
1.  Introduction
The surface of Venus hosts several volcanic structures and displays clear signs of tectonic strain (Byrne 
et al., 2018). However, whether the planet is presently experiencing volcanic eruptions and venusquakes 
is presently unknown. Several geophysical studies involving simulations and analysis of data from orbiter 
missions have suggested that the planet may currently be geologically active (e.g., Esposito, 1984; Filiberto 
et al., 2020; Gülcher et al., 2020; Lognonné & Johnson, 2015; Smrekar et al., 2010). With temperature greater 
than 460°C and pressure near 90 atmospheres (Wood et al., 1968) at the Venusian surface, no lander has 
survived longer than 3 h, which is much too short for quantifying the levels of present-day seismic activity. 
Landers that can operate on the surface of Venus for 60 Earth days or more are being developed (Kremic 
& Hunter, 2019), but technical challenges owing to the harsh environment render sensitive seismometers 
infeasible in initial missions, and perhaps even for an extended period of time beyond. Atmospheric con-
ditions at altitudes of 50–60 km on Venus are far more clement (Linkin et al., 1986) and longer sensor life-
times are likely, evidenced by >40-h flights of the Soviet Vega balloons in 1985 (Sagdeev et al., 1986). Recent 
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NASA-sponsored studies suggest that lifetimes of over 60 Earth days are achievable (Cutts et al., 2018; Gil-
more & Beauchamp, 2020). This implies that seismic monitoring, if it could be performed from a balloon 
platform, may be able to circumvent the severe limitations on mission lifetime on the surface.

Seismic energy excites infrasound, that is, low-frequency acoustic waves (<20 Hz, below the limit of human 
hearing), through seismo-acoustic coupling at the solid planet-atmosphere interface. These waves encode 
information about the seismic source and the internal structure (Garcia et  al.,  2005). Infrasound waves 
from earthquakes and volcanic eruptions have been detected by ground-based monitoring stations, rou-
tinely. Ground-based recordings have helped advance understanding of the physical mechanism, through 
which infrasound is generated near the epicenters of earthquakes (e.g., Arrowsmith et  al.,  2012; John-
son et  al.,  2020; Shani-Kadmiel et  al.,  2021), while acoustic recordings in the vicinity of volcanoes can 
offer insight into preeruptive and coeruptive seismicity and outgassing (Fee & Matoza, 2013; Kanamori & 
Mori, 1992; Lamb et al., 2017).

Balloon-based infrasound monitoring was initially developed for military use (Banister & Hereford, 1991; 
Peebles, 1997) but has also found applications in geophysics. For example, Wescott (1965) studied turbulent 
structures in the atmosphere using balloon-borne microphones, Matoza et al. (2017) were able to charac-
terize the acoustic wavefield of Strombolian eruptions in the vertical direction using tethered balloons, 
Bowman and Lees (2017) investigated ocean microbarom sources using infrasound, and Lamb et al. (2018) 
retrieved the acoustic signature of thunderstorms in low-frequency acoustic records. On Venus, seis-
mo-acoustic coupling is over 60 times stronger than on Earth (Garcia et al., 2005). Thus, studying acoustic 
waves generated through seismo-acoustic coupling using balloon and orbiter-based (see Didion et al., 2018) 
implementations may be an effective way to determine current levels of seismicity and volcanism (Steven-
son et al., 2015).

Development work on a balloon-based infrasound detection technique has thus far focused primarily on 
the short-range detectability of infrasound produced by weak seismic signals, generated with controlled 
artificial sources such as a “seismic hammer” (Krishnamoorthy et al., 2018, 2019; Martire et al., 2018) and 
subsurface chemical explosions (Garcia et al., 2020), in a concerted effort to use Earth-based experiments 
as an analog for Venus. However, a natural earthquake has not been observed from a balloon platform 
yet. Experiments utilizing artificial seismic sources are crucial to establish the existence of airborne seis-
mo-acoustic signals, but lack the scientific complexities introduced by the interaction of seismic waves with 
the Earth's interior structure and composition, the extensive effects of Earth's atmospheric structure (i.e., 
path effects), and the operational complexities of an uncontrolled balloon-based seismology experiment. A 
platform moving within the atmosphere introduces additional complexities to the process of retrieving ge-
ophysical information from an infrasound pressure trace. Success in such an effort requires a multipronged 
approach, combining multiple streams of data with model-based studies of seismo-acoustic signal genera-
tion and propagation on Earth and on Venus (Garcia et al., 2005; Trahan & Petculescu, 2020).

