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ABSTRACT 
The explosive eruption/collapse of the submarine portion of the volcano Hunga-Tonga-
Hunga-Ha'apai (HT-HH) on the Tonga Kermadec volcanic arc in the southwest Pacific on 
15 January 2022 occurred at the end of many weeks of activity. It was a truly global event, as was 
the 1883 explosive eruption/collapse of the volcano of Krakatau in Indonesia and the 1490 BC 
explosion, caldera and flanc collapses of the Santorin volcano in the Aegean Sea, both generating 
destructive tsunamis. The  eruption of HT-HH was a combination of a major submarine 
Surtsean (phreatomagmatic) and of a subsequent ultra-Plinian atmospheric explosion which 
generated  a very damaging local tsunami by the crustal displacements of the volcano’s 
caldera and flanc collapses, but also an atmospheric paroxysmal explosion similar to that of 
the Krakatau event.  In recent years, the development of new instrumentation and of an expanded 
array of terrestrial and space instruments - including atmospheric pressure sensors, seismometers 
and a fleet of satellites monitoring  the Earth across the entire spectrum of light – provided better 
global monitoring of the effects of this particular and unusual 2022 Hunga-Tonga volcanic 
event. Specifically detected were concentric atmospheric gravity waves, which also resulted 
in unusually-traveling ionospheric disturbances (CTIDs) –  mapped on both of the earth’s 
northern and southern hemispheres along conductive magnetic field lines, and which 
circled the earth three or four times many hours after the eruption/explosion. In addition to 
local destructive tsunami generation in the immediate area and elsewhere in the Paciific, the 
violent eruption created an impulsive Lamb wave propagation on the surface air pressure  
which, moving near the speed of sound at ∼340 m., traveled faster than sea surface tsunami 
wave(s) and was observed globally - reaching Japan, Australia, Central and South America 
and elsewhere. Tsunami-like waves were observed or recorded, particularly along coastal 
areas of Central and South America. The present study provides an overview, an analysis 
and a brief comparison with past volcanic events and of their different tsunami generation 
mechanisms, as well as a brief description of the recorded atmospherically-generated waves 
and disturbances following the eruption/collapse of the HT-HH volcano. 
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1. INTRODUCTION 
 
Hunga Tonga-Hunga Ha'apai (HT-HH) is a stratovolcano along the Tofua Volcanic Arc, a 
line of volcanoes fed by magma from the Pacific Plate’s subduction beneath the Indo-
Australian Plate. Its initial eruptive activity in December 2021, increased on 14 January 
2022 and on 15 January 2022 the volcano exploded, creating atmospheric shock waves, 
sonic booms, tsunami waves and global sea level oscillations. Observed for many hours 
after the eruption were hurricane-speed winds and unusual electric currents in the 
ionosphere. 
      The final eruption of the HT-HH volcano (Tonga volcano) of 15 January 2022, was a 
combination of a major submarine Surtsean (phreatomagmatic) and of a subsequent ultra-
Plinian atmospheric explosion which, not only generated a local and very damaging 
tsunami by the crustal displacements of its caldera and flanc collapses, but also an 
atmospheric paroxysmal explosion similar to that of 1883 Krakatau volcano in Indonesia 
(Pararas-Carayannis, 2004, 2006), and to the 1490 BC explosion, caldera and flanc collapses of 
the Santorin volcano in the Aegean Sea (Pararas-Carayannis, 2004; 2006; 2019). 
     The colossal explosion of the HT-HH volcano  produced various types of atmospheric pressure 
waves that spread around the world. Repeated explosions of the event in the audible frequency 
range, were heard thousands of kilometers away.  
     Similar atmospheric air pressure perturbations can be also generated by large 
earthquakes involving significant vertical crustal displacements, as was the case with the 
1964 Earthquake in Alaska, the 1975 Hilina Slump of the East Rift Zone of the Kilauea 
volcano in Hawaii, and elsewhere (Pararas-Carayannis G., 1967; 2018).  
     Tsunami or tsunami-like generation from volcanic sources may also result from a 
volcano’s flank instabilities and subsequent gravitational collapses. Whether a strato-
volcano has effusive or explosive eruptive activity is determined by the relative stability of 
its slopes. Thus, volcanoes with lavas of high andesitic composition and explosive type of 
eruptive activity tend to have steeper and more unstable flanks that often can fail massively. 
However, even shield stratovolcanoes - characterized by mainly effusive activity - can have 
significant flank failures and caldera collapses, although most are sub-aerial.  
     The following sections of the present study provide a brief description of the near and 
far-field effects of the tsunami generated by the 15 January 2022 Tonga volcanic 
eruption/explosion. Additionally included are a brief review of different mechanisms that 
can result in volcanic flank failures and the generation of tsunami or tsunami-like waves 
(Pararas-Carayannis, 1975, 2002; Toulkeridis EtAl. 2022).  As further discussed, volcanic 
flank failures may result from isostatic load adjustments, extensive erosion, gaseous 
pressures, violent phreato-magmatic eruptions, magmastatic pressures, gravitational 
collapses of magmatic chambers, dike and cryptodome intrusions, as well as from the 
buildup of hydrothermal and supra-hydrostatic pore fluid pressures. Other sources of 
tsunami generation and of atmospheric disturbances may be caused by flank failures of 
coastal or oceanic volcanoes. 
      In addition to the volcanic sources, large magnitude earthquakes involving significant 
vertical crustal displacements can also generate atmospheric pressure waves. For example, 
the 1964 Alaskan earthquake generated such waves, which were recorded by distantly 
located microbarographs. Since the propagating speed of these atmospheric waves were 
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faster than that of tsunami waves, the use of such microbarographs was proposed to serve 
as a precursory method of forecasting/warning about potential tsunami generation (Pararas-
Carayannis. & Vitousek, 1967).  
      Furthermore, tsunami waves can be generated by a rapid, significant and progressive 
drop in atmospheric pressure which may be caused by a moving storm or hurricane, in 
which case the impact would be localized and directional, as was the case with the meteo-
tsunami of 29 August 1916 at Santo Domingo, in the Dominican Republic – as documented 
in a report published by the Russian Academy of Sciences (Pararas-Carayannis, 2019). 
Finally, most of the mechanisms mentioned above have the potential of becoming sources 
of destructive tsunami generation.  
      What makes the present study of the Tonga volcanic eruption/explosion more 
interesting and relevant, is a better understanding of the far-field effects of the tsunami-like 
waves that were generated, based on the present technological ability to better measure the 
broad range of atmospheric waves generated by the force of the eruption, as well as by the 
instrumental detection of the atmospheric surface-guided Lamb wave perturbations that 
travelled at different propagation speeds - observed globally by ground-based and by space 
instrumentation. Also, it should be mentioned that historically less than 5% of volcanic 
eruptions/collapses have generated any significant tsunamis with far-reaching impacts, with 
the exception of that of 1490 BC of the Santorin volcano in the Aegean Sea, the 1883 A.D. 
Krakatau volcano in the Sunda Strait beteween Java and Sumatra in Indonesia,  and a few 
other volcanoes in the Indian, Pacific and Atlantic oceans.  Although rare, mainly local 
destructive tsunamis can also be generated by large scale sudden flanc failures of island 
statovolcanoes such those of Mauna Loa and Kilauea in 1868 and 1975, and of Cumbre 
Vieja on the island of La Palma in the Canary Islands (Pararas-Carayannis, 2002). 
However, greater source dimensions and longer wave periods are required to generate 
tsunamis that can have significant, far field effects.  
     The following sections of the present report present a brief description of the Tonga 
volcanic arc, ridge,  adjacent trench and of the islands of Tonga, and an overview of the 
activity of the HT-HH volcano prior, during, and after the volcanic eruption/explosion of 15 
January 2022, of the near-source and far-field tsunami generation, of the resulting 
atmospheric Lamb wave oscillations, of  the ionospheric pertrubations, as  well as of a 
cursory analysis and comparison of tsunami generation by other historical large volcanic 
eruptions, explosions and flanc collapses.  
 
