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Key Points:

» Strateole-2 balloons provided continuous low-noise infrasound measurements of
Hunga’s December 2021-Januany 2022 eruptive sequence

« All balloons observed coherent signals emitted by the moderate 19 December erup-
tion, in contrast with heterogeneous ground-based detections

 Simulated attenuation is overestimated for a ground source, the best fit is achieved
for a source in the volcanic plume above 10 km altitude
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Abstract

Balloon-borne infrasound monitoring has undergone a revival over the past decade, driven
by technological advances that enable high-sensitivity, low-noise acoustic recordings from
air-borne platforms. The cataclysmic 15 January 2022 Hunga Tonga eruption demon-
strated the exceptional infrasound detection capabilities of stratospheric balloons, but
the advantages for monitoring more common eruptions remain unassessed. This study
evaluates the potential of balloon-borne measurements for volcanic monitoring by analysing
the entire December 2021-January 2022 Hunga Tonga eruptive sequence using observa-
tions from five Strateole-2 superpressure balloons and the International Monitoring Sys-
tem (IMS) ground-based infrasound network. Balloon records reveal the full chronology
of the sequence, showing excellent agreement with satellite and seismic data, and even
clarifying ambiguous plume timings. A detailed analysis of the moderate initial eruption
on 19 December 2021 demonstrates a key advantage: all in-flight balloons detected a clear
and coherent long duration signal, whereas ground-based IMS stations exhibited uneven
and noise-limited detection capabilities. While parabolic equation-based infrasound prop-
agations simulations using a volcano-level source reproduce signal celerities reliably, they
drastically overestimate the anisotropy in acoustic amplitudes, predicting excessive am-
plitudes in downwind directions compared to observations. We show that simulating an
elevated source within the volcanic umbrella cloud (10-15 km) reduces this anisotropy
and yields better agreement with recorded amplitudes, highlighting the importance of
the eruption-generated plume as an acoustic source. These findings underscore the added
value of balloon-borne sensors for the reliable monitoring of moderate volcanic eruptions,
providing insights that are not readily accessible from ground-based networks alone.

Plain Language Summary

Over the past decade, balloons have been used to listen to low-frequency sounds
(infrasound) produced by geophysical events. The huge eruption of Hunga Tonga (Hunga)
on 15 January 2022 showed that balloons are excellent at detecting infrasounds. How-
ever, we did not know if balloons would be useful for monitoring common eruptions. In
this study, we tested the ability of balloon-borne sensors to monitor eruptions by exam-
ining the entire eruptive sequence from Hunga between December 2021 and January 2022.
We compared data from stratospheric balloons with data from ground-based stations. We
found that the balloons provided a clear timeline of the eruptive sequence, matching satel-
lite and seismic measurements. The study of the moderate eruption on 19 December showed
that every balloon detected a clear signal where ground stations had trouble detecting
as precisely the event due to wind-induced acoustic noise at the ground, establishing bal-
loons as a valuable addition to ground-based infrasound networks. Interestingly, simu-
lations predicted reliably the sound speed, but they overestimated how much the sound
amplitude varied with direction of propagation. The results improve by placing the acous-
tic source above the volcano’s altitude, inside the volcanic plume (10-15 km altitude) in
simulations, suggesting that the plume is an acoustic source.

1 Introduction

Balloon-borne measurements for infrasound monitoring studies began in the late
1940s following World War II. The initial measurements were conducted for military pur-
poses and involved advanced balloon technology (D. Bowman et al., 2019). Apart from
a few studies in the 1960s and 1990s concerning the estimation of arrival direction (Wescott,
1964), background noise characterisation (Coffman, 1965) and explosion detection (Banister
& Hereford, 1991), balloon-borne infrasound measurements were rarely used or studied
for half a century. Reduced wind-induced acoustic noise and the ability to place balloons
in elevated acoustic wave ducts (Albert et al., 2023), together with developments in method
and technology in the early 2010s, led to renewed interest in balloon-borne measurements
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for geophysical events monitoring, especially infrasound monitoring (Young et al., 2018).
Since then, flying sensors as stratospheric balloons have regularly been used to detect
and to characterise various events, like earthquakes (Brissaud et al., 2021; Garcia et al.,
2022; Froment et al., 2025), explosions (D. C. Bowman & Krishnamoorthy, 2021) and
fireworks (Saito et al., 2026). Ballon-borne infrasound measurements also appear to hold
great promise for extraterrestrial exploration, particularly in the case of Venus seismic-
ity (Garcia et al., 2024; Brissaud et al., 2025).

Infrasound monitoring has proved valuable in studying volcanic eruptions and dis-
tinguishing between different types of volcanic activity (Johnson & Ripepe, 2011; Wat-
son et al., 2022). The infrasound stations on the ground of the International Monitor-
ing System (IMS) enabled the study of the last eruptive sequence of the Hunga Tonga
(Hunga) volcano (Kingdom of Tonga) that began on 19 December 2021 and ended on
15 January 2022, culminating in an exceptionally powerful event, unseen since the erup-
tion of the Krakatoa volcano in 1883 (Matoza et al., 2022), whose impact is still a cur-
rent topic of research (Zhu et al., 2025; Wilmouth et al., 2023; Duchamp et al., 2025; Kloss
et al., 2025).

The dominant Lamb wave and the broadband acoustic-gravity waves generated by
the cataclysmic eruption on 15 January 2022 were detected around the world by the 53
IMS infrasound stations and their observations provided key constraints on the eruptive
source, particularly regarding its temporal sequence, source mechanism, and energy re-
lease with an equivalent yield estimated of the order of 100-200 Mt TNT (Matoza et al.,
2022; Vergoz et al., 2022). The acoustic waves generated by this eruption were also mon-
itored by Strateole-2 (ST2) stratospheric superpressure balloons flying thousands of kilo-
metres from Hunga. The ST2 campaign was intended to study the tropical upper tro-
posphere lower stratosphere (UTLS) using superpressure balloons carrying pressure sen-
sors that detected the generated infrasound. Podglajen et al. (2022) demonstrated that
the ST2 balloons detected more global wave revolutions than most ground stations, and
with a higher signal-to-noise ratio (SNR). The unprecedented power of this eruption in-
troduced uncertainties, particularly regarding the vertical distribution of the acoustic
source, and the benefits of balloon-borne measurements for long range volcanic infrasound
monitoring assessed by Podglajen et al. (2022) cannot be extended to less energetic events.
The aim of this paper is twofold: to provide an overview of the entire 2021-2022 Hunga
eruptive sequence while focusing on the initial event of 19 December 2021 using both strato-
spheric balloon-borne and ground-based infrasound measurements and to assess the ca-
pability of balloon-borne measurements for monitoring volcanic eruptions of moderate
intensity.

The paper is organized as follows. First, an overview of the entire 2021-2022 Hunga
eruptive sequence based on balloon-borne infrasound observations is presented. Then,
balloon observations of the 19 December 2021 eruption are analyzed together with ground-
based records from the IMS infrasound stations. Combined with parabolic-equation based
wave propagation simulations, observations are used to reconstruct the eruption chronol-
ogy and to compare propagation characteristics between ground-based receivers and those
at balloon altitude. Finally, combining observations and simulations allows us to exam-
ine the vertical distribution of the acoustic source and to assess differences in SNR, and
detection capability between ground-based and upper-air sensors.