We report for the first time the detection of a natural earthquake from a freely floating balloon platform 
using a combination of experimental data and simulation. We present a detailed analysis of the role that the 
earthquake's properties such as depth and faulting mechanism, the Earth's crustal structure, topography, 
and atmospheric conditions play on the generation, propagation, and detectability of seismic infrasound 
signals from a balloon. Finally, we comment on the information that can be gleaned about crustal structure 
of the planet from characterizing the infrasound signal on a balloon.

2.  The Ridgecrest Balloon Experiment
The two main shocks of the 2019 Ridgecrest earthquake sequence with magnitudes Mw 6.4 and 7.1 occurred 
on July 4 and July 7, 2019 (1833 and 0419  UTC), respectively. A lengthy aftershock sequence followed, 
which saw the occurrence of over 10,000 earthquakes of Mw ≥ 1.5 over the next 6 weeks, primarily in the 
Owens valley region of California (Ross et al., 2019). As part of a rapid response campaign, we manufac-
tured, tested, and launched four “Heliotrope” (Bowman et al., 2020) solar-heated stratospheric balloons 
equipped with high-altitude sensor packages. Two of these balloons with a 6 m diameter envelope were 
launched on July 22, 2019 from Johnson Valley, CA and carried one sensor package each, equipped with 
a Paroscientific Digiquartz 6000-15A-IS microbarometer and an InertialSense μINS inertial measurement 
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unit (IMU), with measurements coordinated using a Raspberry Pi 3B single-board computer. The construc-
tion of this sensor package with its components is shown in Figure 1a, with its packaging for flight and 
launch shown in Figures 1b and 1c, respectively. The IMU was used to track the location and motion of the 
sensor package as the balloon floated with the prevailing wind. Since infrasound waves have wavelengths 
that are much larger than the size of our sensor package, the orientation of the package does not affect the 
amplitude of the arrival.

Balloons flown on July 22, 2019, nicknamed “Tortoise” and “Hare,” ascended to float altitudes of 19 and 
20 km, respectively. While each balloon floated for nearly 10 h before self-terminating at sunset, thermal 
anomalies caused power failure on the sensor packages after ∼5 h. Two additional balloons were launched 
from El Mirage, CA on August 9, 2019. One balloon, a 6 m diameter envelope, nicknamed “Hare 2,” con-
tained a package identical to that of Hare and reached a float altitude of ∼18 km. The second balloon, a 10 m 
diameter envelope with larger lift capacity nicknamed “CrazyCat,” carried two GEM (Anderson et al., 2018) 
microbarometers on a 36 m long tether with a High-Altitude Science Eagle Flight Computer for position 
tracking (see Figures 1d and 1e) and reached a float altitude of 24 km. On this occasion, all sensor packages 
lasted the duration of the flight. All four balloons and their payloads were successfully recovered. Figures 1f 
and 1g show the trajectory of the four balloons and the earthquakes with Mw ≥ 1.5 that occurred during the 
flights.

