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Abstract

High-energy cosmic rays that hit the Earth can be used to study large-scale atmospheric perturbations. After a first interaction in the
upper parts of the atmosphere, cosmic rays produce a shower of particles that sample it down to the detector level. The HAWC (High-
Altitude Water Cherenkov) gamma-ray observatory in Central Mexico at 4,100 m elevation detects air shower particles continuously
with 300 water Cherenkov detectors with an active area of 12,500 m?. On January 15th, 2022, HAWC detected the passage of the pres-
sure wave created by the explosion of the Hunga volcano in the Tonga islands, 9,000 km away, as an anomaly in the measured rate of
shower particles. The HAWC measurements are used to determine the propagation speed of four pressure wave passages, and correlate
the variations of the shower particle rates with the barometric pressure changes. The profile of the shower particle rate and atmospheric
pressure variations for the first transit of the pressure wave at HAWC is compared to the pressure measurements at the Tonga island,
near the volcanic explosion. By using the cosmic-ray propagation in the atmosphere as a probe for the pressure, it is possible to achieve
very high time-resolution measurements. Moreover, the high-altitude data from HAWC allows to observe the shape of the pressure
anomaly with less perturbations compared to sea level detectors. Given the particular location and the detection method of HAWC,
our high-altitude data provides valuable information that contributes to fully characterize this once-in-a-century phenomenon.
© 2023 COSPAR. Published by Elsevier B.V. All rights reserved.

Keywords: Lamb wave; Cosmic rays; Hunga volcano; HAWC observatory

1. Introduction they start to be absorbed or decay, until they reach the
Earth surface. During this process, the shower particles
Large area cosmic-ray detectors at high elevations are a  sample a large volume of the atmosphere from the height
valuable tool for studying large perturbations of the  of the first interaction point down to the ground level.
Earth’s atmosphere (Alvarez et al., 2021; Arunbabu Given the high flux of primary cosmic rays (AMS-2 mea-
et al., 2017). The cosmic rays, predominantly protons, sured 1,600 protons m s~ ' with energies above 10 GeV
arrive uniformly from all directions and have their first (Boschini et al., 2022; Aguilar et al.,, 2015)), a large
interaction at the upper layers of the atmosphere, mainly  cosmic-ray detector at a high elevation, near the shower
with nitrogen, oxygen or argon nuclei at typical heights = maximum, can detect changes in the atmospheric mass
of 15 to 35 km. They initiate a cascade of secondary parti-  density (caused by pressure and temperature variations)
cles that propagates through the atmosphere at almost the to better than one part in 6,000 in the sampled volume
speed of light, reaching the maximum number of produced (Abeysekara et al., 2015). On January 15th, 2022, the
secondary particles at an altitude of about 6 km (Engel Hunga volcano, in several explosive events, created atmo-
et al., 2011; Kampert and Unger, 2012). Beyond this spheric pressure waves that propagated around the globe
shower maximum, the number of particles diminishes as several times (Adam, 2022; Matoza et al., 2022; Wright
et al., 2022). This event is by far the largest volcanic explo-
_— sion in modern times. It destroyed most of the Hunga
* Corresponding authors. - Tonga and Hunga Ha‘apai islands as well as the land
E-mail addresses: alara@igeofisica.unam.mx (A. Lara), hleonvar@fisi-
ca.unam.mx (H. Ledn Vargas), asandoval@fisica.unam.mx (A. Sandoval). bridge and the crater that had formed between them in pre-
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vious eruptions (Otsuka, 2022). The eruption ejected
tephra and gas up to the troposphere and produced waves
that propagated through the Earth, the oceans, the atmo-
sphere, and the ionosphere (Otsuka, 2022; Lin et al.,
2022; Shinbori et al., 2022). The HAWC gamma-ray obser-
vatory (Abeysekara et al., 2018; Abeysekara et al., 2023), in
continuous operation since March 2015, is situated on a
plateau adjacent to an inactive stratovolcano in central
Mexico at 4,100 m elevation. Because of its high altitude,
HAWC is well placed to characterize the shape of the
Lamb atmospheric pressure waves created during the
explosion. Transit times of particles through the atmo-
sphere take <1 ms, so we are measuring the integral mass
of the atmosphere, not just the pressure at the surface, dur-
ing the transit of the pressure wave. The PolarquEEEst
cosmic-ray experiment also looked for this novel effect of
the Lamb wave on the detected cosmic-ray rate but at
sea level, not being able to find an associated signal
(Abbrescia et al., 2022).

