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Abstract

The analysis of infrasound waves has a significant potential for retrieving a range of geophysical parameters across various
scales, such as atmospheric structures, characteristics of surface and buried sources, and seismic velocity structures. This
potential was recently showcased in infrasound studies that illustrated the ability to retrieve Earth’s shallow velocities and
Mars’ near-surface atmospheric winds from remote acoustic observations. Consequently, infrasound is becoming an essential
component of planetary missions, providing insights into the interiors and atmospheres of other terrestrial planets in the solar
system. However, utilizing infrasound data requires efficient forward wave simulation techniques and an accurate description of
waveform sensitivity to source and medium parameters. Even under ideal conditions, many inverse problems associated with
infrasound-based probing are inherently ill-posed, necessitating regularization or other approaches to ensure reliable results. In
this contribution, we highlight recent seismo-acoustic research findings, addressing atmospheric probing at both smaller and

global scales, as well as innovative methods to accelerate infrasonic wave propagation modeling.



m.ﬁm
It i 25-29 August 2024

mter.noue
NANTES FRANCE

Probing a planet from the subsurface to the atmosphere with
infrasound data

Marouchka Froment*,! Quentin Brissaud,' Sven Peter Ndsholm,'"? Celine M Solberg?

Tina Kaschwich! and Antoine Turquet!

'NORSAR
Gunnar Randers vei 15, Kjeller, Norway

2University of Oslo
Department of Informatics, PO. Box 1080, Oslo, Norway

ABSTRACT

The analysis of infrasound waves has a significant potential for retrieving a range of geophysical
parameters across various scales, such as atmospheric structures, characteristics of surface and
buried sources, and seismic velocity structures. This potential was recently showcased in infrasound
studies that illustrated the ability to retrieve Earth’s shallow velocities and Mars’ near-surface
atmospheric winds from remote acoustic observations. Consequently, infrasound is becoming an
essential component of planetary missions, providing insights into the interiors and atmospheres of
other terrestrial planets in the solar system. However, utilizing infrasound data requires efficient
forward wave simulation techniques and an accurate description of waveform sensitivity to source
and medium parameters. Even under ideal conditions, many inverse problems associated with
infrasound-based probing are inherently ill-posed, necessitating regularization or other approaches
to ensure reliable results. In this contribution, we highlight recent seismo-acoustic research findings,
addressing atmospheric probing at both smaller and global scales, as well as innovative methods to
accelerate infrasonic wave propagation modeling.

1. INTRODUCTION

Infrasound waves, low frequency, inaudible sounds below 20 Hz, have traditionally been used
to monitor large man-made explosions and for verification of compliance with the Comprehensive
Nuclear-Test-Ban Treaty [1]. Since low-frequency sound experiences little attenuation, it can
propagate over large distances. When refracted and reflected back to the surface by atmospheric
wind gradients, they provide unique constraints on atmospheric sources at a regional or global
scale [2]. Beyond purely atmospheric propagation, the mechanical coupling between a planet’s
crust, its ocean, and its atmosphere allows waves to propagate across media (Fig. 1). Acoustic waves
recorded in a planet’s atmosphere, therefore, contain information about oceanic or underground
sources and seismic velocities. In recent years, the number and quality of global infrasound array
stations as well as the availability of open-source data and modeling tools has increased greatly [1].
The infrasound community has put great effort into investigating the sensitivity of infrasound
waveforms to a wide range of medium and source characteristics [3].
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Figure 1: The seismo-acoustic wavefield on the Earth and infrasound sensor networks.

Traditionally, seismo-acoustic signals are detected using ground-based microbarometer
arrays [1]. Due the relative scarcity of infrasound stations, seismic stations [4, 5] and Distributed
Acoustic Sensing (DAS, [6]) have also been used to detect coupled infrasound. The detection of
pressure waves in seismic records is often limited to high-amplitude pressure signals since most
of the energy is reflected. Still, such data have been used to monitor meteor impacts [7], meteor
shock waves and airbursts [8], as well as man-made explosions [9]. Innovative detection approaches
have emerged, especially relying on Global Navigation Satellite Systems (GNSS, [10]) and airglow
satellites (e.g., Thermosphere-lonosphere-Mesosphere Energetics Dynamics (TIMED) mission [11]),
and balloon platforms with microbarometers [12] or Inertial Motion Units (IMU, [13]).