2. THE TONGA VOLCANIC ARC, RIDGE, AND TRENCH  
 
The Kingdom of Tonga is a group of about 170 islands, of which about 45 are inhabited. 
The largest island of the group is Tongatapu, inhabited by about two-thirds of the country's 
population. It is a relatively flat coral island, where its capital Nukuʻalofa is located, as well 
as several towns and villages such as Muʻa, Nukunuku, Holonga, Pea, and the country’s 
Fuaʻamotu International Airport. The Tonga island chain sits on an underwater mountain 
range, the 3,000 km long Tonga-Kermadec Ridge, which is the most seismically active 
subduction boundary on planet Earth, and has the highest density and number of undersea 
volcanoes. Figure 1 below show the bathymetry of the Tonga Trench and Forearc. 
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Figure  1. Bathymetry of the Tonga Trench and Forearc (after Pararas-Carayannis, 2006, 
modified map after Wright et al., 2000 - from http://dusk2.geo.orst.edu/tonga/fig9.gif) 

 
         The Tonga Ridge parallels the Tonga Trench, which is the deepest oceanic trench in 

the Southern hemisphere and the second deepest oceanic trench on Earth after the 
Mariana Trench, which is located east of Guam. The Horizon Deep South of the Tonga 
Trench is located about 220 km southeast of the main island Tongatapu and has a 
maximum depth of 10,800 m. To the west of the Tonga-Kermadec Ridge is the chain of 
underwater volcanoes, known as the Tonga Volcanic Arc (Colombier, EtAl. 2018; 
Dingwell, 2018). Within this arc are the island nation's volcanic islands of Hunga Tonga, 
Nomuka, Tofua, Kao, Late and Niuafo'ou. Tonga’s highest mountain is the island of Kao 
- a volcano which rises 1,033 m above sea level. Figure 2  is a relief map showing the 
territory of Tonga, north of the Tropic of Capricorn, the Tonga Ridge, the adjacent 
volcanic arc, the Tonga Trench, and the location of the Horizon Deep. Subduction of the 
oceanic Hikurangi Plateau  impacts on the Kermadec arc (Tim EtAl, 2014). 
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Figure  2.  Relief map of the territory of Tonga, north of the Tropic of Capricorn, of the 
Tonga Ridge and the adjacent volcanic arc, of the Tonga Trench, and of the location of the 

Horizon Deep. (Source: Google Earth) 
 

