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Major volcanic eruptions and tsunamis
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Major volcanic eruptions and tsunamis



Krakatau, Indonesia (1883)

Before explosion After

Major volcanic eruptions and tsunamis

From Symmons [1888], Garrett [1970]

Tide gauge tsunami records 



From Kusky [2022]

Map of the Santorini archipelago showing 
the two large calderas, surrounded by the 
islands of Thera and Therasia, much like 
Hunga Tonga-Hunga Ha’apai.

Santorini and Tonga-Hunga

Map of the Hunga Tonga-Hunga 
Ha’apai islands and submarine 
caldera complex (underwater). 



The Tonga Volcanic 
Arc and two new 
islands formed in this 
region in 2014-2019

From Kusky [2022]



Various geophysical phenomena generated by the 
2022 Tonga-Hunga volcanic eruption



From Kusky [2022]

The 2022 Tonga-Hunga volcanic eruption

GOES-West satellite image (US 
NOAA) of the Tonga-Hunga volcanic 
eruption (05:10 UTC, Jan 15, 2022)

Two photos Service (looking eastward) taken 
one day before (05:27 UTC, Jan 14, 2022) 
by the Tonga Geological Service



Tsunami generation at remote stations

From Monserrat, Vilibic’ and Rabinovich [2006]



Atmospheric waves



Distance-UT variation of dTEC for disturbance
propagation southward (negative distance) and
northward (positive distance) along the great circle
paths at 300 km altitude on 15 January. White arrows
provide envelope lines encompassing the ionospheric
disturbances. The slopes of these lines are ~350 m/s.
Dashed lines with larger slopes (~700 m/s) follow the
initial ionospheric shocks which terminated after
5,000–6,000 km.

Near-field observations of initial and subsequent
GNSS TEC fluctuations: (A) the distance-time
variation within 5,000 km 6 h following the eruption;
(B) regional GNSS TEC fluctuations in NZ showing
their evolution in space and time; (C) near-field
TIDs, the same as (A) but over 48 h with red
arrows marking the outbound ~350 m/s wave
propagation, and black arrows marking the
potential returning waves at ~350 m/s into Tonga
after 15:00 UTC on the following day 16 Jan.

From Zhang et al. [2022]



Vertical TEC anomaly averaged in 50 km bins of radial distance from the Tonga eruption
epicenter. The TIGAR-modeled height anomaly peak and depression are plotted in solid and
dashed black lines. Dotted black lines correspond to trajectories for fixed radial speeds from
100 to 700 m/s in increments of 100 m/s.

TEC = Total Electronic Content

From Themens et al. [2022]



Map of Global Navigation 
Satellite System (GNSS) 
receiver stations

TEC = Total Electronic Content

Observed (black) and TIGAR 
numerically modelled (red) 
height anomalies (in cm) for six 
regions

TIGAR = Transient Inertia 
Gravity and Rossby wave 
dynamics

From Themens et al. [2022]



From Amores et al. [2022]

Correlation between the 
modeled and observed 
arrival times of the first 
eruption-induced Lamb wave

The location of air pressure stations and
comparison of observed (coloured) and numerically
simulated (black) air pressure records for the period
from Jan 15, 04:30 - Jan 18, 02:40 UTC

Comparison of the satellite observed 
and numerically simulated Lamb 
wave at various times of January 15, 
2020



Tonga 2022 air pressure waves recorded around the globe

From Joint team [2022]  (Isaac Fine, Jadranka Šepić, Igor 
Medvedev, Richard Thomson and Alexander Rabinovich)

Constructed by Jadranka Šepić (>3000 records)



Tonga 2022 air pressure waves recorded around the globe

Vancouver Island, British Columbia
Pacific coast of Mexico

AP records

AP and SL records
(from Zaytsev et al., 2022)

Frequency-time plots
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A2 – A1 = B2 – B1 ~ 35.5 hrs
Mean speed of ~313 m/s



HF eruption-induced sea level oscillations at various
sites around the globe. The vertical red line labelled ‘‘E’’
denotes the volcanic eruption; ‘‘A’’ indicates the arrival
time of the tsunami waves caused by the atmospheric
Lamb wave; ‘‘O’’ indicates the arrival time of the long
ocean waves directly generated by the Tonga eruption
on January 15, 2022.

Records of relative HF air pressure fluctuations in
various sites, roughly corresponding to locations of
sea-level observations. The vertical red line labelled
‘‘E’’ denotes the volcanic eruption, ‘‘A’’ indicates arrival
time of the atmospheric Lamb wave. The data sources
are listed below

Sea level Air pressure

From Kulichkov et al. [2022]

Constructed by 
Igor Medvedev and 
Jadranka Šepić



Tsunami waves



Air pressure and sea level Tonga-induced oscillations on 
the Pacific coast of Japan

From Imamura et al. [2022]

The tsunami caused by the Tonga submarine volcanic eruption that occurred at 13:15 
Japan Time 16 (JST) on January 15, 2022, exposed a blind spot in Japan’s tsunami 
monitoring and warning system, which was established in 1952 for local tsunamis and 
expanded to distant tsunamis after the 1960 Chile tsunami.



