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Abstract 

 

A gigantic submarine volcanic eruption occurred at Hunga-Tonga Hunga-Ha‘apai at around 04 

UTC on 15 January 2022, which triggered atmospheric shock waves, meteotsunami, tsunami 

and seismic waves.  In-situ ground based and remote observations in the air, sea and land could 

be used to analyse these waves.  Atmospheric pressure waves were observed circling the globe 

multiple times.   These waves coupled with the ocean surface, generating tsunami-like waves 

or meteotsunami in various basins.  Unusual trans-basin tsunami waves as high as around 15 

m were also triggered over local areas of Tonga islands, and waves of up to nearly 2 m in some 

places of New Zealand, Chile and Japan, and waves of 10-20 cm as far as some coastal places 

in China.  This paper mainly analysed the observations of waves travelling in the air, land and 

sea based on the atmospheric pressure, seismic and tide data in Hong Kong, and studied the 

mechanism and characteristics of these waves.  
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1.  Introduction 

 

The Hunga-Tonga Hunga-Ha‘apai (HTHH) volcano (20.5°S, 175.4°W) underwent massive 

eruption under the sea, hereafter referred as Tonga volcanic eruption, beginning at around 04 

UTC (UTC = Hong Kong Time – 8 h) on 15 January 2022.  Observations in the air, land and 

sea showed evidence of propagation of a series of waves at different frequencies around the 

globe.  It was an unusual event as it combined various features that were not normally seen 

together by volcanologists, seismologists, oceanographers, meteorologists and climatologists.  

The Tonga volcano ejected a plume of ash soaring into the upper atmosphere and triggered a 

trans-basin tsunami that destroyed homes and left several deaths on Tonga’s nearby islands.  

People in nearby places heard the big explosion and smelt a strong smell of sulphur following 

the eruption.  The shock waves generated from the eruption triggered atmospheric pressure 

disturbances that circled the globe multiple times.  These atmospheric pressure waves coupled 

with the ocean surface and caused tsunami-like waves or meteotsunami which were observed 

in the Caribbean, Atlantic Ocean, Indian Ocean and the South China Sea.   

 

Satellite observations and in-situ measurements in Hong Kong were studied to analyse the 

waves triggered by the Tonga volcanic eruption in the atmosphere, land and sea, and their 

relationships. 

 

 

2.  Observations and analysis 

 

2.1 Satellite observations showing gigantic volcanic eruption plume reaching 

the mesosphere 

 

Stereoscopic observations of the eruption by GOES-17 and Himawari-8 together with heights 

determined from the lengths of the shadows from the satellite imageries (NASA, 2022), as well 

as the disturbances detected by GPS satellites in the ionosphere which lies above the 

stratosphere prompted that the eruption plume reached as high as 80-90 km.  It is rare to see a 

volcanic eruption plume reaching such a height.  What makes the eruption plume shoot so high 

in the atmosphere?   

 

The volcanic vent was over shallow waters of tens to 250 metres deep where water fuelled the 

explosive eruptions by steam (superheated moisture from the ocean), effectively transforming 

thermal energy from magma to kinetic energy of the eruption.   The volcanic gas mixed into 

the magma before upwelling, fuelling the explosion and high plumes.  The associated steam, 

chemical species like sulphur dioxide, a huge amount of lightning signals generated by rapid 

collisions of gas particles could be tracked by remote sensing techniques.  Sulphur dioxide was 

tracked by satellite observations using RGB imagery (Figure 1) and volcanic aerosols (sulphate 

and ash) could all be tracked by using Cloud-Aerosol Lidar and Infrared Pathfinder Satellite 

https://earthobservatory.nasa.gov/images/149474/tonga-volcano-plume-reached-the-mesosphere
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Observation (CALIPSO) (Figure 2) and were also evident from the NASA’s Ozone Mapping 

and Profiler Suite (OMPS) Limb Profile of Suomi NPP satellite (Figure 3).  