2A. Geodynamic Setting and Underwater Structure of Hunga Tonga-Hunga Ha'apai 
Volcano  
      Dacitic volcanism prevails along the Tonga-Kermadek volcanic arc where the HT-HH 
exists and was developed by subduction of slabs beneath the eastern Indonesia–Tonga 
region (Worthington EtAl. 1999; Hall & Spakman, 2002). The image below (Fig. 3 ) is a 
Planet Labs PBC/via REUTERS SkySat image which shows the upper, above-sea rim of 
the Hunga Tonga-Hunga Ha'apai (HT-HH) on January 15, 2022, two hours before the 
underwater volcano’s  hydro magmatic eruption/explosion at 5:10 p.m. on the same day 
(GoogleEarthTM, 2022).  
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Figure  3. Upper left: Geodynamic setting of Tonga. Credit GoogleEarthTM (2022). 
Upper right: A rendering of the HT-HH volcano shows the part of the peak that is 

known as the two Tongan islands Hunga-Tonga and Hunga-Ha’apai. Credit Frederik 
Ruys; Below: Volcanic structure of Hunga Tonga-Hunga Ha'apai volcano based on 

elevation and a bathymetric map of the underwater portion of the volcano. Credit Shane 
Cronin / The Conversation, 2022. (After Toulkeridis EtAl., 2022). 

 
      This upper right portion of Figure  3 shows the geodynamic setting of the Tonga group 
of islands and the peak comprising of the two Tongan islands of Hunga-Tonga and Hunga-
Ha’apai. The portion below the same image shows the above and below water volcanic 
structure of the entire HT-HH volcano - including both the above water elevation and its 
underwater bathymetry which appeared in a news report (Credit Shane Cronin /T 
Conversation, 2022), and also combined and reproduced in a paper published in the January 
2022 issue of the journal Science of Tsunami Hazards (Toulkeridis EtAl. 2022). 
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3. THE HUNGA-TONGA-HAPA’I VOLCANO’S ERUPTION/EXPLOSION 
SEQUENCE  

 
Figure  4  below are satellite NASA photos showing the eruption/explosion sequence 
before and following  pre-existing smaller caldera’s initial activity. All that remained 
locally after the paroxysmal  expliosion were the two mentioned preexisting small islets of 
Hunga Tonga and Hunga Ha'apai, again separated by the sea.  
	

 
 

Figure  4. Eruption/Explosion Sequence: Upper left: Hunga Tonga-Hunga Ha'apai prior to 
As eruption.(Credit GoogleEarthTM in2021). Upper right: Status of Eruption by January 7. 
2022. (Credit: Planet Labs PBC/EYEPRESS/Shutterstock), Lower left: A Planet SkySat 
image shows Hunga Tonga-Hunga Ha'apai two hours before its eruption on January 15, 

2022. (Credit:Planet Labs PBC/via REUTERS); Lower right: Remains of the island as seen 
on January 17, 2022. (Credit: Maxar Technologies Original Source: 

Copernicus/ESA/Sentinel Hub, PlanetLabs, Maxar (BBC)) 
 
3A. The Hunga-Tonga-Hunga-Ha'apai (HT-HH) Volcano’s Prior Above-water 
Dimensions on the Northern Rim. 
       Monitoring and modeling the rapid evolution of the HT-HH volcanic island since its 
increasing activity in 2014-2015, begun in 2018 using high spatial resolution satellite 
observations (Garvin EtAl, 2018). But even earlier activity of the volcano was included in 
weekly reports of the Smithsonian Institution and of the U.S. Geological Survey (Global 
Volcanism Program 2009, 2014, 2015, 2021 a b and c., and 2022).  
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      The HT-HH volcano is located about 65km (40 miles) north of the kingdom of Tonga’s 
capital, Nuku’alofa, on the main island of Tongatapu. Before its latest eruptive activity 
which begun in November 2021, its maximum height from the bottom of the sea was about 
1,800 meters, its width was about 20 km, and a portion of its height above sea level was 
114 meters. Earlier volcanic activity in 2014 and 2015 had joined the Tonga volcano with 
the adjacent islands of Hunga Tonga and Hunga Ha’apai, both of which had been produced 
by older volcanic eruptions in the northern segment of the Tonga Kermadec volcanic arc 
(Fig. 5 ).  
     Following an earlier eruption of 20 December 2021, on 11 January 2022, the Tonga 
volcano was declared dormant.  However, satellite photos taken by Planet Labs PBC from 
17 November 2021 up to Friday, 14 January 2022 showed that a larger island had been 
created on the north side of the undersea volcano.  
 

 
 
Figure  5.  NASA satellite image of the uppermost, above water pre-existing part of the rim 

and secondary caldera of the HT-HH volcano of Hunga in December 2021. 
 
      The dimensions of  the above water portion of the northern rim of the volcano that 
existed before the 15th January 2022 eruption/explosion were about 3.5 km in lenght and 
1.7 km wide.  On either side of this newly formed, above water section – and stil partly 
remaining – were the preexisting islets of Hunga Tonga and Hunga Ha'apai, which had 
been joined into a single landmass by an earlier eruption of the volcano in December 2014.        
Subsequently, and as shown in Figure 5, the above water middle portion of the volcano’s 
upper land mass begun to grow in size due to the volcano’s renewed activity of the above 
water smaller caldera, shown in the satellite photo above. By 14 January 2022,  the volcano 
begun to erupt again with greater force, and a local partially destructive tsunami was 
generated. The source mechanism of this local preliminary tsunami is puzzling and needs to 
be further investigated. The question arises whether  this initial and local tsunami was 
generated by uplift within a smaller caldera which may have been of the“Smith Caldera” 
type, similar to the one which followed the 2015 volcanic tsunami earthquake near 
Torishima in Japan (Fukao EtAl., 2018), or simply by a partial preliminary collapse of the 
rim of  the HT-HH  volcano.  Whether such type of calderas exists along the  
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Tonga Kermadec volcanic arc is not known. However it is known that about 30 million 
years ago, massive ash and debris from nearby volcanoes had filled smaller calderas, which 
hardened into rock which resulted caldera-floor uplift of ~1.5 m when the volcanic tsunami 
earthquake of 2015 occurred on Torishima. 
 
