
728  |  Nature  |  Vol 609  |  22 September 2022

Article

Diverse tsunamigenesis triggered by the 
Hunga Tonga-Hunga Ha’apai eruption

Patrick Lynett1 ✉, Maile McCann1, Zili Zhou1, Willington Renteria1, Jose Borrero1,2, 
Dougal Greer2, Ofa Fa’anunu3, Cyprien Bosserelle4, Bruce Jaffe5, SeanPaul La Selle5, 
Andrew Ritchie5, Alexander Snyder5, Brandon Nasr5, Jacqueline Bott6, Nicholas Graehl6, 
Costas Synolakis1, Behzad Ebrahimi1 & Gizem Ezgi Cinar1

On the evening of 15 January 2022, the Hunga Tonga-Hunga Ha’apai volcano1 
unleashed a violent underwater eruption, blanketing the surrounding land masses in 
ash and debris2,3. The eruption generated tsunamis observed around the world. An 
event of this type last occurred in 1883 during the eruption of Krakatau4, and thus we 
have the first observations of a tsunami from a large emergent volcanic eruption 
captured with modern instrumentation. Here we show that the explosive eruption 
generated waves through multiple mechanisms, including: (1) air–sea coupling with 
the initial and powerful shock wave radiating out from the explosion in the immediate 
vicinity of the eruption; (2) collapse of the water cavity created by the underwater 
explosion; and (3) air–sea coupling with the air-pressure pulse that circled the Earth 
several times, leading to a global tsunami. In the near field, tsunami impacts are 
strongly controlled by the water-cavity source whereas the far-field tsunami, which 
was unusually persistent, can be largely described by the air-pressure pulse 
mechanism. Catastrophic damage in some harbours in the far field was averted by just 
tens of centimetres, implying that a modest sea level rise combined with a future, 
similar event would lead to a step-function increase in impacts on infrastructure. 
Piecing together the complexity of this event has broad implications for 
coastal hazards in similar geophysical settings, suggesting a currently neglected 
source of global tsunamis.

The Kingdom of Tonga consists of hundreds of islands spanning 800 km 
from north to south. The archipelago lies along the Tonga–Kermadec 
Ridge, a submarine mountain range astride the most seismically active 
subduction boundary on Earth, thus sustaining a high rate of submarine 
volcanoes5. The Hunga Tonga-Hunga Ha’apai volcano (herein referred 
to as Hunga Tonga) is one of a number of active volcanoes in the area6,7 
and began an active phase in late 2021. Owing to intermittent erup-
tions between 29 December 2021 and 4 January 2022, the emergent 
land area at Hunga Tonga increased from approximately 3 km2 in early 
December to 5 km2 in January, as pictured in Fig. 1a,b. After several 
days of decreased activity, the submarine volcano unleashed a series 
of intense, explosive eruptions starting near 04:15 UTC (17:15 local 
time) on 15 January 2022 (refs. 3,8). Nearly 5 km2 of land area vanished, 
leaving behind two small islands. Satellite photographs demonstrating 
these notable changes are shown in Fig. 1a,b. The eruption generated 
a global tsunami9, a phenomenon last observed nearly 140 years ago.

On 27 August 1883, the Krakatau volcano in the Sunda Strait between 
Java and Sumatra produced four explosive eruptions over 5 h gener-
ating a series of tsunami waves, causing the destruction of hundreds 
of towns and villages and killing at least 36,000 people4,10,11. Sea level 
disturbances observed in the far field were due to coupling of the sea 

surface and air-pressure pulses generated from the great explosion of 
Krakatau12. The tsunami was recorded by notably distant tidal gauges, 
such as that at the Gulf of Aden 11,000 km away from the source13.

The complex and globally observed tsunamis generated by Krakatau 
in 1883 are analogous to those caused by Hunga Tonga, because the 
former’s explosive eruption generated tsunamis recorded throughout 
the world’s oceans. In this paper, through analysis of instrumental data, 
satellite imagery, post-event surveys and detailed hindcast modelling, 
we show that, similar to the 1883 Krakatau event, the Hunga Tonga erup-
tion generated tsunamis through different mechanisms occurring at 
distinct times. We also discuss global observations and impacts of this 
event, the source mechanisms of the tsunami waves and our efforts to 
resolve the mechanics of generation through numerical modelling.

Tsunami observations and impacts
We first examined eye-witness accounts and observed impacts from 
the tsunami, starting from locations nearest to the source. Owing to 
travel restrictions in Tonga associated with the COVID-19 pandemic, no 
comprehensive surveys of tsunami run-up or inundation extents were 
completed although such efforts are presently under way. Therefore, 
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we rely on eye-witness accounts and scant quantitative data provided 
by local investigators. For example, a weather station positioned on a 
mobile phone tower with base at a ground elevation of approximately 
13 m above sea level was destroyed by the tsunami in Kanokupolu, a 
town in western Tongatapu. This station observed the onset of the 
eruption and reported data until 05:00 UTC (18:00 local time). Three 
days after the tsunami, a site visit showed that the tower had been top-
pled and transported approximately 20 m from its original location, 
suggesting tsunami flow elevations significantly more than 13 m above 
mean sea level.

Photographs and videos taken at a beach resort in Ha’atafu, also in 
western Tongatapu, demonstrate the scale of the destruction in the 
near field. The resort, situated at an estimated elevation of 5–10 m 
above mean sea level, was demolished. Built structures were reduced 
to their foundations and the original densely vegetated coastal forest 
was stripped to bare earth (Fig. 2). Eye-witness accounts from Ha’atafu 
indicate that an early wave arrived roughly 10 min before the primary 
tsunami and before the residents heard the largest explosions from 
the erupting volcano. The precursor wave is substantiated by a small 
signal on the Tongatapu tide gauge, which arrived too early, based 
on well-established tsunami celerity models14, to be a product of an 
eruption at 04:15 UTC. This smaller tsunami fortuitously acted as a 
warning and prompted initial evacuations in Tongatapu, probably 
averting loss of life. At the Tongan capital of Nuku’alofa, located on 
the more protected northern coast of Tongatapu, much lower tsunami 
flow elevations of less than 5 m above mean sea level were observed.