2 Data and Methods
2.1 Infrasound observations
2.1.1 Strateole-2 balloon data

In the framework of the ST2 balloon project, seventeen superpressure balloons were
launched from the Seychelles between October and December 2021 by the French space
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agency (CNES) to study the tropical UTLS (Hertzog & Plougonven, 2021; Stratéole-2

C1 campaign dataset, 2021). ST2 superpressure balloons are constant-volume balloons
drifting horizontally with the wind for several months at a chosen level (near 18.5 km

or 20.5 km altitude in the tropics). At the onset of the Hunga eruptive sequence on 19
December 2021 (Vergoz et al., 2022), five ST2 balloons were still flying over the tropi-
cal Pacific. Their location at that time is represented in Figure 1. Of those five balloons,
only two flew throughout the last Hunga eruptive sequence until the climatic eruption

on 15 January 2022. Observations from this event were analysed by Podglajen et al. (2022),
who demonstrated the capability of high-frequency pressure measurements from balloons
to detect geophysical signals. Although the same balloons are used here, we adopt a dif-
ferent naming convention, referring to them according to their launch order rather than
their payload configuration as in Podglajen et al. (2022). Thus, balloons STR! and TTL4
in Podglajen et al. (2022) are denoted here as B13 and B15, respectively.

ST2 balloon payloads include two temperature and one pressure sensors (Hertzog
et al., 2007) and a GPS measuring position every 30 s with 1 m altitude resolution. The
pressure sensor (Paroscientific-6000-15A) samples at 1 Hz with 100 pPa resolution and
has a flat frequency response up to 0.25 Hz. Following Podglajen et al. (2022), the fluc-
tuations due to the vertical motion of the balloon in an hydrostatic atmosphere are re-
moved to derive the corresponding constant-altitude pressure perturbation p:

P = eXp< 9¢ )pb (1)
RqTy

where p;, and T; are the measured raw pressure and temperature, p, the 1-day time-averaged
pressure, ¢’ geopotential height anomalies derived from GPS altitude interpolated at 1 s,
g = 9.81 m.s~? and Ry = 287 J.K~'.kg~!. The correction given by Equation 1 be-
comes significant at frequencies comparable to the balloon oscillation frequency (~ 4.5 mHz)
or below (Massman, 1978; Podglajen et al., 2016; Wilson et al., 2023). For infrasound
frequencies above ~ 0.02 Hz, p closely follows p, (Podglajen et al., 2022).

2.1.2 IMS microbarometer data

The IMS infrasound network has been developed in the framework of the Compre-
hensive Nuclear-Test-Ban Treaty (CTBT). In December 2021-January 2022, it comprised
53 certified infrsound ground-based stations that continuously sample differential pres-
sure at a rate of 20 Hz. Eleven IMS stations, located between 1800 and 6000 km from
Hunga at various azimuths directions and under different monitoring conditions (against
or along the horizontal stratospheric wind, hereafter referred to as upwind and downwind,
respectively) and local wind environment are considered in this study (see Figure 1).

Each IMS station consists of an array of at least four microbarometers sensitive to
pressure changes down to 1 mPa, with apertures ranging from 1 to 4 km, equipped with
wind-noise reduction systems (Marty, 2019). The instrument response is designed for a
frequency range of approximately 0.01-5 Hz. Infrasound monitoring capability is limited
by local wind and turbulence which are the main sources of noise (Raspet et al., 2019).
In the 0.01-0.5 Hz band, infrasound noise generally increases with wind speed by about
5 dB per ms~! (Walker & Hedlin, 2009; Raspet et al., 2019).

The detection capabilities of raw single microbarometer measurements are signif-
icantly enhanced by combining sensors through the Progressive Multi-Channel Correla-
tion algorithm (PMCC) (Cansi, 1995; Brachet et al., 2009). PMCC detects coherent wave-
fronts across an array of sensors by computing cross-correlations in the time—frequency
domain and progressively grouping consistent time delays between sensor pairs. This ap-
proach provides estimates of detection time, back-azimuth, and apparent velocity by iso-
lating clusters of delays that remain spatially coherent across multiple sensors, thereby
enabling the detection of signals up to 5 dB below the noise level of individual channels
(Cansi & Pichon, 2008; Poste et al., 2022).
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Figure 1. Horizontal wind direction (vectors) and speed (colormap) averaged between 40
and 60 km on 19 December 2021 from ERAS5 reanalysis data from the fifth generation ECMWF
reanalysis. The trajectory of B18 from 3 December 2021 to 25 January 2022 (end of flight) is

represented as a green line.



170 In the present study, when estimates of the back-azimuth fpycc and phase speed

1 cﬁMCC of the signals from Hunga are provided by PMCC at a station, a delay-and-sum
172 beamforming technique, as described in Rost and Thomas (2002), is applied to the sig-
173 nals from all channels. This coherently stacks the recordings by correcting for the time

174 delays associated with a plane wave propagating with parameters (6pmcc, cl’ﬁMcc). Sig-
175 nal components that are inconsistent with the plane-wave assumption are attenuated,
176 while those that are coherent with it are preserved. Signal to noise ratio of consistent

177 arrivals is theoretically improved by a factor /N, where the number of channels N varies

178 between 3 and 8 (Alcoverro & Le Pichon, 2005).

179 The analysis of the observed signals in the following sections will be based on spec-
180 trograms, computed using 500-s Blackman window with 90% overlap, of the ST2 balloons’
181 corrected 1-Hz pressure (see Equation 1) and of the IMS’s rephased 20-Hz pressure.

182 2.1.3 Observed detection time

183 _ Here is explained the method used to define the observed wavefront detection time

184 t((fb)s at sensor ¢:

185 For IMS station ¢, the period of detection is defined as the time interval during which
186 the signal from Hunga is identified by PMCC. The observed detection time t((fgs for IMS

187 stations correspond to the start of this interval.

188 For balloons we first compute a theoretical window of arrivals from a theoretical

189 event at the top of Hunga (0.149 km) at 20:30 UTC (just before the reported time of the
190 19 December eruption (Vergoz et al., 2022; Gupta et al., 2022; Donner et al., 2023)), fol-

101 lowing an empirical model of celerity, with celerity values ranging from 240 to 350 ms™*
102 (Nippress & Green, 2023). We then compute the observed pressure variance Pcfll))q(t) =
103 f:ix ﬁié;) (t, ) df, Where ﬁgé;) (t, f) is the value of the spectrogram at f of the observed
104 corrected pressure p((fb) (t) at balloon i. The frequency range A fgig = [fmin, fmax] used
195 is discussed in Section 4.1. The background noise is defined as the 15-minute interval
196 preceding the theoretical window of arrivals at balloon 4. Pégise over this interval defines
107 the mean noise level, while ar(fgise, its standard deviation, characterises the variability of
108 the background noise. The observed detection time tgzb)s is then defined within the the-
199 oretical window of arrivals as:
t(()llgs = a‘rgmin {PO(E))Q (t) > Prggise +10 Ufllo)ise} (2)
200 2.2 Modeling infrasound propagation
201 2.2.1 Parabolic-equation based wave propagation simulations
202 Infrasound propagation in the atmosphere is controlled by wind speed and direc-
203 tion profiles (Godin, 2002) as well as temperature gradient (Bass et al., 2007). It is of-
204 ten appropriate to apply the effective sound speed approximation to combine these ef-
205 fects into a single quatntity, the effective sound speed ceg, defined in Equation 3:
RT(r,z
Coft (1, 2) = VRT(r,2) + u(r,z) n (3)
M
206 the first term corresponds to the adiabatic sound speed where r is the distance from the
207 source, z is the geometric altitude, R is the universal gas constant, M is the molar mass
208 of air and the second term corresponds to the wind effect where u(r, z) is the horizon-
200 tal wind, and n is the wave propagation direction.
210 Under the plane-wave assumption, the shallow angle approximation, and the effec-
a1 tive sound speed approximation, the acoustic pressure field generated by a point source
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at altitude zs, can be modeled using the parabolic equation (PE) framework (Waxler &
Assink, 2019). We use the parabolic solver ePape from the NCPAprop (Waxler et al., 2021a,
2021b) which computes the monochromatic complex transfer function A( f) relating acous-
tic pressure amplitude relative to the source power at a frequency f. The inputs to ePape
consist of atmospheric profiles in the direction of propagation of initial azimuth (8) of
temperature ('), wind components (u, v and w), pressure (p) and density (p). The out-
put is chosen to be provided on a grid with a horizontal resolution of 1 km and a ver-

tical resolution of 0.5 km. This resolution choice results from a trade-off between the tech-
nical limitations of ePape and the fineness of the grid.