3B. Activity of the Hunga-Tonga-Hunga-Ha'apai (HT-HH) Volcano Prior to the 
Paroxysmal Eruption/Explosion of 15 January 2022  
       The HT-HH volcano was relatively inactive since January 2015, but reactivated on 20 
December 2021, forming a large plume of ash visible from Tonga's capital city Nuku'alofa 
on the island of Tongatapu. The eruption continued until 2:00am on 21 December 2021 and 
included explosions, the sounds of which could be heard as far as 170 km away 
(Toulkeridis EtAl.. 2022; Fukao EtAl., 2022).  
     The volcanic activity reduced by 5 January 2022, but restarted strongly again on 13 
January. On 14 January 2022, images of a strong eruption were captured by NOAA’s 
GOES-17 satellite, and on the same day the National Emergency Operations Centre was 
activated. This included the outer island Emergency Operations Centers in Ha'apai and 
Vava'u. At 4:40am local time a nationwide Tsunami warning was issued by the Tonga 
Meteorological Servicesa for all the islands of the Kingdom of Tonga. At 11:12am 
abnormal sea level fluctuationa were observed at Nuku'alofa’s waterfront. Tsunami waves 
up to 30 cm were initially recorded at the tidal gauge in Nuku'alofa. However waves of 
greater height arrived subsequnrly 
       Later in the afternoon of the same day, a Tonga Geological Services (TGS) team 
observed the eruption from a distance of 2 to 3 miles between 5:00pm and 6:30pm local 
time. (Fukao EtAl., 2022). The eruption continued until the next day, and probably resulted 
in the partial collapse of the HT-HH’s caldera, leaving most of the volcano submerged and 
leading to the separation of the Hunga Tonga inlet from the Hunga Ha'apai inlet (as  
captured by satellite imagery the next day at 3:25pm on 15 January 2022 – in Fig. 6. A 
plume of ash, steam and gas rose to altitude 18 to 20 km above sea level. The plume 
expanded radially up to a radius of 240 km from the volcano, passing over the Tongatapu, 
'Eua, Ha'apai and Vava'u island groups. Ashfall was observed in Tongatapu and other 
islands.  
 
3C. Paroxysmal Eruption/Explosion of the Hunga-Tonga-Hunga-Ha'apai (HT-HH) 
Volcano on 15 January 2022  
       About 24 hours later after this local tsunami on 15 January 2022, a series of 
hydromagmatic explosions of the underwater portion of the volcano toward the south-east, 
obliterated the newly formed middle portion of the joined islets of Hunga Ha’apai islet and  
of Hunga Tonga. The big blast and caldera collapse of the undersea volcano occurred at 
about 5:15 pm local time on Saturday 15 January 2022 and lasted less than 60 minutes.  
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Figure 6 . Images of the eruption of January 15, 2022. Credit Left: Digicel Tonga (After 

Toulkeridis Et. Al 2022). 
 
      This eruption was captured by the GOES-17 and Himawari-8 (JMA) satellites (Fig.7 & 
8). The main eruption column rose to a 35 km altitude. The 2022 Hunga Tonga event was 
probably the largest volcanic eruption in the 21st century and the largest since the 15 June 
1991 eruption of Mount Pinatubo in the Philippines' Luzon Volcanic Arc - which had been 
the second-largest volcanic eruption of the 20th century after the 1912 eruption of 
Novarupta in Alaska. The Hunga-Toga  eruption ejected about 10 km3 (2.4 cu mi) of 
material in the atmosphere about the same as that of the devastating eruption 
of Pinatubo (Philippines) in 1991. 

 
 

Figure 7. The enormous explosion as seen from the satellite. Credit US Geological Survey 
and Tonga Meteorological Services. Width of image is of about 600 km. 
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      At 6.15pm of the same day and after the 5:19 and later in the same evening of 15 
January 2022, the Tonga volcano continued to rain ash on the neighboring  islands, and 
darkness covered the sky. The “volcanic mushroom plume” that was generated from the 
eruption, eventually reached the stratosphere and extended to cover Tonga’s roughly 
170 islands, where more than 100,000 people lived. Attempts from Australia and New 
Zealand to assess from the air the damage to critical infrastructure such as roads, ports and 
power lines, were delayed because of the ash cloud which had covered the islands. 
According to a report of New Zealand’s meteorological service, by 3pm of 17 January the  
huge cloud of the volcanic ash spread to 160 miles (260km) in diameter and rose up to  19 
miles (30km) high, and was seen drifting towards northern Australia at an altitude between 
12-20km.  
      Also, the atmospheric pressure shockwaves generated from the violent eruption begun 
to be recorded as far away as Australia, New Zealand, United States, the United Kingdom 
and elsewhere. According to a bulletin of the Australian Bureau of Meteorology, the 
shockwave travelling faster than 1000 km/h – almost as fast as the speed of sound – 
resulted in a noticeable jump in the atmospheric pressure, reported earlier. Sonic booms 
from the eruption were heard across the Pacific, including Fiji, Vanuatu, and as far as 
Alaska.   
       Following the explosion of the HT-HH volcano,  residents in Fiji and Vanuatu (more 
than 1600 Km away) reported that ground and buildings were shaking and that sonic booms 
were heard. Also, the United States Geological Survey (USGS) reported that an earthquake 
of magnitude 5.8 occured at 5:15 pm. Immediately that night tsunami warnings were 
isssued for the islands of Fiji and Samoa and massive evacuation of coastal areas begun 
(Fukao EtAl., 2018). 
 