New Zealand’s array of deep-ocean assessment and reporting of tsu-
namis (DART) tsunameters15 recorded tsunamis along the Tonga–Ker-
madec trench and to the west in the Coral Sea. From the initial wave, the 
sensors recorded peak-to-trough (P2T) heights of approximately 35 cm 
and wave periods of 10–40 min. Approximately 90 min later, the high-
est positive amplitude of just over 20 cm was recorded during a burst 
of relatively short (3–5 min) waves (see Methods for spectral analysis).

Coastal tide gauges around New Zealand, primarily in harbours, also 
clearly recorded the tsunami. However, the signal at some stations 
was complicated by the presence of storm waves due to post-tropical 
cyclone Cody, which was simultaneously affecting the region. Measured 
tsunami amplitudes ranged from 20 to 80 cm, with a peak positive 
amplitude of 1.3 m measured at Great Barrier Island off Auckland’s 
east coast. The small marina at Tutukaka on the north-east coast of 
New Zealand is a well-known tsunami ‘hotspot’16 and incurred severe 
damage during this event. Strong tsunami-induced currents entered 
and exited the marina through a narrow entrance between two break-
waters, causing damage to floating docks, tearing vessels from their 
moorings and leading to numerous collisions. Around New Zealand, 
bays and harbours prone to long-wave resonance were activated by the 

surges, with Wellington harbour in particular showing a long-lasting 
resonant signal at its fundamental modes17,18 (Extended Data Fig. 1).

In the far field, tsunami impacts were observed and recorded by the 
authors at Ventura harbour, United States during the day on 15 January 
2022. The leading crest of the air-pressure pulse arrived in Ventura at 
11:54 UTC (03:54 local time), or 7.65 h after the explosion, and shortly 
thereafter initial oscillations in the harbour were detected. Larger waves 
started to arrive near 15:30 UTC (07:30 local time), with the peak inten-
sity of the waves and associated damage observed in the late morning 
to afternoon on 15 January. Throughout the next 30 h, the tide gauge 
in the inner harbour recorded continuous tsunami amplitudes of at 
least ±0.6 m, with the largest P2T heights of 1.8–2.4 m.

Observations of currents exiting Ventura harbour show that their 
speed increased as the tide receded, peaking at 21:00–23:00 UTC 
(13:00–15:00 local time), corresponding to lower tidal elevations. Most 
of the damage to fixed infrastructure occurred at low tide (22:51 UTC), 
or 11 h after the initial waves reached the harbour. Strong and swirling 
currents19 destroyed three major docks, including a 27 m section of dock 
attached to four pilings, a commercial dock holding multiple slips and 
a 9 m residential dock. Additionally, a total of 23 residential floating 
dock ramps were lifted from supports and carried out by the currents.

Farther north, in Santa Cruz harbour, USA, waves were first observed 
at 15:00 UTC (07:00 local time). The seventh tsunami crest after this 
time was the largest, arriving near high tide at 16:50 UTC (08:50 local 
time). This surge flooded parking lots and damaged vehicles, docks, 
bathrooms, dredging equipment and other infrastructure around the 
harbour. This damage was mainly the result of flooding of on-land facili-
ties, which differs from the in-water infrastructure impacts experienced 
in Ventura harbour. However, during the highest-elevation tsunami 
crest, floating docks in the rear of Santa Cruz harbour were less than 
30 cm from the tops of the piles, implying that a similar event at a slightly 
higher tide or sea level would have led to widespread destruction in the 
harbour. Maximum tsunami run-up at the harbour and nearby beaches 
was estimated by well-preserved wrack lines of plant material and drift-
wood, measured with survey-grade global positioning system receivers. 
At Santa Cruz harbour the highest run-up was 3.97 m above mean lower 
low water (MLLW), or 2.22 m above the predicted high tide20. At beaches 
along Monterey Bay 10 and 13 km south-east of Santa Cruz harbour, 
tsunami run-up markers were surveyed at 3.71 and 4.28 m above MLLW.

In South America, widespread tsunami amplitudes of approximately 
1 m were observed. Some coastal locations (Puerto Ayora, Ecuador; 
Callao, Peru; Arica, Chile; Coquimbo, Chile) experienced persistent sea 
level perturbations for more than 24 h. According to Peru’s National 
Institute of Civil Defense, two people died because of the tsunami at 
Naylamp beach in Lambayeque District21. At Callao the first tsunami 
crest, probably generated by the air-pressure pulse, arrived around 
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Fig. 1 | Changes in land area of Hunga Tonga before and after the eruption. 
a–c, Satellite imagery from before the recent active phase on 6 November 2020 
(a), during the active phase but before the eruption on 6 January 2022 (b) and 
on 17 January 2022 after the eruption (c). Shoreline boundaries are denoted by 
blue (a), red (b) and yellow (c) dashed lines. The location of the Hunga Tonga 

volcano is represented by the red triangle on the globe inset in a. Original 
satellite imagery was sourced from Google Earth/Maxar Technologies (a,c) and 
from Getty/Maxar Technologies (b), with similar imagery provided by 
UNOSAT41; global bathymetry data were sourced from GEBCO42. Land area was 
calculated from the imagery, using edge detection to determine land borders43.
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14:30 UTC (09:30 local time); the main, hazardous waves arrived 5 h 
later. In the nearby La Pampilla oil terminal the oil tanker vessel Mare 
Doricum reported the breaking of mooring ropes, which led to an oil 
release of approximately 6,000 barrels. By international standards, 
this is classified as a large oil spill22.

Pressure observations
In explosive eruptions of large volcanoes such as the Hunga Tonga 
event, tsunami generation occurs through two air–sea coupling 
stages23. The first stage is immediately after the initial explosive erup-
tion, when a high Mach number shock wave radiates away from the 
volcano. For an eruption energy in the range of 4–18 megatons of TNT 
(1.6 × 1016 – 7.5 × 1016 J), the shock wave would have travelled 2.9–4.8 km 
from the source before transitioning from a supersonic shock to a sonic 
wave, with initial Mach number greater than 6.0 and peak explosive 
pressure of more than 3,000 kPa (ref. 24). Thus, for the Hunga Tonga 
eruption, the transition from shock wave to sonic wave would have 
occurred in just a few seconds following the eruption. The sonic wave 
continued its propagation away from the volcano at the speed of sound, 
reaching Tongatapu just over 3 min after the eruption.

