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Abstract

The violent eruption of the volcano at Hunga Tonga—Hunga Ha‘apai island on January 15, 2022, generated an intense pressure
wave registered by instruments all over the world. Using public reports posted on social media, we have used the arrival time
of the first passage of the wave to measure its velocity, found to be a constant 1114 & 2 km/h (309 &+ 1 m/s). An empirical
pressure—distance relation that utilizes measurements from a large range of sources is used to estimate an energetic output.
We find that this Hunga Tonga—Hunga Ha‘apai volcanic eruption released approximately the equivalent of 61 Mt, which is
considerably larger than the 1980 eruption of Mount St. Helens and slightly higher than the yield of Tsar Bomba, the largest

human-made explosion in history.
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1 Introduction

The volcano at Hunga Tonga—Hunga Ha‘apai island in the
Kingdom of Tonga erupted in late 2021 and at the begin-
ning of 2022 [1]. A violent eruption at 04:15 UTC on
January 15, 2022 [2], produced a series of large explosions
that generated pressure disturbances in Earth’s atmosphere
recorded by instruments worldwide at ground level and vis-
ible to many weather satellites in orbit [3]. Acoustic-gravity
waves correspond to general solutions for the wave motion
of the atmosphere as a compressible fluid under the pres-
ence of gravity. After some justified assumptions, different
propagation modes of these acoustic-gravity waves can be
identified. The long-amplitude mode that propagates paral-
lel to the Earth’s surface with a speed approximately 310
m/s maintained by hydrostatic equilibrium is known as a
Lamb wave [4-8]. Weather stations registered a sudden
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increase in pressure rapidly followed by a negative phase
before returning to ambient conditions. The pressure signals
lasted approximately 45 min. Figure 1 shows the distinctive
signature of the main pressure pulse observed as the waves
passed moving toward the antipodal point in southern
Algeria, reached later in the day around 22:30 UTC. As
the news of the pressure wave traveling the globe spread,
a large number of government agencies, professional meteo-
rologists, and weather enthusiasts began sharing screenshots
of the readings from their recording devices showing the
Lamb-wave pulse on social media. Most of these images
include time and pressure scales that, in addition to location
information, allow establishing the time of arrival and evolu-
tion of the Lamb wave as it moved across the surface of the
planet, circling the Earth several times [9,10]. In the upper
atmosphere, the corresponding ionospheric disturbance has
been recently studied using satellite measurements [11,12].
In addition to the intense pressure wave, the Hunga Tonga—
Hunga Ha‘apai volcano eruption generated a tsunami that
reached all coasts on the Pacific Ocean but also the Caribbean
Sea [13-15].

After any large explosive event, a characterization of the
energy released becomes of great interest, e.g., [16-19].
A common practice is the report of this energy in terms
of tonnes of TNT equivalent. A preliminary estimate based
on material removed and motion of the eruption plume put
the energetic output in the range 4-18 Mt [20]. Despite the
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common use of units from explosion physics, we warn the
reader that this only serves as a characterization of the
energetic output of this type of volcanic eruption because the
mechanisms behind are distinct from those of blast waves.

In this article, we use 124 pressure measurements obtained
from images posted online, free weather web applications,
and professional weather stations to characterize the speed
of the Lamb wave. Additionally, a subset of 86 measure-
ments were used to estimate the energetic output of the
main eruption from the decay of the pressure pulse ampli-
tude with distance. The result is presented in megatons of
TNT equivalent as a way to directly compare with historically
known explosive tests and, more relevant for the geophysical
community, other explosive eruptions of volcanoes through
history. Nonetheless, we emphasize that the mechanism and
evolution of the pressure disturbance produced by a volcanic
eruption greatly differs from a blast wave. For this reason,
the analysis in this article is not based on results from the
blast-wave literature; in fact, it makes no assumptions on the
underlying mechanism that produced the pressure waves but
rather only makes use of observable features of the Lamb
wave. The method for determining the energetic output of
the eruption presented in Sect. 4 is generic, and it can be
used for any pressure-wave recordings.

2 Data

Early reports of the strong pressure wave appeared on Twitter
as footage of loud explosions in the neighboring islands of
the Fiji archipelago, such as Lakeba island located 440 km
from Hunga Tonga—Hunga Ha‘apai island [21]. As the hours
passed and the Lamb wave reached New Zealand and Aus-
tralia, more reports were posted primarily by local weather
services but also by private users who began sharing screen-
shots of their own measurements on Twitter. Promptly,
a worldwide community of weather enthusiasts engaged
in a spontaneous and fascinating citizen science project.
Although pressure measurements of the second and third
passes of the wave exist, we only use measurements of the
first pass that allow a clear identification of the time of arrival
and determination of the amplitude of the pressure signal.
The clearest feature observed in all the stations worldwide
is the maximum recorded pressure, which we have used for
timing the Lamb wave. Sampling rates varied from station
to station. In most cases, data were recorded every few min-
utes, which was typically less than the rise time of the pulse,
allowing for accurate determination of the arrival time and
peak amplitude of the pressure pulse (see Fig. 1).