Seismo-acoustic research has primarily focused on establishing simple regression models
to correlate source characteristics, propagation paths, and waveform features such as amplitude
or dominant frequency [14-18]. However, more recent work has successfully performed thorough
inversion of source or medium properties by employing accurate weather or source models and
physics-based modeling tools [19, 20]. In particular, the research community has developed a better
understanding of the mechanical couplings between the subsurface, the ocean, the cryosphere, and
the atmosphere, which are key for planetary exploration [21]. Previous reviews have proposed an
overview of the infrasound applications and the main observations [3]. However, there is a need for
a more technical examination of the methodology and challenges associated with infrasound-based
inversion. Such an analysis is essential to evaluate its potential for applications beyond traditional
infrasound fields, such as planetary exploration or weather modeling. In this contribution, we
review recent research findings and their limitations to enhance our understanding of a planet’s
atmosphere and subsurface through infrasound sensing.

2. ATMOSPHERIC SENSING

On the Earth surface, the weather is mainly controlled by processes in the lower atmosphere,
i.e., the troposphere (up to around 15 km altitude). Accurate tropospheric modeling is therefore key
for robust weather forecasting. However, the lower atmosphere is also influenced by the dynamics
of the middle atmosphere: the stratosphere (15-50 km altitude) and the mesosphere (50-90 km).
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Compared to the troposphere, the middle atmosphere possesses a longer memory, which can
influence the weather over extended periods, from months to entire seasons. Enhancing our
understanding of middle-atmosphere dynamics and their interactions with other atmospheric
layers is vital for advancing medium-range, i.e., sub-seasonal, weather forecasting [22]. Yet, the
challenge lies in the inaccessibility of this region to traditional in situ measurement techniques,
such as weather balloons. Consequently, one must turn to indirect methods of remote sensing to
gain insight into the higher atmosphere. An emerging approach to probe the atmosphere relies
on analyzing refracted infrasound waves, which can be generated by a variety of sources such as
explosions, meteors, or ocean swell, and travel through the middle atmosphere (Fig. 1).

2.1. Stratospheric inversion

In seismic tomography, the main challenge with performing infrasound waveform inversion
is to obtain robust source models, especially in terms of location and origin time. In contrast to a
seismic medium, the atmospheric parameters vary over short time scales [23]. This greatly limits
the sources that can be used for inversion and the temporal validity of a measured atmospheric
state. For stratospheric inversion, man-made explosions and microbarom sources have primarily
been used.

The great advantage of explosive sources is that locations and timing are generally well
constrained and that finite source effects can be neglected at large distances from the source.
Explosion-induced infrasound signals have been used to retrieve atmospheric profiles in regions of
active mining and military activity primarily in the Nordics [5] and the United States [23]. Recent
studies were able to measure stratospheric wind and temperature especially between 20 and 50 km
altitude [22, 24, 25]. Importantly, these studies highlighted the lack of resolution of existing weather
models over short spatial scales which can be resolved by infrasound measurements. To reduce
the complexity of the inversion problem, arrival time, phase velocity, celerity, and backazimuth
inputs are preferred to full waveforms (e.g., [25]). This allows one to neglect non-linear waveform
distortion as waves are propagating at high-altitude [26] and avoid the calculation of an accurate
source time function [19].

The altitude discretization of 1d atmospheric profiles can lead to a larger number of output
parameters to invert for [24]. To regularize the inversion problem, authors have either used
advanced sampling techniques such as particle swarm optimization [24] or reduced the number
of output parameters by projecting atmospheric profiles onto a basis of Empirical Orthogonal
Functions (EOFs, [25]). Nonetheless, explosions are costly and cannot be detonated globally for
these purposes. Explosion-based infrasound inversion therefore provides only an atmospheric state
solution at a given time. For example, repeating explosions over the same location also highlighted
the strong variations in wind velocities over short time intervals [23].