Through a complex process driven by explosion and 
shock-wave-generated pressure, temperature and density gradients, 
a stable Lamb wave25,26 (herein stated as the air-pressure pulse) radiates 
out from the source through the lower atmosphere27,28. This wave forms 
into a leading positive-pressure crest and a trailing negative-pressure 
trough, known as an N-wave29. The moving pressure adds momentum 
to the ocean surface through a pressure-gradient forcing that pushes 
the ocean surface in the direction of the positive-pressure gradient30. 
Following the Hunga Tonga eruption, the pressure pulse was captured 
on weather station pressure sensors around the world31 and was respon-
sible for generating the far-field tsunami observed throughout the 
Pacific.

We developed an N-wave model for the evolution of the air-pressure 
pulse to recreate this tsunami generation mechanism. We calibrated 
this model using observational data from 143 weather stations through-
out the Pacific, as summarized in Fig. 3 and discussed in detail in the 
Methods. The model accurately captures the arrival time, amplitude 
and shape of the air-pressure pulse, from the nearest pressure observa-
tion in Tongatapu to far-field locations in Japan and the United States. 
We emphasize that this model predicts the air-pressure pulse and not 
the early-time shock wave.
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Fig. 2 | Tsunami impacts on the island of Tongatapu, Tonga. a, Locations of 
the volcano (red triangle), the main islands of Tongatapu and ‘Eua to the south, 
photographs taken in the town of Ha’atafu (red circle), and the Nuku’alofa tide 
gauge (red star) overlaid on the seafloor elevation map. b, Photograph of the 
Ha’atafu area before the tsunami, showing the lush vegetation typical of this 
area. c,d, Images from Ha’atafu after the tsunami showing a beachfront 

stripped of vegetation (c) and the foundations of a washed-away structure (d). 
Map data are a blend of GEBCO42, nautical charts, light detection and ranging 
(LiDAR) topography, multi-beam bathymetry data, offshore surveys and 
hand-digitized data, as described in the Methods and plotted in Generic 
Mapping Tools. The photograph in b was taken by the authors, and those in c,d 
were provided to the authors by local residents.
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Tsunami modelling and discussion
Tsunamis were generated through three different mechanisms related 
to the explosive eruption near 04:15 UTC: (1) air–sea coupling with the 
early-time shock wave, (2) waves generated by the equilibrium response 
to the water cavity generated by the explosion and (3) air–sea coupling 
with the global air-pressure pulse. During volcanic eruptions, tsunamis 
may also be generated by submarine landslides, flank collapse, caldera 
collapse, pyroclastic density flows or submarine jets23,32,33; our focus here 
is on waves generated by the large initial explosion. We performed the 
tsunami simulation using a highly nonlinear dispersive water wave code34, 
as described in Methods. We remark here that, because of the widespread 
and energetic 3–5-min period when waves were observed in the DART tsu-
nami data (Extended Data Fig. 1), the use of a dispersive model is necessary 
to properly capture water wave propagation. Figure 4 summarizes the 
simulation results, and additional comparisons are provided in Methods.

The water level observation most challenging to explain is the meas-
urement nearest to the source—the tide gauge at Nuku’alofa, Tonga, 
approximately 65 km from the volcano. The shock wave and cavity source 
in our model can recreate the tide signal starting at 0.4 h (around 25 min) 
after the eruption. It is physically impossible for a water wave to arrive at 
the tide station earlier than this time if generated by the explosive erup-
tion at 04:15 UTC. However, the tide station data at Nuku’alofa shows a 
series of relatively small-amplitude waves arriving just 10 min after the 
eruption. These early waves would have arrived on the western-facing 
beaches of north-west Tongatapu immediately before or during the 04:15 

UTC eruption and three or more minutes before residents would have 
heard the explosion, which is consistent with eye-witness accounts at this 
location. Thus, we can confidently state that there was a small tsunami 
source before the main eruption. Whereas the available water level data 
for this precursor tsunami are too limited for precise description of the 
source, it is plausible that the tsunami was generated by an earlier minor 
eruption and/or a submarine mass movement occurring between 04:00 
and 04:05 UTC which, in turn, may have destabilized the caldera and led 
to the explosive eruption 10 min later.

Further from the volcano, the tsunami generated by the air-pressure 
pulse is significant in the DART data. Whereas the physics of tsunami-
genesis by a moving pressure pulse are well understood35,36, the wave 
field nonetheless becomes highly complex. Using weather station 
observations and satellite imagery (Methods and Extended Data 
Fig. 2), we calculate the speed of the pressure crest, or the celerity, 
to be 311 ± 20 m s−1 at locations in the far field, with variability in this 
speed depending on direction of propagation but in agreement with 
theory35. At this speed, the air-pressure pulse moves faster than the 
tsunami in all depths less than 9.9 km. At a depth of 9.9 km the speed 
of the pressure pulse and that of the tsunami match, a phenomenon 
known as Proudman resonance37 occurs and the amplitude of the tsu-
nami grows rapidly. Whereas a speed match represents the optimal 
conditions for maximization of tsunami height, the amplitude of the 
tsunami generated by the air-pressure pulse will increase as speed 
match is approached38. For example, the air-pressure pulse creates a 
tsunami of greater height in 5 km of water than in 1 km, even though 
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Fig. 3 | Meteorological and oceanographic data locations, and model–data 
pressure comparisons. a, Geographic locations of the 143 weather stations 
used to calibrate the pressure pulse model (white dots), the deep-sea DART 
sensors used to validate the tsunami model (red dots, with name labels) and the 
Hunga Tonga volcano (yellow triangle). b–f, Observed (blue line) and modelled 
(red dashed line) pressure pulse signals (in hPa; 1 hPa = 1 mb) for Los Angeles 
(b), Kwajalein, Marshall Islands (c), Levuka, Fiji (d), Nuka’alofa, Tonga (e) and 

Chertsey, New Zealand (f). Additional model–data pressure comparisons are 
given in Extended Data Fig. 4. Pressure data provided by the National Oceanic 
and Atmospheric Association (NOAA), the Japan Meteorological Agency, the 
Fiji Meteorological Service and the Tonga Meteorological Service. Global 
bathymetry data were sourced from GEBCO42, and the map was plotted in 
MATLAB.
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Proudman resonance is never reached. This effect was clearly observed 
during the Hunga Tonga eruption. As the air-pressure pulse passed over 
the Tonga–Kermadec Trench, with widespread water depths of more 
than 9 km, the amplitude of the tsunami rapidly increased sending an 
energetic beam of energy towards the Americas. The air-pressure pulse 
then outran the tsunami it generated over the trench, leaving behind 
a slower-moving 'free' gravity-wave tsunami and continuing to gener-
ate small wave disturbances while passing over irregular bathymetry.