After collecting almost 100 such posts, we selected
those that allowed a clear determination of local time and
the location of the measurement. Local times were con-
verted into UTC. The data set was extended by including
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Fig.1 Pressure data showing the pressure pulse registered in Gisborne,
New Zealand, almost two hours after the main eruption

measurements from 40 weather stations accessible via the
Historical Weather tool publicly provided by Weather Under-
ground [22]. Of particular interest was any measurement in
the nearby region of Hunga Tonga—Hunga Ha‘apai island.
One remarkable video posted on YouTube shows the multi-
camera footage recorded from a distance of 73 km in
Tongatapu, Tonga’s main island, including detailed readings
from two barometers during the arrival of the pressure wave
[23]. The user kindly responded to our request to provide
timing information in an extended version of the footage
including time stamps, which gave us a valuable sample
corresponding to the closest possible measurement to the
erupting volcano [24]. On the opposite side of the planet,
samples close to the antipodal point were obtained via the
Balearic Islands Coastal Ocean Observing and Forecasting
System [25] and the IRIS DMC Web Service [26]. Finally, we
completed the full 124-sample data set after including mea-
surements from 19 meteorological stations spread around
the Fiji archipelago located between 350 and 900 km from
Hunga Tonga-Hunga Ha‘apai island. These samples were
kindly provided by the Fiji Meteorological Service [27]. For
each sample, the distance from the measurement location to
Hunga Tonga—Hunga Ha‘apai island was determined using
proj, a Python interface for cartographic projections [28].
Figure 2 shows the worldwide distribution of measurement
locations in the final data set.

For about 70% of the data set, a pressure scale was visi-
ble, which led to 86 measurements of the pressure amplitude
relevant for the analysis presented in Sect. 4.

3 Speed of the Lamb wave

The data set described in Sect. 2 allows the determination
of the speed of the pressure as it moved across the planet.
Figure 3 shows the arrival time data of the Lamb wave at
different locations, which follow a straight line, i.e., constant
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Fig.2 Worldwide distribution of the 124 measurement locations in the
final data set indicated by circles. The location of Hunga Tonga—Hunga
Ha‘apai island is denoted by the triangle, and the + marker indicates the
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Fig.3 Arrival of the Lamb wave at different locations over the planet.
The data are properly described by a uniform motion at 1114 &+ 2 km/h
(309 + 1 m/s)

velocity. The fit parameters to the data indicate the speed of
the wave to be 1114 4+ 2 km/h (309 + 1 m/s), and the fitted
interceptat Ry = —4927+33 km implies that the main explo-
sion occurred at approximately 04:25 UTC, several minutes
after the first seismic event [2]. The speed determined here
confirms that the pressure disturbance corresponds to a Lamb
wave [4-6,8,29].

The speed determined here is in excellent agreement
with speed of the pressure wave produced by the Kraka-
toa eruption in 1883, that during the first passage from the
source had a constant value 1148 £ 10 km/h (319 £ 3 m/s)
[30-32]. Similarly, our result agreed with the speed of the

antipodal point in southern Algeria. Distance at steps of 3000 km from
the volcano is represented by the dashed lines

Lamb wave generated by the eruption of Mount St. Helens
[33]. We emphasize that we have not attempted to separate
measurements by their direction of propagation nor analyzed
the individual path from the source to the measurement point;
therefore, the speed determined above corresponds to an aver-
age value.

4 Decay of the pressure signal

The data set described in Sect. 2 can be used to study the
decay of the pressure pulse over a long range of distances,
which can be used to estimate the energetic output. Follow-
ing studies of large-scale pressure waves produced by natural
and artificial explosions, we define the pressure amplitude
AP as the pressure difference between the maximum and
the minimum of the pressure signal, also known as peak-
to-trough amplitude [34-36]. Figure 4 shows the decay of
pressure amplitude with propagation distance. An interest-
ing feature appears with the most distant measurements from
Hunga Tonga—Hunga Ha‘apai island, as a noticeable increase
in the pressure amplitude is observed. Since this pressure
increase is a result of the coalescence of the Lamb wave at the
antipodal point rather than any mechanism driven by the ini-
tial energetic output, samples from stations above 16,500 km
(shown as open circles in Fig. 4) are excluded from the anal-
ysis below.

