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Abstract 25 

On the evening of 15 January 2022 at approximately 5:15 pm local time (04:15 am UTC), the 26 

Hunga Tonga-Hunga Ha'apai volcano unleashed a violent underwater eruption, blanketing the 27 

surrounding land masses in ash and debris [1]. The eruption generated tsunamis observed 28 

throughout the globe. An event of this type last occurred in 1883, during the eruption of Krakatau 29 

[2], and thus here we have the first observations of a tsunami from a large emergent volcanic 30 

eruption captured with modern instrumentation. The mechanisms of tsunami generation are rare 31 

and complex, but a wealth of observations permit a forensic analysis. Using oceanographic and 32 

meteorological data, post-event field survey observations, and high-order hydrodynamic 33 

modeling, we show that the event generated tsunamis at different times and from distinct 34 

mechanisms.  The main eruption appears to have generated waves through multiple mechanisms, 35 

including: 1) air-sea coupling with the initial and powerful shockwave radiating out from the 36 

explosion in the immediate vicinity of the eruption, 2) the collapse of the water-crater created by 37 

the underwater explosion, and 3) air-sea coupling with the air-pressure pulse that circled the earth 38 

multiple times, leading to a global tsunami. In the nearfield, the tsunami impacts are strongly 39 

controlled by the water-crater source, while the far-field tsunami, which was uncommonly 40 

persistent, can be largely described by the air-pressure pulse mechanism. Catastrophic damage in 41 

some harbors in the far-field was averted by just tens of centimeters, implying that a modest sea 42 

level rise combined with a future, similar event would lead to a step-function increase in 43 

infrastructure impacts. Piecing together the complexity of this event has broad implications to the 44 

hazard in similar geophysical settings, potentially indicating a currently neglected source of global 45 

tsunamis. 46 

 47 



Main 48 

The archipelago of Tonga consists of a semi-continuous chain of 169 islands covering a span of 49 

800 km north to south. The Tongan islands lie within the Tonga-Kermadec Ridge, the submarine 50 

mountain range that contains the most seismically active subduction boundary on earth, thus 51 

sustaining a high rate of submarine volcanoes [3]. The Hunga Tonga-Hunga Ha’apai volcano 52 

(herein stated as Hunga Tonga) is one of a number of active volcanoes in the area and began an 53 

active phase in late 2021. Due to intermittent eruptions from 29 December 2021 to 4 January 2022, 54 

the emergent land area at Hunga Tonga increased from 3.03 km2 to 5.08 km2, as pictured in Fig.1 55 

(a)-(b). After multiple days of significantly decreased activity, the submarine volcano had an 56 

intense, explosive eruption on 15 January 2022 at 04:15 UTC [1]. Previous land areas vanished, 57 

leaving behind two small islands above the sea. Satellite photos demonstrating the dramatic 58 

changes are shown in Fig.1 (b)-(c). The eruption generated a tsunami that was observed globally; 59 

a phenomenon that was last observed 140 years ago. 60 

On 27 August 1883, the Krakatau volcano in the Sunda Strait between Java and Sumatra produced 61 

four explosive eruptions over 5 hours that unleashed a series of tsunami waves, causing the 62 

destruction of hundreds of towns and villages and killing at least 36,000 people [4]. However, the 63 

highest reported runup of 41 m is from Merak on the west coast of Java and does not reflect the 64 

height of the tsunami at the source [5].  From the much smaller eruption and flank collapse of 65 

Anak Krakatau in 2018, Borrero et. Al. (2020) recorded ~80 m tsunami runup at the volcano and 66 

~1 m at Merak, indicating that the 41 m runup observed at Merak in 1883 must have been 67 

associated with a tsunami near Krakatau possibly hundreds of meters in height [6].  68 



Sea level disturbances observed in the far-field were due to the coupling of the sea surface and 69 

generated air-pressure pulses from the great explosion of Krakatau, which was the third of the four 70 

eruptions [7]. The tsunami was recorded by notably distant tidal gauges, such as the gauge at the 71 

Gulf of Aden 11,000 km away from the source. This gauge recorded a 13 cm tsunami 12 hours 72 

after the explosion, an anomalous observation for such a distance from the eruption [8]. The 73 

tsunamis generated by Krakatau in 1883 are a close analogy to those observed from the Hunga 74 

Tonga eruption, albeit the former was more intense. Through analysis of instrumental data, post-75 

event surveys, and detailed hindcast modeling, we will show that the Hunga Tonga eruption likely 76 

generated tsunamis through three different mechanisms occurring at no less than two distinct 77 

times.  78 

Eyewitness accounts in Tonga indicate an early wave arrived roughly ten minutes before the 79 

primary tsunami. This is substantiated by a small signal on the Tonga tide gauge, which arrived 80 

too early to be a product of the major eruption at 04:15 UTC. Thus, this precursor tsunami must 81 

have been generated by an earlier eruption or a submarine landslide. This smaller event fortuitously 82 

acted as an evacuation warning in Tongatapu, likely averting loss of life. Following the major 83 

eruption, a series of tsunamis were observed throughout the Pacific. In this paper, we will discuss 84 

the observations and impacts of this event, the source mechanisms of these waves, and our efforts 85 

to resolve the mechanics of generation through numerical modeling. 86 

 87 



 88 

 89 

Fig.1 Satellite photos of Hunga Tonga taken on (a) 11 December 2021, (b) 6 January 2022, (c) 18 90 