In the South Pacific, as observed by DART stations NZD, NZG and 51425 
(Fig. 4), the tsunami signal is composed of (1) the 'pressure-forced' tsunami 
carried by the air-pressure pulse arriving first, (2) the free tsunami gener-
ated by the air-pressure pulse earlier in the event with periods of 10–25 min 
and (3) short waves generated by the cavity collapse and/or possibly other 
complex sources at the volcano, with periods of 3–5 min. Tsunami types 
2 and 3 arrive tens of minutes to hours after that of 1. We note that, for the 
tsunami associated with 1, the DART sensor, which is an ocean bottom pres-
sure recorder, measures both pressure from the amplitude of the tsunami 

and the air pressure acting on it. This implies that, during these events, the 
type of water level sensor (that is, bottom pressure sensor versus surface 
float or surface radar) will yield different estimates of water level, because 
some will capture the air pressure and some will not.

In Hawaii (and DART station 51407) the air-pressure pulse arrived 
approximately 4.5 h after the eruption, followed by the main tsunami, 
composed primarily of waves generated earlier by the pressure pulse 
when passing through the Central Pacific Basin, at 7 h after the eruption. 
In the East Pacific, the passing of the air-pressure pulse did not trigger 
the DART system to enter its high-frequency sampling mode at stations 
32413 and 32402. This mode did not activate until the larger free tsu-
nami, created as the pressure pulse passed over the Kermadec Trench, 
arrived 3–4 h later. A similar situation is found along the west coast of 
North America, where minor waves from the passage of the pressure 
pulse were predicted and observed around 12:00 UTC, with larger waves 
arriving hours later at 15:00 UTC. As the air-pressure pulse passed over 
the deep-water subduction zone trenches of the Pacific Ocean, the 

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Time (h) since main eruption (04:15 GMT)

–2

–1

0

1

Ti
d

e 
el

ev
at

io
n 

(m
)

h

a b

c

Observation at Nuku'alofa tide station
Model at Nuku'alofa tide station

0 1 2 3 4 5
Time (h) since main eruption (04:15 GMT)

–0.1

0

0.1

0.2

D
A

R
T 

el
ev

at
io

n 
(m

)

e
Observation at DART NZD
Model at DART NZD

0 1 2 3 4 5
–0.1

0

0.1

0.2

D
A

R
T 

el
ev

at
io

n 
(m

)

d
Observation at DART 51425
Model at DART 51425

8 10 12 14 16 18 20
Time (h) since main eruption (04:15 GMT)

–0.05

0

0.05

0.10

0.15

D
A

R
T 

el
ev

at
io

n 
(m

)g Observation at DART 32402
Model at DART 32402

8 10 12 14 16 18 20

–0.05

0

0.05

0.10

D
A

R
T 

el
ev

at
io

n 
(m

)f Observation at DART 32413
Model at DART 32413

Fig. 4 | Tsunami evolution throughout the Pacific Ocean. a–c, Summary of 
simulation results from the highly nonlinear dispersive water wave model we 
used to recreate the tsunamis generated by this event. The wave field in the 
Pacific is shown at three different times on the globes at 1 h post eruption (05:15 
UTC) (a), 4 h post eruption (08:15 UTC) (b) and 8 h post eruption (12:15 UTC) (c). 
In each of these plots, the crest location of the pressure pulse is given by the 
magenta line; note how in c the pressure pulse, crossing into North America, 
has far outrun the main tsunami it generated earlier, which at this time has just 

passed through Hawaii. d–h, Model–data comparisons are given in the time 
series plots at DART stations 51425 (d), NZD (e), 32413 (f) and 32402 (g) 
(locations given in Fig. 3), as well as at the Nuku’alofa tide station (h; location 
given in Fig. 2). In the DART comparisons, the red line represents modelled 
ocean surface elevation including the pressure head from the pressure pulse, 
and the blue line represents the observed data. Additional model–data tsunami 
comparisons are given in Extended Data Figs. 5 and 6, and data sources are 
described in the Methods. Globe map plotted in MATLAB.
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Proudman resonance effect was activated, inducing a phenomenon 
where every major trench in the Pacific Basin effectively generated a 
small tsunami, with crest length equal to that of the trench. The result 
was tsunami energy generated from the entire extent of the Pacific Rim 
over the course of 12 h, leaving the Pacific Ocean filled with tsunamis 
travelling in all directions and causing the unique persistence of this 
event observed along coastlines and harbours throughout the Pacific.

In summary, we have demonstrated that the explosive eruption of the 
Hunga Tonga volcano generated tsunamis through different mecha-
nisms, at different times and across a wide range of scales. Tsunami dam-
age in the near field was severe, whereas far-field impacts were similar 
to those experienced during recent great earthquakes17,39,40. Presently, 
tsunami hazard studies used for emergency planning, mitigation efforts 
and infrastructure design do not commonly consider volcanic source 
tsunamis. Understanding the Hunga Tonga event has broad implica-
tions for these studies, particularly for maritime and near-shoreline 
infrastructure under threat of sea level rise, where global tsunamis 
from large volcanic eruptions are currently neglected.
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Methods

Water level time series processing and spectral analyses
The New Zealand tide gauge data were obtained from the GeoNet pro-
gramme of New Zealand’s Institute of Geological and Nuclear Science. 
The GeoNet stations are referred to by a four-letter code, such as AUCT 
for Auckland. We downloaded the 1 Hz LTT dataset, which is provided 
with the tide signal removed from a publicly accessible file transfer 
protocol (FTP) server. We then processed the 1 Hz data by despiking 
using the rmoutliers function in Matlab, which removed any outliers 
more than four standard deviations from the mean of a 100-element 
moving window. A high-pass filter was applied with a cut-off of 250 min 
to remove any residual tidal components.