Recorded 2022 Tonga tsunami waves around the globe
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Tsukanova, E. and Medvedev, I. (2022) The observations of the 2022 
Tonga-Hunga tsunami in the Sea of Japan, Pure and Applied 
Geophysics, 179, 4279-4299



The 2022 Tonga tsunami CHS observations on the coast of 
British Columbia (CHS = Canadian Hydrographic Service)

Prince Rupert 
region

Winter Harbour 
– Port Alice 
region

Saanich region
The 2022 Tonga tsunami was recorded at 32 tide gauge 
stations on the BC coast, including highly sheltered.

Four CHS air 
pressure stations



Prince Rupert region 

Tide gauge records of the 2022 Tonga tsunami in three 
sheltered regions of the BC coast

Saanich region NW Vancouver Island

The strongest tsunami recorded at this coast, except six major 
(1946, 1952, 1957, 1960, 1964 and 2011)



Simultaneous sea level and air pressure records



F-t plots of simultaneous sea level and air pressure records



East (Atlantic) Coast
Meteorological stations

Tripple effect of the air pressure:
• Moving cyclone (LF) à Storm surge
• AP disturbance (HF) à Meteotsunami
• Tonga Lamb waves  à Tonga tsunami

Air pressure  records
South

North



Sea level records HF sea level records
“Hot region”

F-t diagrams

Three types of SL 
oscillations:
• Storm surge
• Meteotsunami
• Tonga AP tsunami

Tipple effect:
Three in one! 



Mexican coast

Air pressure  records

Sea level records

A2 – A1 = N2 –
N1 ~ 35.5 hrs

Mean speed of 
~313 m/s

(from Zaytsev 
et al., 2023)

California Bay



(from Zaytsev et al., 2023)

Analyses of tide gauge records on the Mexican coast
F-t (wavelet) diagrams AP and SL records on the Pacific coast



(from Zaytsev et al., 2023)

General maps of the Tonga 
tsunami on the coasts of USA, 
Mexico and Central America

Meteotsunami

Oceanic (“direct”) 
wave



(from Zaytsev et al., 2023)

Spectral estimates

Background Oceanic Atmospheric 1,2

Sobs(w) = Sbg(w) +
Stsu(w) 

Stsu(w) = H(w)Ss(w) 

H(w) = Admittance 

Ss(w) = Open-ocean tsunami spectrum 

R(w) = Sobs(w) /Sbg(w) 

Sbg(w) = H(w)S0(w) 

S0(w) = Open-ocean 
background spectrum 



Maximum recorded 2022 Tonga tsunami amplitudes

From Joint team [2022]  (Isaac Fine, Jadranka Šepić, Igor 
Medvedev, Richard Thomson and Alexander Rabinovich)

Constructed by Igor Medvedev



From Joint team [2022]  (Isaac Fine, Jadranka Šepić, Igor 
Medvedev, Richard Thomson and Alexander Rabinovich)

Constructed by Igor Medvedev



• Numerical modelling



Observed pressure signals (in hPa), throughout the Pacific used to calibrate the N-
wave pressure pulse model, and the corresponding location of the station that
recorded the signal. Red lines on each time series plot represent the model result;
blue lines represent the measured pressure signal. Shown on this map are the 143
weather stations used to calibrate the pressure pulse model (white dots), the deep-
sea DART sensors (red dots, with name labels), and the Hunga Tonga volcano
(yellow triangle).

From Lynett et al. [2022] 



Summary of the simulation results by Lynett et al. [2022] from the highly nonlinear dispersive water
wave model recreated for the three tsunamis generated by the 2002 Tonga event. The wave field in the
Pacific is shown at 1-hour post-eruption (05:15 UTC) in the upper left, 4 hours post-eruption (08:15 UTC)
in the upper right, and 8 hours post-eruption (12:15 UTC) in the lower middle. The crest location of the
pressure pulse is given by the magenta line. Model-data comparisons are given in the time series plots
at the Nuku’alofa tide station (lower plot) and various DART stations. In the DART comparisons, the red
line shows the modeled ocean surface elevation, while the magenta line provides the modeled ocean
surface plus the pressure head from the pressure pulse. From Lynett et al. [2022] 



From Joint team [2022]  (Isaac Fine, Jadranka Šepić, Igor 
Medvedev, Richard Thomson and Alexander Rabinovich)

Numerical model of the 2022 Tonga tsunami by Isaac Fine



From Joint team [2022]  (Isaac Fine, Jadranka Šepić, Igor 
Medvedev, Richard Thomson and Alexander Rabinovich)

Constructed by Isaac Fine

Global numerical modelling of the 2022 Tonga tsunami



From Joint team [2022]  (Isaac Fine, Jadranka Šepić, Igor 
Medvedev, Richard Thomson and Alexander Rabinovich)

Constructed by Isaac Fine

DART stations used to verify the model



From Joint team [2022]  (Isaac Fine, Jadranka Šepić, Igor 
Medvedev, Richard Thomson and Alexander Rabinovich)

Constructed by Isaac Fine

Numerically simulated and observed DART records 
of the 2022 Tonga tsunami
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