ePape assumes planar cylindrical geometry and outputs are scaled complex trans-
fer functions Aow(f, 0,7, 2, 260) = A(f, 0,7, 2, 25)/\/po(z) where py is the background
density profile (Waxler et al., 2021a). In this study, we consider long-range propagation
and A., defined in Equation 4, is introduced to account for Earth’s curvature and geo-
metric spreading in spherical geometry, as well as density effects:

Ac(f,0,7r, 2, 250) = \/P;(TZ) \/2 zzgg;z; Aot (f, 0,7, 2, 250) (4)

where p, is a density of reference at the ground, a = 6378 km is the Earth’s radius
and d = 1 km the reference distance to the source. At the propagation distances con-
sidered (8000 km or less), the bias corrected by the geometric factor %ﬁ?g; is on the

order of 10% or lower.

2.2.2 Atmospheric specifications

Wind and temperature profiles required as inputs to ePape are derived from hourly
ERAD reanalysis data from the fifth generation ECMWEF reanalysis (Hersbach et al., 2020,
2023), extending up to the model upper boundary at approximately 80 km above sea level.
Geometric altitude (z), p and p on model levels are computed using surface geopoten-
tial (@) and specific humidity (¢) (Copernicus Climate Change Service, 2020). From
the ERA5 upper boundary up to an altitude of 130 km, « and v are obtained from HWM14
(Drob et al., 2015; Ilma, 2017) and T" and p from NRLMSISE-00 (Picone et al., 2002; Lu-
cas, 2025). Above ERA5’s upper boundary, p is deduced from ideal gas law assuming
the adiabatic index v = % =7/5and M = 28.965 x 1072 kg.mol~!. The two parts
are linked by a 10 km transition layer using cubic interpolation.

Infrasound are sensitive to gravity wave-induced wind and temperature perturba-
tions, which cause partial reflexions of acoustic energy (Hedlin & Drob, 2014; Listowski
et al., 2025) and gravity wave may alter geometric acoustic guiding (Kristoffersen et al.,
2026). In this study, gravity wave perturbation profiles are built based on a universal
spectrum approach. Inverse Fourier transform of gravity wave vertical spectra following
the analytical model presented in Gardner et al. (1993) are performed, as explained in
Appendix A of Cameijo et al. (2025). Resulting profiles are superimposed onto the wind
and temperature atmospheric profiles. These stochastic realizations are not specific to
any particular region or time period, but provide a statistical representation of unresolved
gravity-wave—induced variability.

2.2.83 Monochromatic transmission loss

Monochromatic transmission loss 71, at a frequency f in the direction 6 for a source
at zgso, relatively to A, at a reference point (d,zs,) is computed using:

(5)

A SO
TL(f767T7Z)Zso) — 2010g10 ( | C(f797T727Z )| )

‘Ac(f; 0,7’ = da Z = Zso, Zso)|
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T1, maps at 0.1 Hz at ground level and at z = 20.5 km (balloon altitude) are shown
in Figure 2 (a, b) to illustrate propagation and detection conditions around Hunga on
19 December 2021. These conditions are representative of this region and time period.
The simulations are performed for  sampled every 1°, using atmospheric profiles corre-
sponding to the time of the eruption of 19 December 2021, without added gravity-wave
perturbations and with z4, = 0.149 km (Hunga’s top altitude).

In Figure 2 (a), at the surface in the downwind sector (200°-330°), a weakly atten-
uated region (-40 to -60 dB) is predicted, associated with a stratospheric duct. Upwind
of Hunga (30°-150°, extending up to ~2000 km), attenuation is weak on average (around
-50 dB), with alternating bands of weak and strong attenuation forming fringes spaced
by approximately 300 km. Downwind of Hunga, similar fringe patterns are present but
with a reduced spacing of about 200 km. These structures correspond to arrivals guided
by thermospheric and stratospheric ducts, respectively, and are associated with shadow
zones that strongly influence ground-level detections. Within the upwind sector (20°-60°
and 120°-150°), locally reduced attenuation is attributed to the presence of stratospheric
and /or tropospheric ducting. In contrast, outside these regions upwind, surface atten-
uation drops below -110 dB.

In Figure 2 (b), at balloon altitude, the weakly attenuated downwind region is less
clearly defined than at ground level and exhibits slightly higher attenuation (-60 to -70 dB).
On both sides of Hunga, the alternating arrivals associated with thermospheric and strato-
spheric ducts, as well as their corresponding shadow zones, are significantly less pronounced.
Upwind (0°-200°), except within approximately 2000 km of Hunga, attenuation is rela-
tively constant at around -85 dB. The two upwind regions of reduced attenuation iden-
tified at ground level are less distinct at balloon altitude.

IMS stations and ST2 balloons are classified in the following as downwind or up-
wind depending on if the direction of propagation from Hunga to the sensor is along or
against the horizontal stratospheric winds (40 to 60 km), so whether or not a stratospheric
duct is established.

2.2.4 Waveform reconstruction from monochromatic simulations

To compare simulations and observations across different sensors and to interpret
the temporal sequence, full acoustic pressure waveforms are required. The waveforms pgim (¢, 7, 2, 2s0)
are computed from the monochromatic calculations of A, using Equation 6, derived from
Waxler et al. (2021a):

—+o0
pantterz ) =R ([ SOz ) e 2nfC ) AF) )
where s(f) is the Fourier transform of a Morlet wavelet’s real part considered as the acous-
tic source function defined by Equation 7 and 79 = /¢ is a time shift applied to align

the signal with a reference sound speed at ¢y = 400 ms™1.

s(f) = /*: ((%ﬁ) exp ( (1?\%)2) cos <7;t>> exp(—i2nft) &t (7)

In practice, a discrete form of Equation 6 is used, with A, evaluated over A fg, =
[0.08, 0.15] Hz using a frequency step of 1x10~% Hz. This frequency band and frequency
step are chosen to cover Afg, (see Section 4.1) and to avoid aliasing multiple arrivals
in the waveform while accounting for simulation constraints. If f & A fm, we set A.(f)
to 0. We enforce Hermitian symmetry by setting for f < 0, A.(f) = Ac(—f)* where
Ac(—f)* is the complex conjugation of A.(—f).

To compute the simulated wavefront celerities cifr)n at sensor ¢ we follow a method

similar to that used for the observations (see Section 2.1.3).
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Figure 2. Ti(f = 0.1Hz,r, 2,2 = 0.149km) maps centred on Hunga (black triangle) at the
ground (a) and at z = 20.5 km (b). ST2 balloons and IMS stations markers are coloured green,

cyan, and red to indicate whether the detection is a balloon-like detection, a front-only detection,
or if there no detection (see Section 4.1). T1(f = 0.1Hz,r, 2, zso = 0.149 km) altitude-range slices
and associated ground (blue lines) and balloons’ height (orange lines) smoothed transmission loss
are shown for 6 = 30° (¢), 8 = 75° (d) and 6 = 295° (e).
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In the following we define the simulated pressure variance at sensor ¢ by Ps(igl(t) =
J;f max ﬁiiffl) (t, f)df where ﬁfi’r(rf) (t, f) is the value of the spectrogram at f of the simulated
pressure signal pgiir)n(t). A comparison of the observed and the simulated waveforms at
station 1540 and the associated spectrograms is given in Supporting Information.