January 2022 after the eruption. Original satellite imagery was sourced from UNOSAT [9]; global 91 

bathymetry data was sourced from GEBCO [10]. We calculated land area from the imagery using 92 

computer vision.  93 

Tsunami Observations and Impacts 94 

We will first discuss eyewitness accounts and observed impacts from the tsunami, starting from 95 

locations nearest to the source. Ongoing travel restrictions in Tonga associated with the COVID-96 

19 pandemic have prevented researchers from obtaining direct measurements of the tsunami height 97 

or the extents of inundation. Therefore, we rely on eyewitness accounts and scant quantitative data. 98 

For example, we have evidence that a weather station positioned on a cell phone tower with base 99 

at a ground elevation of 13 m above sea level was destroyed by the tsunami in Kanokupolu, a town 100 

in western Tongatapu. The station observed the onset of the eruption and reported data until 6 pm 101 

local time (05:00 UTC). Three days after the tsunami, a site visit revealed that the tower had been 102 

toppled and transported approximately 20 m from its original location, indicating tsunami heights 103 

greater than 13 m above mean sea level. 104 



Photos and video taken at a beach resort in Ha’atafu, also in western Tongatapu, demonstrate the 105 

scale of the destruction in the nearfield. The resort, located at an estimated elevation of 5-10 m 106 

above mean sea level, was completely destroyed. The built structures were reduced to foundations 107 

and the original densely vegetated shoreline was stripped to bare earth (Fig. 2). Eyewitness reports 108 

from Ha’atafu suggest that tsunami waves reached the resort prior to the residents hearing the 109 

largest explosions from the erupting volcano. It was these early waves which prompted initial 110 

evacuations, thus limiting casualties. At the Tongan capital of Nuku’alofa, located on the more 111 

protected northern coast of Tongatapu, much smaller tsunami heights of less than 5 m were 112 

observed.  113 

 114 

Fig.2 Tsunami impacts on the island of Tongatapu.  a) Locations of the volcano (red triangle), the 115 

main islands of Tongatapu and ‘Eua to the south, the photographs (red circle), and the Nuku’alofa 116 

tide gauge (red star) overlaid on the seafloor elevation map; b) the foundation of a washed away 117 

structure in Ha’atufa; c) beach front in Ha’atufa, previously lush with green vegetation.   118 

 119 



New Zealand’s array of Deep-ocean Assessment and Reporting of Tsunamis (DART) tsunameters 120 

recorded tsunamis along the Tonga-Kermadec trench and to the west in the Coral Sea. From the 121 

initial wave, the sensors recorded peak to trough (P2T) heights of approximately 35 cm and wave 122 

periods of 10 to 40 minutes. Approximately 90 minutes later, the highest positive amplitude of just 123 

over 20 cm was recorded during a burst of relatively short period (3-5 minute) waves (see Methods 124 

for spectral analysis).   125 

Coastal tide gauges around New Zealand, primarily in harbors, also clearly observed the tsunami. 126 

However, the signal at some stations was complicated by the presence of storm waves due to ex-127 

tropical cyclone Cody which was simultaneously affecting the region. Measured tsunami 128 

amplitudes ranged from 20 to 80 cm, with a peak amplitude of 1.3 m measured at Great Barrier 129 

Island off Auckland’s east coast. The small marina at Tutukaka on the northeast coast of New 130 

Zealand is a well-known tsunami ‘hotspot’ [11] and incurred severe damage during this event. The 131 

strong tsunami-induced currents entering and exiting the marina area through a narrow entrance 132 

between two breakwaters caused damage to floating docks and tore vessels from their moorings, 133 

leading to numerous collisions. Around New Zealand, bays and harbors prone to long wave 134 

resonance were activated by the surges, with Wellington Harbor in particular showing a long-135 

lasting resonant signal at its fundamental modes [12, 13].   136 

Moving to the distant far field, tsunami impacts were observed and recorded by the authors at 137 

Ventura Harbor, CA, USA during the day on 15 January 2022. The leading crest of the air-pressure 138 

pulse arrived in Ventura at 11:54 UTC (03:54 PST), or 7.65 hours after the explosion, and shortly 139 

thereafter initial oscillations in the harbor were detected. Larger waves started to arrive near 15:30 140 

