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Abstract12

Knowledge of the seismic velocity structure provides essential insights into the13

composition and evolution of planetary interiors. The Earth’s structure is pri-14

marily derived from the inversion of seismic signals recorded by seismometers at15

the ground. However, on Venus, harsh surface conditions prevent the deployment16

of ground-based instruments. Ballon-borne seismology provides an alternative17

by recording the low-frequency acoustic wave signature of seismic waves, known18

as infrasound, from the high atmosphere. Here, we show that seismic velocities19

and earthquake source location can be jointly inverted from such balloon obser-20

vations. We demonstrate this method using infrasound signals recorded by a21

network of four stratospheric balloons following a major earthquake in the Flores22

Sea, Indonesia. We implement a Bayesian inversion using Markov chain Monte23

Carlo sampling, allowing us to assess trade-offs inherent to the joint location24

and velocity estimation. The distributions of source location and seismic velocity25

structure are consistent with results obtained using ground seismometers in terms26

of mean and uncertainty. Our ability to estimate source and velocity parame-27

ters without ground deployments paves the way for the development of future28

seismo-acoustic missions to Venus, and provides new opportunities for seismic29

exploration in Earth remote regions.30

1 Introduction31

Exploring the interior of Venus could yield crucial insights into its evolution and32

current geodynamic regime, which remain unknown (Rolf et al. 2022). The global33

network of seismometers on Earth’s surface was crucial to developing 1D models of34

Earth’s interior (e.g., Dziewonski and Anderson (1981); Kennett and Engdahl (1991);35
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Kustowski et al. (2008)) , and now contributes to revealing 3D heterogeneities in the36

mantle and crust (see e.g., (Tromp 2020; Berg et al. 2020)). Beyond Earth, successful37

seismometer deployments on Mars and the Moon have provided invaluable information38

about their structure (Latham et al. 1969; Banerdt et al. 2020) and new seismology39

missions are now planned to explore Titan (Lorenz et al. 2019; Panning et al. 2020;40

Lorenz et al. 2021). However, surface deployment remains challenging on Venus due to41

the short lifespan of electronics at its high surface temperature (∼ 460 K) (Stevenson42

et al. 2015; Garcia et al. 2024).43

In recent years, new key observations have demonstrated the potential of balloon-44

borne microbarometers to detect the acoustic signature of seismic waves (Krish-45

namoorthy et al. 2018, 2019; Garcia et al. 2021). These new observations emerge from46

the mechanical coupling of seismic ground motion into infrasound – acoustic waves47

below ∼ 20 Hz, due to stress continuity at the surface (Mutschlecner and Whitaker48

2005; Brissaud et al. 2017). Due to the large velocity contrast between a planet and its49

atmosphere and low attenuation at low frequencies, seismic waves generate vertically-50

propagating acoustic waves with dispersion characteristics similar to those of their51

seismic counterparts (Brissaud et al. 2021). Importantly, this coupling is expected to52

be two orders of magnitude stronger on Venus due to its dense atmosphere (Lognonné53

and Johnson 2015; Averbuch et al. 2023), enabling the detection of converted seis-54

mic waves across a wide range of altitudes. Ballon platforms are therefore considered55

a realistic alternative to ground deployments to explore Venus’ interior (Stevenson56

et al. 2015; Didion et al. 2018; Sutin et al. 2018; Garcia et al. 2024). They offer sev-57

eral advantages for subsurface monitoring, such as their mobility and ability to survey58

large areas. On Venus, balloons operate under acceptable pressure and temperature59

conditions above 40 km and were successfully deployed during the Soviet VEGA mis-60

sions (Linkin et al. 1986). They are also relatively inexpensive and benefit from recent61

advances enabling long-duration controlled flights (Schuler et al. 2022; Bellemare et al.62

2020).63

The recent recordings of earthquake infrasound on Earth therefore represent a64

unique opportunity to assess the use of balloon infrasound for seismic source local-65

ization and subsurface exploration. Brissaud et al. (2021) detected a magnitude 4.266

aftershock using free-floating balloons following the July 2019 Ridgecrest earthquake.67

However, signals were only recorded at one balloon, did not show body wave arrivals,68

and surface wave signals had a low Signal-to-Noise Ratio (SNR) which prevents the69

joint inversion of source and subsurface properties. A year later, Garcia et al. (2022)70

reported the detection of a Mw 7.5 earthquake in Peru and a Mw 7.3 earthquake in71

the Flores Sea using freely floating stratospheric balloons from the Strateole2 cam-72

paign (Haase et al. 2018). In particular, infrasound from the Flores Sea earthquake73

was recorded by four balloons at large SNRs. Garcia et al. (2022) showed excellent74

agreement between balloon pressure signals and ground-based vertical velocity records.75