Independent of the physics underlying the generation of
the observed Lamb wave, we simply attempt to determine the
energetic output, Eo, using an empirical formulation. Since
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Fig.4 Pressure amplitude measured at different distances from Hunga
Tonga—Hunga Ha‘apai island. The most distant measurements (open
circles) exhibit a conspicuous increase in pressure as the wave
approached the antipodal point

the amplitude of the pressure disturbance decreases as the
wave propagates, we can write the amplitude of the pressure
signal as a power law

AP = AEE R, (1)

where the constants «, 8, and A must be determined by
calibration using some known energetic output producing
a corresponding pressure disturbance measured at different
distances R over the globe.

In order to calibrate the expression for the pressure ampli-
tude and determining the free parameters in (1), we make use
of two well-studied explosions that have triggered large-scale
pressure waves measured worldwide. As for an explosive vol-
canic eruption, we consider the 1980 eruption of Mount St.
Helens. With an estimated energy output of 7-35 Mt [37—41],
the corresponding Lamb wave was measured by many
surrounding stations starting at less than 100 km all the way

Fig.5 Pressure amplitude 101

to over 8000 km with measurements in Japan and Europe
[35,40,41]. The largest human-made explosion leading to a
pressure wave observed over long distances is the thermonu-
clear test popularly known as the Tsar Bomba, detonated on
October 30, 1961, by the Soviet Union at Severny Island with
a yield of 58 Mt [42]. The signature of the pressure wave
was registered by stations in Africa, Europe, and the USA
[36,41,43-46], in addition to a rich collection of measure-
ments in New Zealand [47]. The data from these two pressure
waves are presented in Fig. 5, alongside our Hunga Tonga—
Hunga Ha‘apai data. Independent of any modeling, the data
from Mount St. Helens show a distinctly shorter amplitude
for the same distance than the Hunga Tonga—Hunga Ha‘apai
data, suggesting that the pressure wave from the recent erup-
tion was generated by a much higher release of energy.

5 Results

Given the noise level that the data sets exhibit, a robust regres-
sion method is used instead of a standard squared error loss.
The application of a Huber loss [48] limits the effects of
potential outliers that could skew the fitting procedure.
Fitting the parameters «, 8, and A to the Tsar Bomba
and Mount St. Helens pressure data results in a stable value
for the decay parameter « = 0.684. The other two param-
eters exhibit a competing behavior, and their precise values
are sensitive to the choice of energetic output for Mount St.
Helens ESH. The variation of all fit parameters as a function
of ESH is presented in Fig. 6. The horizontal line on the top
panel confirms the stability of the decay parameter «. The
second panel shows that that energy exponent S grows with
ESH, forcing the scale factor A to rapidly drop by several
orders of magnitude. This variation in A drastically modi-
fies the scale of the pressure amplitude. In the lower limit
ESH = 7 Mt, we find 8 = 0.923 and A = 1395, whereas
in the upper limit ESH = 35 Mt, we find § = 3.863 and

measured at different distances
from pressure waves produced
by the 2022 eruption at Hunga
Tonga—Hunga Ha‘apai island, o
the Tsar Bomba, and the 1980 N
eruption of Mount St. Helens.
Illustrative lines at different
orders of magnitude for the
energetic output are shown for
the fit parameters resulting from
choosing the lower bound for
the energetic output of Mount
St. Helens discussed in Sect. 5
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Fig.6 Variation of the fitting parameters as a function of the choice of
energetic output for Mount St. Helens ESH, whose range is indicated by
the vertical dashed lines. The decay parameter is constant (top panel),
whereas the energy exponent 8 and the scale factor A compensate each
other (middle panels). Despite this variability, the fit to the Hunga
Tonga—Hunga Ha‘apai data is stable leading to the energetic output
ENT =59-62 Mt

A = 0.091. Consequently, we fit the energy to the Hunga
Tonga—Hunga Ha‘apai data and found that the parameter
E(I){T is stable to the choice of ESH. In other words, despite
the wide variations of § and A, the fit of the energy to the
Hunga Tonga—Hunga Ha‘apai data remains within the range
59-62 Mt. For comparison, the violent eruption of Krakatoa
volcano in 1883 is estimated to have released an energetic
output in the range 100-150 Mt [32,49].

This result suggests that the violent eruption of Hunga
Tonga—Hunga Ha‘apai volcano generated a Lamb wave sim-
ilar to that produced by the detonation of the Tsar Bomba.
Lines at different orders of magnitude for the energetic output
are included in Fig. 5 for comparison.

