two satellites data with model (Supplementary Fig. S7¢)
shows the agreement of two prominent features: One at the volcano location
(~20°S) and the other at the estimated tsunami travel time in the Southern
Ocean (~53 °S). The high waves at the volcano area suggest the resonance
waves were still active after 5 hours of the eruption, while the tsunami front
in the Southern Ocean indicates the strength of the tsunami propagating to
the southeast direction.

Code availability
All figures were created with the Matlab software (https://www.mathworks.
com/products/matlab.html), a licensed software to JPL.
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Data availability

All data used in this study are publicly available. Satellite altimetry AltiKa
and SA6 and Jason-3 data from https://podaac.jpl.nasa.gov/dataset/.
DART data from https://www.ndbc.noaa.gov/obs.shtml?lat=13&lon=
—173&zoom=2&pgm=tsunami. Air-pressure and ide-gauge data from
http://www.bom.gov.au/pacific/, https://www.ioc-sealevelmonitoring.org/
and https://www.met.gov.fj/.
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