 
 

Figure  8. Global view of the eruption/explosion of the Hunga-Tonga volcano on the 15 
January 2022, of the ash cloud formation and of the initial  atmospheric pressure wave 

https://www.bbc.com/news/world-australia-60027360 
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      Figure 8  is a global view of the eruption/explosion of the Hunga-Tonga volcano on the 
15 January 2022, of the ash cloud formation, and of the initial expanding atmospheric 
pressure wave. The ultra-Plinian explosion and concurent crustal displacements of the 
volcano’s caldera and flanc collapses, generated  a very damaging near and far-field 
tsunami, but also an atmospheric paroxysmal explosion similar to that of 1883 Krakatau 
event, and a Pacific–wide  tsunami, as well as far-reaching atmospheric Lamb wave 
perturbations and subsequent concentric wave-shape traveling ionosphere disturbances 
(TIDs oscillations) – the latter observed simultaneously in both the northern and southern 
hemispheres. 
 
3D. Ash Cloud Formation and Atmospheric Pressure Waves from the 
Eruption/Explosion of the Hunga-Tonga-Hunga-Ha'apai (HT-HH) Volcano 
      The eruption/explosion of the HT-HH volcano had many similarities to the 1883 
eruption of Krakatau (Krakatoa), which caused a devastating tsunami in the Indian 
Ocean, but also had a global impact. Krakatoa’s violent eruption was reported to have 
been heard 4,800km away, and atmospheric pressure waves generated tsunami-like 
waves at great distances, although there was not sufficient technological monitoring 
back then.  However, recent technological developments and satellite monitoring 
allowed good documentation in real time of the Tonga volcanic eruption/explosion, of 
the ash cloud formation, and as stated of the atmospheric pressure waves. 
 
3E. Power of the Hunga-Tonga-Hunga-Ha'apai (HT-HH) Volcano’s Blast Explosion -  
Generation of Acoustic Gravity Waves  
       As reported by early research of the 1883 explosion of Krakatau (Press & Harkrider, 
1966) acoustic gravity waves can excite water gravity waves (tsunami) having the same 
phase velocity.  The distant sea level disturbances that were observed following the 
explosion of Krakatoa were correlated with recently discovered atmospheric acoustic and 
gravity modes having the same phase velocity as long waves on the ocean. These 
atmospheric waves jumping over land barriers re-excited the sea waves with amplitudes 
exceeding the hydrostatic values. An explosion of 100 to 150 megatons would be required 
to duplicate the Krakatoa atmospheric pressure pulse. 
      Observation of acoustic gravity waves from the Tonga explosion and images collected 
by the Atmospheric Infrared Sounder (AIRS), mounted on NASA’s Aqua satellite, in the 
hours after the eruption of the Hunga Tonga–Hunga Haʻapai volcano showed that the HT-
HH blast explosion generated atmospheric gravity waves, which appeared as concentric 
circles, involving vertical oscillations of air molecules in an air column extending from the 
surface to the ionosphere (elevation of about 50 km),   
      To what extend the acoustic gravity waves from the blast explosion of HT-HH 
contributed to the tsunami wave heights observed locally or at great distances is rather 
difficult to quantify. According to NASA estimates, the power of the blast of the HT-HH 
volcano was equivalent between 4 to 18 megatons of TNT only. This amount of energy was 
released by the fourth paroxysmal explosion  that blew away the northern two-thirds of 
Rakata island and almost instantaneously was followed by the collapse of the unsupported 
volcanic chambers which formed the huge underwater caldera (Pararas-Carayannis, 1989, 
2003).  
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       For comparison, scientists estimated that the power of the 1980 explosion of Mount St. 
Helens in the State of Washington in the USA  was 24 megatons, and the power of the 1883 
Krakatau (Krakatoa) volcano’s explosion in the Sunda Strait of Indonesia (Sunda Strait, 
Indonesia) was equivalent to 200 megatons of TNT, about 13,000 times the nuclear yield of 
the bomb that devastated Hiroshima. Apparently there is a discrepancy in the estimate of 
Krakatau volcano’s force of eruption which was assigned a volcanic explosivity index 
VEI=6, the same as that of the HT-HH event – which was also equivalent with the 
catastrophic 1991 eruption of Mount Pinatubo in the Philippines. 
      The coupling of the acoustic gravity waves from the Krakatau volcanic explosion with 
the sea surface apparently generated earlier tsunami waves having the same phase velocity 
which were recorded in Honolulu, San Francisco and Cardiff in Wales - much too early to 
have been propagated entirely through the oceans (Press & Harkrider, 1966; Latter, 1981, 
Pararas-Carayannis, 2003; Gabrielson, 2010; Chunchuzov EtAl, 2021). 
 