Recently, Gerier et al. (2024) modeled this event numerically, including atmospheric76

coupling, and demonstrated that major seismic phases – P and S body waves and77
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Rayleigh surface waves (LR) – are identifiable in the balloon data. However, it is78

still largely unknown how accurately such waveforms can provide insights into seismic79

sources and seismic velocity models.80

In this contribution, we show that body- and Rayleigh-wave arrival times at various81

frequencies are sufficient to constrain these seismic parameters through a Bayesian82

inversion approach, even with a small number of balloon stations. We apply this83

inversion to retrieve the hypocenter of the 2021Mw 7.3 Flores Sea earthquake and a 1D84

model of subsurface seismic velocities in the region. The inversion is first tested using85

P, S, and LR arrivals identified at ground stations, and then using arrivals identified86

in Strateole2 balloon recordings. We finally quantify the uncertainty in the retrieved87

source location and seismic velocities.88

2 Results89

2.1 A joint Inversion model for source and subsurface90

parameters91

Due to the absence of strong acoustic dispersion at low frequencies in Earth’s atmo-92

sphere, earthquake-induced infrasound signals are scaled images of the vertical ground93

velocity at the surface below the balloon (Garcia et al. 2022; Macpherson et al. 2023).94

A forward model of arrival times at balloon platforms can thus be readily derived95

from classical seismological methods. Consequently, we use both body- and surface-96

wave arrival times in several frequency bands to retrieve the source and subsurface97

parameters. Relying on arrival times instead of full waveform modelling eliminates98

the need for an accurate source model and the reliance on low-frequency waveforms,99

which are typically contaminated by buoyancy oscillations and turbulence in balloon100

data (Massman 1978; Garcia et al. 2022).101

For planetary exploration, joint subsurface and source inversion is required due to102

our lack of prior knowledge on subsurface structures and source locations. Additionally,103

the sparsity of balloon networks on Earth, and possibly on Venus, calls for careful104

assessment of uncertainty in hypocenter coordinates (Arrowsmith et al. 2020). To105

solve the ill-posed hypocenter-velocity problem (Thurber 1992), we employ a Bayesian106

approach, which performs a global search through model space using a Markov Chain107

Monte Carlo (MCMC) method (see, e.g., the monograph by Tarantola (2005)). This108

approach combines the misfit between predicted and observed arrival times (likelihood)109

with the provided prior information for each inverted parameter (prior) to infer the110

probability distribution for these parameters (posterior). The present McMC inversion111

is adapted from the Ensemble Sampler (Goodman and Weare 2010; Foreman-Mackey112

et al. 2013).113

The inverted source variables are origin time ts, source latitude and longitude,114

and depth (lons, lats, hs). The subsurface is modeled as six homogeneous layers over115

a halfspace, and the shear wave velocity vS,i, Poisson’s ratio νi and thickness Hi of116
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each layer i are inverted. Prior ranges for these variables are described in the Methods117

and Extended Table A1.118

2.2 The 2021 Flores earthquake119

The Flores Sea earthquake occurred on December 14, 2021, with a magnitude of 7.3.120

Following relocation, Supendi et al. (2022) associate the event with the Kalaotoa fault121

system, identifying a strike-slip mechanism at a depth of 12.2 km. This aligns with122

USGS estimates of 14.2 km based on source location and 17.5 km from moment tensor123

inversions (International Seismological Center 2025).124

Few subsurface velocity models have been proposed near the Flores Sea, a region125

characterized by high heterogeneity due to the presence of several subduction zones. To126

provide a meaningful reference for the interpretation of inverted subsurface models, we127

define a Median Model based on the median of Crust1.0 models (Laske et al. 2013)128

and LLNL-G3D-JPS tomographic models in the mantle (Simmons et al. 2015) below129

our stations (see Supplementary Figures S4 and S5). In our comparisons, we consider130

15 km depth, latitude −7.6◦N and longitude 122.2◦E as the reference hypocenter131

(USGS CMT solution, International Seismological Center (2025)), and 03:20:23 utc132

as the reference origin time.133

At the time of the event, four Strateole2 balloons, identified as TTL4-07, TTL4-134

15, TTL5-16 and TTL3-17, were located between 680 and 2800 km to the northeast135

of the event. The balloon inversion uses body and surface wave arrival times extracted136

from their pressure traces. The SNR of the Strateole2 pressure data is low at long137

periods due to the presence of the balloon buoyancy resonance (Massman 1978). These138

oscillations were partly corrected using a method similar to Podglajen et al. (2022)139

(see Methods and Extended Figure A1 for details). P-wave arrival times were picked140

for the four balloons with a measured uncertainty between 7 and 35 s, and S wave141

arrivals with uncertainties between 8 and 49 s. Due to low-frequency noise, the LR142

arrival could only be identified with confidence for TTL3-17 and TTL5-16 between143

0.005 and 0.1 Hz, with a mean uncertainty of around 50 s. The picks are shown in144

Fig. 3 and in more details in the Supplementary Figures S2 and S3.145

In order to assess the robustness of this infrasound-based inversion, we also con-146

struct a reference source and subsurface model through the inversion of data recorded147

at 11 seismic stations selected among the Global Seismograph Network, the Australian148