In contrast to the scarcity of explosion data, microbarom signals are continuously generated
and travel through the middle atmosphere [27]. Large-scale changes in stratospheric winds, such as
those caused by a weakening or reversal of the stratospheric polar vortex, can be clearly observed in
acoustic data [27]. Yet, the microbarom source mechanism is complex, also involving interference
with ocean waves close to the coast or between storms. Modeling microbarom generation over
extended regions requires accurate ocean wave models and the spatially distributed source makes it
challenging to map microbarom infrasound recorded at a given time to specific propagation paths.
Although traditional inversion procedures (e.g., gradient-based optimization) have not been used
to map microbarom recordings to atmospheric winds, Vorobeva et al. [28] developed an innovative
Machine Learning (ML) based approach to determine zonal polar-cap stratospheric winds based
on microbarom infrasound data [28]. This model trains a neural network [29] to estimate the
coefficients of Stochastic Delay Differential Equations along with estimates of the aleatoric and
epistemic uncertainties of the model output. Quantifying uncertainties is key not only for inversion
but also for interpreting "black-box" ML outputs.
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Figure 2: (a) Schematic representation of impact-generated infrasound propagation in a low-
altitude waveguide on Mars. (b) Synthetic atmospheric model in grey and (c) associated synthetic
group velocity curves in black. The colored background in (b) shows the probability density
distribution of atmospheric models inverted from the synthetic group velocity curve of (c) using
a MCMC method. (c) also shows 100 group velocity curves randomly picked from the posterior
distribution in red and the solution with the least-misfit solution in blue.

2.2. Beyond the Earth

The methods mentioned above are not limited to the Earth. Recently, the InSight mission
highlighted seismo-acoustics probing of the lower Martian atmosphere, or boundary layer. InSight
landed on Mars in 2018 and also deployed a seismometer [30,31]. The instrument operated until
2022 in combination with a meteorological sensor suite composed of wind and pressure sensors [32],
which was indispensable to understand atmospheric noise in the seismic data.

Some of the InSight seismo-acoustic signals stem from local pressure perturbations, such as
convective vortices and dust devils [33]. Others are coupled infrasound [34, 35] with undetermined
sources. In addition, InSight detected infrasound following 6 meteorite impacts at 40 to 300 km
distance [7,36]. Some of these signals are associated with hypervelocity entry and dislocation of
bolides, but the most prominent ones come from the atmospheric blast at the final surface impact.
The location of these craters is known through a combination of seismic and satellite imagery
analysis. Hence, Martian impact infrasound has a well-constrained source location and origin time.

Several of these infrasound arrivals show a clear dispersion between 0.5 and 4 Hz, signifying
propagation in a near-surface waveguide, as observed on Earth [37,38]. On Mars, such a waveguide
arises at night due to the rapid radiative cooling of the surface, which causes an increase in sound
velocities in the 500 to 1000 m above the surface, and can be further enhanced by seasonal winds [39].
Xu et al. [40] proposed an analytical model of this guided infrasound using compliance theory.
They show that the dispersion relation depends on the vertical profile of effective sound speed,
combining temperature and wind contribution. Recent results suggest that the group velocity of
impact infrasound as measured by the seismometer can be used to invert the effective sound speed
and winds in the first two kilometers of the Martian atmosphere [41,42]. Due to the sparsity of the
data and in order to quantify the uncertainty of the retrieved models, a Bayesian Markov chain
Monte-Carlo inversion approach is chosen in this case, as shown in Fig. 2.

3. SUBSURFACE AND SEISMIC SOURCE SENSING

Seismic sources release energy as seismic waves, i.e., body and surface waves, which then
couple to the surface and excite acoustic waves (seismic propagation paths in Fig. 1). Such
acoustic waves are generally categorized into three types [3]: Epicentral infrasound excited at the
epicenter and propagating spherically from the source [43], Rayleigh-wave infrasound generated by
seismic Rayleigh waves, which propagate almost as plane waves vertically from the surface [21],
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and secondary infrasound typically generated by surface waves traveling across topography and
propagating spherically from the secondary source location [44].

3.1. Source parameter inversion

Epicentral infrasound generated by upward-propagating seismic body waves at the epicenter
is a proxy for surface amplitude and therefore faulting type and history [45]. Early infrasound studies
investigated the links between earthquake magnitude, infrasound peak amplitude, and frequency
[43]. However, the amplitude and period are sensitive to a variety of source and path effects,
including source depth, focal mechanism, crustal and mantle velocity, topography, and atmospheric
wind gradients. Recent studies demonstrate that focal depth and focal mechanisms can be
estimated from local [20] and global [46] epicentral and Rayleigh wave infrasound. Additionally,
high-altitude Total Electron Content (TEC) perturbations excited by earthquake acoustic waves
(the ionospheric layer in Fig. 1) are associated with a specific faulting mechanism [45].