Deep-water tsunami data were obtained from NOAA’s array of DART 
tsunameters deployed throughout the Pacific Ocean, and from the 
New Zealand DART array. When in normal operation, DART gauges 
sample every 15 min but when they are triggered, on detection of an 
event, the sampling rate is increased to 15 s. Only 15 s data were used in 
this analysis. Spikes were identified using the rmoutliers routine44 and 
subsequently removed by manual inspection. A subsequent high-pass 
filter was applied with a cut-off of 250 min to remove any residual tidal 
components. For both tide station and DART data, application of the 
outlier threshold, and low- and high-pass cut-off periods, yielded a clean 
signal with a consistent division between tide and tsunami periods.

Continuous wavelet transform (CWT) follows the evolution of the fre-
quency content of sea level records over the duration of tsunami events. 
It performs a similar function to that of short-term Fourier transform 
in that it can be used to analyse time series containing non-stationary 
power at many different frequencies, as is the case here where dominant 
observed frequencies are dependent on the interaction between the 
incoming tsunami and resonant frequencies of the receiving environ-
ment. CWTs were undertaken using the Matlab cwt routine using a Mor-
let wavelet, because it is complex and therefore useful for identification 
of changes in frequency components over time. It is also a wavelet that 
has moderate width in both the time and frequency domain, allow-
ing for reasonable resolution in both dimensions45. The results of this 
analysis produce highly redundant, but informative, spectrograms of 
sea level time series.

Example time series plots of GeoNet and DART data are shown in 
Extended Data Fig. 1 for Wellington harbour tide station and the NZG 
DART sensor. The Wellington harbour data are an excellent example 
of the persistence of this event, with tsunami impacts observed in the 
harbour for more than 30 h after the arrival of the initial waves. The 
CWT also shows energy banding in the resonance modes of the harbour 
at periods of 25 and 160 min. The NZG DART is the closest deep-water 
sensor to the source. From the CWT, the arrival of the leading waves, 
with periods of 10–40 min, is followed by a packet of much shorter 
wave energy, with periods of less than 5 min.

Pressure time series processing
The 134 unique pressure time series were sourced from the following 
authorities. All pressures from the United States were collected from 
NOAA's National Data Buoy Center and were sampled at 6 min46. Data 
from Japan were collected from the Japan Meteorological Agency and 
had 10 min sampling47. Fiji pressure data were collected from the Fiji 
Meteorological Service and were sampled at 10 min48. Tonga data were 
collected from the Nomuka and Nuku’alofa all-weather stations and 
were sampled every 10 min. All pressure time series were collected 
starting on 15 January at 00:00 UTC until 16 January at 23:59 UTC.

Distances from the explosion were calculated as Euclidean 'as the 
crow flies' distance (in kilometres) from the weather station to the 
location of Hunga Tonga island (−20.536000, −175.382000) using the 
Haversine equation implemented in Python, which assumes a spheri-
cal Earth and ignores ellipsoid effects. Distances were calculated in 
kilometres, rounded to the nearest 0.1 m.

Pressure was first normalized to the first pressure reading of the time 
series, to capture change in pressure in contrast to background pres-
sure, thereby standardizing comparisons across pressure gauges. Each 
time series was high-pass filtered utilizing the MATLAB built-in highpass 
function with a steepness coefficient of 0.99, defining the transition 
width of the filter as 0.01-fold stopband frequency. For all time series 
the stopband frequency was set at 1/2 × 104 Hz, or approximately 1/5 h−1. 
The filtered signal demonstrated the pressure pulse uncoupled with 
standard fluctuations in atmospheric pressure at each gauge. Subse-
quently, the pressure time series was interpolated onto a 10 s time grid 
over the 48 h sampling period using a cubic spline interpolation, with 
the time of explosion (04:15 UTC) as the reference time.

The leading pressure pulse was determined by creating a user-defined 
search window ±1 h from the estimated time of arrival. For example, the 
Fiji pressure data search window was between 1 and 3 h post-eruption 
because the pressure pulses in Fiji arrived approximately 2 h after the 
eruption. Once the leading pressure pulse was established, the MATLAB 
built-in minimum and maximum functions were applied to determine 
the amplitude of the leading pressure pulse and subsequent trough, 
as well as the corresponding time of arrival for each value and pulse 
duration. The duration of the positive leading pulse is defined as the 
time between pressure readings of 20% of the maximum pressure of 
the pulse; for example, if the pulse has a peak pressure of 1 hPa, the 
duration would be calculated as the time from when the pulse ampli-
tude increases by more than 0.2 hPa to when it decreases by less than 
0.2 hPa. For each time series, the following values were recorded: (1) 
pulse and trough amplitude normalized to individual pressure gauge, 
(2) pulse and trough arrival time in seconds since the explosion and (3) 
pulse duration in seconds.

GOES-17 satellite image processing
As recorded immediately after the eruption49, the pressure pulse was 
detected in GOES-17 imagery. The GOES-17 satellite provides infrared 
imagery covering the Pacific Ocean at intervals of 10 min. Here we use 
the baseline imagery in Band 13 (10.18–10.48 μm, Clean IR Longwave 
Window) from 15 January 04:00–16:00 UTC. Data are retrieved from 
the Amazon Web Services GOES-17 portal50. Note that all data created 
and scripts used to perform this analysis can be found in the open data 
repository associated with this paper.

To extract the pressure pulse signal from GOES imagery, each image 
is first converted from the given image coordinates into geographic 
coordinates. Next, for each pixel in the image, a distance (in kilome-
tres) and azimuth angle from the volcano source are calculated using 
the techniques described in the previous section. The image data are 
transformed into a two-column dataset, with one column the radial 
distance from the source and the second the image intensity. The data 
are sorted by distance, and window-averaged over a 5 km window.