3 Overview of the 2021-2022 Hunga eruptive sequence reconstructed
from balloon infrasound observations

Compensated spectrogram [Pa?dec™1] of B13 from 2021/12/03 to 2022/01/25
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Figure 3. Compensated spectrogram [Pa2 decfl] between 0.03 and 0.5 Hz of the corrected
pressure recorded by B8 from 3 December 2021 to 25 January 2022. Solid cyan lines indicate
the dates of the main eruptive events of the 2021-2022 eruption sequence. Labels from I to V
represent unidentified events whose colours depend on theirs presumed origin, light blue for

artefacts related to flight physic sand dark blue for an geophysical origin.

Two balloons, B13 and B15, flew over the Pacific during the Hunga eruptive se-
quence. B13, in particular, remained within 6000 km of the volcano from 3 December
2021 to 25 January 2022 (Figure 1).

Figure 3 shows the compensated spectrogram (ﬁ?o(rﬂp = 13515? (t, f) x f x log(10))

. 2 1 .
in Pa“dec™ " of its corrected pressure measurements.

They first reveal the persistent oceanic microbarom (Benioff & Gutenberg, 1939)
between 0.12 and 0.2 Hz, at about ~ 10~* Pa® dec™!. Variations in magnitude and peak
frequency occur over timescales of a few days, consistent with ground-based observations.
They are attributed to shifts in the dominant oceanic source region and changes in me-
teorological conditions (Hupe et al., 2018). At frequencies below 0.05 Hz, a clear diur-
nal cycle is noted, with pressure variance peaking around local noon. While its cause re-
mains uncertain, we hypothesize that it results from solar heating of the sensors and pay-
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load rather than from a geophysical source. In contrast, the 0.05-0.1 Hz frequency band
corresponds to a minimum in background energy, on the order of ~ 10~7 Pa®dec™!.
However, this state of quiescence is only interrupted by a few transient events (I to V
in Figure 3), mostly of geophysical nature. This contrasts with spectrograms from pres-
sure measurements at IMS stations, which often display elevated noise levels up to 10 Hz,
frequently associated with periods of strong winds and daytime surface turbulence (see
an example for station 1S40 in Figure B1).

Most transient events in the 0.05-0.12 Hz frequency range are consistent with the
Hunga eruptive sequence, as described by Gupta et al. (2022) from satellite observations
of the volcanic plume, and by Vergoz et al. (2022) and Donner et al. (2023) from IMS
infrasound and seismic data. They are detailed below.

3.1 Initial eruption on 19 December 2021 and subsequent activity

After a 7-year period of dormancy, Hunga erupted on 19 December 2021. A 4.7 mag-
nitude earthquake on 18 December 2021, at 16:49 UTC, at the location of the volcano
and 100 km depth, was a likely precursor of the whole sequence. From an atmospheric
perspective, the eruption began on 19 December 2021 at 20:46 UTC, origin time from
the Reviewed Event Bulletin (REB), and was detected by 12 infrasound arrays (Vergoz
et al., 2022), shortly after a 3.8-magnitude seismic event at 20:33 UTC. Geostationary
satellite observations, sampled every 10 minutes, indicate that the volcanic plume began
rising at approximately 20:40 UTC. It developed into an umbrella cloud, which expanded
at an altitude of 15£2 km to reach 100 km radius within 2 hours and remained visible
for about 6 hours (Gupta et al., 2022).

The infrasound wavefront generated by this eruption was detected by balloon B13
around 00:30 UTC (second line in Figure 3) on 20 December and clearly stands out as
the largest-magnitude event since the beginning of the record on 3 December. Acoustic
energy in the 0.08-0.12 Hz range (dominant frequency range) increased by more than one
order of magnitude compared to background, reaching ~ 1072 Pa? dec ™. This level
of activity persisted for about 3 hours in the records. Thereafter, enhanced levels of acous-
tic energy continued to be recorded onboard B13 until January 4-5, with sporadic bursts
of declining energy down to ~ 5- 1073 Pa? dec™'. This sustained, though intermittent,
activity is consistent with ground infrasound measurements at IMS station 522 (Vergoz
et al., 2022), and satellite observations of volcanic plumes up to 12 km (Gupta et al., 2022).

3.2 Major eruption on 13 January 2022

After a few days of relative rest, the acoustic energy measured onboard balloon B13
rose again on 13 December around 18:00 UTC (fourth line in Figure 3) and remained
relatively constant above ~ 21072 Pa? dec™! and up to ~ 8-10~2 Pa? dec™ ! for a pro-
longed duration of about 20 hours before dropping back to background levels. A simi-
lar persisting rectangular pulse is observed by the other balloon in flight at the time, B15.
Sustained activity was also detected by neighboring IMS stations, though with distinct
pulses of enhanced emission recorded at 15:49 UTC (by 4 stations) and a larger pulse
at 17:37 UTC (by 11 stations) in the REB (Vergoz et al., 2022). According to Gupta et
al. (2022), the plume initially began to ascend around 15:20 UTC, approximately 30 min-
utes prior to the first infrasound REB event of the day, and formed an umbrella reach-
ing 18 + 2 km, which persisted for 22 hours as observed in infrared imagery. This last-
ing umbrella, longest in the sequence, is consistent with persistent high-energy in infra-
sound records, which may suggest prolonged emission associated with the feeding of the
umbrella by the volcanic plume. The level of acoustic energy from B13 drops back to
background level around 13:30 UTC. Only 2-3 sporadic bursts of lower intensity are de-
tected later on 14 January, mirroring a few small eruptive plumes in satellite observa-
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365 tion (Gupta et al., 2022) and the decreasing activity seen in ground station (Vergoz et
366 al., 2022).

367 On January 15, infrasound observations suggest a time of rest before the start of

368 the climactic phase. On the contrary, both Gupta et al. (2022) and Van Eaton et al. (2023)
369 mention plumes around 03:00 UTC based on geostationary observations, but this may

370 result as a wrong identification of a natural cloud as a volcanic plume. We note that this
an cloud did not feature any lightning activity, contrary to the following plumes (Van Eaton

372 et al., 2023).

373 3.3 Climactic eruption on 15 January 2022 and multiple revolutions of
374 infrasound waves

375 We provide here only a brief summary of the climactic eruption of January 15 and
376 subsequent multiple revolutions of the infrasound waves observed by B13 (fourth line
37 in Figure 3) following the description given in Podglajen et al. (2022), along with their
378 relationship to plume evolution as reported in the literature. B13 recorded 3 infrasound
379 wave packets, which the authors identified as specific emission times during this erup-

380 tion phase between 04:01 UTC and 08:30 UTC, namely:

381 e A major infrasound pulse, termed WP1 and backtracked to the volcano at 04:16

382 UTC, corresponding to the onset of the paroxysmal eruption determined by seis-

383 mic and ground-base infrasound measurements (Poli & Shapiro, 2022; Matoza et

384 al., 2022; Vergoz et al., 2022; Donner et al., 2023). Its emission coincides with the
385 gradual ascent of the volcanic plume (Podglajen et al., 2022), which overshoot up
386 to 58 km (Carr et al., 2022; Proud et al., 2022). In B18 data, the corresponding

387 burst of infrasound waves, arriving around 06:30 UTC, detectable up to 0.5 Hz,

388 exhibits a maximum peak of 2 x 102 Pa?dec™" at 0.02-0.03 Hz.