2. Overview of the HAWC gamma-ray observatory

The High Altitude Water Cherenkov (HAWC) observa-
tory is located in the Pico de Orizaba National Park (lati-
tude 18°59/411 N, longitude 97°18/31/ W). In order to
perform high-energy gamma-ray astronomy (from few
hundred GeV up to few hundred TeV), it detects arriving
air shower particles from the cascades initiated by primary
gamma rays from space as they interact with the upper
atmosphere. HAWC also registers the more numerous air
shower events generated by primary cosmic rays that col-
lide with the Earth’s atmosphere. The observatory (shown
in Fig. 1) consists of an array of 300 water Cherenkov
detectors (WCD). Each WCD is a water tank of 7.3 m in
diameter and 4.5 m in height, with a custom-made hermetic
bag that contains 180,000 liters of ultra-pure water. The
shower particles: electrons, positrons, pions, muons, and

Fig. 1. The HAWC gamma-ray observatory on the slopes of the Sierra
Negra Volcano, Puebla, Mexico, at 4,100 m elevation. Air shower particles
are detected in the 300 WCDs by the Cherenkov light they emit when
passing through the water. The picture also shows the detector upgrade
that consists of smaller WCDs that surround the main array.
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low energy gammas (which produce electrons via Compton
scattering) entering the water volume at almost the speed of
light produce Cherenkov light, flashes of blue light, that are
detected by four very sensitive photomultiplier detectors
(PMT’s) anchored at the bottom of each of tank (see
Fig. 2). The central one is a high quantum efficiency 10-
inch Hamamatsu R7081-02 PMT. Three 8-inch Hama-
matsu R5912 PMTs are placed on the vertices of an equi-
lateral triangle of 3.2 m sides. The array of 300 tanks
spreads over 22,000 m?® with an active area of 12,500 m?
(Alfaro et al., 2017).

Relativistic shower particles that enter the water volume
produce Cherenkov light, and it is enough that one photo-
electron is detected by the photosensors for the data acqui-
sition system to record the event. In this way, all signals in
the photomultipliers are digitized, recording their arrival
time and amplitude. The data acquisition system also
records the count rate of signals in each PMT in time inter-
vals of 25 ms and stores them in a file. HAWC aims to
study cosmic rays and the sources of high-energy gamma
rays, so the data acquisition system inspects all the arriving
information and selects with an online computing farm
only events from large showers. The trigger condition of
HAWC corresponds to having more than 28 (out of =~
1200) signals in coincidence in a 150 ns time window.
The cosmic rays produce in HAWC a trigger rate of
25 kHz, these events are recorded to disk producing 2
TByte of data daily.

3. Observation results and discussion

The total single hit rate measured with all of the HAWC
PMTs is of ~ 32 MHz. This rate is highly dependent of
amount of matter that the cosmic rays have to go through
when propagating in the atmosphere, i.e. a larger than
average density increases the absorption of particles and
thus reduces the hit rate measured with HAWC. Therefore

Purified
water

Light-blocking
dome
Particle path

Watertight liner Photosensors Steel water tank

Fig. 2. Sketch of one of the 300 WCDs of the HAWC observatory. They
consist of a corrugated steel cylinder of 7.3 m diameter and 4.5 m height
containing a specially made airtight and lighttight bag with 180,000 liters
of highly purified water. The four photosensors anchored at the bottom
detect the flashes of blue light created by relativistic shower particles as
they traverse the water.
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HAWC is very sensitive to small changes in the properties
of the atmosphere. This assumes that the cosmic-ray rate
entering the atmosphere is constant in time. Although the
space weather impacts this assumption, for short duration
observations the detector is stable and predictable.

