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Abstract The ground movements induced by seismic waves create acoustic waves propagating upward in
the atmosphere, thus providing a practical solution to perform remote sensing of planetary interiors. However, a
terrestrial demonstration of a seismic network based on balloon-carried pressure sensors has not been provided.
Here we present the first detection of seismic infrasound from a large magnitude quake on a balloon network.
We demonstrate that quake's properties and planet's internal structure can be probed from balloon-borne
pressure records alone because these are generated by the ground movements at the planet surface below the
balloon. Various seismic waves are identified, thus allowing us to infer the quake magnitude and location, as
well as planetary internal structure. The mechanical resonances of balloon system are also observed. This study
demonstrates the interest of planetary geophysical mission concepts based on seismic remote sensing with
balloon platforms, and their interest to complement terrestrial seismic networks.

Plain Language Summary After a quake, the surface of our planet vibrates like the surface of a
drum. These vibrations generate sound waves at low frequencies that propagate upward in the atmosphere.
These signals from two earthquakes have been recorded by barometers on board a network of long duration
high altitude balloons deployed by the Strateole-2 experiment. The analysis of these records demonstrates that
the amplitude and arrival time of the vibrations are properly predicted by our modeling tools. The oscillations
of the balloon/gondola system forced by the acoustic waves are also observed, but the quake distance and
magnitude can be estimated only from the data recorded on board the balloon gondolas. Moreover, the shape
of the pressure perturbations recorded by the balloons contains the seismic surface waves that are sounding the
first hundred kilometers of the Earth's internal structure. These observations clearly demonstrate the interest of
a similar experiment in the atmosphere of Venus to sound its poorly known internal structure.

1. Introduction

The acoustic and gravity waves created by quakes can be used to constrain the seismic source mechanism and
the planetary interior, as well as to infer the capability of quakes to produce tsunamis (Astafyeva, 2019). These
atmospheric waves are also critical to infer the internal structure of planets with dense and hot atmospheres, like
Venus, for which the surface deployment of a seismometer is very challenging (Garcia et al., 2005; Stevenson
et al., 2015). These signals were first inferred from their induced variations of electron content in the ionosphere
and atmospheric airglow emissions by remote sensing methods (Hines, 1960; Lognonné et al., 2006). Then, in
situ measurements based on satellite drag variations were described (Garcia et al., 2013, 2014). Quake signal
observations from pressure sensors on board balloons have been studied recently in order to validate mission
concepts for future Venus exploration (Bowman & Krishnamoorthy, 2021; Garcia et al., 2020; Krishnamoorthy
et al., 2019). However an observation of a natural quake event with a realistic geometry was still missing to fully
validate the observational concept and the amplitude scaling laws. After a first detection of a local quake of small
magnitude by a pressure sensor on a stratospheric balloon (Brissaud et al., 2021), we present here the first detec-
tion of a quake by a network of pressure sensors in the stratosphere on board Strateole-2 balloons.
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2. Strateole-2 Pressure Data

Strateole-2 project is an international project led by Centre National d’Etudes Spatiales (CNES). It deploys
long-duration super-pressure balloons in the lower stratosphere, between 18 and 20 km altitude, in order to study
troposphere-stratosphere coupling in the tropical atmosphere (Haase et al., 2018). The balloons are released from
Mahé Island, Seychelles (5°S) and then drift close to the equator following stratospheric winds. The project is
organized into three distinct campaigns, and the present study uses observations performed during the second
campaign, in fall 2021.

Each of the 16 balloon flights carries the EUROS gondola which is in charge of the flight safety. This gondola
includes a Global Positioning System (GPS) receiver (U-block) and the Temperature SENsor (TSEN) instrument
(Podglajen et al., 2014) which is composed of temperature sensors and a Paroscientific pressure sensor model
6000-15A. The gondola position from GPS is provided every 30 s with a typical noise level of about 1 m. The
pressure sensor in Nano-resolution mode provides absolute pressure measurements every second with a resolu-
tion around 1 pPa and a flat response up to our Nyquist frequency of 0.5 Hz, except for a low pass anti-aliasing
filter of 0.35 Hz corner frequency which is corrected in our spectral estimates. Figure 2a presents the back-
ground pressure signal computed by using pwelch method in a 1 hour window before the events considered here.