UTC (07:30 PST), and the peak intensity of the waves and associated damage was observed in the 141 

late morning to afternoon on 15 January. Throughout the next 30 hours, the tide gauge in the inner 142 



harbor recorded continuous tsunami fluctuations of at least +/- 0.6 m, with the largest P2T heights 143 

of 1.8 - 2.4 m. 144 

Observations of currents exiting Ventura Harbor indicated that the speed increased as the tide 145 

receded, peaking at approximately 21:00-23:00 UTC (13:00-15:00 PST), corresponding to lower 146 

tidal elevations. Most of the damage to fixed infrastructure occurred at low tide (22:51 UTC), or 147 

11 hours after the initial waves reached the harbor. At least three major docks were destroyed, 148 

including a 27 m section of dock attached to four pilings, a commercial dock holding multiple 149 

slips, and a 9 m residential dock. Additionally, a total of 23 residential floating dock ramps were 150 

lifted from supports and carried out by the currents. 151 

Further north in Santa Cruz Harbor, CA, USA, significant waves were first observed at 15:00 UTC 152 

(07:00 PST). The seventh tsunami crest after this time was the largest, arriving near high tide at 153 

16:50 UTC (08:50 PST). This surge flooded parking lots and damaged vehicles, docks, bathrooms, 154 

dredging equipment, and other infrastructure around the harbor causing an estimated $6.5 million 155 

in damage [14]. This damage was mainly the result of flooding on-land facilities, which differs 156 

from the in-water infrastructure impacts experienced in Ventura Harbor. However, during the 157 

highest elevation tsunami crest, floating docks in the rear of Santa Cruz Harbor were less than 30 158 

cm from the tops of the piles, indicating that a similar event at a slightly higher tide or sea level 159 

would have led to widespread destruction in the harbor.  Maximum tsunami runup at the harbor 160 

and nearby beaches was estimated by well-preserved wrack lines of lightweight plant material and 161 

wood, measured with survey-grade GPS receivers. At Santa Cruz Harbor, the highest runup was 162 

3.97 m above Mean Lower Low Water (MLLW), which is 2.22 m above the predicted high tide 163 

[15]. At beaches along Monterey Bay 10 and 13 km southeast of the harbor, tsunami runup markers 164 

were surveyed at 3.71 m and 4.28 m above MLLW. 165 



In South America, widespread tsunami amplitudes of approximately 1 m were observed. Some 166 

coastal locations (Puerto Ayora, Ecuador; Callao, Peru; Arica, Chile; Coquimbo, Chile) 167 

experienced persistent sea-level perturbations for more than 24 hours. According to Peru’s 168 

National Institute of Civil Defense, two people died due to the tsunami at Naylamp beach in the 169 

Lambayeque District [16].  At Callao, Peru the first tsunami crest, likely generated by the air-170 

pressure pulse, arrived around 14:30 UTC; the main, hazardous waves arrived five hours later. In 171 

the nearby La Pampilla oil terminal, the oil tanker vessel Mare Doricum reported the breaking of 172 

mooring ropes, which caused an oil release of approximately 6,000 barrels. By international 173 

standards, this is classified as a large oil spill [17].  174 

Pressure Observations 175 

In this event, tsunami generation occurs through two air-sea coupling stages. The first stage is 176 

immediately after the eruption, when a high Mach number shockwave radiates away from the 177 

explosive eruption. For an eruption energy in the range of 4-18 megatons of TNT (1.6x1016-178 

7.5x1016 J) the shockwave would have traveled 2.9-4.8 km from the source before transitioning 179 

from a supersonic shock to a sonic wave, with an initial Mach number greater than 6.0 and peak 180 

explosive pressure greater than 3000 kPa [18]. Thus, for the Hunga Tonga eruption, the shockwave 181 

to sonic wave transition would have occurred in just a few seconds following the eruption.  The 182 

sonic wave continued its propagation away from the volcano at the speed of sound, reaching 183 

Tongatapu just over three minutes after the eruption.  184 

Through a complex process driven by explosion and shockwave generated pressure, temperature, 185 

and density gradients, a stable acoustic wave (herein stated as the air-pressure pulse) radiates out 186 

from the source through the atmosphere [19]. This wave forms into a leading positive-pressure 187 



crest and a trailing negative-pressure trough, known as an “N-wave” [20]. This wave was captured 188 

on weather station pressure sensors around the world, and is responsible for generating the far-189 

field tsunami observed throughout the Pacific. The moving pressure adds momentum to the ocean 190 

surface through a pressure-gradient forcing that pushes the ocean surface in the direction of the 191 

positive pressure gradient. 192 

We developed a N-wave model for the evolution of the air-pressure pulse to recreate this tsunami 193 

generation mechanism. We calibrated this model using observational data from 143 weather 194 

stations throughout the Pacific, as summarized in Figure 3. The model accurately captures the 195 

arrival time, amplitude, and shape of the air-pressure pulse, from the nearest pressure observation 196 