 

 

 

Figure 1.  Himawari-8 SO2 RGB satellite imagery at 04:40 UTC 15 January 2022 showing the 

plume of sulphur dioxide ejected with the Tonga volcanic eruption. 

 

 

 

 

 

Figure 2.  The height of volcanic aerosols from Tonga volcanic eruption reached at around 20-

30 km as observed from CALIPSO at around 03 UTC on 16 January 2022.  
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Figure 3.  Aerosol observations from OMPS Limb Profile of Suomi NPP satellite at 997 nm 

from around 01:30 to 03:10 UTC on 16 January 2022 nearly one day after the Tonga volcanic 

eruption as obtained from NASA’s OZONE and Air Quality Site 

(https://ozoneaq.gsfc.nasa.gov). 

 

 

According to Global Volcanism Program (2022), the sulphur dioxide mass of the plume was 

400,000 tonnes (0.4 Tg) as derived from satellite-based estimates.  When compared with the 

1991 eruption of Pinatubo which ejected nearly 20 million tonnes (50 times than that of Tonga) 

and temporarily cooled the planet by nearly 0.5 °C (as the sulphur formed sulphate particles 

that efficiently scatter shortwave radiation from the Sun back to the space), the Tonga volcano 

didn’t emit enough sulphur dioxide to change global climate (Nature, 2022).  Lightning strikes, 

which were generated by rapid collisions of gas particles and detected by Global Lightning 

Detection Network (GLD360), shows the spread of circular ripples (meteorologically called 

“gravity waves”) (Figure 4(a)).  There were as much as about 200,000 lightning strikes between 

04 and 05 UTC on 15 January 2022 and the total number of strikes on that day amounted to 

nearly 400,000.  A ground capture of the lighting flash during the period sourced from Tonga 

Geological Services is shown in Figure 4(b). 

 

 

https://ozoneaq.gsfc.nasa.gov/
https://volcano.si.edu/showreport.cfm?doi=GVP.WVAR20220112-243040
https://www.nature.com/articles/d41586-022-00394-y
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(a)                      

 

(b)  

 

Figure 4.  (a) Lightning strikes associated with the Tonga volcanic eruption as recorded by 

GLD360 (red dots) overlaid on IR satellite imagery from Himawari-8 shortly after 04 UTC on 

15 January 2022 within the area of 10-30°S, 170E-165°W (an animation of lightning strikes is 

available on the Observatory’s Blog); (b) lightning strike observed during the eruption (Source: 

Tonga Geological Services).  

 

 

2.2   Waves in Air - Shock Waves  

 

The gigantic eruption generated shock waves which could first be observed between 04:10 and 

04:20 UTC on 15 January 2022 from satellite observations using time difference image of 

Himawari-8 water vapour channels.  This is similar to ripples or circles spreading from the 

point where a rock hits the water and become less defined as they travel outwards.  Figure 5 

shows the first wave indicated by weak blue circle over the Pacific Ocean at the snapshot at 

07:30 UTC on 15 January and the second wave indicated by very weak blue line over the Indian 

https://www.hko.gov.hk/en/Observatorys-Blog/106958/Unleash-of-Waves-from-Tonga-Volcanic-Eruption-Spreading-over-Sea-Land-and-Air
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Ocean at the snapshot at 08:30 UTC on 16 January.  The shock waves travelling in the air are 

in fact acoustic pressure waves or atmospheric gravity waves which induce sudden changes in 

atmospheric pressure at the place where they reach.   