From inspection of the imagery it is evident that the pressure pulse sig-
nal has a relatively commonplace signature in space, in terms of length 
scale and intensity, but an uncommon signature in time due because 
of its rapid speed. Thus, to extract the pressure signal we subtract a 
'background' intensity from the radial-distance-sorted data, in which 
the background intensity is defined as the average intensity at each pixel 
over a 50 min window centred at the current analysis time—for example, 
when trying to extract the pulse at a time of 05:10 UTC the images at 
04:50, 05:00, 05:10, 05:20 and 05:30 UTC are averaged to create the 
background intensity. Subtracting the background is conceptually simi-
lar to taking a time derivative of the image intensity at each image pixel 
location. Therefore it must be noted that, because the crest and trough 
of the pulse are each in the order of 20 min in duration, 10 min sampling 
will result in significant aliasing artefacts in this background-subtraction 
operation, particularly within the first 1,500 km from the source where 
the crest and trough amplitude are changing rapidly over time.

The final step in GOES-17 image processing is application of a low-pass 
filter, with a wavelength cut-off of 300 km, on the radial-sorted and 



background-subtracted image intensity data. The result is a clean pres-
sure pulse signature with signal-to-noise ratio of more than 5 up to 
9,000 km from the source. Extended Data Fig. 2 provides a time-stack 
of GOES-17-derived pressure pulse. Using a zero-crossing threshold, 
the front and rear locations of the crest of the pressure pulse at 10 min 
intervals can be readily determined and the mean crest location, found 
using an image-intensity-weighted location, can be calculated. Divid-
ing the mean crest location by the time since generation of the pulse 
yields the time-averaged crest speed, whereas differentiating the 
crest location with respect to time gives the local, instantaneous pulse 
speed, which is not dependent on generation time. The instantaneous 
crest speed is calculated to be 311 ± 20 m s−1 over the distance range 
of 2,000–9,000 km from the source, with the value following ± being 
the standard deviation of the dataset (standard deviation represents 
the scatter in celerity over this distance). Using a generation time of 
04:15 UTC, the time-averaged crest speed at a distance of 9,000 km is 
306 m s−1 (note that, at this distance, speed is controlled by the pulse 
propagation data to the east and north because the imagery does not 
cover this distance to the south and west).

We repeat this analysis with azimuthally partitioned data. We divide 
the imagery data into four bins each covering 90° of angle from the 
source, with one bin centred on each of the compass directions of east, 
south, west and north. This analysis allows us to quantify potential 
differences in speed as a function of the direction of travel away from 
the source. We find the following time-averaged crest speeds (with a 
generation time of 04:15 UTC):
•	east bin (compass angles 45–135°): 307 m s−1 at a distance of 8,000 km
•	 south bin (compass angles 135–225°): 317 m s−1 at a distance of 

8,000 km
•	west bin (compass angles 225–315°): 309 m s−1 at a distance of 5,500 km
•	north bin (compass angles 315–45°): 306 m s−1 at a distance of 

8,000 km
and instantaneous crest speeds (celerity):
•	east bin (compass angles 45–135°): 313 ± 22 m s–1 
•	 south bin (compass angles 135–225°): 327 ± 48 m s−1

•	west bin (compass angles 225–315°): 317 ± 27 m s−1

•	north bin (compass angles 315–45°): 312 ± 25 m s−1

where instantaneous crest speeds in the east, south and north bins are 
calculated over the distance range 2,000–8,000 km, and in the west bin 
at 2,000–5,500 km from the source. There is a statistically significant 
directional dependence on the speed of the pressure pulse, suggest-
ing that different pulse speeds would be found with different regional 
datasets. Finally we note, from inspection of Extended Data Fig. 2, that 
additional wave modes (gravity and other acoustic modes) are present 
at early times and close distances to the source.

Air-pressure pulse model
To capture the propagation of the air-pressure pulse across the Pacific 
Ocean we developed an empirical pressure pulse evolution model. The 
general form of the air-pressure N-wave model is:

P r t p p( , ) = × e − × eθ θ
crest

−
trough

−crest trough

where P is the time and space-varying function of air pressure (Pa), r is 
the distance from the volcano source (m), t is the time post eruption (s), 
pcrest and ptrough are the time-dependent amplitude of the leading pres-
sure crest and trailing pressure trough, respectively (Pa) and θcrest and 
θtrough are the square of the time- and space-dependent phase function 
of the pressure crest and pressure trough, respectively.

To determine the empirical relationship for crest and trough ampli-
tude, we performed a statistical analysis on the 134 weather station 
pressure observations throughout the globe. For each observation 
we determined crest amplitude, trough amplitude, crest arrival time 
and trough arrival time. Through minimization of error between 
observation and empirical fit, we find the following relations:
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where ccrest is the time-averaged wave speed of the crest at time t (m s−1), 
ccrest is the time-averaged wave speed of the trough at time t (m s−1), 
R c t= ×c crest  is the radial distance the crest has travelled at time t (m) 
and R c t= ×t trough  is the radial distance the trough has travelled at time 
t (m).

These trends, as well as the observed data, are shown in Extended 
Data Fig. 3. Note that with the assumption of a pressure pulse generation 
time of 04:15 UTC, to match the observed arrival time of the pressure 
crest in the near field the time-averaged crest speed must be increas-
ing in time in the near field. There is no generation time that yields a 
constant pulse celerity in the near field, as dictated by the Tonga and 
Fiji observation data. For example, the Tongatapu (68 km from the 
volcano) pressure pulse crest arrives at 04:25 UTC whereas in Ono-i-Lau, 
Fiji (350 km from the volcano) and Nadarivatu, Fiji (760 km from the 
volcano) the pressure crest arrives at 04:48 and 05:15 UTC, respectively. 
Then, assuming that the pressure pulse is generated at the volcano and 
using a constant celerity of 311 m s−1, the Tongatapu data would suggest 
a generation time of 04:21 UTC whereas the Fiji data would imply a 
generation time of 04:29 UTC from the Ono-i-Lau data and 04:34 UTC 
from the Nadarivatu data. Because the pulse crest cannot be generated 
later than 04:25 UTC (because it was observed at this time), the celerity 
of the pressure pulse in the immediate near field must be increasing in 
time. Assuming radial symmetry, the average speed of the pulse crest 
between the Tongatapu and Ono-i-Lau radial distances is 204 m s−1 
whereas that between Ono-i-Lau and Nadarivatu is 253 m s−1. The appar-
ent pressure pulse celerity variation in the near field, as implied by the 
surface pressure data, may be due to both transient-generation effects 
and the superposition of different modes and frequencies. Finally, we 
remark that the crest pressure expression includes the tanh function, 
which acts to reduce the amplitude of the positive-pressure pulse near 
to the source. This is a required modification and is indicated by the 
pressure data measured in Tonga and Fiji.