3.  Earthquakes on July 22 and August 9, 2019
Earthquakes that occurred on July 22 and August 9, 2019 are dominated by a strong strike-slip compo-
nent with very few events showing large normal or reverse components (see supplementary Section S2). 
Strike-slip-dominated events generally lead to small vertical ground motion and produce lower infrasound 
amplitudes through ground-air coupling than normal or reverse faults of the same magnitude. Such vari-
ations in infrasound amplitudes with changes in fault orientations have been observed in the ionosphere 
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Figure 1.  The Ridgecrest balloon experimental campaign. (a) Sensor package for Tortoise, Hare, and Hare 2 balloons, 
“IMU” stands for Inertial Measurement Unit (b) Sensor packaged for flight, (c) Launch of the Hare balloon, (d) Sensor 
package for the CrazyCat balloon, (e) CrazyCat balloon with two sensor packages on a 36-m tether, (f) and (g), The 
trajectory and altitude profile of the balloons. Hare and Tortoise balloons flew on July 22, 2019, whereas Hare 2 and 
CrazyCat flew on August 9, 2019. Earthquakes with Mw ≥ 1.5 occurring during the July 22 campaign are shown as 
black dots, and those on August 9 are shown as magenta dots. Stratospheric wind velocities exhibited strong altitude 
dependence on these days, leading to the divergence in trajectories of balloons launched from the same location.
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(Perevalova et al., 2014). With low expected signal-to-noise ratio (SNR), 
pressure records at the balloons require careful investigation to confirm 
the presence of seismically induced infrasound arrivals, since spurious 
noise could generate arrivals that appear to be of seismic origin (Kr-
ishnamoorthy et al., 2020). The acoustic wavefield in the atmosphere ex-
cited by an earthquake includes both epicentral (generated by ground mo-
tion at the epicenter) and Rayleigh wave-induced (generated by seismic 
waves as they traverse the crust) infrasound phases (see supplementary 
Section S3). To prioritize seismic events and streamline the investigation 
of pressure signals, we adopt a four-step procedure (see supplementary 
Section S1.3) that consists of shortlisting events by numerical modeling 
(acoustic ray-tracing using the GeoAc package described in Blom & Wax-
ler, 2012 and Green's function methods using “RW-atmos”) of the arrival 
time and amplitude of each phase type (see supplementary Section S7).

In the absence of strong inhomogeneous seismic wave coupling, high-fre-
quency epicentral infrasound excited by small earthquakes is transmitted 
to the atmosphere along steep propagation angles (see supplementary 
Figure S7). With the tropospheric jet blowing northward on July 22 and 
August 9, balloons were generally located in the acoustic shadow zone 
within 150 km from the source at altitudes <25 km (see supplementary 
Section S4). While topographic diffraction and small-scale wind hetero-
geneities allow acoustic energy to leak into the shadow zone (Chunchu-
zov et al., 2015; Hernandez et al., 2018), the waveform investigation of 
each likely arrival (see supplementary Section S4) did not lead to any ep-
icentral detection during our flights. Unscaled simulated Rayleigh waves 
show small pressure perturbations at the balloons for most events, with 
amplitudes comparable to or lower than the recorded pressure noise lev-
el (see supplementary Section  S1.3 and Figure  S2). At high frequency, 
seismic amplitudes are sensitive to the rapid variations of shear veloci-
ties in the shallow crust (<2 km depth), which are poorly constrained in 
available tomographic models (Berg et al., 2018). Events with the larg-
est Rayleigh wave infrasound amplitudes were, therefore, scaled using 
surface seismic velocities to account for site effects (see supplementary 
Section S1.3).

Figure 2a shows that while most events do not have large SNR, our model 
predicts a strong arrival for a Mw 4.2 event that occurred during the ascent 
of both Tortoise and Hare balloons (event “R1b,” Figure 2). Event R1b is 
the only event exhibiting scaled expected peak pressure of 0.14 Pa, larger 
than the noise level, with SNR of 2.5 (see also Figure 3d). The surface 
wave origin of this arrival is confirmed by the error amplitudes shown 
in Figure 2b, indicating that the model captures the arrival time and am-
plitude of the seismic wave train with an error <4 s in arrival time and 
1  Hz in frequency. Larger discrepancies occur either when there is no 
clear arrival at the seismic station (e.g., event R1a; see supplementary 
Section S4) due to the absence of three-dimensional path effects, that is, 
heterogeneity in the distribution of low-velocity material in the region or 
high uncertainty in the moment tensor solutions. Semianalytical com-
putations provide a first estimate of the expected seismically generated 
acoustic wavefield. However, they neglect body wave phases and lateral 
variations of shear velocity and topography. While basin and topographic 
effects on seismo-acoustic coupling have been estimated at ground sta-
tions for large earthquakes (Hernandez et al., 2018) and for small earth-
quakes (Mw 3.6) at short distance from the source (Johnson et al., 2020), 
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Figure 2.  Selection of Rayleigh wave infrasound events from their 
predicted signal-to-noise ratio (SNR). (a1) Simulated peak pressure 
(Pa) at the balloon, listed in supplementary Table S1, multiplied by 
the amplification factor presented in the panel. Peak amplitudes are 
represented by the beachballs of each focal mechanism with colors 
corresponding to each balloon. Horizontal lines correspond to the noise 
level computed from the average value of the detrended Welch spectrum 
between 0.3 and 5 Hz in a 50 s window surrounding the time of each 
event. Event R1b is the only event with scaled peak pressure larger 
than the noise level. Red crosses indicate events for which the signal is 
polluted by the large-amplitude spurious noise. (a2) Peak vertical velocity 
ratio between seismic data  ,z datav  over simulated signals  ,z simuv  such that 