380 « A secondary peak (WP2) arriving 07:05 UTC at 0.02-0.03 Hz and 1x10? Pa®dec™ !,
390 backtraced at 07:53 UTC. Podglajen et al. (2022) noted that this double peak struc-
391 ture is also recorded at IS22. However, they were not able to relate it to volcanic

302 plume overhoots seen in geostationary satellites. A seismic event recorded in the

303 REB at 04:49 UTC (Donner et al., 2023) may correspond to this infrasound packet,
304 though no definitive conclusion can be drawn.

305 « A later peak (WP3), reaching ~ 40 Pa? dec™ ', back-tracked to ~ 08:30 UTC,

396 matching a later overshoot in geostationary plume observations in Carr et al. (2022).
307 At the ground, the infrasound and the Lamb waves generated by the eruption were
398 thereafter observed to complete at most 8 revolutions around the Earth (Matoza et al.,

399 2022; Vergoz et al., 2022). In balloons records, 5 revolutions are visible between 16 and

400 24 January (fourth line in Figure 3, see also Podglajen et al. (2022)). The series is lim-

a01 ited only by the termination of the flights. After travelling a full circle, the acoustic en-

402 ergy of the wave packet decreases by a factor of 10 to 20, and could hence theoretically

203 have been detected up to 7-8 times before reaching background levels For successive pas-

404 sages (A2-A10), the convention of first antipodal arrivals, as defined by Matoza et al. (2022);
405 Vergoz et al. (2022) is used in Figure 3.

406 3.4 Sporadic infrasound activity

a07 Besides the Hunga sequence, other bursts of infrasound activity, marked from I to
408 V in Figure 3, are monitored by B13. Two of these (IIT on 14 December around 19:00
409 UTC and V on 9 January around 23:00 UTC) are only detected by balloon B13, and might

410 be artefacts related to flight physics. However, the 3 other bursts on 5 December around
an 12:00 UTC (I), 12 December around 18:00 UTC (II) and 15 December around 23:00 UTC
a2 (IV) are detected by several balloons and may correspond to other geophysical events
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not necessarily linked to the eruptive sequence. Investigation of their origin is left for fu-
ture studies.

Overall, balloon-borne infrasound records of the entire 2021-2022 Hunga eruptive
sequence match ground-based infrasound and seismic observations presented in Matoza
et al. (2022); Vergoz et al. (2022); Donner et al. (2023), and plume aerial activity in Gupta
et al. (2022); Van Eaton et al. (2023). The few exceptions (e.g., the plume precursor around
3:00 UTC on January 15 in Gupta et al. (2022); Van Eaton et al. (2023)) may point to
confusion between convective cloud and volcanic plumes in the interpretation of the satel-
lite data. Ground-based infrasound records from a single station (see Figure B1) do not
compare to the clean balloon records, which benefit from much lower and more stable
background noise. The present analysis supports the conclusions of Podglajen et al. (2022),
who, based solely on infrasound observations from the 15 January eruption, highlighted
that the primary advantage of balloon-borne sensors lies in their low-noise environment
and not on the potential larger signals in the elevated duct (Albert et al., 2023). How-
ever, specific array processing techniques significantly enhance its detection capabilities,
and the Hunga sequence reconstructed from global IMS records in Vergoz et al. (2022)
closely matches what is observed in balloon data.

To further assess the added value of balloon-borne measurements for volcanic mon-
itoring relative to IMS observations, we focus next on the 19 December eruption, the ini-
tiation of the sequence, which is far more representative of typical volcanic activity than
the 15 January event, an eruption unmatched since Krakatoa nearly 140 years earlier.

4 Focus on the 19 December 2021 eruption

The following discussion focuses on the eruption of 19 December 2021 at approx-
imately 20:40 UTC, with a plume reaching 15 4+ 2 km. This event is comparable to at
least 10 eruptions over the 2015-2025 period, implying a recurrence interval of less than
one year. The generated acoustic waves were typically around 10000 times smaller in mag-
nitude than those from the 15 January event (see Section 3). This makes it an ideal case
study for comparing stratospheric balloon-borne with ground-based stations infrasound
measurements of typical eruptions.

4.1 Balloon-borne and IMS observations

All 5 ST2 balloons in flight detected infrasound from this eruption, as well as 9 IMS
stations. The locations of the sensors at 20:40 UTC are shown in Figure 1, and a sum-
mary of their coordinates, altitude, distance to Hunga and back-azimuth is provided in
Table 1, except for 1536, 1545 and IS57 which show no or unsatisfactory detections. As
illustrated by monochromatic transmission loss maps for an acoustic source being the
top of Hunga at 0.149 km (Figure 2), the various azimuths encompass strikingly differ-
ent large-scale propagation conditions, with expected acoustic wave amplitudes varying
by several orders of magnitude.

Pressure spectrograms observed at selected IMS stations (from 0.03 to 1 Hz) and
ST2 balloons (0.03 to 0.5 Hz) following the eruption are shown in Figure 4 (records from
other sensors can be found in Supporting Information). Volcanic infrasound are consis-
tently detected across all ST2 balloons regardless of their altitude and position relative
to Hunga. They appear as prolonged bursts of enhanced energy spanning the frequency
range from 0.03 up to 0.5 Hz and a peak near 0.1 Hz. The first arrivals of the signals lie
within theoretical window of arrivals (see Section 2.1.3) assuming for now an emission
time at 20:40 UTC (Gupta et al., 2022).

For all balloons, enhanced energy levels (about 1073 Pa? decfl) persist for more
than 3 hours, with a few 10 min-long more energetic bursts. Low energetic signals above
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Table 1. Back-azimuth of the orthodrome from Hunga 6o,tho, detected back-azimuth Opmcc
from PMCC, observed detection times of the wavefront tons, simulated wavefront celerities cgim
considering an acoustic source at 0.149 km, and detected horizontal phase speed ¢y from
PMCC.

Receiver Condition 1 [km] z [km] Oortho  Opvce  tobs (UTC)  Cgim [ms™!] cf,MCC [ms~1]
B8 upwind 4471 20.3 245.6° - 20 01:11:40 271.0+0.4 -
B9 upwind 3542 20.3 223.1° - 20 00:01:40 286.441.0 -
B12 upwind 2609 20.5 206.3° - 19 23:00:50 290.8+1.6 -
B13 upwind 3870 20.5 235.6° - 20 00:30:50 276.2+1.5 -
B15 downwind 3918 18.8 134.5° - 20 00:07:30 306.5%0.5 -
1S04 downwind 6793 Ground 96.1° 92.4° 20 02:47:56  297.940.3 350
1S07 downwind 5233 Ground 99.9° 98.2° 20 01:26:00 304.1+0.4 353
1S22 downwind 1851 Ground 87.7° 90.6° 19 22:13:45 306.5+1.1 371
1S24 upwind 2759 Ground 259.3° 255.4° 19 23:33:55 258.84+2.0 359
1S40 downwind 3961 Ground 119.8° 119.9° 20 00:06:00 305.5+0.5 359
1S44 downwind 8563 Ground 154.2° 148.7° 20 04:43:40 - 338
1S55 upwind 6423 Ground 18.9° 11.6° 20 02:36:39  293.9+0.8 353
1S59 upwind 4923 Ground 206.6° 209.1° 20 01:14:21 - 360

0.08 Hz lasting for at least 10 hours after t((i)s, consistent with the volcanic activity de-
scribed in Section 3 is visible in balloon’s reccords (see Supporting Information)

Contrary to the balloons, IMS arrays exhibit uneven detection of the eruption sig-
nal. Selected spectrograms in Figure 4 are stacked according to PMCC processing out-
puts to improve the SNR, yet the impact of noise and its variability across stations is
striking, in contrast with balloon observations. While station 1504 records a clear, iso-
lated signal between 0.05 and 1 Hz around 04:00 UTC, lasting over 2 hours and resem-
bling the balloon data in both shape (multiple peaks in time) and duration (referred as
balloon-like detection in Figure 2), the energy pulse at 1522 around 22:14 UTC is much
shorter, less than 30 minutes according to PMCC, (referred as front-only detection in
Figure 2) and difficult to distinguish from background noise without reference to PMCC
output. At IS24, a persistent signal is detected, similar to those at the balloons and 1504,
but rapidly followed by a wind-induced noise periods. Other stations fall into one of these
two categories. Their geographic distribution does not directly align with large-scale prop-
agation features (see Figure 2), the presence or absence of stratospheric ducts, but ap-
pears to be more influenced by time-varying wind-induced noise or local propagation ef-
fects.