in Tongatapu to far field locations in Japan and the USA. We emphasize that this model predicts 197 

the air-pressure pulse and not the early-time shockwave. 198 

 199 

 200 



 201 

Fig.3: Observed pressure signals in hPa (one hPa = 1 mb), throughout the Pacific used to calibrate 202 

the N-wave pressure pulse model, and the corresponding location of the station that recorded the 203 

signal. Red lines on each time series plot represent the model result; blue lines represent the 204 

measured pressure signal.  Shown on this map are the 143 weather stations used to calibrate the 205 

pressure pulse model (white dots), the deep-sea DART sensors (red dots, with name labels), and 206 

the Hunga Tonga volcano (yellow triangle).  207 

 208 

Tsunami Modeling & Discussion 209 

Tsunamis were generated through three different mechanisms related to the explosive eruption at 210 

04:15 UTC: 1) air-sea coupling with the early-time shockwave, 2) waves generated by the 211 

equilibrium response to the water crater generated by the explosion, and 3) air-sea coupling with 212 

the global air-pressure pulse. We performed the tsunami simulation using a highly nonlinear 213 

dispersive water wave code [21], as described in the Methods section.  We remark here that, due 214 

to the widespread and energetic 3-5-minute period energy observed in the DART tsunami data, the 215 

use of a dispersive model is necessary to properly capture the water wave propagation.  Figure 4 216 

summarizes the simulation results and additional comparisons are provided in the Methods section. 217 



The most challenging water level observation to explain is the measurement nearest to the source 218 

– the tide gauge at Nuku’alofa, Tonga, approximately 65 km from the volcano. The shockwave 219 

and crater source in our model can recreate the tide signal starting at 0.4 hours (~25 minutes) after 220 

the eruption. It is physically impossible for water wave to arrive at the tide station earlier than this 221 

if generated by the primary explosive eruption. However, the tide station data at Nuku’alofa 222 

indicates a series of relatively small amplitude waves arriving just 10 minutes after the eruption. 223 

These early waves would have arrived on the western facing beaches of northwest Tongatapu 224 

immediately before or during the 04:15 UTC eruption and 3-4-minutes before residents would 225 

have heard the sound of the explosion, which is consistent with the eyewitness accounts at this 226 

location. Thus, we can confidently state that there was a small tsunami source prior to the main 227 

eruption. While the available water level data for this precursor tsunami is too limited to precisely 228 

describe the source, it is plausible the tsunami was generated by an earlier minor eruption and/or 229 

a submarine landslide, which in turn may have destabilized the caldera and led to the explosive 230 

eruption 10 minutes later. 231 

Further from the volcano, the tsunami generated by the air-pressure pulse is significant in the 232 

measured pressure signals. While the physics of the tsunami generated through a moving pressure 233 

pulse are well understood [22], the wave field nonetheless becomes highly complex. Utilizing the 234 

weather station observations, we calculate the time-averaged speed of the pressure crest to be 305 235 

m/s at locations in the far field. The air-pressure pulse is moving faster than the tsunami can travel 236 

in all depths less than 9.5 km. At a depth of 9.5 km, the speed of the pressure pulse and the speed 237 

of the tsunami match, a phenomenon known as Proudman resonance [23] occurs, and the 238 

amplitude of the tsunami grows rapidly. While the speed match represents the optimum conditions 239 

to maximize the tsunami height, the amplitude of the tsunami generated by the air-pressure pulse 240 



will increase as the speed match is approached.  For example, the air-pressure pulse will create a 241 

greater height tsunami in 5 km of water than in 1 km of water, even though Proudman resonance 242 

is never reached.  We clearly observe this effect during the Hunga Tonga eruption. As the air-243 

pressure pulse passes over the Tonga-Kermadec Trench, with widespread water depths in excess 244 

of 9 km, the amplitude of the tsunami increases quickly, sending an energetic beam of energy 245 

towards the Americas. The air-pressure pulse then outruns the tsunami it generated over the 246 

Trench, leaves a slower-moving “free” gravity-wave tsunami behind, and continues to generate 247 

small wave disturbances while passing over irregular bathymetry. 248 

In the South Pacific, as observed by the DART stations NZD, NZG, and 51425 (Fig. 4), the tsunami 249 

signal is clearly composed of a) the “pressure-forced” tsunami carried by the air-pressure pulse 250 

arriving first, b) the “free” tsunami generated by the air-pressure pulse earlier in the event with 251 

periods of 10-25 minutes, and c) short waves generated by the crater collapse and/or possibly other 252 

complex sources at the volcano, with periods of 3-5 minutes. The tsunamis of b) and c) arrive tens 253 

of minutes to hours after the tsunami of a). We note that for the tsunami associated with a), the 254 