  , ,/vz z data z simuA v v . The amplification is an average from the closest 
regional seismic stations to the balloon horizontal location (within 30 km 
from the balloon) at the time of the event. The corresponding standard 
deviation is shown as gray error bars around each bar. (b) Differences 
between data and the simulation for each event for (b1) dominant 
frequencies, (b2) observed velocities, and (b3) arrival times. Standard 
deviations of the differences are shown as gray error bars around each 
beachball. Observed arrival times and dominant frequencies (panels b1, 
b2, b3) are computed from the frequency and time at peak amplitude 
in the spectrogram associated with the arrival recorded at each seismic 
station (see supplementary Section S4.2).
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Figure 3.  The first detection of an earthquake from a balloon. (a) Location of the balloons (circles), seismic stations 
(triangles) and the epicenter of event R1b (star) extracted from the SCEC seismic catalog (see supplementary 
Section S1.1), (b) Background pressure noise levels experienced by Hare and Tortoise microbarometers. The noise level 
is shown as the amplitude spectral density (ASD) with unit /Pa Hz . Hare experienced a higher noise background 
due to faster ascent, especially in the 1–10 Hz band. Peaks at >3 Hz in the frequency spectrum are caused by vortex 
shedding from the envelope; they appear as quasiperiodic bursts of energy in spectrograms and disappear once the 
balloons reach float. (c) Cluster of plots showing time series and wavelet spectrograms for four seismic stations near the 
Tortoise balloon, (d) Time series recorded by the Tortoise microbarometer compared with RW-Atmos and SPECFEM-
DG simulations, with the inset magnified to show agreement between simulated and recorded data. Simulated 
waveforms were scaled down by a factor of 4,000 to account for geometrical spreading, then scaled up by a factor of 
2.72, after comparison with ground motion data from the nearest seismic station (RMM) to compensate for local site 
effects (see supplementary Section S5). (e) Two-dimensional time-frequency correlations between the spectrograms 
of the seismic stations and the Tortoise microbarometer show high correlation in the 1–3 Hz band, with lag consistent 
with the travel time for a signal from the ground to the balloon's altitude of ∼4.8 km. (f) A snapshot of the SPECFEM-
DG simulation showing the propagation of the seismic wave along the Earth's crust and the arrival of infrasound at 
Tortoise, with the same scaling as in panel (d).
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the complex interplay between the source mechanism, shallow shear velocities, and topographic structures 
remains poorly constrained and requires accurate modeling. All of the other events presented in Figure 2 
have also been individually investigated, but we could not certify detections with certainty for events apart 
from R1b (see supplementary Section S4).

3.1.  Earthquake Detection

Semianalytical results indicate a strong arrival at both Tortoise and Hare 42 s after event R1b on July 22, 
the only event with expected peak pressure larger than the noise level. Both balloons were located 78 km 
from the epicenter at the time of event (Figure 3a). Figure 3c shows the time series and corresponding 
spectrograms at each station confirming the presence of large seismic wave arrivals at 38 s between 1 and 
3 Hz at Tortoise (Figure 3d), indicating a possible Rayleigh wave-induced arrival. The pressure spectrogram 
shows a strong correlation to the seismic velocity spectrograms at the ground between 1 and 3 Hz, further 
supporting the detection of Rayleigh wave-induced infrasound (Figure 3e). The cross-correlation time lags 
are consistent with the horizontal seismic propagation time between Tortoise and each of the stations (Fig-
ure 3c), followed by the travel time of acoustic waves in the air. Additionally, the strong cross-correlation 
between 1 and 3 Hz, in Figure 3e, highlights the absence of significant acoustic wave dispersion in the at-
mosphere typical of infrasound propagating at regional distances (Bass et al., 2007). The acoustic energy at 
frequencies between 3 and 5 Hz does not exhibit large SNR owing to the presence of strong vortex shedding 
at the balloon in this frequency band (see Figure 3b).