This signal, labeled “Noise” in Figure 2a, does not come from the sensor noise level (below 1 mPa/\/PE in the
0.01-1 Hz frequency range), but mainly from external contributions such as balloon movements in the atmos-
pheric pressure gradient and induced air flows, possibly enhanced by the lack of a dedicated inlet. At frequen-
cies higher than the one of the neutral balloon oscillations (Vincent & Hertzog, 2014) (~4 — 5 x 1073 Hz), the
background pressure signal decreases with frequency, until an energy peak is found around 0.2 Hz, the so called
micro-baroms (Bowman & Lees, 2018), associated with interfering ocean waves (Figure 2).

Two quakes of magnitude larger than 7 occurred during the second Strateole-2 campaign, with balloons within
3,000 km from the quake source locations (Table 1). For the Earthquake in Northern Peru, a single balloon at
937 km distance detected a significant signal (Figure S2 in Supporting Information S1). For the Earthquake in
Flores sea, four balloons within 3,000 km distance detected signals above background noise in the 0.05-0.5 Hz
frequency range after the quake (Figure 1). Our study will focus on the quake in Flores sea. Unfortunately, 60 s
of data are missing from 03:30:08 GMT to 03:31:07 GMT at the beginning of the main signal on balloon flight
ST2_C1_16_TTLS.

During these events, the average balloon horizontal velocity was in between 4 m/s and 10 m/s. This speed is much
smaller than both seismic surface wave speed (4 km/s) and sound speed (0.35 km/s). In addition, the maximum
horizontal displacement during the 10 min of quake related signal is 6 km, which is much smaller than the seismic
surface wave wavelength at 10-s period (40 km). Along the vertical direction, the balloons are oscillating at a
period of 4.68 x 10~ Hz with an amplitude of about 140 m. As a consequence, the balloons can be considered as
point measurements at a given location for the physical processes considered here.

3. Validation of Observed Quake Signals

The signals observed on the four stratospheric balloons close to the Flores sea quake have arrival times consistent
with acoustic signals generated by the ground movements induced by the seismic waves (Figure 3). In addition,
these signals can be simulated by the upward propagation of pressure perturbations computed from the ground
vertical-velocity forcing extracted from seismometer recordings below the balloon positions (Figures 3a and 3c)
(Garcia et al., 2013; Martire et al., 2018, 2022; Waxler & Assink, 2019). In the time range considered here we do
not expect to observe acoustic waves coming from the epicenter area, but just acoustic waves created by seismic
waves below the balloon. Due to the low attenuation of acoustic waves below 1 Hz during the upward propaga-
tion, the effect of the atmosphere is simply a multiplication by a factor ~0.3, due to impedance contrast between
ground and balloon altitude, and a time delay taking into account the propagation time of acoustic waves between
the ground and the balloon altitude (=60 s for a balloon at 18.7 km altitude). This simulation demonstrates that
the balloon pressure record and the vertical velocity of the ground have similar spectral shapes. This spectral
shape is consistent with the earthquake source model with a source cut-off frequency in the 0.04-0.1 Hz band, as
expected for quakes of this magnitude (Ekstrom et al., 2012).
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Table 1
Centroid Quake Parameters Extracted From GLOBALCMT Data Base
Origin time Latitude Longitude Depth Source half
(GMT) (degree N) (degree E) (km) Mw Ms  duration (s)
Northern Peru 2021/11/28 10:52:25.8 -4.73 -76.74 110.3 7.5 7.5 13.4
Flores Sea 2021/12/14 03:20:35.8 —7.45 121.97 144 7.3 7.3 114

However, the observed pressure perturbations are larger than predicted by our simulations of upward propa-
gation of ground motions in the 0.06-0.15 Hz frequency range. As observed in panels 2.a, 3.a and 3.c this
over-amplification is peaking at a frequency of ~70 mHz in the records of both balloon 16 and 17 records.
Additional over-amplified frequency peaks are also observed in these balloon-borne pressure records of the infra-
sounds created by the seismic waves. Because these resonances are not observed on ground records of vertical
ground velocity, we investigated various potential sources for these signals. First, we reject potential reflections
of acoustic waves in atmosphere layers because the almost vertical incidence of the incoming acoustic wavefield
would require very steeps changes of acoustic impedance, and so atmospheric properties, in order to trap such
waves.