DART sensor, which is an ocean bottom pressure recorder, measures both the pressure from the 255 

amplitude of the tsunami as well as the air pressure acting on it. This implies that during these 256 

events, the type of water level sensor (i.e. bottom pressure sensor vs surface float or surface radar) 257 

will yield different estimates of water level, as some will capture the air-pressure and some will 258 

not. 259 

In Hawaii (and DART station 51407), the air-pressure pulse arrives ~4.5 hours after the eruption, 260 

followed by the main tsunami, composed primarily of waves generated earlier by the pressure 261 

pulse when passing through the Central Pacific Basin, at 7 hours after the eruption.  In the East 262 

Pacific, the passing of the air-pressure pulse did not trigger the DART system to enter its high-263 



frequency sampling mode at stations 32413 and 32402. This mode did not activate until the larger 264 

“free” tsunami, created as the pressure pulse passed over the Kermadec Trench, arrived 3-4 hours 265 

later. A similar situation is found along the west coast of North America, where minor waves from 266 

the passage of the pressure pulse are predicted and observed around 12:00 UTC, with larger waves 267 

arriving hours later at 15:00 UTC. As the air-pressure pulse passes over the deep-water subduction 268 

zone trenches throughout the Pacific, the Proudman resonance effect is activated, inducing a 269 

phenomenon where every major trench in the Pacific basin effectively generates a small tsunami, 270 

with crest length equal to the length of the trench. The result is tsunami energy generated from the 271 

entire extent of the Pacific Rim over the course of 12 hours, leaving the Pacific Ocean filled with 272 

tsunamis traveling in all directions, and causing the unique persistence of this event observed along 273 

coastlines and harbors throughout the Pacific. 274 

 275 



 276 

Fig.4: Summary of the simulation results from the highly nonlinear dispersive water wave model 277 

we utilize to recreate the three tsunamis generated by this event. The wave field in the Pacific is 278 

shown at three different times on the globes, at 1-hour post-eruption (05:15 UTC) in the upper left, 279 

4 hours post-eruption (08:15 UTC) in the upper right, and 8 hours post-eruption (12:15 UTC) in 280 

the lower middle.  In each of these plots, the crest location of the pressure pulse is given by the 281 

magenta line; note how in the 12:15 UTC image the pressure pulse, crossing into North America, 282 

has far outrun the main tsunami it generated earlier, which at this time has just passed through 283 

Hawaii.  Model-data comparisons are given in the time series plots at the Nuku’alofa tide station 284 

(lower plot, location given in Figure 2) and various DART stations (note locations given in Figure 285 

3).  In the DART comparisons, the red line shows the modeled ocean surface elevation, while the 286 

magenta line provides the modeled ocean surface plus the pressure head from the pressure pulse.  287 

  288 
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Methods 372 

Water Level Time Series Processing and Spectral Analyses 373 

The New Zealand tide gauge data was obtained from the GeoNet program of New Zealand’s 374 

Institute of Geological and Nuclear Science (GNS). The GeoNet stations are referred to by a four-375 

letter code such as ‘‘AUCT’’ for Auckland. We downloaded the 1-Hz ‘‘LTT’’ dataset which is 376 

provided with the tide signal removed from a publicly accessible FTP server. We then processed 377 

the 1-Hz data by despiking using the rmoutliers function in Matlab which removed any outliers 378 

more than 4 standard deviations from the mean of a 100-element moving window. A low pass 379 

filter was applied to remove any noise below 0.5 Hz. A subsequent high pass filter was applied 380 

with a cut-off of 4.16 hours to remove any residual tidal components. The timeseries were binned 381 

to subsample the signal to a 15 second sampling rate (consistent with the DART data described 382 

below).   383 

Deep-water tsunami data were obtained from NOAA’s array of DART tsunameters deployed 384 

throughout the Pacific Ocean and from the New Zealand DART array. When in normal operation 385 

DART gauges sample every 15-minutes but when they are triggered, on detection of an event, the 386 

sampling rate is increased to 15 seconds. Only 15 second data was used in this analysis. The data 387 

were despiked removing points more than 2.3 standard deviations from the mean of a 50-element 388 

moving window. A subsequent high pass filter was applied with a cut-off of 4.16 hours to remove 389 

any residual tidal components.  390 

The Continuous Wavelet Transform (CWT) follows the evolution of the frequency content of the 391 

sea level records over the duration of the tsunami events. It performs a similar function as short-392 

term Fourier transform (STFT) in that it can be used to analyze time series that contain 393 



nonstationary power at many different frequencies, as is the case here where dominant observed 394 

frequencies are dependent on the interaction between the incoming tsunami and the resonant 395 

frequencies of the receiving environment. The method used here follows that described by [1]. 396 