Epicentral ground amplitude is typically retrieved by back-projecting pressure, or integrated
pressure, amplitude recorded at ground-based arrays along their corresponding backazimuth [47].
Accurately capturing the propagation path is essential to properly retrieve ground shaking locations.
Successful inversion benefited from favorable wind conditions associated with simple propagation
paths, such as stratospheric waveguides [46,48]. This ensures that amplitude and polarity estimates
from distant recordings are not too corrupted by wave scattering along the propagating path caused,
for example, by gravity waves [20]. Along the same line, the relative ground shaking intensity
could be retrieved by projecting the TEC peak amplitudes from the Ionospheric Detection Point
(IDP) to the ground level [10]. TEC data can be particularly useful, as GNSS networks are generally
dense in populated areas around the world. However, the IDP is challenging to define since TEC
recordings are integrated measurements of the electron density along the satellite line of sight in
the ionosphere, and IDPs can vary from 150 to 300 km altitude [10].

Constraining the focal depth and the focal mechanism requires accurate amplitude and period
predictions. Full-waveform simulations together with Monte-Carlo Markov Chain sampling of the
source parameter space produced accurate predictions of yield or focal depth [18, 19] and focal
mechanism [20]. In particular, the joint inversion of seismic and epicentral infrasound phases as
recorded by an infrasound sensor was key to constrain the focal depth for shallow sources [18,20,49]
since the amplitude ratio of both phases is highly sensitive to the source depth [50]. Note that
recordings of the pressure associated with a seismic Rayleigh wave can be highly valuable by itself
for constraining an earthquake magnitude in the vicinity of the epicenter, where seismic records
are typically clipped [51]. Although infrasound waves are sensitive to finite source effects and their
rupture velocity, no formal inversion of these seismic parameters has been performed due to the
prohibitive computational cost of coupled seismo-acoustic simulations [45].

3.2. Subsurface structure inversion

Measuring and modeling Rayleigh wave infrasound waveforms recorded at ground-based
sensors can provide a direct assessment of subsurface velocities, as done in surface-wave
tomography [51,53]. The pressure perturbation caused by a seismic Rayleigh wave is a scaled copy
of its seismic counterpart [51], such that A; = p,c, A, where A; is the infrasound amplitude, A;
the vertical ground velocity amplitude, p, the atmospheric density, and ¢, the acoustic velocity.
Yet, ground-based pressure inversion is generally not needed since seismic instruments are more
sensitive to ground velocity than microbarometers, and since seismic networks are more dense than
infrasound networks. Pressure recordings of seismic waves are of great value when instruments are
deployed in the upper atmosphere, such as at balloons or low-altitude satellites, and do not require
any ground-based deployments or when seismic instruments are lacking. Since acoustic wave
dispersion below 20 Hz is insignificant up to high altitudes [21], seismic Rayleigh wave dispersion
curves can then be directly extracted from upper atmospheric pressure records [21].
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Figure 3: Signals from the M,, = 7.3 Flores sea earthquake, 14 December 2021 [52]. (a) position of
the Strateole2 TTL5 balloon at the time of the event in blue, the epicenter and a nearby seismic
station. (b) Spectrogram and (d) TTL5 pressure time series. The signal in the grey spectrogram area
is filtered out to remove noise due to vertical balloon oscillation. Time series have been band-pass
filtered between 0.05 and 0.1 Hz. (c) Spectrogram and (e) time series of the vertical velocity recorded
at the LDM seismic station. The same filter has been applied to time series as for pressure data. The
dispersion of the Rayleigh wave is visible in the pressure and velocity spectrograms.

Recent studies have offered glimpses on how to leverage balloon pressure data to perform
seismic tomography. By shifting the infrasound records from a balloon platform in time to account
for the acoustic travel time, both Brissaud et al. [21] and Garcia et al. [52] were able to extract
average group velocity estimates for the surface Rayleigh waves. As an example of such dispersion
studies, Figure 3 shows the signals recorded by a balloon and a nearby seismometer during the 2021
M,, = 7.3 Flores sea earthquake and reported by Garcia et al. [52]. The Rayleigh wave dispersion is
visible in each spectrogram. These results demonstrated that the average crustal velocities can be
extracted from Rayleigh wave infrasound. However, both studies benefited from accurate sources
location and origin time model priors. Without a seismic catalog, both the source and subsurface
parameters will have to be inverted jointly, as described in Fig. 4. Garcia et al. [52] suggested that
using both S and Rayleigh wave arrival times in infrasound records can provide strong constraints
on source parameters (Fig. 4b).