We performed a selection of the photomultipliers used
to characterize the signal, in order to have the best accu-
racy in the determination of the rates. The idea was to
remove those PMTs that exhibit fluctuations larger than
the average for each class (8 and 10 inch) during the = 4-
day analysis window used for this work. We performed a
cut in the distribution of the standard errors calculated
from the average rate of each PMT class, removing PMTs
whose standard error was larger than 1o from the mean of
each class. The standard error distributions are very nar-
row, with long tails caused by PMTs that show large rate
fluctuations during thunderstorms. A simple lo cut
removes these problematic PMTs. In total 927 photosen-
sors were used, 215 of the central and 712 of the peripheral
PMTs.

A VAISALA PTB210 digital barometer, located inside a
sea container to protect it from wind gusts, records the
readings every second and it is synchronized in time with
the gamma-ray detector by the same GPS signal. In this
study, both the barometer data and the shower particle
rates are averaged in 1-min time intervals. The dependence
of the shower particle rate on variations of atmospheric
conditions has been studied in the past (Alvarez et al.,
2021; Arunbabu et al., 2017; De Mendonga et al., 2013;
Martinelle, 1968). The results show an anti-correlation
between pressure and the measured particle rate. Since
the detectors are below the shower maximum, an increase
in pressure increases the mass above the detector, creating
greater absorption of the shower particles, which reduces
the particle rate at the ground level. It is also found (De
Mendonga et al., 2013; Santos et al., 2021; Savic et al.,
2021) and confirmed by model calculations of the develop-
ment of atmospheric showers with particle transport codes
like CORSIKA, COsmic Ray SImulations for KAscade
(Heck et al., 1998), that there is a linear relation between
the fractional change of the particle rate to the changes
in pressure:

AR/ < R >=aAP +b (1)

where the proportionality constant o is known as the baro-
metric coefficient.

The atmospheric pressure and shower particle rate at the
HAWC site show a periodic variation every 12 h because of
its near-equatorial location at 19°N. These oscillations,
well known for low-latitude regions, are due to atmo-
spheric tides caused by the solar heating of the ozone and
water vapor layers (Carrasco et al., 2009). The shower par-
ticle count rate shows the same oscillations but anti-
correlated with the pressure variations (see Fig. 3). One
can see that during the data acquisition period, from Jan-
uary 15 to 18th, 2022, there are short-term disturbances
superimposed (with ~2 h duration) on top of these semi-
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Fig. 3. Top panel: Traces of the shower particle rates from the HAWC
array as a function of time from January 15th, 00:00 UTC to January
18th, 06:00 UTC. The black line shows the total rate for all considered
photosensors; in blue, the subset of peripheral detectors of each tank is
scaled up by a 1.5 factor; and in red, the subset of central detectors is
scaled up by a 2.9 factor. The scale factors were used to display all the data
with similar rate values. One sees the bi-diurnal oscillations and
superimposed on them the signature of 4 passes of the Hunga explosion
pressure wave, delimited by the vertical lines in regions A-D. The spike in
the measured rate after the D pass is due to an electric storm at the site.
Bottom panel: Pressure data from January 15th, 2022, 0:00 UTC to
January 18th, 2022, 6:00 UTC. One sees the twice-daily oscillations are
anti-correlated to the particle rate, and superimposed on them the pressure
changes due to the passage of the pressure wave (A-D). The short path
wave passages are (A) and (C), and the long path passages are (B) and (D).

diurnal variations of the particle count rate and the atmo-
spheric pressure. These anomalies are due to the passage of
the pressure wave created by the explosion of the Hunga
volcano, that took place just after ~ 04:00 UTC on Jan-
uary 15 (Matoza et al., 2022). The count rate is shown in
the top panel of Fig. 3 for the sum of all photosensors
(black) and for the two independent subsets of peripheral
(blue) and central (red) PMTs. One can see four passages
of the pressure wave (labelled in Fig. 3 as A-D). The first
(A) corresponds to the pressure wave travelling the short
arm of the great circle joining Hunga with the HAWC site
through the Pacific Ocean. The second (B) corresponds to
the wave travelling in the opposite direction along the great
circle, passing through the antipodal point in Africa and
arriving at HAWC from the Atlantic side. The third (C)
is the (A) wave that, after passing over HAWC, continued
to the antipodal point, then to Hunga, and arrived again at
the HAWC site from the Pacific direction. The fourth (D)
is the (B) wave that continued to Hunga and then to the
antipodal point arriving at HAWC from the Atlantic.
Along the short path, the pressure wave enters through
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the Mexican State of Guerrero, the highest mountains in
this region are in the Oriental Volcanic Rift in Mexico with
2,200 m elevation. Along the long path, the highest eleva-
tions are on the Ethiopian High Lands, with peaks of
2,600 m elevation. The atmospheric pressure data for these
days show the same four passes of the pressure wave as the
shower particle rate measurements, as shown in the bottom
panel of Fig. 3.