National Seismograph Network, and the German GEOFON seismic network. This sep-149

arate inversion allows us to build confidence in the joint inversion technique, and to150

compare the resolution obtained from a small number of receivers at low SNR – the151

balloon case – to the one obtained from a typical dense ground network of receivers152

at high SNR – the seismic case. For consistency, we pick the seismic arrivals using153

vertical velocity signals from seismic stations in the Flores region, simulating a single-154

component infrasound signal. The 11 chosen stations are illustrated in Fig. 1a and155

detailed in Supplementary Table S1. For these stations, uncertainty of the P wave156

4



(a)

(c)

(b)

Fig. 1 Source origin inverted using 11 seismic stations. (a) Map of chosen ground seismic stations

for the inversion of the 2021 Mw 7.3 Flores earthquake. The four Strateole2 balloons are marked with

gray crosses for comparison. Plot (b) shows the marginal distribution of the source hypocenter, up to

scale between horizontal and vertical slices. (c) shows the histogram of source origin time, centered

around the true value of zero, with the MAP solution in green.

arrival times ranged between 1 and 2 s, 10 to 40 s for S waves, and 20 to 100 s for LRs157

between 0.002 and 0.2 Hz.158

2.3 Source and subsurface as seen from seismic data159

The joint inversion is first performed using picks obtained from 11 seismic stations.160

The McMC simulations return an ensemble of source and subsurface parameters form-161

ing the posterior probability distribution. To interpret these results, we reduce the162

dimensions of the posterior by calculating marginal distributions, and by estimat-163

ing the Maximum A Posteriori (MAP) parameters, i.e. the solution maximizing the164

posterior distribution function (see Methods and Supplementary Table S2).165

The marginal distribution of source parameters inverted from these arrival times is166

shown in Fig. 1b. The MAP source location is shifted 13 km south of the true epicenter,167

at a slightly larger distance to the majority of the stations, which are to the north.168

This longer travel time is accommodated by a slightly earlier source origin time, with169

the MAP value 2± 2 s earlier than the reference time (1c). The inversion also favors170

a source about 50 km deeper than the reference solution, with 100 km uncertainty.171

The marginal distributions of source parameters follow Gaussian distributions with172

little trade-offs between variables.173
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Fig. 2 displays the marginal posterior distributions for the shear wave velocity vS174

and the Poisson’s ratio ν as function of depth. Both ν and vs appear constrained175

down to ∼ 500 km depth. The MAP models are in good agreement with the Median176

profile, constructed from global tomographic Earth models, especially for the shear177

wave velocity. Posterior values of vS have a 1 − σ uncertainty of ±0.1 km/s in the178

crust and upper mantle layers, and ±0.6 km/s in the top sediment layer. It is the179

least well defined, likely due to the high variability of LR dispersion above 0.1 Hz180

(Fig. 2a). The 1− σ uncertainty becomes 0.5 to 0.6 km/s in the lowermost layer and181

halfspace (Fig. 2c). The Poisson’s ratio takes values between 0.21 and 0.29, within the182

range expected for most minerals (Christensen 1996). It is constrained with an large183

uncertainty of ±0.02 between 100 and 400 km depth, and is otherwise undefined.184

The inversion method also returns a distribution of layer thicknesses, which can185

be converted to a more easily interpretable distribution of interface depths through186

cumulative summation. In Fig. 2c and 2f, we compare the posterior distribution of187

interfaces to the prior, thereby highlighting which depth ranges have a higher proba-188

bility of hosting a change in subsurface properties, independently from the prior model189

(d)(a) (b) (c) (e) (f)

Fig. 2 Subsurface velocity model inversion results using 11 seismic stations. Models for shear wave

velocity vs and Poisson’s ratio ν below the Flores Sea, inverted using 11 local seismic station. Models

down to 100 km are shown in (a) and (b) and to 1000 km in (d) and (e). The Median literature

model is shown in blue, the MAP in green and the 1 − σ probability region in dashed white lines.

Red histograms in panels of (c) and (f) represent regions with a high probability of presenting an

interface, or strong gradient in subsurface properties (see the Methods section for details on this

metric), together with the MAP interfaces in green.

6



(b)

(c)

(a)

P S

Fig. 3 Infrasound signals and arrivals at balloons following the Mw 7.3 Flores earthquake, compared

to arrivals predicted from inverted models. (a) Picked Rayleigh wave group velocities, derived from

picked arrival times assuming the true location and time of the Mw 7.3 Flores earthquake, shown

in blue. These measurements are compared to 400 group velocity curves constructed from a random

selection of posterior models. The MAP model is shown in green. (b) Pressure waveforms used to pick

arrivals, bandpass-filtered between 0.06 and 0.2 Hz, with picked times shown in blue and arrival times

predicted from the MAP in green. (c) Zoom on TTL4-15 signal, showing the posterior distribution

of arrival times for P and S waves compared to the picked value and its uncertainty in blue.

distribution. Three interfaces, or regions of strong velocity gradients, are strongly sug-190

gested in our model: at 20±4 km depth in the crust, and 150±30 km, and 500±70 km191

depth in the mantle. A very shallow interface is also suggested at 4 km depth.192