To further confirm the seismo-acoustic arrival, we ran a full-waveform simulation of coupled seismo-acous-
tic waves including topography and attenuation for event R1b using SPECFEM2D-DG (Figure 3f, see also 
supplementary Section S5), a high-fidelity seismo-acoustic simulation package (Brissaud et al., 2017). A 
clear quasiplanar acoustic wavetrain is visible traveling through Tortoise's location, corresponding to the 
arrival observed in the pressure records in Figure  3b. Simulated pressure time series at Tortoise in Fig-
ure 3d shows consistent amplitude and arrival time with the pressure data at Tortoise for the first Ray-
leigh wave packet at 40 s in the 1–3 Hz frequency band. We observe discrepancies between RW-atmos and 
SPECFEM2D-DG wavetrain shape and duration owing to the lateral velocity heterogeneity in the CVMH 
model, which is not present in the one-dimensional (1-D) model used by RW-atmos. Rapid lateral velocity 
variations lead to a more dispersed fundamental mode Rayleigh wave-train and more intra/inter-modal 
conversions (Brissaud et al., 2020). This arrival is strongly correlated to the higher-order mode arrival at the 
seismic stations traveling at 3.5 km/s.

We assessed the uniqueness of the pressure waveform at Tortoise by running additional simulations using 
various attenuation models (Graves & Pitarka, 2010; Olsen et al., 2003), seismic models (CVMS4.26 and 
CVMH, see supplementary Section S6.1), focal mechanisms (see supplementary Section S6.2) and topog-
raphy models (see supplementary Section S6.3). The CVMH model, which includes a shallow sedimentary 
layer with shear velocities <1 km/s, provides the best fit and leads to larger amplitude of the first arrival, 
matching the duration and amplitude of the observed data, further supported by the strong site effects in the 
region (see Figure 2a). Our simulations using the CVMS4.26 model showed that the absence of a shallow 
waveguide leads to a dominant late arrival near 50s, not present in data, regardless of the attenuation model. 
Additionally, simulations introducing a deep low-velocity layer show larger duration and arrival time than 
observed in the data. The strong dependence of wavetrain envelopes on the velocity model further supports 
the choice of the CVMH velocity model, as it provides the best fit to observed signal characteristics.

4.  Retrieving Rayleigh Wave Dispersion Properties Using Infrasound
The large correlations between vertical ground motion and pressure signals (see Figure 3e) allow for retriev-
al of subsurface velocities from the observed pressure dispersion characteristics. Figures 4a and 4c show a 
delay of 10s between the peak amplitude in the seismic data at RMM and in the acoustic data at Tortoise, 
consistent with the acoustic propagation time in the atmosphere. Single-component observations do not 
allow for traditional ellipticity measurements to invert for the velocity structure (Fäh et al., 2001). Yet, when 
the source location is known, the extraction of group velocity curves and identification of Rayleigh wave 
modes at the balloon can provide a first-order estimate of the average velocities and main discontinuities at 
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depth. We performed a Frequency-Time ANalysis (FTAN, Levshin et al., 1972) of both acoustic and seismic 
signals (see supplementary Section S6.1) to determine the dispersion properties of the Rayleigh wave un-
derneath the balloon. The FTAN decomposition consists of separating a highly dispersed signal into a num-
ber of short, narrow-band waves that arrive at different times to infer the frequency dependence of group 
velocity. The acoustic and seismic waveforms recorded at the balloon and at the seismic-station RMM are 
shown in Figure 4 along with their FTAN decomposition. The inferred group velocity curves do not clear-
ly show the expected decreasing velocities with increasing frequencies. This is because each frequency is 
normalized independently and the seismic wavefield is composed of a mixture of interfering higher order 
modes. However, we observe strong correlations in the range of inferred group velocity values for frequen-
cies >1 Hz corresponding to the detected arrival at Tortoise between 35 and 45 s after event R1b. Theoretical 
group velocity curves at the epicenter indicate that the higher order Rayleigh wave modes match the range 
and variations of group velocities highlighted by the FTAN analysis.