Then, the pendulum oscillation modes were modeled by using the method developed by Kassarian et al. (2021)
(Text S1 and Table S2 in Supporting Information S1). The outputs of this model (Figure S1 in Supporting Infor-
mation S1) demonstrate that no pendulum oscillation modes are expected below 0.1 Hz. In addition, the effect
of gondola oscillations is a second order effect on the altitude of the gondola and consequently on the measured
pressure variations. The observed pressure variations around 70 mHz (1.2 and 0.3 Pa peak to peak in records of
balloons 17 and 16, respectively) imply vertical oscillations of the pressure sensor of 92 and 22 cm, if these vari-
ations were only due to the balloon vertical dynamics. However, due to a second order dependency on oscillation
angle these values would imply oscillation amplitudes of respectively 22° and 11° for balloons 17 and 16. These
numbers are much larger than the ones expected for such balloon systems, thus excluding fully the interpretation
of this resonance in terms of gondola oscillations.

The vertical oscillations of the mass/spring system formed by the gondola/flight train attached to the balloon were
furthermore considered. However, the spring lengths being on the order of 10 m, oscillations of 92 cm would
imply a spring length variation of more than 9% which is unrealistic for a forcing by an acoustic wave of less than
1 Pa amplitude.

Position of Quake, Seismometers, Balloons

3 7 ? .‘l; ' ‘? ‘ 7

Latitude
S

10°S 5

110°E 120°E 130°E 140°E 150°E
Longitude

Figure 1. Position of the quake in Flores Sea (Blue square), the ground seismometers (purple stars) and Strateole-2 balloons
(red circles) during the event. Balloon names, altitude and horizontal distance to the quake are also provided.
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Figure 2. Spectra and spectrograms of the pressure records by Strateole-2 balloons. (a) Amplitude spectral density of

the pressure records of the quake by the different balloons (blue, pink, gray and black curves) and background noise (red/

brown curves). On the left (b—e), spectrograms of the pressure records after the quake in the 0.03-0.5 Hz frequency range.
A time window of 35 s with a 70% overlap is used for the spectrogram computation, thus providing a frequency resolution
of 0.0286 Hz. The red vertical dashed lines are indicating the theoretical arrival time of first arrival acoustic waves on the

different balloons. A 1 min data gap is present on balloon 16 starting at 03:30:08 UTC.

Finally, we considered the excitation of the harmonics of the balloon neutral buoyancy frequency by the acoustic
wave forcing. An analysis of the spectrum of the time derivative of pressure records with a better frequency reso-
lution (Figure S3 in Supporting Information S1) demonstrates that the resonances observed during the quake are
multiples of the balloon neutral buoyancy frequency. This observation suggests that the air pressure, air density
and air velocity variations of the acoustic waves forced the vertical oscillations of the balloon in the frequency
range of the main seismic signals (60-85 mHz), and so excited the harmonics of the balloon neutral buoyancy
frequency. As a consequence, the observed pressure variations are dominated by the induced vertical movements
of the balloon. The development of the physical model of the balloon vertical forcing by acoustic waves is beyond
the scope of this paper, but our observations suggest that such a model is necessary for a full understanding of
these data.

The time domain comparisons between the pressure records at the balloon altitudes and those deduced from
seismometers are presented in Figures 3b and 3d. This demonstrates that acoustic waves generated by seismic S
body wave and Rayleigh seismic surface waves can be identified, and that their relative arrival time are identical
to those observed on the ground below the balloon.