With these data-fitted trends, the square of the phase function is 

given as ( )θ =
r R

Lcrest
−

0.75 ×

2
c

c
 and ( )θ =

r R
Ltrough

−
0.75 ×

2
t

t
, where Lc and Lt are 

the time-dependent length scales of the crest and trough, respectively. 
These length scales are calculated as the product of the speed and 
period of the crest and trough. Here, we attempted to determine the 
period of these pulses using a statistical analysis of the time series but 
found that the scatter in these observed periods was extremely large, 
due mainly to the transient nature of the pressure pulse and noise in 
the pressure observations at similar periods to the pulse. Thus, we use 
the data trends as a guidance but tune the period calculations based 
on an error minimization between the predicted pressure time series 
and observed pressure time series at the 134 locations. Using this pro-
cedure, we find that

T t= 2, 300 ×crest
−0.1

T t= 3, 300 ×trough
−0.1
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where both terms have units of seconds. With this pressure pulse model 
we can recreate the average behaviour of the pulse throughout the 
Pacific, away from the immediate near field. Various model–data com-
parisons are given in Extended Data Fig. 4. The pressure waveform is 
accurately captured by the model, including at the near-field stations. 
We note that the purpose of this model is to recreate the observed pres-
sure time series, in arrival time, period and amplitude; regardless of the 
generation time used, this matching of pressure records ensures that 
the tsunami model is forced with the observed pressure. As evident 
from the New Zealand observations, topography and local weather can 
play a second-order role in modifying the shape and arrival time of the 
waveform. In the far field, including stations in Japan and the United 
States, although model data agreement is still high the pressure pulse 
signal begins to approach the natural noise, or local pressure fluctua-
tions. Therefore, clear identification of air-pressure pulse becomes 
increasingly difficult.

Boussinesq water wave model
Tsunami propagation is simulated using Boussinesq-type equations, 
which are a depth-integrated form of Navier–Stokes equations valid for 
weakly dispersive and strongly nonlinear waves34. The Boussinesq-type 
model incurs a substantial computational cost in comparison with the 
shallow water wave equations traditionally used for tsunami predic-
tions. However, as shown by the high-frequency energy observed in 
the DART stations in the range 3–5 min, we expect that dispersion may 
play an important role in this event. In water depths up to 10 km, the 
extended Boussinesq-type equations solved by COULWAVE should 
provide excellent linear dispersion accuracy for periods over 2 min 
(ref. 51). The air-pressure pulse is coupled with the tsunami through 
a gradient-forcing term in the momentum equations52. Thus, the 
air-pressure pulse can contribute energy to the ocean but not the recip-
rocal, because the empirical form of the air-pressure model implicitly 
includes ocean coupling that occurred during the event.

Simulations are performed on three different nested grids. The first, 
or local, grid is centred on the volcano and includes the islands in its 
immediate vicinity. The dimensions of this grid are 170 × 200 km2, with 
a constant grid resolution of 100 m. Simulations in this grid provide the 
tide station comparison shown in Fig. 4. To account for the arrival of 
the leading waves of the tsunami at high tide, the seafloor and topog-
raphy elevations—given relative to mean sea level (MSL)—are shifted 
downward by 0.45 m, equivalent to the elevation difference between 
MSL and tide elevation at tsunami arrival.

The second, or South Pacific, grid, includes Fiji and New Zealand, with 
coverage from latitude 45° S to 0° and longitude 160° W to 180° W. A 
constant grid resolution of 1 km is used for this domain. Simulations in 
this grid provide the New Zealand DART comparisons shown in Fig. 4.

The third grid is the Pacific-wide grid, with coverage from latitude 
80° S to 80° N and longitude 160° W to 120° E. A constant grid resolu-
tion of 3 km is used for this domain. Simulations in this grid provide 
the US NOAA DART comparisons shown in Fig. 4.

For the local grid, bathymetry and topography are both sourced from 
a high-resolution dataset that integrates the general bathymetric chart 
of the oceans (GEBCO), nautical charts, LiDAR topography, multi-beam 
bathymetry data, other offshore surveys and hand-digitized data. 
The bathymetry was compiled as part of a multi-hazard assessment 
project sponsored by the Asian Development Bank53,54. For the South 
Pacific and Pacific-wide grids, the GEBCO 15-arcsecond (2021) dataset 
is used. The data from these sources are bilinearly interpolated to fit 
the numerical grid.

Cavity collapse source
For the cavity collapse source, we use a simple radial Gaussian initial 
condition of the form

A × e r W− ( / ) 2

where r is the distance from the volcano source (m), A is the initial ampli-
tude of the impulse and W is the characteristic length. The simulations 
presented in this paper use an amplitude of −100 m and a length of 2 km. 
These values were primarily chosen on the basis of the agreement with 
observational data, but are also representative of the length scales of 
the volcano. We remark that one could perform extensive tuning with a 
set of Gaussian unit sources or published semi-empirical initial condi-
tions for explosion-generated waves55 to achieve better agreement at 
the Nuku’alofa tide gauge. We choose not to include such an analysis 
here, because neither the complex application of a simple, idealized 
source nor the very weakly constrained use of a semi-empirical initial 
condition is justified by the current, limited inventory of near-field 
observation data.

Shock wave source
The pressure from the early-time shock wave is modelled using analyti-
cal expressions for a spherical pulse with a strong shock approxima-
tion56. The model provides a temporally and spatially varying pressure 
shock front, which is included in the hydrodynamic model in the same 
way as the air-pressure pulse model. The shock wave model calculations 
are primarily dependent on specification of the energy released by the 
explosion which, at the time of writing, is uncertain. We assume an 
energy release of 1.0 × 1016 J, which does create a large (>10 m) tsunami 
near the source but is secondary to the water-cavity source in the near 
field and insignificant in the far field.