 

 

 

 

Figure 5.  Time Difference image derived from Japanese Himawari-8 low level water vapour 

channel (6.25 µm) at (a) 07:30 UTC 15 January 2022; and (b) 08:30 UTC 16 January 2022 

showing shock waves triggered from the volcanic eruption travelling around the globe. (An 

animation of time difference images is available on the Observatory’s Blog) 

 

 

The shock waves in the air is pressure waves that were observed at many places around the 

world including Hong Kong.  Figure 6 shows the wave fronts spreading out from the location 

of eruption and the travelling pathways of the pressure waves that hit Hong Kong, one coming 

from the southeast direction (first wave to Hong Kong, thick blue arrows in Figure 6) and other 

one coming from the northwest direction (second wave to Hong Kong from the other side of 

the earth, yellow arrows in Figure 6).  The atmospheric pressure waves were propagating at a 

speed of about 310 m/s (taking around 8 hours to reach Hong Kong at a distance of about 9,000 

kilometres).   

 

It is interesting to see why the pressure waves or gravity waves were travelling at the speed of 

sound and had a relatively slow rate of energy dissipation which enabled them to be detected 

even after travelling round the globe a few times at constant speed.  

This can be explained by the characteristics of gravity waves travelling in shallow water (where 

the depth is much less than the wavelength).  They are nondispersive and the travelling speed 

is independent of wavelength and frequency which is given by the following equation:  

 

   

 

https://www.hko.gov.hk/en/Observatorys-Blog/106958/Unleash-of-Waves-from-Tonga-Volcanic-Eruption-Spreading-over-Sea-Land-and-Air
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where g is the acceleration due to gravity and h is the depth of the fluid. Taking the average 

height of the troposphere where most air molecules lie be 10 km, the speed of the pressure 

wave is around 310 m/s which matches well with the calculated speed from pressure wave 

observation.  These are fast-moving atmospheric Lamb waves which are concentrated in the 

troposphere, propagating non-dispersively in the horizontal direction of the Earth’s atmosphere.   

Various numerical simulation studies of atmospheric Lamb waves generated by the Tonga 

volcanic eruption have been carried out and the simulation results matched well with in-situ 

atmospheric pressure records and remote satellite observations in the wave arrival time 

(Amores et al., 2022; Kubota et al., 2022).  

 

Up to around five pressure waves were discernible from pressure readings at Waglan Island 

which is situated at the southeast extremity of Hong Kong (Figure 7). The 1st wave brought 

about a pressure change of around 2 hPa upon arrival, similar to the pressure change 

observation at Chichijima in Japan (Figure 8(a)).  The 2nd wave arrived from the opposite 

direction carrying much less energy as evident from a smaller pressure change that it brought.  

The 3rd wave (thin blue arrows in Figure 6) accompanied with a pressure change of around 1 

hPa in Figure 7, and the 5th wave were in fact originated from the 1st but travelled round the 

globe once and twice respectively.  Similarly, the 4th wave was originated from the 2nd wave 

that had travelled round the globe once before arrival.   

 

 

 

Figure 6.  A schematic diagram overlaid on the satellite imagery of water vapour channel at 

0520 UTC 15 January 2022 showing the tracks of the atmospheric pressure waves originated 

from the volcanic eruption (red dot) travelling to Hong Kong (red cross), first wave (short thick 

blue arrows) coming from the southeast, second wave (yellow arrows) coming from the 

northwest, and the third wave (long thin blue arrows) coming from the southeast again but 

round the globe once, as an illustration.   

 

 

https://agupubs.onlinelibrary.wiley.com/doi/epdf/10.1029/2022GL098240
https://www.science.org/doi/10.1126/science.abo4364


 

8 
 

CONVERGING DIVERGENCE  HKMETS E-BULLETIN 26, 2022 

 

 

Figure 7.  Time series of the 1-minute mean sea-level pressure (blue trace) and anomaly 

(orange trace) after subtracting the 61-minute moving average at Waglan Island, Hong Kong.  

Estimation of the arrival times of the first five pressure waves were marked.   