2.4 Source and subsurface inverted from a network of four193

balloons194

The balloon inversion fits the arrival times adequately, as evidenced by the strong195

match between the observed and posterior distribution of arrivals in Fig. 3. The low196

number of arrival-times picked from the balloon data, combined with their large uncer-197

tainty, limits the precision of the source location. Indeed, Figs. 4a and 4b show a larger198

uncertainty in epicenter using the Strateole2 balloons, rather than a subset of 4 seis-199

mic regional stations at similar locations with more precise P, S and LR picks. The200

Strateole2 data inversion returns a MAP epicenter 35 km away from the true epicenter201

at coordinates −7.5± 1.0◦ latitude and 122.5± 0.7◦ longitude, against 32 km distance202

with an uncertainty of ±0.6− 0.8◦ in latitude and longitude using 4 seismic stations.203

This corresponds to an uncertainty of 200 km around the true epicenter. Still, despite204
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(b)(a)

(c)

(e) (f)

(d)

Fig. 4 Source origin inverted from 4 balloon or 4 seismic stations. Posterior distributions of source

location (a), depth (c) and origin time (e) inverted from four Strateole2 balloons and (resp. (b), (d),

(f)) four seismic stations at similar locations. The true (resp. MAP) values are shown with blue (resp.

green) vertical lines.

the low SNR of balloon infrasound signals, the inversion framework enables an accu-205

rate characterization of the source location – a critical task when the network is sparse206

or poorly distributed in terms of source-station azimuth (Arrowsmith et al. 2020).207

The origin time is about 1± 22 s earlier than the published value for the balloon208

inversion (Fig. 4e), while it is predicted at −9 ± 16 s using 4 local seismic stations209

(Fig. 4f). This better result could be due to the slightly wider distribution of balloon210

stations over azimuth and distance compared to the local ground stations, compen-211

sating the imprecision in the picks; or to a biased pick among the ground stations. In212

both cases, the source depth displays an almost uniform posterior distribution down213

to 200 km depth and cannot be constrained (Figs. 4c and 4d). Similarly, the 11-station214

inversion returned a MAP depth of ∼ 40 − 50 km (Fig. 1b) rather than the 12.2 to215

17.5 km previously published (International Seismological Center 2025; Supendi et al.216

2022). Inverting source depth without stations close to the source (less than a few217

source depths away) or identified depth phases is notoriously difficult, making this218

result unsurprising (Husen and Hardebeck 2010).219
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With only four P-wave picks, the Strateole2 data insufficiently constrains the Pois-220

son’s ratio in the subsurface, where both posterior distributions of ν or vP are hardly221

distinguishable from uniform priors (shown in Fig. S10 of the Supplementary Infor-222

mation). However, P, S and LR picks provide constraints on the posterior distribution223

of vS , which is shown on Fig. 5a and 5c. The MAP and posterior models matches224

the Median Model within one standard deviation down to around 600 km depth, and225

shear wave velocities are constrained with a 1 − σ uncertainty of ±0.3 to ±0.6 km/s226

between 10 and 400 km depth.227

Once again, the interface count metric evaluated from the posterior distribution228

favors changes in subsurface properties at specific depth ranges, in particular at229

19 ± 6 km depth in the crust (see Fig. 5b), a value similar to the 11-station inver-230

sion. The Crust1.0 model predicts high variability of crustal thickness in the Malay231

Archipelago, ranging between 10 km and 43 km at different stations (see Supple-232

mentary Figure S5). Thus, the distribution of inverted interfaces likely represents the233

average Moho depth around the Flores Sea event.234

Three deep regions of velocity change are hinted at 420 ± 50 km depth, between235

60 and 200 km and below 800 km depth, although with little confidence (Fig. 5d).236

These values are similar to those found in the 11-station inversion, at 150 ± 30 km237

and 500± 70 km. No global mantle interface is known between 60 and 200 km depth.238

The wide uncertainty in inverted depth suggests that the high interface probability239

may not indicate an abrupt change in thermochemical properties, but rather a smooth240

increase in velocity, as expected at the top of the mantle. Meanwhile, significant veloc-241

ity changes are know to occur in the mantle transition zone, such as at 410 km depth242

where the olivine-Wadsleyite phase transition takes place (Helffrich 2000). However,243

both inverted interface distributions show large uncertainties below 400 km, due to the244

low sensitivity of P, S, and LR travel times to changes at these depths (see Supplemen-245

tary Figure S6 and S7). Thus, this concentration of interfaces could rather indicate246

that a gradual increase in seismic velocity is necessary in this mantle region to fit LR247

arrival times in the 0.002− 0.005 Hz range.248

The McMC results also allow for an analysis of trade-offs between inverted param-249

eter in the context of the hypocenter-velocity problem. Fig. 6 represents the marginal250

posterior probability densities of several inverted variables along one and two dimen-251

sions. Trade-offs are observed between the origin time ts and the source epicenter252

defined by (lons, lats) (Fig. 6a and 6b). Regarding the subsurface, complex, non-linear253

trade-offs exist between the thickness of layers and their seismic velocities (Fig. 6c254

and 6d). This is a known phenomenon, due to the fact that Rayleigh waves group255

velocities are sensitive to seismic velocities over a range of depths (see Supplemen-256

tary Figure S7). Finally, there also exist trade-offs between the Poisson’s ratio, which257

for the balloon inversion is weakly resolved between 0.1 and 0.4, and the shear wave258

velocity in the same layer (Fig. 6e), and between shear wave velocities in adjacent259

layers (Fig. 6f). These trade-offs mean that a large number of solution exist for the260
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(a) (c) (d)(b)