Model simulations
All simulations approximate bottom friction by a quadratic friction 
drag law, with a friction coefficient of 0.005 (ref. 57). No other dissipa-
tion models are used with these simulations. Simulations were run on 
a large computer cluster58. The local grid was run on 400 cores and 
required 10 h of wall clock computation time. The South Pacific and 
Pacific-wide grids were run on 1,000 cores, and required 10 and 24 wall 
clock hours, respectively.

Model comparisons with all Pacific DART stations are shown in 
Extended Data Fig. 5, with six of these comparisons shown in Fig. 4. 
The model reasonably captures the arrival time, amplitude and, in 
the majority of comparisons, the multi-frequency train of waves. Fur-
thermore, we include four additional model comparisons at tide sta-
tions in the South Pacific, provided in Extended Data Fig. 6. Because 
the South Pacific grid uses 1 km grid spacing, coastal amplification 
effects are missing in the model results. Therefore, we have chosen 
locations that are reasonably represented in the GEBCO database and 
exist on relatively simple coastlines. We note that the data sampling 
frequency at the Niuatoputapu tide gauge is 5 min, and thus this 
signal is unable to resolve the 3–5-min periods found in the model 
results. Model data agreement is high in those locations that use a 
1-min sampling rate.

Data availability
All of the processed data, scripts used to create the Extended Data 
figures and examples of raw data processing used in this manuscript 
can be freely accessed at https://www.designsafe-ci.org/, referenc-
ing Data Depot project no. PRJ-3474 (https://doi.org/10.17603/
ds2-6hx4-ke44). Pressure data were provided by NOAA (https://
noaa.gov), the Japan Meteorological Agency (https://www.jma.
go.jp/jma/indexe.html), the Fiji Meteorological Service (https://
www.met.gov.fj/) and the Tonga Meteorological Service (http://
met.gov.to/). DART sensor data were provided by the New Zealand 
GeoNet project (https://www.geonet.org.nz/tsunami/dart) and the 
US National Data Buoy Center (https://www.ndbc.noaa.gov/obs.
shtml?lat=13&lon=-173&zoom=2&pgm=tsunami). Tide station 
records were provided by the Sea Level Station Monitoring Facility 
(https://www.ioc-sealevelmonitoring.org/).
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Code availability
The model source code, simulation control and input files and output 
processing scripts for the COULWAVE simulations presented in this 
paper can be freely accessed at https://www.designsafe-ci.org/, ref-
erencing Data Depot project no. PRJ-3474 (https://doi.org/10.17603/
ds2-6hx4-ke44).
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Extended Data Fig. 1 | Example wavelet analysis and filtered time series 
data. a, b, Data for Wellington Harbor, New Zealand showing the (a) wavelet 
result derived from the (b) observed tide station data obtained from New 
Zealand’s GeoNet. In the wavelet analysis, note the horizontal banding of 
energy, indicating the excitation of the resonant modes of the harbor, and the 
clear increase in energy between 20:00 and 23:00 UTC. c, d, Data for DART NZG 
showing the (c) wavelet result derived from the (d) observed DART sensor data 

from GeoNet. The parabolic black lines found on the lower left and right 
corners of the wavelet plot denote areas of the wavelet surface that may suffer 
from tapering effects. The white areas identify times of no data from the 
sensor. The wavelet surface shows the energetic initial arrival of the tsunami 
with periods of 10–20 min near 05:00 UTC, followed by pulses of energy in the 
3–5 min period range.



Extended Data Fig. 2 | Time stack of the radially-sorted, window-averaged, 
and low-pass filtered GOES-17 satellite data. Time series are given at 
numerous time-stamps on January 15, as given along the right edge of the 
figure. The peak of the (Lamb wave) pressure pulse crest for each time series is 
given by the red dots. The distance coordinate of the red dot in each time series 

divided by the time since generation yields the time-averaged pulse speed, 
while the difference in successive pulse crest locations divided by the time 
between the two images (10 min) gives the instantaneous speed of the pulse, or 
the celerity. GOES-17 data provided by NOAA.
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Extended Data Fig. 3 | Bulk calibration curve fits for the N-wave pressure 
pulse model. a, Data (dots) and curve fit (lines) for time-averaged speed of the 
crest and trough, assuming a generation time of 04:15 UTC. b, Data (dots) and 
curve fit (lines) for crest amplitude of the pressure pulse. c, Data (dots) and 

curve fit (lines) for trough amplitude of the pressure pulse. Pressure data 
provided by NOAA, the Japan Meteorological Agency, the Fiji Meteorological 
Service, and the Tonga Meteorological Service.



Extended Data Fig. 4 | Summary of modeled pressure time series 
comparisons with observed data. a, b, c, Filtered observed data (blue lines) 
and model prediction (red dashed lines), where comparison location is given by 
the text, for (a) data stations in Tonga and Fiji, (b) data stations in New Zealand, 

and (c) various locations in the far-field. Note that the vertical pressure scale is 
given in the upper part of each column. Pressure data provided by NOAA, the 
Japan Meteorological Agency, the Fiji Meteorological Service, and the Tonga 
Meteorological Service.
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Extended Data Fig. 5 | DART sensor ocean-surface-elevation time series 
comparisons. a, b, Filtered DART data (blue lines), model predictions (red 
line), and model predictions with pressure head from pressure pulse added 
(black line), where sensor name is given by the text, for (a) DART stations in the 

USA network, and (b) DART stations in the New Zealand network. The 
geographic location of these sensors is provided in Figure 3. Note that the 
vertical ocean surface elevation scale is given in the upper part of each column. 
DART data provided by NOAA and New Zealand’s GeoNet.



Extended Data Fig. 6 | Tide station ocean-surface-elevation time series 
comparisons. a, b, c, d, Filtered tide station data (blue lines) and model 
prediction (red lines) for (a) Apia, Samoa, (b) Niuatoputapu, Tonga, (c) Suva, 

Fiji, and (d) East Cape, New Zealand. The green circle denotes the arrival time of 
the crest of the pressure pulse. Tide station data retrieved from the Sea Level 
Monitoring Facility.
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