3F. Lamb Wave Generation of Tsunami 
      The Hunga Tonga undersea volcanic eruption was one of the most powerful ever 
recorded. It generated audible sound detected more than 10,000 kilometers from the source, 
as well as infrasound and seismic recordings (Kubota EtAl, 2022; Matoza EtAl., 2022). An 
atmospheric lamb wave -  characteristic of energetic atmospheric events - circled the earth 
four times and was very similar to the 1883 Krakatau eruption (Pararas-Carayannis, 2003). 
      Briefly, a Lamb wave in the atmosphere is a type of acoustic wave that is trapped at the 
earth's surface, propagating only in the horizontal direction in an isothermal windless 
atmosphere (Lamb, 1932/1947). However, in the real non-isothermal earth’s atmosphere, 
earthquakes, volcanic eruptions, rapidly moving storms, falling meteorites, atomic bomb 
explosions and various other types of pressure pulses, generate enhanced Lamb-type of 
waves (Garrett 1969).  The 15 January 2022 eruption/explosion of the Hunga volcano in 
Tonga, generated a wide range of such waves, which were detected globally by both ground 
and space instrumentation. Most important of  these oscillations was a Lamb wave with 
frequency (≲0.01 hertz),  which propagated for four (plus three antipodal) passages around 
Earth over a period of six days (Kubota EtAl, 2022; Lin EtAl, 2022; Matoza EtAl., 2022).        
The atmospheric wave contibuted to the generation of global tsunami waves  arriving two 
hours earlier than expected Such was also the case with the 1883 volcanic eruption of 
Krakatau eruption/explosion and the tsunami-like waves observed in the Atlantic Ocean 
(Pararas-Carayannis, 2003). According to newspaper accounts and reports, the  far field 
impact of the violent eruption of HT-HH and tsunami-like effects differed in many areas of 
Central and South America. For example the impact of tunami waves in Panama was not 
significant (El Siglo de Panamá , 2022), while in Peru the observed and recorded waves 
were substantial (El Universo, 2022).  
 
4. MECHANISMS OF TSUNAMI GENERATION FROM THE HUNGA-TONGA-
HAPA’I  (HT-HH) VOLCANO’S ERUPTION/EXPLOSION 

	
It has been well established that violent submarine volcanic eruptions can displace large 
volumes of water in a number of different ways, and have the potential to generate 
destructive tsunamis by different additional mechanisms. In general, such tsunami   
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generation mechanisms may include: (1) displacement of large volumes of water and 
sudden sea surface oscillations; (2) flank failures and sub-marine landslides around the 
volcanic edifice; (3) flank caldera collapses into the empty magma chamber; (4) 
meteotsunamis triggered by atmospheric gravity waves following sub aerial volcanic blasts; 
and (5) meteotsunamis from rapidly moving storm fronts near a shore (Pararas-Carayannis, 
2019). 
      Before discussing the specific mechanisms of near and far field tsunami generation 
from the 15 January 2022 eruption/explosion of the HT-HH volcano, there is a need to 
review the possible sequence of events that occur before, during and following similar such 
events. Generally, preceding a major eruption, there may be direct or channelized volcanic 
blast episodes, collapses of lava domes, as well as aerial and partial submarine volcanic 
edifice mass edifice flank failures. All such events may generate destructive local tsunamis.  
A subsequent violent eruption/explosion of a submarine volcano, associated with a major 
caldera collapse, can generate near and far field destructive tsunami waves. Furthermore 
such a violent eruption will also generate collateral, faster traveling atmospheric 
perturbations, other tsunami-like sea level oscillations, and Lamb waves. All these were 
generated by the blast of the HT-HH volcano. 
       In addition to the generation of tsunamis from flank failures of volcanic domes during 
an eruption, following massive explosive volcanic events associated with above or below 
water structural collapses - coupling with atmospheric waves in resonance - can and have 
caused very long period water waves at distant locations away from the point sources of 
origin (Pararas-Carayannis, 1967; 2003; Toulkeridis EtAl. 2022; Terry EtAl. 2022; Gusman 
& Roger, 2022).  
      The 14 January 2022 and the subsequent paroxysmal 15 January eruption of the HT-HH 
volcano indicate that a combination of the above listed mechanisms were responsible for 
the generation of both near and far-field destructive tsunamis, as well as for the faster-
traveling atmospheric waves which, coupled with the sea surface, generated the earlier 
observed and recorded tsunami-like waves at distant shores.   
      Collapses of lava domes often precede major eruptions, which may vary in intensity 
from Strombolian to Plinian. Locally catastrophic, short-period tsunami-like waves can be 
generated directly by lateral, direct or channelized volcanic blast episodes, or in 
combination with collateral air pressure perturbations, nuee ardentes, pyroclastic flows, 
lahars, or cascading debris avalanches. Submarine volcanic caldera collapses can also 
generate locally destructive tsunami waves. Significant tsunamis may be also generated by 
fast moving storm fronts and nuclear explosions (Pararas-Carayannis  & Adams, 1966).   
 
5. TSUNAMI GENERATION BY THE ERUPTION/ EXPLOSION OF THE HUNGA 
TONGA HUNGA HA’PAI  (HT-HH) VOLCANO   
 
Near and far field tsunami and other volcano-induced sea level oscilations and effects 
generated by the 2022 HT-HH eruption were studied, simulated or reported by many 
researchers, and institutional  sources globally (Toulkeridis Et.Al. 2022; Gusman & Roger, 
2022; Kubota EtAl, 2022; NOAA, 2022; PTWC, 2022; Science.org  2022; Sekizawa and 
Kohyama, 2022; Terry EtAl, 2022; TelesurTV 2022).    
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5A. Near-field Tsunami Generation of the HT-HH Volcano on 14-15 January 2022. 
      Eruption activity of the HT-HH volcano intensified in January 2022. On Friday the 14th 
of the month, crustal displacements within the volcanic cone generated tsunami waves that 
were locally destructive, as shown arriving at the main island of Tongatapu (Fig. 9). Figure 
9 below is another photo taken by Tonga's geologist Taaniela Kula, which shows a local 
tsunami which occurred before the big explosion of the HT-HH volcano of Saturday 15 
January, causing damage and destruction to a small fishing fleet at the harbor of 
Nuku'alofa.  
 