To get a better sense of the temporal variability of the received acoustic signal, time
series of energy integrated over the dominant frequency band A fg;, = [00.8,0.12] Hz
are shown in Figure 5. The time axis is offset to align the signals with respect to the first
arrival of the detected wavefront (see Table 1). Energies vary by a factor of 2 to 3 across
the balloons, with downwind balloon B15 and crosswind balloon B2 at the highest level
(mean energy of 210~* Pa?), and upwind balloons BS, B9 and B13 about half as high.
Recordings feature a succession of wave packets, with 4 to 5 distinct local maxima sep-
arated by 30 minutes. For 4 balloons, the largest maximum is occurring about 1 hour
and 20 minutes after the wavefront arrival. The energy peaks monitored by the balloons
are quasi-synchronized in reduced time, with consistent shapes and durations, suggest-
ing a common excitation sequence.

At ground level, the clarity of the signal detection remains station-dependent. Across
all azimuths, some stations (1504, I524) exhibit long-lasting recordings (> 2 hours)
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a) Compensated spectrograms [Pa2dec™!] from 19 to 20 December 2021

N
=) -1071
>
o
C
S
o107t
[0
fire
i L ‘ ‘I‘
12-19 16h 12-1918h 12-1920h 12-19 22h 12-20 00h 006h 12-20 08h 12-20 10h -1072

b)
10°

Frequency [Hz]

Frequency [Hz]

b e T

P daL ol A ik Bt
12-20 06h  12-20 08h 12-20 10h

Frequency [Hz]

L2 1)
12-20 06h  12-20 08h 12-20 10h

Frequency [Hz]

bt : Hi " ¥
4 g T O LT 7
12-1918h 12-1920h 12-1922h 12-2000h 12-20 02h 12-20

4 al

04h 12-2006h 12-20 08h 12-20 10h

Figure 4. Compensated spectrograms [Pa2 decfl] of the phase aligned pressure waveforms
at IMS stations IS04 (a), IS22 (b), and 1S24 (c) (0.03-1 Hz), and of the corrected pressure
recorded by ST2 balloons B12 (d) and B15 (e) (0.03-0.5 Hz), from 19 to 20 December 2021.
Solid and dotted cyan lines indicate the eruption time and its theoretical arrivals at 240 and
350 ms~!, respectively. Green rectangles denote PMCC detection periods associated with the

event. Solid orange lines mark the observed detection times of the wavefront.
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with several distinct peaks, similar to those observed on the balloons. In contrast, shorter
detections (less than one hour) prevail at 1522, where only a single peak is identified by
PMCC. The origin of this heterogeneity in detections is not always clear and likely re-
flects a combination of variable noise conditions and local propagation effects. This as-
pect will be discussed further in Section 5.1.

Following this period of intense acoustic energy, a persistent signal of lower energy
continues for several hours with gradually decreasing levels. It is followed by several weeks
of intermittent activity, as summarized in Section 3. The consistent structure of the sig-
nal across several receivers highlights a relationship with the chronology of the eruption.

4.2 Arrival times of infrasound waves and chronology of the 19 Decem-
ber eruption reconstructed from geostationary satellite observations

The onset of the eruptive sequence remains uncertain. Gupta et al. (2022) reports
a start time of 20:40 UTC based on an infrared geostationary image acquired at 20:46
UTC, whereas the REB time is given as 20:46 UTC. Leveraging our unique combination
of ground and upper-air observations, the chronology is revisited. The observed detec-
tion times at each sensor, ., can be back-projected to the location of Hunga knowing
the infrasound celerity cgzn estimated from the simulated waveforms (see Section 2.2.4)
using:

. . ()
i 4 r
tgs)t = tz()k?s - (i) (8)

sim

Mean values of ngn for a 100 gravity wave realizations are provided in Table 1. While
they are obtained for a source at the ground in the simulations, the results weakly de-
pend on the source altitude (difference of about 1 minute). The anisotropy in cgl)m reflects
the influence of distinct propagation paths and prevailing wind directions with slower
propagation for upwind sensors (~280 ms~!) and faster propagation for downwind sen-
sors (~300 ms~!). A possible explanation of this anisotropy can be that infrasound prop-
agates more in the thermospheric duct and in the stratospheric duct for upwind and down-
wind sensors (see Figure 2 (c), (d) and (e)), respectively. Nippress and Green (2023) show
that all the values of csim found are not necessarily inconsistent with a propagation in

the stratospheric duct only.
Using these values of cgzn at sensor 7, we estimate distributions of onset times for
the event ranging from 20:27 UTC to 20:39 UTC, as shown in Figure 6. The average time,
20:33:59 UTC £202 s is earlier than both the REB and geostationary analysis from Gupta
et al. (2022). +202 s uncertainty coupled with the detected signals shape analyses made
in Section 4.1 is acceptable to confirm that all signals come from the same acoustic source.
This calls for further investigations of the various records. Seismic data indicate a 3.8-
magnitude earthquake at the location of Hunga at 20:33 UTC. Furthermore, a careful
examination of geostationary observations in visible channels at improved 500 m reso-
lution compared to the infrared channels in Gupta et al. (2022) reveals that the initial
plume appears first on the 20:36 UTC image, consistent with the timing of the earthquake
and infrasound.

The timing of the eruption is consistent across all balloon and stations and with
records of seismic and plume aerial activities. However, the recordings of the eruption
vary significantly across sensors, with some stations showing shorter or less structured
sequences, in contrast to the multi-peak signals observed on the balloons (see Figure 5).
The duration (see Figure 5) and evolution (see Figure 6) inferred from the balloon data
are consistent with the plume development observed in satellite imagery (Gupta et al.,
2022). In particular, satellite observations indicate a plume sustained for approximately
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6 hours with multiple injection phases and a gradual decrease in altitude. The balloons,
especially B15, recorded enhanced acoustic energy up to 10 hours after the onset of the
event (see Supporting Information). While part of this signal may be attributed to the

infrasonic coda, distinct bursts, in Figure 5 (a, b), 4 to 5 hours after the wavefronts’ ar-
rivals suggest ongoing eruptive activity.

Overall, the good agreement found between the balloon-borne signals and the plume
evolution is consistent with the findings of Podglajen et al. (2022) for the 15 January case.
Simulations with a ground-based source provide a reliable estimate of the celerity, allow-
ing us to infer the eruption onset time at approximately 20:34 UTC.

4.3 Anisotropy of infrasound amplitudes in observations and simulations

Strong variability in infrasound attenuation between upwind and downwind sectors
(Figure 2) is predicted at 0.1 Hz for a ground-based source, reaching several tens of dB.
Although this anisotropy is reduced at balloon altitudes, the simulations still indicate
a contrast of about 20 dB between B18 and B15, which are located at comparable dis-
tances from Hunga but in upwind and downwind directions, respectively. In contrast, the
observed difference in Figure 5 is more modest, remaining below an order of magnitude
(< 10 dB).