This event is also a unique opportunity to test our scaling relations of infrasound amplitude with quake
surface-wave magnitude and distance to the quake. The relation between (a) the amplitude of the ground displace-
ment with a 20-s period and (b) the surface wave magnitude and distance to quake is derived from an empirical
model (Mutschlecner & Whitaker, 2005). This ground displacement with a 20-s period is converted into ground
velocity with a 10-s period assuming a flat displacement source spectrum in this period range. From the specific
acoustic impedance (Salomons, 2001) at the interface between the ground and the atmosphere, we obtain the
pressure perturbation at ground level at 10-s period:

Anax Po = AUPOCO (1)

GARCIA ET AL. 40of 8
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Figure 3. Comparison between pressure records and upward propagation of pressure perturbations induced by the ground
vertical velocity. Spectra (a and c) and time domain pressure perturbations (b and d) are provided for Balloon 17 compared
to SANI seismometer records (a and b), and for Balloon 16 compared to DAV seismometer records (c and d). The waveforms
presented in this figure are band pass filtered in the 0.03-0.5 Hz frequency range. Origin time of the quake, and theoretical
arrival times of pressure perturbations generated by P, S and Rayleigh Surface Waves (S.W.) at balloon altitude are provided
as vertical dashed lines. A 1 min data gap is present on balloon 16 starting at 03:30:08 UTC. It is indicated by the gray
shading area.

where A, is the ground velocity deduced from surface wave magnitude, p,, and ¢, are respectively the atmospheric
density and the speed of sound at ground level. Assuming a low attenuation of the sound waves with 10-s periods,
we predict the pressure perturbation at balloon altitude z from the acoustic impedance ratio, that is:

Anax P(2) = Amax Po M (2)
PoCo

with p(z) and c(z) respectively the density and sound speed at balloon altitude. These simple predictions are
compared to the maximum pressure perturbations recorded by the 4 Strateole-2 balloons in the 0.085-0.125 Hz
range in Figure 4a. The Strateole-2 pressure data demonstrate that these scaling relations are verified, except for
Balloon 07 which is in the direction of a minimum of seismic surface-wave radiation by the quake.

The records of the event occurring in Northern Peru are presented in Figure S2 in Supporting Information S1.
While being an event of similar magnitude as the one described previously, the dominant frequency of the quake
signal is significantly higher (x0.23 Hz). This observation suggests that either the acoustic wave radiation is
either due to seismic waves interacting with the surface topography of the closeby Andes mountains (Martire
et al., 2022; Pichon et al., 2006), or because of ground resonances in the amazonian basin below the balloon
(Marchetti et al., 2016; Shani-Kadmiel et al., 2018). Further investigations are needed to properly decipher
between these two effects.

4. Testing an Analysis of Venus Like Observations

In order to infer the capability of such balloon-borne observations to recover the seismic source and internal
structure for planetary applications, we now analyze the data assuming that these parameters are not known.
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Figure 4. (a) Maximum pressure perturbation (Pa) at 18.7 km altitude and 10 s period as a function of horizontal distance
to the quake (km) for different surface wave magnitudes (Ms) of the quake. Dashed red lines and blue line are theoretical
computations at 18.7 km altitude. Black dashed line is the theoretical computation at ground level. Blue stars are measured
values on pressure records of Strateole-2 balloons after band pass filtering in the 0.085-0.125 Hz range. Scalograms of
pressure records of balloon 16 (b) and vertical component of seismometer DAV (c) computed with a continuous wavelet
transform using the Morse wavelet. Theoretical surface wave arrival times are computed from group velocity dispersion
curves using the internal structure model of Table S1 in Supporting Information S1 and shown as thick dashed red lines. For
balloon data these arrival times are predicted with quake distance and origin time deduced from balloon data only, whereas
for the DAV seismometer these are computed with quake parameters in Table 1. Note the 60 s time shift between the two
dispersion curves induced by the propagation time of acoustic waves from the ground (c) to the balloon altitude (b).

First the quake cutoff frequency is estimated from the position of the spectral amplitude peak in the pressure data
records (Figures 2a, 3a and 3b). The cutoff frequency is in the 0.04—0.1 Hz range, thus providing source half dura-
tion in the 5-12.5 s range. By using the scaling relation between source half duration (z in seconds) and seismic
moment magnitude (M, in dyn.cm) (Ekstrom et al., 2012):

7=1.05%10"M, (3)
we obtain an estimate of seismic moment magnitude (M, ) between 6.6 and 7.4 (real value is 7.3).