 

 

 

 

 

Figure 8.  Observations of (a) atmospheric pressure change and (b) sea level change at 

Chichijima in Japan; (c) tsunami travel time map (Source: Japan Meteorological Agency; JST 

= UTC +9 h). 
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2.3   Waves in Land – Seismic Waves 

 

Global seismic stations detected seismic signals from the eruption.   The United States 

Geological Survey (USGS) calculated a surface wave magnitude 5.8 event at 20.546°S, 

175.390°W with zero depth and an origin time of 04:14:45 UTC based on techniques calibrated 

for earthquakes in their post-analysis (USGS, 2022).  No earthquake parameters could be 

derived as the seismic waves were not caused by shear faulting.  The source of vibrations 

should have come from the explosion.  The broadband seismograph at Po Shan station in Hong 

Kong also detected the arrival of seismic body wave (technically named P-wave that shakes 

the ground back and forth in the same direction as the direction of the wave coming from the 

source of vibration) at 04:27 UTC (Figure 9).  The first seismic wave took about 12 minutes to 

reach Hong Kong, and the speed of the P-wave was about 12.5 km/s.  

 

 

 

Figure 9.   Seismic waveform indicating the arrival of P-wave (indicated by red arrow in the 

time series after applying a filter of 0.1 Hz) detected by the broadband seismograph at Hong 

Kong Po Shan station (about 9,000 km northwest of Tonga) at around 04:27 UTC on 15 January 

2022.    

 

 

2.4  Waves in Seas – Meteotsunami and Tsunami Waves 

 

Tsunami waves triggered by the Tonga volcanic eruption were recorded by the buoy sensors1  

and tide gauge stations in the coastal regions of the Pacific Ocean and the South China Sea as 

well as the other basins.  Figure 10 shows a distribution of the sea level monitoring stations on 

the website of Intergovernmental Oceanographic Commission (IOC) of UNESCO to which the 

Hong Kong Observatory (HKO) contributes real-time sea level data from two of the tide gauge 

stations in the network, namely Quarry Bay and Shek Pik.   

 
1  DART (Deep-ocean Assessment and Reporting of Tsunamis) developed by the Pacific Marine Environmental 

Laboratory of US (https://nctr.pmel.noaa.gov/Dart/) 

https://earthquake.usgs.gov/earthquakes/eventpage/us7000gc8r/executive
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The Tonga volcanic eruption triggered unprecedented tsunami waves as high as around 15 m 

over local areas of Tonga islands, and elsewhere waves up to nearly 2 m in some places of New 

Zealand, Chile and Japan, and 10-20 cm as far as some coastal places in China (ITIC, 2022).   

 

 

Figure 10.  Distribution of sea level monitoring stations with real-time data display on the 

website of UNESCO/IOC developed and maintained by Flanders Marine Institute (VLIZ) for 

IOC (https://www.ioc-sealevelmonitoring.org/map.php).  Stations marked by green dots are 

online, stations offline or data outdated marked by red squares, and unavailable by blue dot.  

The red box in the inset shows the location of Hong Kong over the south China coast. 

 

 

The tsunami waves have long wavelength (distance between two adjacent wave crests) as 

compared with the depth of the ocean. For long waves, their speed of propagation is 

independent of the wavelength and frequency.  The same gravity wave equation in section 2.2 

applies.  The wave celerity of long gravity water waves is about 205 m/s over the Pacific Ocean 

with an average depth of 4,280 m (UNESCO, 2022).  Tsunami travel time (TTT) chart can thus 

be compiled in advance based on the depth of oceans at different parts of the world.  Figure 11 

shows the TTT chart indicating that the tsunami wave triggered in the Tonga event would take 

14-15 hours to reach Hong Kong, and the estimated arrival time (ETA) of tsunami waves would 

thus be 18-19 UTC on 15 January 2022.  However in Hong Kong, small fluctuations of sea 

level were seen before the ETA as in many other places in the Pacific regions, for example like 

Chichijima in Japan (Figure 8(b)).  Those small fluctuations are not the aforementioned 

tsunami waves travelling through water body, but sea surface waves named “meteorological 

tsunamis” or “meteotsunamis” triggered by atmospheric pressure waves of high translational 

speed from meteorological aspect (Dogan et al., 2021).  