In order to quantify the anisotropy in signal amplitude and its (in)consistency with
(t) at sen-

To account for temporal variabil-

defined as the time-average of Pcff))s Jsim
(@)

obs/sim”

the simulations, we compute Péé)s Jsim

sor i over a fixed-duration window starting at ¢

ity, P(Sé)s Jsim is evaluated over a range of window lengths from 10 minutes to 1 hour, in
B12,(i)

5-minute increments. The attenuation in dB at sensor i, T’ relative to the upwind

obs/sim’
reference balloon B12, is then computed from Equation 9:

(@)

) P .
B12 (i obs/sim
T ) =10log, e (9)
obs/sim
Equation 9 gives that Tilf/:]gl <0< Pél?s Jsim < Pﬁai?sim Tilf/b(l;)l >0 <
Po(l?s Jsim > Pﬁé?sim and Tilf/b(gl =0< Po(é)s Jsim = Pjéi?sim. To quantify the overall

agreement, we compute:

RS o) )°
_ B12 (1 B12 (i
Er = E ; \/(Tobs - Tsim ) (10)

7B12()

bs is the fixed-duration-windows-average

where N, = 10 is the number of sensors,
B12(i) —B12(i)

of T, “*, Tgﬁ ‘

average of T2,

sim

is the fixed-duration-windows-average and the gravity-wave-realizations-

We present distributions of T(ilsz’(i)

of T£i2 @) across fixed-duration windows is of typically 8 dB. Accounting for this uncer-
tainty, the balloon observations appear nearly isotropic, regardless of the propagation
conditions, and show magnitudes comparable to those at the upwind station 1524. In
contrast, nearby downwind stations, particularly the closest one 1522, record the most
energetic signals, exceeding those at B12 by more than 10 dB.

The anisotropy of T, :?;12,(1)7 obtained considering zs, = 0.149 km, also shown in
Figure 7 (a), largely exceeds the observed anisotropy, both across balloons at the same
altitude, and between ground and airborne sensors. For sensor i, good agreement (green

background in Figure 7 (a)) between simulations and observations is attained when Tﬁ)lz @

in Figure 7 (a). At every sensor, the variations
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lies between the maximum and the minimum of 721

wim  with added gravity-wave per-
turbations (blue shaded area).

The simulations agree with the observations in that all upwind balloons receive sim-
ilar signal levels. However, for downwind balloon B15, for all downwind IMS stations and
for upwind stations IS24 and IS55, the simulated amplitudes relative to B12 are over-
estimated. Specifically,

« At balloon altitude, simulations predict at downwind balloon B15 a larger ampli-
tude of approximately +20 dB than that of the upwind reference B12, whereas
observations indicate values of the same order of magnitude.

« At ground level, simulations predict at downwind stations IS07, 1522, and 1540
a weaker attenuation relatively to the upwind reference B12 of approximately +20
or 430 dB than at 1524 where the observed differences is of about +10 or +15 dB.

¢ In the upwind sector, ground station 152/ is simulated to be 15 dB above B12,
while observations show only a few dB difference, and 1555 is simulated to be 5 dB
above B12, while observations show a difference of about ~ —10 dB

« Downwind ground stations are 20-30 dB higher than B15 in the simulations, com-
pared with 10-15 dB in the observations.

Overall, parabolic simulations with a ground-based source strongly overestimate
the anisotropy of the propagation, with an error of 14.4 dB, with downwind ground am-
plitudes excessively enhanced relative to those at balloon level. This conclusion holds
whether or not statistical gravity-wave perturbations are included in the calculations. Al-
though gravity waves tend to reduce the anisotropy, their effect remains limited to about
8 dB, which was expected given that the signal considered is at low frequency (0.08 to
0.12 Hz) which are less affected by small-scaled fluctuations introduced following Gardner
et al. (1993).

4.4 Evidence for an elevated acoustic source

We only considered acoustic waves emitted at the summit of the volcano (zs =
0.149 km). However, satellite observations show that the plume rose up to an altitude
of 15 £ 2 km and remained above 10 km for several hours (Gupta et al., 2022). Super-
sonic (Fee et al., 2013) and subsonic (Matoza et al., 2009; Matoza & Fee, 2014) volcanic
plumes are a known source of infrasound. In order to quantify the sensitivity to this pa-
rameter, the altitude of the point source in simulations has been risen to zs, = 5 km,
Zso = 10 km and zs, = 15 km. Where celerities are only weakly affected by these changes
(see Section. 4.2), the anisotropy of the acoustic energy received across sensors is strongly
affected, as shown in Figure 7 (b).

The anisotropy across sensors is gradually reduced when the source altitude is in-
creased. Rising the source improves the agreement with the observations up to about
10 km. In particular, the overall realism of the simulation is improved, with an error of
9.7 dB, and they reasonably match the observations for all upwind balloons and the up-
wind station I524. However, a mismatch of ~ 15 dB remains for downwind receivers.
For a source altitude above 15 km, agreement is achieved for downwind sensors and re-
mains satisfactory for upwind balloons. However, the signal at the upwind ground sta-
tion 1524 becomes overly attenuated and although the agreement is improved for upwind
station 1§55, a discrepancy of about 10 dB remains at this station.

This sensitivity test suggests that increasing the acoustic source altitude reduces
the simulated anisotropy of signal’s amplitudes across sensors and brings the simulations
closer to the observations. The altitude range yielding the best agreement (10-15 km)
lies a few kilometres below the volcanic umbrella top, as estimated from geostationary

satellite observations. This may suggests that infrasound emission from the plume is strongly
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Figure 7. T, (ﬁgsim attenuation relatively to B12. Observations are represented by red box-

plots. On (a) simulations are obtained using atmospheric profiles with (blue shaded area) and
without (orange boxplot) added gravity wave perturbations and the acoustic source is placed in
simulations on 19 December 2021 at 20:40 UTC at z5o = 0.149 km. On (b) the acoustic source
is placed in simulations using atmospheric profiles with added gravity wave perturbations on 19
December 2021 at 20:40 UTC at zo = 0.149 km (blue), z5o = 5.0 km (purple), zso = 10.0 km
(orange) and zso = 15.0 km (green).
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enhanced near the umbrella altitude, compared with the atmospheric levels crossed by
the jet below and near the vent. It is interesting to note that Zhang et al. (2025) also
brings evidence for an elevated acousitc source based on fiting seiso-acoustic signals for
the 15 January 2022 event.

Finally, it is interesting to note that, for later pulses beyond the first 3 hours of the
eruption, the infrasound amplitude recorded by the upwind balloon B15 is significantly
enhanced (5-10 dB) relative to all downwind balloon sensors (see Supporting Informa-
tion). According to the simulation results in Figure 7 (b), this pattern suggests a decrease
in plume altitude, potentially to around 10 km. Such a subsidence is consistent with satel-
lite observations. Although a detailed analysis is beyond the scope of this study, this ex-
ample highlights the potential of continuous high-altitude measurements from multiple
balloons for monitoring the temporal evolution of an eruption.

5 Discussion

5.1 Added value of balloon-borne to ground-based sensors infrasound
sensors

In their analysis of the 15 January 2022 eruption, Podglajen et al. (2022) demon-
strated the improved detection capability provided by balloon-borne measurements. How-
ever, given the exceptional energy of the Hunga eruption, which was detected by the en-
tire IMS network, the added value of balloon measurements remains questionable for lower-
energy explosive events.

The present analysis of the 19 December 2021 Hunga eruption nonetheless demon-
strates the advantage of air-borne infrasound measurements for volcanic monitoring. While
the balloons do not currently provide estimates of propagation direction and horizontal
phase speed derived from PMCC processing of IMS arrays, they offer clean and contin-
uous records in the 0.08-0.12 Hz band. This enables uninterrupted monitoring of the dif-
ferent phases of the event, providing insight into eruptive processes from vent activity
to plume-level dynamics, with potential applications for volcanic hazard assessment.