Wavelet analysis was carried out using a Morlet wavelet, as it is complex and therefore useful for 397 

identifying changes in frequency components over time. It is also a wavelet which has moderate 398 

width in both the time and frequency domain, allowing for reasonable resolution in both 399 

dimensions [1]. The results of this analysis produce highly redundant but informative spectrograms 400 

of the sea level time series.  401 

Example timeseries plots of the GeoNet and DART data are shown in Extended Data Figure 1, for 402 

the Wellington Harbor tide station and the NZG DART sensor. The Wellington Harbor data is an 403 

excellent example of the persistence of this event, with tsunami impacts observed in the harbor for 404 

more than 30 hours after the arrival of the initial waves.  The CWT also clearly shows the energy 405 

banding in the resonance modes of the harbor.  The NZG DART is the closest deep-water sensor 406 

to the source.  From the CWT, the arrival of the leading waves, with periods between 10 and 40 407 

minutes, is followed by a packet of much shorter wave energy, with periods less than 5 minutes.  408 

 409 

Pressure Time Series Processing 410 

The 134 unique pressure time series were sourced from the following authorities. All pressures 411 

from the United States were collected from the National Oceanic and Atmospheric Association’s 412 

(NOAA) National Data Buoy Center and were sampled at 6-minute [2]. Data from Japan was 413 

collected from the Japan Meteorological Agency and had 10-minute sampling [3]. Fiji pressure 414 

data was collected from the Fiji Meteorological Service and was sampled at 10 minutes [4]. Tonga 415 



data was collected from the Nomuka and Nuku’alofa All Weather Stations and was sampled every 416 

10 minutes. All pressure time series were collected starting on 15 January at 00:00 UTC until 16 417 

January 23:59 UTC. 418 

Distances from the explosion were calculated as Euclidean “as the crow flies” distance in km from 419 

the weather station to the location of Hunga Tonga island, [-20.536000, -175.382000], utilizing 420 

the Haversine equation implemented in Python, which assumes a spherical earth and ignores 421 

ellipsoid effects. Distances were calculated in km rounded to the nearest tenth of a meter. 422 

Pressure was first normalized to the first pressure reading of the time series, to capture change in 423 

pressure in contrast to background pressure, therefore standardizing comparisons across pressure 424 

gauges. Each time series was high-pass filtered utilizing the Matlab built-in highpass function, 425 

with a steepness coefficient of 0.99, defining the transition width of the filter as 0.01 times the 426 

stopband frequency. For all of the time series, the stopband frequency was set at 1/2e4 Hz, or 427 

approximately ⅕ hour⁻¹. The filtered signal demonstrated the pressure pulse uncoupled with 428 

standard fluctuations in atmospheric pressure at each gauge. Subsequently, the pressure time series 429 

was interpolated onto a 10-second time grid over the 48-hour sampling period utilizing cubic spline 430 

interpolation, with the time of explosion (04:15 UTC) as the reference time. 431 

The leading pressure pulse was determined by creating a user-defined search window +/- 1 hour 432 

from the estimated time of arrival. For example, the Fiji pressure data search window was [1 3], 433 

as the pressure pulses on Fiji arrived approximately 2 hours after the eruption. Once the leading 434 

pressure pulse was established, the Matlab built-in minimum and maximum functions were utilized 435 

to determine the amplitude of the leading pressure pulse and subsequent trough, as well as the 436 

corresponding time of arrival for each value and pulse duration. The duration of the positive 437 



leading pulse is defined as the time between the pressure reading at 0.2 of the maximum pressure. 438 

For each time series, the following values were recorded: pulse and trough amplitude normalized 439 

to individual pressure gauge, pulse and trough arrival time in seconds since explosion, and pulse 440 

duration in seconds. 441 

 442 

Air-Pressure Pulse Model 443 

To capture the propagation of the air-pressure pulse across the Pacific Ocean, we develop an 444 

empirical pressure pulse evolution model. The general form of the air-pressure N-wave model is: 445 

𝑃(𝑟, 𝑡) = 𝑝𝑐𝑟𝑒𝑠𝑡 ∗ 𝑒−𝜃𝑐𝑟𝑒𝑠𝑡 − 𝑝𝑡𝑟𝑜𝑢𝑔ℎ ∗ 𝑒−𝜃𝑡𝑟𝑜𝑢𝑔ℎ 446 

where 447 

P is the time and space-varying function of the air pressure (Pa), 448 

t is the time post-eruption (s), 449 

r is the distance from the volcano source (m), 450 

pcrest is the time-dependent amplitude of the leading pressure crest (Pa), 451 

ptrough is the time-dependent amplitude of the trailing pressure trough (Pa), 452 

crest is the square of the time- and space-dependent phase function of the pressure crest, 453 

and 454 



trough is the square of the time- and space-dependent phase function of the pressure 455 

trough. 456 

To determine the empirical relationship for the crest and trough amplitude, we perform a statistical 457 

analysis on the 134 weather station pressure observations throughout the globe. For each 458 

observation, we determined the crest amplitude, trough amplitude, crest arrival time, and trough 459 

arrival time. Through minimizing the error between observation and empirical fit, we find the 460 