At higher altitudes, earthquake infrasound in ionospheric or airglow layers was primarily
detected in the vicinity of the epicenter (< 500 km, [10]). Rayleigh waves have also been observed
in TEC data from large earthquakes such as the 2011 Tohoku earthquake [54] with magnitudes
generally above M,, = 7 [10]. TEC signatures of Rayleigh waves are also sensitive to average crustal
and mantle structures as illustrated by observations above sedimentary basin [55] or above the
the Indian subcontinent [56]. Yet, dispersion curves are challenging to extract in TEC data owing
to the signals’ low SNR at high frequencies. Most of the observed energy corresponds to the
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Figure 4: Subsurface structure inversion using balloon pressure data. (ac) Synthetic seismically-
generated pressure, recorded at 1225 km from a 15 km reverse-fault seismic source, convolved with
real balloon noise represented as (a) spectrogram vs period, in s, and time since the event, in s,
and (c) pressure, in Pa, vs time since the event, in s. In (a), Theoretical Rayleigh wave arrival times
are shown for the fundamental mode (blue), first higher mode (orange), and second higher mode
(green) along with an example of Rayleigh wave dispersion curve extracted from the spectrogram
(red) and its uncertainty (shaded red).(c) shows arrival time uncertainties for P wave (red) and S
wave (blue). (b) Inversion workflow using Monte-Carlo Markov chain sampling.

resonant modes of the atmosphere which correspond to the lowest frequencies of the Rayleigh wave
dispersion curves, known as Airy phases [57]. Therefore, although there were successful attempts to
retrieve tsunami waveforms from TEC data recorded after the Tohoku earthquake [58], the inversion
of crustal or mantle seismic velocities has never been performed.

4. CHALLENGES AND FUTURE DIRECTIONS

Despite many recent studies demonstrating the unique potential of infrasound-based
inversion to constrain both atmospheric and subsurface media, they also highlight key challenges:
(i) instrument design and noise, (ii) lack of observations, (iii) 3d global scale modeling, and (iv)
ill-posedness and uncertainty propagation in the inversion process.

(i) The instrument and environmental noise at infrasound ground arrays is generally well
characterized and the array aperture is often large enough to produce high signal-to-noise ratio
beams [59]. However, both balloon and high-rate GNSS data show complex contributions of several
noise sources [60]. In particular, in the case of balloon-borne sensors, noise models poorly capture
the vortex shedding resulting from balloon motion and the mechanical response to local turbulence
or impeding acoustic waves. Additionally, since the balloon payload is small, the number of
pressure sensors is limited and no study has yet optimized beamforming capabilities based on
known infrasound noise conditions. Hence, it can be difficult to discriminate between signal and
noise, especially below 1 Hz [61]. This is particularly challenging when using differential barometers
or Inertial Motion Units (IMUs, [13]) which are highly sensitive to small balloon accelerations.
Nonetheless, recent theoretical efforts [62] have shown that the vertical response of superpressure
balloons to impeding acoustic waves can be modeled and removed from IMU data.

(ii) For airglow and TEC data, a main challenge is to identify the Ionospheric Detection Points
(IDPs) and to interpret the dispersion of the ionospheric waveforms, because these are integrated
quantities along the satellite line of sight [10]. Kakinami et al. [63] simultaneously retrieved IDPs
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and source location by stacking TEC arrivals observed across a GNSS network assuming a constant
infrasound celerity [63]. Since the acoustic celerity varies with the launch angle, incorporating the
IDP uncertainty can regularize the Bayesian inversion, especially for small datasets.

Regarding atmospheric sensing with infrasound, the main continuously available source on
Earth are microbaroms, which are recorded globally [64, 65]. As mentioned earlier, microbaroms
are generated by extended ocean wave interactions [66] which correspond to time-dependent
2d sources. Fortunately, accurate ocean wave models are already available [67]. Yet, a difficulty
with such data is the need for global-scale propagation models, and the fact that their source is
continuous in time, with no clear definition of arrival time as required by many inversion methods.

Numerous authors have reported balloon pressure detections of direct infrasound waves
from surface explosions or seismic hammers [12,61, 68]. However, due to the lack of dedicated
seismo-acoustic experiments and the complexity of atmospheric path effects, both seismically
generated epicentral infrasound and Rayleigh wave infrasound detections are still lacking, making
the systematical validation of modeling and inversion methods challenging. Recent successful
experiments have been piggy-backing infrasound payloads onto long-duration balloons, which
reduces the deployment cost and increases the duration of pressure recordings [52, 69, 70].