The identification of each Rayleigh wave mode provides constraints on the subsurface shear velocities since 
each mode shows different sensitivity with depth (Haney & Tsai, 2015). Green's functions-based inversion 
methods are used to build 1-D velocity models from dispersion data. Comparisons between data and the-
oretical group velocity curves in Figures 4c and 4d indicate that the waveform is dominated by the first 
three overtones in the 1–2.5 Hz frequency range. However, the low SNR and strong interference among 
higher order modes observed at Tortoise prevent accurate extraction of the variations of each mode with 
frequency, and therefore introduces large uncertainties during the inversion of Green's functions. Instead, 
we can simplify the inversion problem of building a full 1-D profile by determining only an estimate of the 
shear velocity at the depth of maximum sensitivity for an assumed dominant mode. The depth of maximum 
sensitivity of Rayleigh wave higher order modes can be empirically determined by (Haney & Tsai, 2015),

 
1( , ) ,
2

d m m� (1)

where d (km) is the depth of maximum sensitivity, m > 0 is the mode number, and λ (km) is the wave-
length. From the group velocity range 2.7–3.3 km/s between 1 and 2.5 Hz highlighted by the FTAN analysis 
in Figure  4b, we can compute the dominant Rayleigh wavelengths. By considering that any of the first 
three overtones has equal probability to dominate the wavefield at a given frequency, we can compute 
the frequency-averaged depth at maximum-sensitivity in Equation  1, from all possible combinations of 
dominant modes m ∈ M, M a list of Nm possible modes, and wavelengths   , 1: ,1:( / )j i i j N Nf vv f , where 
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Figure 4.  Frequency-Time ANalysis (FTAN) analysis of seismic and acoustic records. (a) Pressure time-series after 
event R1b at Tortoise, and (b) seismic vertical velocities at station RMM. (c), Corresponding FTAN group velocity 
between 0.2–3 Hz and 2–4.5 km/s of raw pressure data at Tortoise, and (d) of the seismic record for event R1b at 
station RMM. Arrival times corresponding to each group velocity value are shown on the right axis of plots (c) and (d). 
Theoretical group velocity curves computed at the epicenter using the CVMH model, which provides the best fit to 
data, are plotted in red over each panel for comparison. The red number over each curve indicates the mode number, 
with “1” corresponding to the fundamental mode.
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 1: 1:( ) ,( )i i N j j Nf vf v  are the frequency and group velocity range, with Nf, Nv the number of discrete frequen-
cies and group velocities included in the analysis, such that



        
  

1 1 ( , / ) 2.4 0.6km.
N Nf v

j i
i m jf m v

d d m v f
N N N M

� (2)

Shear velocities between 2.7 and 3.3 km/s match the CVMH velocity range between 1.5 and 3 km depth 
(see supplementary Figure S51). The consistency between the shear velocity estimate determined through 
FTAN analysis and the values in the CVMH model suggests the possibility of using infrasound data to con-
strain the depths of shear velocity discontinuities in the subsurface.

The large uncertainty in shear velocity estimate highlights the need to: (a) accurately identify Rayleigh 
wave mode variations versus frequency, (b) constrain the source depth and characteristics, and (c) quantify 
the influence of topographic and lateral velocity variations on pressure waveform frequency dependence. 
Accurate identification of Rayleigh wave modes requires significant noise reduction in the pressure records 
and/or a clear separation between each mode's arrival time. For example, FTAN analyses of simulated 
waveforms show much less smeared outgroup velocity curves (see supplementary Section S6.1). We ran 
additional simulations for event R1b using a flat ground-air interface to assess the influence of different 
focal mechanisms (see supplementary Section S6.2), and topography and source effects (see supplemen-
tary Section S6.3). Numerical results with variations in focal mechanism indicate that reverse-fault and 
normal-fault sources lead to absolute pressure amplitudes up to five times larger than strike-slip sources, 
but the pressure signal envelopes show similar variations with time (see supplementary Section S6.2), sug-
gesting that inferred dispersion properties provide more constraints on path rather than source effects. 
Finally, simulations with and without topography indicate that the relative strength of the second wave 
packet is greatly enhanced by the scattering and inter-modal conversions of body and surface waves trave-
ling through the topography. Topographic variations are therefore crucial to account for when inverting for 
seismic velocities to converge to a unique solution when using the full Rayleigh wave train.