6 Comparison with other explosive
eruptions

The eruption of Krakatoa in 1883 or Mount St. Helens
in 1980 are representative examples of explosive eruptions
producing a Lamb wave of global scale. In Fig. 7, we present
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Fig. 7 Energetic output of explosive eruptions estimated from plume
height and Lamb-wave measurements. Visible error bars indicate the
accepted range of values for Mount St. Helens and uncertainty in the
height for Hunga Tonga—Hunga Ha‘apai

the energetic output from these two eruptions obtained from
Lamb-wave measurements. The range for Krakatoa was
obtained by Harkrider and Press using scaling methods to
match the pressure pulse observed compared to those from
nuclear tests [32]. Several authors have applied a similar
approach to the data from Mount St. Helens [37-41]; the
accepted range for the energetic output is represented by the
error bar. Finally, we also include the result from Sect. 5
for Hunga Tonga—Hunga Ha‘apai. Morton et al. found that
for explosive eruptions the energetic output (in joules) can
be determined from the height H (in meters) of the buoy-
ant volcanic plume using the relation Q = (H/1 .87)* [50].
Detailed monitoring of volcanoes such as Mt. Ngauruhoe
[51,52], Augustine [53], and Eyjafjallajokull [54] can be used
to estimate the energetic output by some of their explosive
eruptions from measurements of their plume height. Using
the energy—height relation, we have estimated the energetic
outputs in some eruptions of the mentioned volcanoes and
include them in Fig. 7 for comparison. The height in kilo-
meters used for each of the eruptions shown in Fig. 7 is,
respectively: Krakatoa, 50.0 [31]; Ngauruhoe, 11.0 [51,52];
Mount St. Helens, 24.4 [55]; EI Chichon, 28.0 [56]; Mount
Pinatubo, 35.0 [57]; Augustine (Jan 11), 9.0; Augustine
(Jan 17), 14.0 [53]; and Eyjafjallajokull, 8.0 [54]. There still
is some uncertainty in the height of the plume generated by
the eruption at Hunga Tonga—Hunga Ha‘apai, the error bar
in Fig. 7 represents this uncertainty for the energy obtained
in the range 30.0-60.0 km [1,58]. The figure shows that
the estimate from the Lamb-wave amplitude decay found in
Sect. 5 is consistent with the plume estimate. It can be seen
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that the Hunga Tonga—Hunga Ha‘apai eruption ranks as one
of the most energetic volcanic eruptions in recent history.

7 Closing remarks

A data set characterizing the amplitude of the Lamb wave
generated by the eruption of Hunga Tonga—Hunga Ha‘apai
volcano on January 15, 2022, was constructed from social
media posts. Additionally, the data set was highly enriched
by including publicly available data from worldwide profes-
sional stations. Timing measurements and distance informa-
tion were used to determine that the Lamb wave moved from
the source at a constant speed of 1114£2 km/h (30941 m/s),
similar to the observed speed of these type of waves from
eruptions in the past and consistent with the expected speed of
an atmospheric Lamb wave [4-6,8]. We employed an empir-
ical description of the decay of the amplitude of the pressure
wave as a function of distance and fit the free parameters to
data from pressure waves produced by volcanic eruptions and
thermonuclear tests. Subsequently, we applied the empirical
relation to the Hunga Tonga—Hunga Ha‘apai data and deter-
mined that the corresponding Lamb wave was generated by
the energetic output of approximately 61 Mt. This estimate
is about five times that of preliminary reports, and it suggests
that the eruption at Hunga Tonga—Hunga Ha‘apai producing
the vast pressure wave that circled the Earth several times
in January 2022 was slightly higher in magnitude than the
yield of the Tsar Bomba in 1961. Our result is in excellent
agreement with preliminary estimates from teleseismic [59],
infrasound [60], and seismoacoustic measurements [61].

In early 1884, members of the Krakatoa Committee orga-
nized by the Royal Society resolved to publish in The Times
and other publications an invitation to the public to share
any observations that could have scientific value, from dust
and pumice observed in the shores to barometric measure-
ments, locations where the explosion was heard, and other
atmospheric phenomena [31,62]. In a similar fashion, after
the eruption of Mount St. Helens in 1980, the president of
the European Seismological Commission reported on their
request to meteorological services all over the world to share
pressure data to study the wave propagation [63]. In this
article, we have used information publicly shared from all
regions of the world to create a data set within days of the
eruption at Hunga Tonga—Hunga Ha‘apai island, demonstrat-
ing that social media can serve as a valuable source of data
connecting citizen scientists worldwide.

Supplementary Information  The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00193-022-01092-
4.
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