(iii) Seismo-acoustic waveform modeling is crucial for investigating the sensitivity of
infrasound waveforms to atmospheric and seismic parameters, especially in the absence of
extensive observational datasets. In particular, for practical source and medium velocity inversions,
a computationally efficient modeling of seismically-induced acoustic waves is essential to resolve
microbaroms or teleseismic Rayleigh waves at regional to global scales. The few publicly available
codes include the ray-tracing code InfraGA [71], the NCPAprop framework [72], and the spectral
element code SPECFEM2d-DG [73, 74]. InfraGA and NCPAprop are 3d atmospheric propagation
tools, while SPECFEM2d-DG is a 2d tool for simultaneous seismic and acoustic modeling.
Open-source seismo-acoustic projects have seen numerous improvements in terms of usability,
documentation, and implementation of new features (https://github.com/chetzer-ncpa/
ncpaprop-release/, https://github.com/LANL-Seismoacoustics/infraGA and https:
//github.com/samosa-project/specfem2d-dg).

Fortunately, due to the large seismic-to-atmospheric impedance contrast, seismically
generated infrasound propagates almost vertically as plane waves [75] with little sensitivity to
horizontal wind shear. Therefore, these acoustic propagation paths can be modeled using 1d
reflectivity methods [73] at low computational cost. This is not the case for other infrasound
sources, such as microbaroms mentioned above, for which accurate propagation modeling requires
expensive 3d simulations. Recently, Brissaud et al. [76] showed that Machine-Learning based
approaches have a unique potential to speed up the propagation modeling of acoustic waves up
to global distances. Additionally, other authors [28, 77] have demonstrated that the non-linear
mapping between average winds, temperatures, and infrasound amplitudes and its uncertainty can
be rigorously constrained purely by learning from the available data. However, more work is needed
before the release of production-level tools. One of the main challenges with ML applications is to
accurately predict outputs for less represented learning instances. This is particularly relevant for
atmospheric sensing to probe outlier events such as Sudden Stratsopheric Warming (SSW) events,
which are underrepresented in data but with significant impact on the weather [27].

(iv) In seismic inversion, key aspects in building robust source or medium property posterior
distributions are: (1) availabilty of multiple seismic phases, i.e., multiple seismic stations and/or
direct and reflected body and surface wave phases, (2) low seismic arrival time uncertainty, and (3)
medium or source model prior uncertainty. Three-component and seismic array stations enable
the identification of both seismic body-wave arrival times accurately, significantly lowering the
surface-wave dispersion uncertainty. Extensive work has been done on joint inversion of direct
and reflected body wave phases and surface wave dispersion curves from three-component data,
e.g., in the Mars InSight mission [78, 79]. Having access to multiple phases also provides strong


https://github.com/chetzer-ncpa/ncpaprop-release/
https://github.com/chetzer-ncpa/ncpaprop-release/
https://github.com/LANL-Seismoacoustics/infraGA
https://github.com/samosa-project/specfem2d-dg
https://github.com/samosa-project/specfem2d-dg

Proceedings of INTER-NOISE 2024

constraints on source location and origin time, which is critical in the absence of a seismic catalog.

Yet, on Venus, a high-altitude TEC or pressure sensor will not measure the signal polarity
and the SNR will be significantly lower than for ground recordings [52]. Venus inversions will
therefore require the joint inversion of source and subsurface models from a single sensor with
high uncertainties on arrival times. As mentioned earlier, Bowman et al. [13] showed that IMUs can
provide direct access to polarity which would facilitate phase identification and source localization.
Data uncertainties could be further reduced by deploying several sensors along a tether and applying
beamforming techniques. However, wind shear will drastically increase as the tether’s length
increases. This limits the total length below 100 m, i.e, smaller than an acoustic wavelength at 1
Hz. Therefore, a key issue to address will be to assess the uniqueness of the inversion problem
by understanding the relationships between prior uncertainties, in the Venus and source model
and in the observations, and posterior Venus model distributions. Recently, Turquet and Brissaud
et al. [20] provided some insight on how to leverage seismo-acoustic data for traditional seismic
inversion by incorporating uncertainties using MCMC sampling and full-waveform inversion. Error
prediction, even in idealized cases, will be critical in designing the next round of planetary missions.

The exploitation of seismo-acoustic datasets could lead to ground-breaking advances in
weather and planetary sciences. Advances will primarily come by pushing for new dedicated
experiments, improving the computational efficiency of our modeling tools, and investigating the
sensitivity of infrasound waveforms to atmospheric and seismic parameters.
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