following relations: 461 

𝑐𝑐𝑟𝑒𝑠𝑡 = 305 ∗ 𝑡𝑎𝑛ℎ [𝑡 + 3004000 ] 462 

𝑐𝑡𝑟𝑜𝑢𝑔ℎ = 295 ∗ 𝑡𝑎𝑛ℎ [ 𝑡7000] 463 

𝑝𝑐𝑟𝑒𝑠𝑡 = 2.2 ∗ 1062𝜋𝑅𝑐0.5 ∗ 𝑡𝑎𝑛ℎ [ 𝑅𝑐3.0 ∗ 105]2 464 

𝑝𝑡𝑟𝑜𝑢𝑔ℎ = 8.0 ∗ 1082𝜋(𝑅𝑡 + 2.0 ∗ 105)0.9 465 

where: 466 

 ccrest is the time-averaged wave speed of the crest at time t [m/s], 467 

 ctrough is the time-averaged wave speed of the trough at time t [m/s], 468 

𝑅𝑐 = 𝑐𝑐𝑟𝑒𝑠𝑡 ∗ 𝑡, is the radial distance the crest has traveled at time t [m], and 469 

𝑅𝑡 = 𝑐𝑡𝑟𝑜𝑢𝑔ℎ ∗ 𝑡, is the radial distance the trough has traveled at time t [m]. 470 



These trends, as well as the observed data, are shown in Extended Data Figure 2. We remark that 471 

the crest pressure expression includes the tanh function, which acts to reduce the amplitude of the 472 

positive pressure pulse near to the source. This is a required modification and is indicated by the 473 

pressure data measured in Tonga and Fiji. 474 

With these data-fitted trends, the square of the phase function is given as 𝜃𝑐𝑟𝑒𝑠𝑡 = ( 𝑟−𝑅𝑐0.75∗𝐿𝑐)2 and 475 

𝜃𝑡𝑟𝑜𝑢𝑔ℎ = ( 𝑟−𝑅𝑡0.75∗𝐿𝑡)2, where Lc and Lt are the time-dependent length scales of the crest and trough, 476 

respectively. These length scales are calculated as the product of the speed and period of the crest 477 

and trough. Here, we attempted to determine the period of these pulses using a statistical analysis 478 

of the time series but found that the scatter in these observed periods was extremely large, due 479 

mainly to the transient nature of the pressure pulse and noise in the pressure observations at similar 480 

periods as the pulse. Thus, we use the data trends as a guidance, but tune the period calculations 481 

based on an error minimization between the predicted pressure time series and the observed 482 

pressure time series at the 134 locations.  Using this procedure, we find that 483 

𝑇𝑐𝑟𝑒𝑠𝑡 = 2300 ∗ 𝑡−0.1 484 

𝑇𝑡𝑟𝑜𝑢𝑔ℎ = 3300 ∗ 𝑡−0.1 485 

where both terms have units of seconds. With this pressure pulse model, we can recreate the 486 

average behavior of the pulse throughout the Pacific, away from the immediate near field. Various 487 

model-data comparisons are given in Extended Data Figure 3. The pressure waveform is accurately 488 

captured by the model, including at the nearfield stations. As evident from the New Zealand 489 

observations, topography and local weather can play a second-order role in modifying the shape 490 

and arrival time of the waveform. In the far field, including stations in Japan and the USA, model 491 



data agreement is still high, however the pressure pulse signal begins to approach the natural noise, 492 

or local pressure fluctuations. Therefore, clearly identifying the air-pressure pulse becomes 493 

increasingly difficult. 494 

 495 

Boussinesq Water Wave Model 496 

The tsunami propagation is simulated using the Boussinesq-type equations, which are a depth-497 

integrated form of the Navier-Stokes equations, valid for weakly dispersive and strongly nonlinear 498 

waves [5]. The Boussinesq-type model incurs a significant computational cost in comparison to 499 

the Shallow Water Wave Equations traditionally used for tsunami predictions. However, as 500 

indicated by the high-frequency energy observed in the DART stations in the range of 3-5 minutes, 501 

we expect that dispersion may play an important role in this event. The air-pressure pulse is 502 

coupled with the tsunami through a gradient forcing term in the momentum equations [6].  Thus, 503 

the air-pressure pulse can contribute energy to the ocean but not the reciprocal, as the empirical 504 

form of the air-pressure model implicitly includes the ocean coupling that occurred during the 505 

event. 506 

Simulations are performed on three different nested grids. The first grid, or local grid, is centered 507 

on the volcano, and includes the islands in the immediate vicinity of the volcano. The dimensions 508 

of this grid are 170 km by 200 km, with a constant grid resolution of 100 m. Simulations in this 509 

grid provide the tide station comparison shown in Figure 4.  510 



The second grid, or South Pacific grid, includes Fiji and New Zealand, with coverage from 45oS 511 

to 0o latitude and -160o to -180o longitude.  A constant grid resolution of 1 km is used for this 512 

domain. Simulations in this grid provide the New Zealand DART comparisons shown in Figure 4.  513 