The pressure records allow us to pick S waves and maximum amplitude Rayleigh surface wave, at 14-s period,
in the records of balloons 16 and 17. The differential time between these two phases is estimated to 86 and 209 s
respectively for balloons 17 and 16, with an error bar of about 15 s. By using prior models of planet internal
structure, we can estimate how this differential time is evolving with horizontal distance to the quake, and thus
provide a distance estimate for these two balloons. Our modeling demonstrates that S waves propagate at about
4.2 km/s and seismic Rayleigh waves with a period of 14-s at about 2.9 km/s. Thus distance estimates are respec-
tively 665-946 km and 1,817-2,099 km for balloons 17 and 16 (real values are 684 and 1,723 km). From these
two distances, two potential surface locations can be provided.

A quake origin time can also be estimated assuming the velocity of surface waves (2.9 km/s) is properly esti-
mated. The quake origin time is estimated to be 03:20:46 UTC +50 s (real value is 03:20:36) from the arrival time
of seismic Rayleigh waves at balloon 16.

Another important phenomenon linked to the planet internal structure is the dispersion of Rayleigh seismic
surface waves. Figures 4b and 4c present scalograms of pressure records of balloon 16 (b) and vertical component
of seismometer DAV (c) computed with a continuous wavelet transform using the Morse wavelet. The Morse
wavelet is chosen because it is well localized in time/frequency domain, and because of its waveform similarity
with the wave like signals expected here. The use of scalograms for time/frequency domain dispersion curve
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analysis has already proven its efficiency on similar signals (Brissaud et al., 2021). This tool enhances the wave
like patterns with dominant energy in the signal. While the dispersion is difficult to observe on balloon 17 due to
the interference between various waves at short distance from the source, balloon 16 presents a record consistent
with surface wave dispersion (Figure 4b). The dispersion of the fundamental mode of Rayleigh seismic surface
waves is computed for an internal structure model described Table S1 in Supporting Information S1. This model
is taking into account the local crustal structure extracted from CRUST2.0 model (Bassin, 2000) on top of AK135
global seismic model (Kennett et al., 1995). Rayleigh wave group velocities are computed from the phase veloc-
ity dispersion curves obtained by the Computer Programs in Seismology code (Herrmann, 2013). As shown in
Figure 4b the predicted arrival times of the fundamental mode of Rayleigh seismic surface wave estimated from
prior internal structure models, and distance and origin time estimated only from balloon data, properly repro-
duce the dispersion features observed on balloon pressure records.

A more precise evaluation of the internal structure model would require a joint inversion of S wave arrival time
and Rayleigh wave dispersion curve to estimate both quake parameters (location and origin time) and planetary
internal structure (Panning et al., 2015). However our simple analysis demonstrates that the balloon-borne pres-
sure records can be used to estimate the quake magnitude within 0.8 units, the quake location within 300 km, and
the quake origin time within 50 s. Moreover the Rayleigh wave dispersion curve observed on balloon records is
consistent with internal structure models.

5. Conclusion

Unique balloon-borne observations of acoustic waves induced by quakes have allowed us to demonstrate that
quake parameters and planetary internal structures can be inferred from balloon pressure data. These data also
suggest that resonance modes of the balloon system must be taken into account, and that surface topography
and/or resonances in the ground below the balloon can have a significant influence on the records. This first
terrestrial demonstration of the capability of a balloon network to record and locate quakes is thus very encour-
aging for planetary applications, in particular for missions that target our sister planet Venus (Cutts et al., 2021;
Izraelevitz et al., 2021). Moreover, the recording of infrasound from tectonic events on board balloons has poten-
tial applications similar to the ones already demonstrated for ground sensors, such as strong motion mapping
in the quake source area (Shani-Kadmiel et al., 2021) or volcanic eruption monitoring (Marchetti et al., 2019).
Finally, balloons may allow a rapid deployment of sensors after a seismic crisis (Brissaud et al., 2021) and, if
combined with station keeping by maneuvrable balloons (Bellemare et al., 2020), such a network of balloons may
complement seismic networks above the source region.

Data Availability Statement

The TSEN pressure records and balloon GPS locations described in this study are available through this link at
the following doi: https://doi.org/10.5281/zenodo.6344454. The seismic records used in this study were collected
at IRIS data management center through the Wilber3 web interface: https://ds.iris.edu/wilber3/. The quake
parameters were extracted from GlobalCMT data base: https://www.globalcmt.org/CMTsearch.html.
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