Fig. 5 Subsurface velocity model inverted using Strateole2 infrasound data. Shear wave velocities

inverted from balloon data, down to 100 km (a) and 1000 km depth (c), along with the associated

ratio of posterior and prior interface depth distributions ((b) and (d), resp.). The MAP model and

interface depths are shown in green, and the Median literature model in blue, along with the 1 − σ

probability region in dashed white lines.

non-linear, ill-defined system of equations defining arrival times (Methods, Eqs. 1).261

Yet, our probabilistic inversion framework still highlights regions of higher probability262

for source location and subsurface properties.263

3 Perspectives for balloon seismology264

We achieve the inversion of a subsurface seismic velocity profile based on earthquake265

infrasound signals recorded at airborne balloon platforms. The distributions of sub-266

surface profiles inverted using data from 4 balloons (Fig. 5) are consistent with the267

Median Model, a median representation of seismic velocities in the Malay Archipelago268

from the literature. We also capture a crustal interface, consistent with the local269

Moho depth, with ±6 km uncertainty. The Bayesian approach enables an examina-270

tion of parameter trade-offs and distributions in the simultaneous estimation of source271

location and subsurface velocity.272
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(a) (b)

(d)(c)

(e) (f)

Fig. 6 Marginal probability density distributions resulting from the inversion of balloon data. Dis-

tributions of (a) origin time and latitude, (b) origin time and longitude, (c) first layer thickness and

shear wave velocity, (d) third layer thickness and shear wave velocity, (e) Poisson’s ratio and shear

wave velocity in the fifth layer, and (f) shear wave velocities in the first and second layer. A darker

hue represents a higher density of models.
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We identify the main challenge of this balloon-based inversion as the reliable273

picking of seismic phases in single-component data. Besides the lack of waveform polar-274

ization estimation, balloon signals suffer from lower SNR on Earth at low frequencies275

due to buoyant motion through atmospheric perturbations and possibly from local tur-276

bulence induced by this motion (Gerier et al. 2024). Without knowledge of the source277

location, coda arrivals may also be misidentified: a broadband energy pulse from a278

wind burst or a secondary P-phase can be wrongly interpreted as an S-wave arrival,279

and higher-mode LR energy can obscure the fundamental mode at higher frequen-280

cies. These limitations could be mitigated in the future by improved signal processing281

methods, such as template matching or machine learning-based picking, as well as by282

additional instrumentation. Recent studies have proposed using Inertial Motion Units283

(IMUs) onboard balloons to better characterize pressure wave polarization (Bowman284

et al. 2022).285

In conclusion, our findings confirm the viability of using balloons for seismic286

exploration. Our results strengthen the case for balloon seismology on Venus, as we287

demonstrated the ability to address challenges related to unknown sources and subsur-288

face properties through a joint inversion using balloon infrasound data. Consequently,289

balloon seismology could provide valuable insights into the planet’s current tectonic290

activity and internal structure. Additionally, balloons could gather seismic data in291

regions where surface deployment is challenging, such as the oceanic and polar areas292

of Earth.293

4 Methods294

4.1 Markov chain Monte Carlo inversion295

Sophisticated Monte Carlo sampling approaches, such as Ensemble Sampling (Good-296

man and Weare 2010), Hamiltonian Monte Carlo (Neal 2011), or Parallel Tempering297

(Sambridge 2014), allow a thorough search through model space robust to the presence298

of multiple local minima.299

Here, we choose the open-source implementation of an Ensemble Sampler in Python300

language named emcee (Foreman-Mackey et al. 2013) as the basis for our inversion301

framework. Its use here is motivated by its simplicity of application and its effi-302

ciency when sampling highly correlated parameter spaces, which could potentially be303

encountered in the hypocenter-velocity problem. Each McMC simulation is run for 106304

iterations on an ensemble of 50 chains, resulting in a total of about 50× 106 samples.305

The simulations are run with 32 CPUs on a high performance computing server.306

4.2 Forward model and misfit307

The inversion method is based on measurements of arrival times for different seismic308

wave types, namely P, S and LRs at a network of receivers. Considering a common309

and arbitrary reference time for the receivers and source of interest, the time of arrival310
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of a wave W at receiver R can be written:311

tW,R = ts +∆tW,R +∆tair,R, (1)

where the earthquake occurs at time t = ts (s) since the reference time, W is the312

wave type among seismic or air-coupled P, S and LR, ∆tW,R is the seismic travel time313

from the source to the piercing point at a ground station or below a floating balloon,314

and ∆tair,R is the remaining travel time from the surface to the floating balloon, if315

applicable. For simplicity, we use the origin time of the Flores earthquake published316

by the USGS (03:20:23 utc on 14 December 2021) as our reference time (International317