 
 

Figure 9.  Tsunami arrival at Tonga’s main island of Tongatapu. 
 

At 5:10 pm local time on that same day, a massive eruption/explosion begun to generate an 
enormous amount of energy and an initial volcanic explosion occurred and an ash plume of 
up to 12.5 km was formed. This ash plume grew, eventually rising to 30 km in height and 
spreading over an area of 260 km. At the same time volcanic ash begun raining over the 
islands in the region. Images from weather satellites recorded the great eruption which 
begun in the afternoon of  15 January 2022. The eruption and submarine crustal 
displacement severed a 514-mile fibre-optic cable which connected Tonga to Fiji and to 
international networks and damaged telephone and Internet lines.  
 
5B. Mechanism of the Near-field Tsunami Generation and Destruction from the 
Violent Eruption/Explosion of the HT-HH Volcano on 15 January 2022. 
     According to the Australian Bureau of Meteorology, at 5.30 pm on 15 January 2022, 
about twenty minutes after the violent eruption of the HT-HH volcano, an initial tsunami 
wave of 1.2 meters in height struck the main island of Tongatapu and the city of 
Nuku’alofa, Tonga’s capital. This wave and subsequent waves caused extensive destruction  
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to the harbor seawall, to buildings and to local infrastructure (Figures 10 & 11). On Mango 
island, where about 50 people lived, all homes were destroyed. On Fonoifua Island only 
two houses remained and a woman lost her life.  On Nomuka Island two people were lost. 
At Fua’amotu international airport, the runway was inundated and was partly covered by 
volcanic ash and sediments. Other satellite images show that flooding came in several 
blocks inland. Satellite imagery analyzed by the UN showed similar scenes in Kolomotu’a, 
Tongatapu, and Fafaa village, Kolofo’ou. Some buildings remained standing, others 
collapsed, and the entire landscape was coated with volcanic ash. 
 

 
Figure 10. Initial tsunami damage and destruction of the small fishing fleet at the wharf of 
the Nuku'alofa boat harbor on 14 January 2022 (Photo: Mary Lyn Fonua / Matangi Tonga

 
Figure 11.  Another photo of the destruction by the local tsunami of 15 January 2022 at 

Marangi   (Photo: Mary Lyn Fonua / Matangi Tonga).  
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 5C. Issuance of Tsunami Warnings   
      Although only an estimated 5% of tsunamis have historically resulted from volcanic 
eruptions, based on the intensity of the HT-HH volcano’s eruption, beginning at 8:15 pm 
the same day, tsunami warnings were issued across the Pacific, including New Zealand, 
Australia and the west coast of the USA. In Japan, about 230,000 people across eight 
prefectures were ordered to evacuate from coastal areas. This event caused great difficulty 
in the issuance of timely and accurate tsunami warnings for the following three reasons. 
First, some agencies initially concluded that the earthquake itself, with magnitude 5.8, was 
not large enough to generate a tsunami with significant amplitude around the Pacific Ocean. 
Second, when tsunamis did arrive (Figure 12), their early arrival made it very difficult to  
reliably predict tsunami arrival times for use in warnings. Third, once it became clear that 
significant tsunami amplitudes had been generated, it was very difficult to reliably predict 
their heights for use in warnings because there was not sufficient information at that time 
on the coupling effect of atmospheric pressure waves. Figure --- below is tsunami travel 
chart based on the usual gravity wave propagation and not one the faster traveling waves 
generated by the atmospheric pressure disturbance caused by the volcanic blast. 

 
Figure 12. Tsunami travel time based on NOAA (NOAA, 2022a) 
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5D. Far-Field Tsunami Effects from the Violent Eruption/Explosion of the HT-HH 
Volcano. 
      The Hunga Tonga‐Hunga Ha'apai volcanic eruption itself impacted widely and 
violently (BBC, 2022). Besides the near-field tsunami generation, large waves and strong 
currents resulting from the eruption/explosion of the Tonga volcano were recorded in many 
coastal areas on both sides of the Pacific Ocean. By the 16th of January, large waves and 
strong currents were recorded along Japan’s North Pacific coast. Destructive waves of 
nearly 1.2 meters in height, arrived there in about 8 hours, about 2.5 hours earlier than the 
expected travel time of about 10.5 hours. In Sydney, Australia waves arrived in 2.75 hours - 
about 3 hours earlier than expected (Power, 2022). 
      There were also reports of damage from several islands of the South Pacific. A report 
from New Zealand stated that an undersea cable linking Tonga to Fiji was damaged. In the 
Lambayeque region of Peru unusually high waves were recorded, and 22 ports were closed. 
Along the west coast of the USA there was a report of flooding in Santa Cruz in California, 
and of damage to boats in the harbor.  
      Figure 13 below of a study in Japan (Watada. 2022), illustrates that coupling of the 
acoustic gravity waves with ocean gravity waves having similar phase velocities, and acting 
in resonance, were the cause of enhancing the height of the observed and recorded far-field 
tsunami waves 
 

 
 

Figure  13. Left: Generation of the initial tsunami by the acoustic gravity wave close to the 
recording site. Right: Generation of later arriving tsunami by the coupling of the acoustic 

gravity waves with ocean gravity waves having similar phase velocities, causing resonance. 
(Source: Watada (2022). 