In order to extract the count rate and pressure variations
due to the Hunga pressure wave, the effects of the semi-
diurnal oscillations must be subtracted. Since the Hunga
signal for each pass extends only for 2 h, a simple proce-
dure is applied. The short duration of the pressure anomaly
is very useful to disentangle, at first order, the pressure and
temperature effect on the particle count rate. The count
rate and pressure variations two hours before the wave’s
arrival and two hours after the wave departure are fitted
by a second-degree polynomial and subtracted as an aver-
age value. The fit was done with > minimization taking
into account the uncertainties in the data points, which
are the standard error in the mean along each axis. We also
applied a more complicated procedure to characterize the
background produced by the daily variations in the particle
rate and pressure data, which was performed by fitting
sinusoids of multiple cycles per day and found that the final
barometric coefficient reported on this work changes by at
most 10%. Since the pressure wave passage is a short term
anomaly compared to the diurnal oscillations, the simpler
approach of characterizing the semi diurnal variations with
a second degree polynomial is used to conserve the fine
detail features of this particular phenomenon, that are lost
when using for example band-pass filters. Fig. 4 and Fig. 5
show the rate and pressure data for January 15th, 2022,

N
o
®
a

Rate [MHZz]
&
[oc]

25.75

25.7

25.65

25.6 ‘
11:00

Ll
12:00

Ll Ll ‘
13:00 14:00 15:00
January 15, 2022, UTC [Time]

Fig. 4. Expanded view of the first pass (A) of the Hunga pressure wave as
recorded by the particle rate (as measured by the sum of all PMTs) of
detected shower particles from the HAWC array. A red line shows a
second order polynomial fitted to the data 2 h before the wave arrival and
two hours after the wave departure. The fit is used to subtract the effect of
the daily oscillations on which the pressure wave signal is superimposed.
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Fig. 5. Pressure data during the first pass (A) of the Hunga pressure wave
from January 15th, 2022, 11:00 to 15;00 UTC, as recorded by the
barometer at HAWC. A second order polynomial is fitted to the data
(shown with a red line) from 2 h before the pressure wave arrival and 2 h
after the wave departure. The twice-daily oscillation effect on the data is
removed by subtracting the fitted polynomial function.
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Fig. 6. Top panel: Variations on the fractional rate of detected shower
particles, after the effect of the daily oscillation has been subtracted, for
the time window that contains the first passage of the Hunga pressure
wave. The black line shows the data for all photosensors, and the red and
blue dashed lines correspond to the two independent subsets of central and
peripheral sensors. The horizontal dashed line marks the fractional rate of
the most significant fluctuation before the pressure wave’s arrival. The
point where the signal crosses this line defines the arrival time of the wave.
This time is indicated by the location of the vertical arrow. Bottom panel:
The black line shows the measured barometric pressure variations, with
the arrival of the pressure wave indicated with the vertical arrow. The
pressure variations calculated using Eq. 1, from the HAWC measured
particle rate variations (top panel), are shown with the red dashed line.
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from 11:00 to 15:00 UTC. The red lines gives the second-
degree polynomial fit.

The top panel of Fig. 6 shows the resulting fractional
change of the rate (AR/ < R >) for all photomultipliers
as a black line, the central PMTs only with a red dashed
line, and for the peripheral PMTs as the blue dashed line.
The fact that the two independent subsets of sensors coin-
cide exactly with each other shows that the procedure is
robust. The bottom panel of Fig. 6 shows the atmospheric
pressure variations (AP) as a black line, for the same time
window.