Seismological Center 2025). In the case of LRs, ∆tW,R is frequency-dependent, allowing318

to model a range of arrival time measurements. At a specific receiver R, the travel time319

∆tair,R is independent of the phase type, and can be estimated knowing the balloon320

altitude and an atmospheric model at the time of the event. The recording of multiple321

phases W at several receiver locations provides a system of equations similar to Eq. 1.322

Upon selection of a source location, origin time and subsurface model by the Monte323

Carlo sampling algorithm, the forward model is in charge of predicting the arrival324

time of waves at each of the station/balloons following Eq. 1. The travel times ∆tP325

and ∆tS of P and S waves are calculated using a ray-tracing method derived from326

the LAUFZE suite (Schweitzer 2012). This Fortran routine takes in a source-receiver327

distance and a layered subsurface model and in return predicts the arrival time of the328

fastest direct P and S body waves.329

The travel times ∆tLR(f) of LRs are calculated using a numpy-accelerated Python330

implementation of the surf96 code (Herrmann 2013), called disba (Luu 2024). The331

code is given a layered subsurface model and outputs the group velocity vg(f) of the332

Rayleigh waves at the fundamental or higher modes. We obtain the travel time by the333

approximation:334

∆tLR(f) =
ds

vg(f)
, (2)

where ds is the epicentral distance, considering only the fundamental mode.335

The travel time ∆tair from the ground to the balloon is calculated by integrating336

the vertical variation of sound speed cair(z) from z = 0 to the balloon altitude z = zb:337

∆tair =

∫ zb

z=0

dz

cair(z)
. (3)

Considering travel-time picks to have an uncorrelated Gaussian distribution with338

standard deviation σ (which is debatable, see e.g., Husen and Hardebeck (2010)),339

the log-likelihood function minimized by the Monte Carlo search is the sum of the340

following L2-norms:341

logP (d|m) = −1

2

∑
R

∑
i

(tWi,R(m)− tWi,obs)
2

σ2
Wi,R

, (4)
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where Wi represents the available wave arrivals among {P, S, LR(fi)} and R are the342

available receivers.343

4.3 Effects of balloon motion on arrival times344

Contrary to a seismic station, a balloon is a non-stationary object, animated with a345

horizontal motion due to jet winds, and a oscillatory vertical motion due to buoyancy.346

Due to the horizontal balloon motion, the station-balloon distance is not constant347

over the duration of the earthquake signal and can impact ∆tW (see Eq 1). Assuming348

that the balloon is located at the distance d0 from the source at time ts, and that, in349

the worst-case scenario, it is moving with velocity vb in the radial direction away or350

towards the source; and considering a homogeneous media of seismic velocity vW for351

simplicity, the expression of ∆tW becomes:352

∆tW =
d0 + vb∆tW

vW
, (5)

or353

∆tW =

(
1

1− vb/vW

)
d0
vW

. (6)

Strateole2 balloons have a horizontal velocity of 5 to 8 m/s. This means a ∼ 0.1 %354

change in travel time for P waves, and ∼ 0.4 % for S and LR waves compared to a355

stationary receiver. This “balloon Doppler effect” can thus be neglected compared to356

other sources of errors in travel time estimations (Gerier et al. 2024).357

In the same way, constant-volume balloons like the Strateole2 aerostat experience358

vertical motion, caused by wind perturbation. The stratification of the atmosphere,359

with density decreasing with altitude, exerts a restoring force through the volume360

of air displaced by the balloon. This leads to buoyancy oscillations, whose period361

depends on the Brunt–Väisälä pulsation N at the balloon equilibrium altitude, namely362

2πf0 = N =
√
−dρ

dz
g
ρe
, with g the constant of gravity and ρe the density at the balloon363

equilibrium altitude (Massman 1978). In the case of Strateole2 balloons, this oscillation364

has a period between 180 and 240 s and an amplitude of 10 − 100 m, corresponding365

to about ∼ 0.5 m/s. This speed is insufficient to produce any significant effect on366

arrival time or travel time estimations. However, it is responsible for a significant low-367

frequency noise in the balloon pressure recordings, as a variation of 10 − 100 Pa is368

expected at each oscillation. Below, we describe a method we applied to mitigate this369

noise.370

4.4 Inversion priors371

Source location372

We have considered here that we have no prior information on the epicenter loca-373

tion or source depth.Thus, we set uniform prior bounds of [−90◦,+90◦] for lats and374

[−180◦,+180◦] for lons. For the practical examples of this article, for which the epi-375

center is known a priori from earthquake catalogs, we simply restrict the starting376
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latitudes and longitudes of the McMC chains to a range ±20◦ closer to the known epi-377

center, so as to avoid stuck chains and speed up the computation. The source depth378

is also considered unknown, we thus chose [0,200] km as uniform prior bounds for hs379