 
      Provided in the next sections of the present report are brief reviews of the above cited 
events of the eruptions/explosions of the Krakatau and Santorin volcanoes, and of the 
tsunami generations mechanism of major volcanic eruptions in the Eastern Caribbean 
regions, in the Pacific and the Indian oceans, and of a few other significant volcanic events 
elsewhere around the world.  
      The recordings of this water level oscillation and of the barometric pressure wave are 
shown in Figure   14 (provided by Dr. Greg Dudek of NOAA), which indicate that an 
acoustic wave arrived in Mayaguez just before the sea level oscillation - thus suggesting 
that this acoustic wave acted as a local source. 
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Figure 14. Tide gauge recording (top) and of a barograph (bottom) of the Tonga explosion 
at Mayaguez, Puerto Rico. The purple line in the top panel shows the record after removal 

of the tides. (Source: Dr Greg Dusek, NOAA). 
 

6. COMPARISON OF THE 2022 OF THE HUNGA TONGA HUNGA HA’PAI  (HT-
HH) VOLCANIC ERUPTION/EXPLOSION AND ITS TSUNAMI GENERATION 
MECHANISMS WITH PAST AND RECENT MAJOR VOLCANIC EVENTS  
 
As stated previously, the eruption of the HT-HH volcano on the 14 January 2022  resulted 
in the collapse of the caldera, leaving most of the volcano submerged. This earlier eruption 
and collapse was recorded as only minor disturbance on the tide gauge record at 
Nuku’alofa, in Tonga as shown on the right side of Figure 14, thus indicating that it was not 
the source of an early Pacific-wide tsunami. However, the major eruption/explosion of the 
volcano on the next day 15 January 2022 generated a major tsunami in the Pacific by the 
interaction and coupling of acoustic gravity waves with the sea surface.  Additionally to 
such enhanced tsunami waves in the Pacific, small sea level oscillations were also recorded 
in Mayaguez, Puerto Rico in the Caribbean Sea. Such small sea level oscillation and a  
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barometric pressure wave were observed following the Tonga volcanic explosion.  The 15 
January 2022 eruption/explosion/collapse of the submarine portion of the HT-HH volcano 
on the Tonga Kermadec volcanic arc in the southwest Pacific was a unique event but not 
unprecedented. Although tsunami generation from volcanic sources is not frequent, the historic 
record indicates that many such tsunamis were generated in the past, by volcanic events having 
similar as well as different source mechanism characteristics.   
      What makes the 15 January 2022 volcanic event more significant is the present improvement 
in the technical ability to better understand and measure collateral effects that such violent volcanic 
events have on a global scale, particularly on the atmosphere  and the ionosphere. Thus, another  
pending paper will be provided in the near future by the present author, with a brief review and 
comparison of the recent Tonga eruption/explosion and of its tsunami generation mechanisms and  
collateral impacts, with other volcanically-generated tsunamis elsewhere around the world’s 
oceans and seas. Specifically, will be reviewed  are some of the destructive volcanically-generated 
tsunamis in the Pacific and in the Caribbean region, as well as  tsunami generation mechanisms 
caused by different arc stresses, and tensional back-arc spreading,  due to down-dip tectonic 
tensions (Seno & Yamanaka, 1998). 
      Other similar to  the 2022 HT-HH volcanic eruption/explosion mechanism – and of a 
combination of related mechanisms – will be discussed in greater detail in the subsequent 
report. This report will include the 1883 eruption of the Krakatau volcano in Indonesia, the 
1690 BC eruption/collapse of the Santorin volcano in the Aegean Sea, and tsunami-
generating eruptions of volcanoes in the Caribbean Sea, the Indian Ocean in the Pacific 
Ocean and elsewhere around the world.          
 
CONCLUSIONS     
 
The final explosive eruption/collapse of the volcano Hunga-Tonga-Hunga-Ha'apai (HT-
HH) on the Tonga Kermadec volcanic arc on 15 January 2022 was a truly global event, and 
almost as great as that of  the 1883 explosive eruption of  the Krakatau volcano in Indonesia both 
resembling the 1490 BC explosion, caldera and flanc collapses of the Santorin volcano in the 
Aegean Sea, the latter considered even much greater. These three events generated destructive 
volcanogenic tsunamis. The eruption of HT-HH was a combination of a major submarine 
Surtsean/ phreatomagmatic events and of a subsequent ultra-Plinian atmospheric explosion 
which generated  a very damaging local tsunami. In addition to local destructive tsunami 
generation in the immediate area, the violent eruption created impulsive Lamb  surface air 
pressure waves. 
      Recent development of  instrumentation and of an expanded array of terrestrial and space 
instruments - including atmospheric pressure sensors, seismometers and a fleet of satellites 
monitoring  the Earth across the entire spectrum of light – provided good global monitoring of the 
effects of this particular and unusual HT-HH volcanic event. The interaction of acoustic 
gravity waves caused by the explosion, interacting with the sea surface, generated tsunami 
waves, which arrived much earlier and were much larger than expected and were observed 
globally. Also, the eruption resulted in unusually traveling ionospheric disturbances 
(CTIDs) – detected and mapped on both of the earth’s hemispheres.  
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