The third grid is the Pacific-wide grid, with coverage from 80oS to 80oN latitude and -160o to 120o 514 

longitude. A constant grid resolution of 3 km is used for this domain. Simulations in this grid 515 

provide the USA NOAA DART comparisons shown in Figure 4. 516 

For the local grid, bathymetry and topography are both sourced from a high-resolution data set that 517 

integrates The General Bathymetric Chart of the Oceans (GEBCO), nautical charts, LiDAR 518 

topography, multibeam bathymetry data, other offshore surveys, and hand-digitized data. The 519 

bathymetry was compiled as part of a Multi-Hazard Assessment project sponsored by the Asian 520 

Development Bank [7, 8]. For the South Pacific and Pacific-wide grids, the GEBCO 15-s (2021) 521 

dataset is used. The data from these sources is bi-linearly interpolated to fit the numerical grid. 522 

 523 

Crater Collapse Source 524 

For the crater collapse source, we employ a simple radial Gaussian initial condition of the form  525 

𝐴 ∗ 𝑒−(𝑟 𝑊⁄ )2 526 

where A is the initial amplitude of the impulse and W is the characteristic length. The simulations 527 

presented in this paper use an amplitude of -100 m and a length of 2 km. These values were 528 

primarily chosen based on agreement with observational data but are also representative of the 529 

length scales of the volcano. We remark that one could perform extensive tuning with a set of 530 



Gaussian units sources to achieve better agreement at the Nuku’alofa tide gage.  We choose not to 531 

include such an analysis here, as a complex application of a simple, idealized source is not justified. 532 

 533 

 Shockwave Source 534 

The pressure from the early-time shockwave is modeled following [9].  The model provides a time 535 

and space varying pressure shockfront, which is included in the hydrodynamic model in the same 536 

way as the air-pressure pulse model.  The shockwave model calculations are primarily dependent 537 

on specification of the energy released by the explosion, which at the time of this writing is 538 

uncertain.  We assume an energy release of 1.0x1016 J, which does create a significant (>10m) 539 

tsunami near the source but is secondary to the water-crater source in the nearfield, and 540 

insignificant in the far-field.   541 

 542 

Model Simulations 543 

All simulations approximate bottom friction by a quadratic friction drag law, with a friction 544 

coefficient of 0.005. No other dissipation models are used with these simulations. Simulations are 545 

run on a large computer cluster. The local grid was run on 400 cores and required 10 hours of wall 546 

clock compute time. The South Pacific and Pacific-wide grids were run on 1000 cores, and 547 

required 10 and 24 wall clock hours, respectively. 548 

Model comparisons with all Pacific DART stations are shown in Extended Data Figure 4. We note 549 

that six of these comparisons are shown in Figure 4 in the paper. The model captures the arrival 550 



time, amplitude, and in the majority of comparisons, the multi-frequency train of waves. 551 

Furthermore, we include four additional model comparisons at tide stations in the South Pacific, 552 

provided in Extended Data Figure 5. As the South Pacific grid uses a 1 km grid spacing, coastal 553 

amplification effects are missing in the model results. Therefore, we have chosen locations that 554 

are reasonably represented in the GEBCO database and exist on relatively simple coastlines. We 555 

note that the data sampling frequency at the Niuatoputapu tide gauge is 5 minutes, and thus this 556 

signal is unable to resolve the 3 to 5-minute periods found in the model results. Model data 557 

agreement is high in the locations which use a 1 minute sampling rate.  558 
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 614 

Extended Data Figure 1.  Wavelet analysis and filtered time series data for Wellington Harbor, a) 615 

and b); Wavelet analysis and filtered time series data for DART NZG, c) and d). 616 

  617 



 618 

Extended Data Figure 2.  Bulk calibration curve fits for the N-wave pressure pulse model; Top: 619 

data (dots) and curve fit (lines) for time-averaged speed of the crest (red) and trough (blue), 620 

assuming a generation time of 04:15 UTC; Middle: data (dots) and curve fit (lines) for crest 621 

amplitude; Bottom: data (dots) and curve fit (lines) for trough amplitude. 622 

623 



 624 

Extended Data Figure 3.  Summary of pressure time series comparisons with filtered observed data 625 

(blue line) and model prediction (red dashed line), where comparison location is given by the text. 626 



 627 

Extended Data Figure 4.  Summary of ocean surface elevation time series comparisons with 628 

filtered observed DART data (blue line) and model prediction (dashed line), where comparison 629 

location is given by the text. 630 



 631 

Extended Data Figure 5.  Summary of ocean surface elevation time series comparisons with 632 

filtered observed tide station data (blue line) and model prediction (dashed line), where comparison 633 

location is given by the text. The green circle denotes the arrival time of the crest of the pressure 634 

pulse.  635 