The stability and reproducibility of the observed sequence across 5 balloons at dif-
ferent azimuths are clearly shown. This results from both the very low and stable back-
ground noise level around 0.1 Hz and the presence of a persistent high-altitude infrasound
duct spanning a wide range of azimuths. In contrast, IMS stations are more strongly af-
fected by the variability of wind-induced noise, as well as reduced signal amplitudes un-
der less favourable propagation conditions, particularly upwind the stratospheric flow.
Large-scale propagation conditions and noise are not the only factors affecting ground-
based detections. For instance, 1522, the closest IMS station, benefits from favourable
large-scale propagation conditions with a well-established stratospheric duct, yet it de-
tects, according to PMCC, only a single peak over approximately 30 minutes, certainly
because of a significant increase in wind level thereafter. This contrasts with the balloon
observations, which show successive peaks of comparable magnitude over a period of ap-
proximately 3 hours.

5.2 Potential explanations of discrepancies between the observations and
the simulations

In the previous section, parabolic simulations fail to reproduce exactly the observed
distribution of amplitudes around the volcano. Several limitations associated with the
approximations used in ePape may contribute to model-observation discrepancies and
biases.

Long-range propagation paths are not strictly aligned with the great circle, how-
ever, the deviation between the PMCC-derived back-azimuth and the direction of Hunga
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remains within a few degrees (Table 1). More importantly, the frequencies considered
here (around 0.1 Hz) correspond to wavelengths of 3—4 km. The effective sound speed
approximation assumes narrow-angle propagation, which is valid for the stratospheric
duct in the downwind sector but becomes less reliable under upwind conditions. The va-
lidity of these simulations also becomes more questionable for long-range propagation
in a complex and uncertain three-dimensional atmospheric medium. However, it is un-
likely that intrinsic limitations of the parabolic-equation modelling alone can explain the
observed bias.

Another possible source of error lies in the characteristics of the acoustic source it-
self. The emitted signal certainly deviate from the ideal assumptions adopted in this the-
oretical study. Full agreement is not achieved in our point-source framework which is not
unexpected given that variations in source directivity, position, and temporal fluctuations
can all introduce discrepancies between the simulated and measured acoustic signals.

A possible source of the discrepancies between observations and simulations can

be found in the construction of the atmospheric profiles used for these simulations. Kristoffersen

et al. (2026) has demonstrated that important differencies between atmospheric models
exist by showing that in the equatorial stratosphere significant discrepancies are found
between ERA5 and the ICOsahedral Nonhydrostatic model (ICON) (Zéngl et al., 2015)
when representing the stratospheric semi-annual oscillation (SAO) of zonal wind (~10°N-
~10°S). Comparisons of the results presented in Section 4 with those obtained from sim-
ulations based on atmospheric profiles derived from the Whole Atmosphere Community
Climate Model (WACCM) (Gettelman et al., 2019) (not presented) showed that, over-
all, the conclusions reached here still hold when another atmospheric model is used. How-
ever, improvements in atmospheric modelling, coupled with a more realistic and specific
model of unresolved gravity waves, certainly could improve the match between the ob-
servations and the simulations.

6 Conclusion

This study provides an assessment of balloon-borne infrasound measurements for
monitoring a complete volcanic eruptive sequence with moderate intensity eruptions. Us-
ing the unique measurements from balloons of the ST2 campaign, which flew in the vicin-
ity of Hunga during the entire December 2021-January 2022 eruptive sequence, we draw
the following principal conclusions.

First, balloon-borne pressure sensors provide a remarkably faithful reconstruction
of the eruptive chronology. The excellent agreement between the infrasound records from
balloons, the IMS ground network, and independent satellite and seismic observations
confirms that stratospheric balloons are a reliable platform for volcano monitoring mak-
ing free-flying acoustic arrays a valuable complement to ground-based infrasound mon-
itoring networks. In the case of the initial eruption on 19 December 2021 balloons even
helped refine the eruption onset time, estimated at 20:34 UTC earlier than previous es-
timations, and monitored long-duration signals consistent with a sustained umbrella cloud.
The clean records enabled the identification of a complex sequence of pulses offering a
perspective on temporal source variability not accessible from individual ground stations.

Second, we demonstrate the substantial added value of balloon-borne sensors over
traditional ground-based arrays for common eruptive events. Unlike the cataclysmic erup-
tion on 15 January 2022, where generated signal dominated everything else, the erup-
tion on 19 December 2021 was of more common power with a recurrence interval of less
than one year, with acoustic energies roughly 10000 times smaller. All 5 in-flight balloons
clearly detected the eruption, with remarkably consistent signals across different azimuths
and propagation conditions primarily thanks to very low wind and turbulence-induced
acoustic noise. In contrast, the IMS ground-based network, strongly affected by local wind
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conditions, showed highly uneven detections with some stations recording balloon-like
signals and other partial or no signal from Hunga. Our results thus extend the conclu-
sions of Podglajen et al. (2022) from a once-in-a-century event to the class of moderate
eruptions that occur around one time per year.

Third, by combining observations with parabolic-equation based wave propagation
simulations, we provide new evidence for the role of the volcanic umbrella cloud as an
infrasound source. Simulations using a source at Hunga’s level drastically overestimated
the acoustic anisotropy of the attenuation between upwind and downwind directions. Plac-
ing the source at altitudes of 10-15 km, within the observed umbrella cloud, significantly
reduced this bias and brought the simulations into much closer agreement with obser-
vations. The temporal evolution of amplitudes may even hints at a gradual descent of
the source altitude over several hours, consistent with the observed plume subsidence.

Current ground-based networks, such as the IMS, remain indispensable for their
array-processing capabilities that provide source direction and phase velocity. However,
their vulnerability to wind-induced acoustic noise and boundary layer variability limits
their effectiveness for systematic detection of moderate eruptions and explosive events,
particularly in regions lacking dense station coverage. This study shows that a small ar-
ray of long-duration stratospheric balloons offers a significant advantage in explosive events
monitoring, providing consistent and high-quality observations, establishing it as a com-
plementary tool suited to fill this gap.

The upcoming ballon’s launch of ST2 campaign, scheduled for October 2026, will
extend these measurements with an improved payload and longer-duration flights, offer-
ing the opportunity to apply the methods developed here to other explosive events, po-
tentially capturing moderate volcanic eruptions or other explosive events, and thereby
further establish balloon-borne infrasound as a routine tool for geophysical monitoring.

Appendix A Construction of atmospheric profiles for simulations’ in-
puts

The grid chosen for constructing atmospheric profiles for simulation inputs has been
set to one vertical profile every 100 km with a vertical resolution of 1 km. The longitude,
latitude, and back-azimuth at 100 km intervals along a great circle on the Earth’s sur-
face are computed taking into account the Earth’s curvature. Atmospheric field (see Sec-
tion 2.2.2) are linearly interpolated in latitude, longitude and time at each point of the
grid. Horizontal winds is projected onto the propagation direction with respect to the
azimuth at every point on the great circle. In the framework of the effective sound speed
approximation (see Section 2.2.1), the vertical wind is disregarded. As the propagation
is primarily over the ocean, topography is disregarded.

Appendix B Overview of the 2021-2022 Hunga eruptive sequence re-
constructed from balloon infrasound observations
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Compensated mean spectrogram [Pa? dec!] of 1S40 from 2021/12/03 to 2022/01/25
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Figure B1l. Compensated mean spectrogram [Pa2 decfl] between 0.03 and 1 Hz of the phase
aligned pressure waveforms at IMS stations 1S40 from 3 December 2021 to 25 January 2022.
Solid cyan lines indicate the dates of the main eruptive events of the 2021-2022 eruption se-

quence. Green rectangles correspond to PMCC’s detection periods of signal from Hunga.
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