 

http://itic.ioc-unesco.org/index.php?option=com_content&view=article&id=2186:15-january-2022-hunga-tonga-hunga-ha-apai-volcanic-eruption-and-tsunami&catid=2664&Itemid=3265
https://www.ioc-sealevelmonitoring.org/map.php
https://oceanliteracy.unesco.org/how-deep-is-the-ocean/
https://doi.org/10.1007/s11069-021-04625-9
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During the response of sea surface to a disturbance, energy is transferred from the atmosphere 

to the ocean, while the forced wave induced by the disturbance gradually grows and finally 

reaches a quasi-steady state (Niu et al., 2020).  If the ocean adjusted instantly to air pressure 

change, then it could be said to have an isostatic response in which sea-level and air pressure 

changes are related by the local inverse barometer equation:  

 

    ∆h =  - ∆P/g 

 

where  is water density and delta P is the pressure change.  A fall of 1 hPa in air pressure 

results in a rise of 1 cm in sea level to within approximately half a percent (Wunsch et al., 

1997).    

 

 

 

 

Figure 11.  Tsunami Travel Time (TTT) chart marking the estimated time required for the 

tsunami waves reaching Hong Kong.  The origin of seismic waves associated with the Tonga 

volcanic eruption as derived by USGS on 15 January 2022 is marked by the red dot and the 

location of Hong Kong is indicated by the yellow star.      

 

 

A pressure change of 2 hPa was observed upon arrival of the first pressure wave as described 

in section 2.  The isostatic response of the ocean should give a sea level change of 2 cm.   As 

the pressure wave travelled at a high speed, it interacted with the ocean surface and triggered 

dynamic response of sea level change.   A schematic diagram in Figure 12 shows the fast 

moving atmospheric pressure wave triggering meteotsunami wave as well as amplification of 

https://doi.org/10.1080/21664250.2019.1682747
https://agupubs.onlinelibrary.wiley.com/doi/epdf/10.1029/96RG03037
https://agupubs.onlinelibrary.wiley.com/doi/epdf/10.1029/96RG03037
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long waves associated with meteotsunami and tsunami due to shoaling effect of the South 

China Sea continental shelf though there is energy dissipation through friction and turbulence. 

The meteotsunami waves reached Hong Kong around 3-4 hours before the estimated time of 

arrival of tsunami waves, and around 2.5 hours after the arrival of the first atmospheric pressure 

wave.  The coupling of meteotsunami waves and tsunami waves makes it difficult to identify 

the arrival time of tsunami waves from time series analysis. The tsunami waves brought slight 

changes to the water levels in Hong Kong. 

 

 

 

Figure 12.  A schematic diagram showing meteotsunami wave (in green) induced by fast 

moving atmospheric pressure wave and 'usual' tsunami wave (in blue) triggered from the 

eruption. Both the long waves associated with meteotsunami and tsunami were amplified due 

to the effect of the shelf. 

 

 

As shown in Figure 13(a) & (b), the meteotsunami arrived at Quarry Bay at around 14:40 UTC 

on 15 January 2022 with a maximum amplitude of about 5 cm, and reached Shek Pik around 

10 minutes later with a maximum amplitude of about 9 cm.  The wave period was observed to 

be around 40 minutes. It was associated with the first atmospheric pressure wave that reached 

Hong Kong at around 12:10 UTC on 15 January in Figure 7.  At the more exposed tide station 

at Shek Pik, another meteotsunami wave with a maximum amplitude of about 7 cm was 

observed at around 02:40 UTC on 17 January (Figure 13(c)).  It should be brought about by 

the third atmospheric pressure wave with a pressure change of nearly 1 hPa at 00:00 UTC on 

the same day (Figure 7).  Similar to the first meteotsunami observed at Shek Pik, again there 

was a time lag of around 2 hours 40 minutes from the arrival of the pressure wave.   
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(a) 