It is of interest to see what is the rate-pressure correla-
tion for the short time span during the first passage of
the pressure wave. Fig. 7 shows the correlation between
the measured percentile change of the shower particle rates
integrated over 1 min with the instantaneous barometric
pressure change for the one and a half hours after 12:40
(UTC) on January 15th 2022 during the first passage.
The fitted linear correlation gives a barometric coefficient
of o = —0.433 £ 0.003 with a correlation coefficient of
—0.988. This value is consistent with a previous measure-
ment (De Mendonga et al., 2013). We also calculated the
fit just using the data points inside the main peak structure
and found a consistent value for the barometric coefficient.

Utilizing this barometric coefficient one can obtain from
the measured differential rate variations (top panel of
Fig. 6) the associated pressure variations (red dashed curve
in the bottom panel of Fig. 6). This shows that HAWC can
be used as a barometer with an active area of 12,500 m?>,
sampling the atmospheric mass density in a cone of +
50° above it every 25 ms.

As mentioned above, the arrival time of the pressure
wave is defined as the time when the signal exceeds the
most significant fluctuation seen before the arrival time of
the wave. This time is indicated by arrows in both panels

0.2

| A RI<R> (% change)

0.2

-0.4

-0.6

HAWC: o. = -0.443 + 0.003

v v b b b b e b by 0 |
04 02 0 02 04 06 08 1 12 14
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-0.8

Fig. 7. Correlation diagram of the percentile rate change and the pressure
variation for synchronous measurements during the passage of the first
pressure wave from the Hunga explosion as recorded by the HAWC
observatory in the time period from 12:40 to 14:10 UTC on January 15th,
2022. The points show the standard error on the mean for AP and
AR/ <R >.
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of Fig. 6. The same analysis was done for the other three
passes of the pressure wave in order to define their arrival
times. The distance along the short arc from the volcano to
the HAWC observatory was calculated using the output of
the IDL function MAP_2POINTS from the L3 Harris
Geospatial software (Geospatial, 2022) and also using the
Haversine formula (Korn and Korn, 2000). The distance
along the Long arc that passes through the antipode was
calculated by subtracting the short arc distance from the
Earth’s circumference. The arrival times, reported in
Table 1, are obtained with the threshold method using
the rate and pressure data obtained at the HAWC site.
The uncertainties reported in Table 1 come from the differ-
ence in arrival times obtained using both data sets.

The propagation speed of the pressure wave for the four
passes as determined by the shower particle rate and the
pressure variations are given in Table 1. One sees that the
wave that initially travelled on the short arc is slightly fas-
ter than the one travelling on the long arc. The values agree
with the determination by other authors (Matoza et al.,
2022; Burt, 2022; Harrison, 2022; Ramirez-Herrera et al.,
2022).

There is a measurement of the barometric pressure close
to the volcano on the Tonga island 64 km away, as
reported by Wright et al. (2022) in the Extended Data
Fig. 8. For this Tonga barometric data the effect of the
daily pressure modulation was corrected by the same fitting
procedure done to the HAWC pressure data. Note that for
the Tonga island barometric data there is a decrease in
pressure instead of an increase, measured for instance at
the HAWC site. The reason is because, close to the vol-
cano, air is being pushed up by the raising column of the
ejecta, producing a decrease in the local pressure. The
resulting pressure anomalies are shown in Fig. 8 with a
red line and the vertical scale on the right. The same figure
shows the HAWC fractional rate fluctuations for the first
pass of the pressure wave. The Tonga data are shifted in
time to have the main peaks coincide. In the Tonga data
the authors identified four subsequent explosions, being
the first one the most violent. For the first explosion both
the Tonga and the HAWC data show a similar structure
of a principal peak with two lower amplitude lobes on each
side.

Table 1

Arrival times and propagation speed of the different passes of the pressure
wave as detected by HAWC at 4,100 m elevation in central Mexico. The
uncertainty in the speed propagation takes into account the two different
methods to obtain the arrival time of the pressure wave as well as the
difference in the propagation distance calculations when using an
equatorial or polar Earth radius.