(see Extended Table A1).380

Source origin time381

The choice of prior bounds for the origin time is strongly dependent on the choice of382

reference time for arrival time picking. In the practical examples of this article, the383

chosen reference time is the USGS published origin time (International Seismological384

Center 2025), and we set prior bounds for ts to [−200,+200] s. In practice, a rough385

approximation of the origin time can be calculated by estimating the minimum and386

maximum possible source distance using prior bounds for seismic velocities, leading387

to ranges for ts closer to thousands of seconds.388

Layers and layer thickness389

We have chosen here to parameterize our subsurface with a succession of homogeneous390

layers, as this parametrization is best adapted to the numerical methods (disba,391

LAUFZE) used in our forward model. The maximum source-receiver distance in our two392

inversions is about ∼ 3000 km, a distance at which body waves have turning depths393

of ∼ 600 km on Earth. It is therefore necessary to parameterize subsurface down to394

mantle depths.395

In this study, the number of layers is fixed to 6, in addition to an underlying396

halfspace. Tests of the effect of the number of layers on the achieved misfit showed397

that the misfit does not significantly decrease for a higher number of layers (see the398

Supplementary Figure S8). The last layer and the halfspace are intended to represent399

upper-mantle velocities, hence having large prior thickness between 100 and 400 km.400

The uppermost layers represents a possible sedimentary region with thickness of 0.2 to401

5 km. The remaining layers have intermediate prior thicknesses, allowing for variations402

within the crust, and can be found in Extended Table A1.403

Seismic velocities and Poisson ratio404

The inversion covers seismic velocities from the upper crust to the upper mantle.405

The thin top layer allows for possible sedimentary deposits and has prior bounds for406

vs of [0.5, 4] km/s. The following four layers correspond to crustal or upper mantle407

materials and have vs within [1, 6] to [3, 6] km/s. The last layer and the halfspace408

are mantle layers with vs within [4, 7] km/s. vp is calculated using the values of vs409

and of the Poisson ratio ν. Prior bounds for ν are uniform within a range of [0.1, 0.4]410

encompassing typical properties for crustal and mantle minerals (Christensen 1996).411

In addition to these uniform bounds for Poisson’s ratio and shear wave velocity, we412

implement additional rules to restrict the acceptable prior models. Prior models must413

have no negative velocity gradient in the first 3 layers. Below that, negative changes414

in velocity are limited to ∆vs,∆vp < −1 km/s. An upper limit of vp < 12 km/s is set,415
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which has an influence on the prior distribution of ν. The distribution of prior models416

can be found in the Supplementary Information (Fig. S9).417

The density , to which P, S and LR travel times are less sensitive than seismic418

velocities, is not inverted but rather modeled using Birch’s empirical law (Birch 1964).419

4.5 Balloon noise correction420

To improve the low-frequency SNR of the balloon pressure trace, the balloon buoy-421

ancy resonance (Massman 1978) is corrected following a method similar to Podglajen422

et al. (2022). The GPS altitude trace Z of each Strateole2 balloon is upsampled and423

interpolated to Zup, so as to match the sampling rate of 1 Hz and exact timestamps424

of the pressure trace P , using a Hann taper in the frequency domain. Over small vari-425

ations in altitude, the relation between pressure and altitude is quasi-linear. A sliding426

window of 500 s is run along the P and Zup traces, and a linear regression is applied427

to determine the coefficients of their relation, valid for the center point of the window.428

These are then used to produce an auxiliary pressure trace Pmod, calculated from Zup.429

Finally, the corrected pressure trace Pcorr is obtained from Pcorr = P − Pmod. The430

different traces and steps of the correction can be found in Extended Figure A1. This431

processing step helps partially correct the balloon buoyancy oscillations and improves432

subsequent frequency-time analysis.433

4.6 Data processing and arrival picking434

Key to the inversion framework is to properly identify and pick seismic arrival times.435

An infrasound signal is by nature single-component. Hence, classical techniques for436

separating P, S and LRs in 3-components seismic signals based on polarity cannot437

be used. Instead, we leverage other aspects of these arrivals, namely the impulsive438

nature of body waves and their envelopes and the dispersive nature of Rayleigh waves,439

distinguishable in the time-frequency domain.440

To pick P and S wave, a two-step method is used. First, the signal is filtered in441

several frequency bands and its envelope is calculated using a Hilbert transform. For442

balloon signals, we use the envelope of the low-passed signal below 0.1 Hz, the high-443

passed signal above 0.05 Hz, and an intermediate signal band-passed between 0.03 and444

0.1 Hz. For one-component seismic velocity signals, the signal is first low-passed or445

high passed at 1 Hz, or band-passed between 0.02 and 0.8 Hz. Part of the scattering446

in the envelopes is smoothed by calculating a sliding median over the 5, 10 and 20 s447

preceding each considered point in time. Using multiple sliding window sizes helps448

rule out picks in the envelope that could be due to a local scattered arrival. Using449

this envelope method, a first hypothesis on the arrival of P and S waves and their450

uncertainty can be made by identifying the start of the P and the S energy envelope.451