  

 

(b)  

 

 

(c)  

  

 

Figure 13.  Time series of sea level data and anomaly (filtered by deducting 61-minute moving 

average in green) at (a) Quarry Bay; and (b) Shek Pik tide station on 15 January 2022; (c) Shek 

Pik tide station on 17 January 2022. 
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The waves should have undergone wave amplification when the meteotsunami wave travelled 

to the South China Sea continental shelf with shallower water.  The meteotsunami reached 

Hong Kong (with reference to Waglan Island) around 2.5 hours after the arrival of the 

atmospheric pressure wave, which is about the time required for tsunami wave travels over the 

northeastern continental shelf of the South China Sea (Figure 14).  The atmospheric pressure 

shock wave coupled with the surface water as it moved along.  The atmospheric forcing 

generated leading (locked) waves propagating at the speed of the atmospheric pressure waves 

and trailing (free) waves propagating at the speed of long gravity ocean wave simultaneously 

(Ren et al., 2022).  The meteotsunami or the leading wave could not catch up with the 

atmospheric pressure waves when it passed the continental shelf with shallower water.  

 

 

 

Figure 14.  Travel time chart showing the estimated time of arrival of meteotsunami/ tsunami 

waves propagated over the South China Sea.  Orange arrow shows the direction of wave 

propagation with source generated from Tonga volcanic eruption, while the yellow arrow 

indicates the location of the northeastern continental shelf in the South China Sea where the 

waves were passing through with shallower depth and, the number in yellow shows the 

approximate travel time of the wave at that location required to reach Hong Kong.  

 

 

https://doi.org/10.48550/arXiv.2208.13473
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The estimated arrival time of tsunami waves in Hong Kong was between 18 and 19 UTC on 

15 January, and the maximum amplitude of tsunami waves was 7 cm at Quarry Bay and about 

10 cm at Shek Pik with a period of around 20 minutes (Figure 13(a) & (b)).  Fourier analysis 

of the power spectrum based on the sea level data at Shek Pik also revealed a peak signal at the 

wave period of 20 minutes.  The atmospheric pressure waves travelled in the same direction as 

the long tsunami waves might also have amplified the tsunami waves in addition to shoaling 

effect.  

 

 

3.  Concluding remarks  

 

Tsunamis are usually caused by submarine earthquakes which account for more than 90% of 

all tsunamis.  Coastal and submarine landslides and volcanic eruptions are less common causes 

of tsunamis.  Tonga volcanic eruption was massive and attracted many research studies in 

volcanology, seismology, oceanography, meteorology and climatology.  Satellite observations 

revealed the extraordinary height of the ejected plume from the volcanic eruption reaching the 

mesosphere, chemical species like sulphur dioxide, volcanic aerosols and lightning signals 

were able to be tracked.  The eruption triggered a trans-basin tsunami and generated 

atmospheric pressure waves that spread out in the form of non-dispersive Lamb waves and 

travelled around the globe at least three times.  The meteotsunami or the leading wave triggered 

by the fast-moving atmospheric pressure pulse arrived earlier than theoretically expected for a 

tsunami wave freely propagating away from the volcano.    

 

In Hong Kong, up to around five pressure waves were discernible from the pressure gauge over 

the territory.  Of which, the first and the third one generated meteotsunami with a maximum 

height of 7-9 cm in Hong Kong and were observed around 2.5 hours after the arrival of the 

pressure wave.  These tsunami-like waves came 3-4 hours earlier than the theoretically 

expected time of arrival of the tsunami wave.  The maximum tsunami wave height in Hong 

Kong was about 10 cm.  The difference in the arrival time of these waves can be explained by 

the difference in the travelling wave speed of Lamb waves and the long gravity ocean waves, 

as well as the shallower water over the continental shelf as the waves travelled along the 

northeastern part of the South China Sea before they reached Hong Kong. 
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