Pass Date [UTC]  Arrival time [UTC Time]  Speed [m/s]  Type
A Jan. 15 12:43 4+ 00:01 316.2 + 1.3 Short
B Jan. 16 07:25 + 00:01 3124+ 0.2 Long
C Jan. 16 23:48 + 00:03 3169 £ 1.9  Short
D Jan. 17 19:02 + 00:05 3124+ 09 Long
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Fig. 8. Comparison of two data sets for the first pass of the pressure wave,
one from the barometric pressure recorded on the Tonga island, 64 km
from the Hunga eruption (red) with the vertical scale on the right, and the
other from the particle rate variations detected at the HAWC site 9000 km
away from Hunga (black). The pressure data from Tonga identifies three
subsequent eruptions, from which the first one was the most violent. The
pressure data from Tonga was shifted in time, so the most significant
peaks coincide for comparison of the rate variations.

The pressure anomaly from the first pass of the pressure
wave generated by the Hunga explosion shows an exponen-
tial attenuation as a function of the distance of the mea-
surement ((Wright et al., 2022), Extended Data Fig. 1) with

P =15¢"/>% (2)

with P in hPa and r in km. The calculated amplitude at the
HAWC site is 0.41 hPa, which is smaller than the observed
value of 1.5 hPa, implying that the pressure wave is less
attenuated at a high elevation. However, the fit quality is
not very accurate at distances of 10,000 km, so it is not a
solid conclusion.

The detailed study of the other transits of the Tonga
pressure wave in the HAWC data is more complicated,
but is in progress. The reason is that the wave’s profile
changes radically, and other effects, including changes in
the atmosphere’s temperature profile, moisture content,
high electric fields or changes in the state of the helio-
sphere, must be evaluated. One example of such effects
can be seen in Fig. 3, just after the fourth pass of the pres-
sure wave was detected at HAWC. One can see a large
increase in the detection rate at approximately 20:45
UTC on January 17, 2022. This sharp increase is correlated
with increased electric field activity at the HAWC site, pro-
duced by a thunderstorm. We are in the process of investi-
gating this effect on detail, but for the moment we point the
interested reader to a recent work on this subject by the
LHAASO Collaboration (Aharonian et al., 2023).

4. Conclusions

The HAWC observatory was built to study the sources
of the highest energy gamma rays in our galaxy and beyond
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(Albert et al., 2020). These are the most violent regions in
our Universe, like remnants of supernovas, accreting black
holes, or active galaxies (Albert et al., 2022). As part of the
daily operations, it continuously records the rate of arrival
of shower particles from all directions in the sky created by
cosmic rays interacting in the upper atmosphere. Varia-
tions in the rate of arriving particles can be determined
with a precision of 1 in 6,000. The very high rate of cosmic
rays, combined with the large instrumented surface of
HAWC, allows to achieve very high time-resolution mea-
surements. In this paper we restricted to time bins of min-
utes, in order to correlate our data with a barometer, but it
is possible to increase the time resolution of the HAWC
data to fractions of a second.

During the January 15th—18th, 2022 period, the transits
of the pressure wave created by the Hunga volcano explo-
sion generated anomalies in the particle count rate mea-
sured by HAWC as well as pressure variations in an on
site barometer. The arrival times of four passes of the wave
were determined, and the resulting propagation velocities
show that the portion of the Lamb wave travelling west-
ward from Hunga is slightly faster than the part travelling
to the East. The anti-correlation of the rate and pressure
variations during the passage of the first arrival is linear
and surprisingly tight, with a barometric coefficient o=
—0.433 £ 0.003.

The anomalies after the main event agree with the main
features in the profile of the barometric pressure measure-
ments from the Tonga island, 64 km from the volcanic
eruption. They correspond to three of the four eruptions
that occurred during the short period of an hour and a half.
Work is in progress on a detailed analysis of the other three
passages of the pressure wave created by the tremendous
Hunga volcanic explosion.

The requirements needed for a ground-based gamma-
ray observatory made possible for our detector to acquire
information about the Hunga volcanic explosion in non-
conventional experimental conditions. Moreover, by using
cosmic rays, we are sampling the changes in the instanta-
neous atmospheric mass above HAWC produced by the
shock wave. We expect that our measurements will be use-
ful to the experts working on a complete characterization
of this once-in-a-century phenomenon.
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