Then, in a second step, these picks are assessed in narrower frequency bands. We452

construct a filter bank by bandpass-filtering the single component signal in 10 narrow453

logarithmic intervals from ∼ 0.001 Hz to the Nyquist frequency of the signal. This454
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method present advantages for refining the P wave pick, more clearly visible at high455

frequency, and for confirming the S-wave pick, by identifying a later impulsive arrival456

spanning multiple intervals of frequency. Despite these two steps, the S wave arrival457

is only identified with a very large uncertainty in some cases.458

To pick the Rayleigh Wave arrivals, we apply a Frequency-Time ANalysis (FTAN)459

to the single component signal using the Stockwell transform (also named S-460

transform), an approach analogous to a Morlet wavelet transform The LR is identified461

by its dispersion, and arrival times are picked at different frequencies around the max-462

imum of the dispersed signal. Wavelet or S-transforms optimize the trade-off between463

time and frequency resolution in FTAN , but arrivals retain a frequency-dependent464

spread in time, which we interpret as our uncertainty in arrival time.465

4.7 Post processing of inversion results466

McMC inversions return a large amount of model parameter samples, out of which467

several statistically meaningful metrics should be extracted. In the Bayesian frame-468

work, we are interested in the most probable model given our data and prior, i.e., the469

model with the maximum posterior probability, referred to as MAP. Although a Monte470

Carlo inversion returns millions of samples, the curse of dimensionality means that the471

MAP is not necessarily among them. To determine an estimate of the MAP out of all472

our samples, we use the Mean-shift method, through which subset of 2× 104 samples473

are migrated towards one or more regions of high density in the posterior space.474

The MAP yields the region of high density throughout all dimensions. We are also475

interested in the behavior of individual or groups of parameters in lower dimensions.476

This is done by considering marginal distributions of parameters through histograms477

or density plots, as was done in the majority of figures throughout this article. In some478

cases, we apply additional processing to the marginal distribution in order to enhance479

visualization or enable easier interpretation. The marginal density distribution of sub-480

surface parameters of Fig. 2 and 5 are obtained by dividing the counts of posterior481

model in each bin of the histogram by the mean count that would be obtained if all482

models had been uniformly distributed. A high value of Posterior/Mean count in these483

2D representations thus means that there are significantly more models going through484

this area than in a uniform distribution.485

We apply a similar process to interpret the distribution of layers in the posterior486

models. The posterior distribution of layer thickness can be transformed into a pos-487

terior distribution of interface depth using a cumulative summation starting from the488

top layer. However, comparing this distribution of interface depth to a uniform distri-489

bution, for example using a simple histogram, can be misleading, as the sum of uniform490

distribution from which the layer thicknesses were picked is not uniform itself. Here,491

we instead calculate the ratio of the number layer thicknesses counted in one bin in492

the posterior distribution, to the number predicted in a cumulative prior distribution.493
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For each layer N , the cumulative prior is defined as the cumulative posterior distri-494

bution of interface depths for k < N , summed with the prior distribution of thickness495

for layer N :496

Prior(dN ) =

N−1∑
k=0

Posterior(hk) + Prior(hN ), (7)

where dN is the depth of interface N . Mixing the prior and posterior distribution in497

this cumulative prior allows to rule out the effect of above layers on the distribution498

of lower layers. The final interface count ratio is obtained from ∼ 5 · 105 samples from499

the posterior and from each prior. An interface count ratio superior to one thus means500

that there is a higher probability that an interface is located at this depth, than what501

would be expected from a cumulated prior distribution.502
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Supplementary information. A more detailed description of the seismic and503

infrasound data used in this study, information on preexisting subsurface models as504

well as additional inversion products are available in the Supplementary Material.505
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Appendix A Extended Data534

Table A1 Extended Table: Prior limits for the

inversion parameters.

Parameter Unit Minimum Maximum

Source

ts [s] -200 200

Lats [deg ◦] -90 90

Lons [deg ◦] -180 180

hs [km] 1 200

Shear wave velocity

vs0 [km/s] 0.5 4

vs1 [km/s] 1 6

vs{2−3} [km/s] 2 6

vs4 [km/s] 3 6

vs{5−6} [km/s] 4 7

Layer thickness

hl0 [km] 0.2 5

hl1 [km] 1 30

hl2 [km] 1 50

hl3 [km] 1 100

hl{4−5} [km] 100 400

Poisson’s ratio

νs{0−6} - 0.1 0.4

(a)

(c)

(d)

(e)

(b)

Fig. A1 Extended Figure: Correction of the vertical buoyancy oscillation in the Strateole2 data,

illustrated for Balloon TTL3-17. Panel (a) shows the raw and predicted pressure time series, and panel

(b) the upsampled GPS altitude trace used for the prediction. The power spectra (c) and wavelet

spectrograms of raw (d) and processed (e) pressure signals show a clear reduction in buoyancy noise

below 0.02 Hz.
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