5.  Conclusions and Discussion
A magnitude 4.2 strike-slip event was detected 78 km from the epicenter by a balloon at 4.8 km altitude, 
which is the first detection of its kind. The acoustic signal is characterized by a narrow-band energy peak 
(1–3 Hz) excited by a higher mode Rayleigh wave. The acoustic spectrogram correlates strongly with Ray-
leigh wave seismic records beneath the balloon. Further, our analysis showed how the spectral nature of the 
detected Rayleigh wave signature may be used in conjunction with candidate subsurface models to invert 
for the shear velocity structure. Numerical simulations using various velocity models further confirmed the 
strong dependence of the Rayleigh wave signal on the subsurface structure. However, since the inversion 
problem is poorly constrained, iterative probabilistic methods have to be employed to obtain a physically 
consistent solution and quantify the uncertainty owing to lateral velocity variations and mode misidentifi-
cation (Beaty et al., 2002).

In the text above and in the supplementary material, we presented a detailed analysis of seismo-acoustic 
phenomenology as it relates to airborne infrasound monitoring and described a systematic methodology 
for identifying seismic arrivals. For our catalog of shallow high-frequency events, we found significant in-
teractions between shallow velocity structure and topography. Low-frequency energy generated by large 
earthquakes (and venusquakes) is expected to be less sensitive to small-scale variations of topography and 
seismic velocities in the near surface. Since the high-frequency earthquakes we analyzed are predominantly 
strike slip, epicentral and Rayleigh wave-induced infrasound signals are generally characterized by low SNR 
(≪2). Most refracted epicentral waves did not reach the sensors since the balloons remained in the acoustic 
shadow zone at regional distances. Some events were too deep for low-frequency acoustic energy to propa-
gate isotropically from the source (Averbuch et al., 2020). In the far field, the presence of topography led to 
strong Rayleigh wave scattering from large topographic gradients at high frequency (Wang et al., 2015) and 
defocusing in the atmosphere at low frequency, drastically reducing the acoustic amplitudes at the balloon. 
Despite these challenges, a moderately weak earthquake of magnitude 4.2 was successfully detected.
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While our Earth-analog experiments are primarily aimed at detecting seismic activity on Venus, the devel-
opment of balloon-based infrasonic remote sensing also has applications on Earth. Agile and reconfigurable 
balloon-based infrasound monitoring networks that capitalize on the ability of balloons to loiter in a given 
region (Bellemare et al., 2020) can be used to augment ground-based infrasound stations for monitoring of 
infrasound from natural and anthropogenic sources. In addition, the acoustic wavefield from volcanic activ-
ity can be characterized in a dimension that is inaccessible to ground-based networks (Matoza et al., 2017).

Having demonstrated the detectability of seismic infrasound from natural earthquakes on a high-altitude 
balloon platform, we will adopt a two-pronged approach involving simulation studies and the collection 
of more Earth-based aerial seismo-acoustic data to advance this technique toward application on Venus. 
In the next two years, we will conduct balloon flight campaigns in high-seismicity areas within the con-
tinental United States, with the aim of collecting seismo-acoustic signals from several earthquakes pos-
sessing different source mechanisms (thrust and normal-faulting earthquakes) over areas with differing 
subsurface structures and topography and in varied atmospheric conditions. We will implement several 
improvements to these flight campaigns, including the use of multiple absolute microbarometers on each 
flight to determine the direction of arrival. Our infrasound simulation tools will also be expanded to per-
form seismo-acoustic simulation studies to generate candidate infrasound arrivals from a variety of seismic 
events on Venus, especially accounting for the chemical and thermodynamic differences between Earth and 
Venus that may result in dispersive propagation in the Venus cloud layer at the upper edge of the infrasound 
frequency band (Trahan & Petculescu, 2020).

The interpretation of pressure waveforms at the balloon relies heavily on prior determination of the source 
depth and location, which is a considerable technical challenge with a single sensor and needs constraints 
from external data. At the current stage of development, our methods rely on ground truth data generated 
by terrestrial seismic networks, and our future development is focused on the task of signal identification 
and inversion without ground-based data. The detection of acoustic waves generated by multiple seismic 
phases from the same event is of particular interest, as this would enable the inversion of the range of crus-
tal velocities, and potentially the depth of the seismogenic layer, from a single balloon station. If additional 
sensors are present on the balloon or observations from multiple balloons available, the time delay between 
the arrivals will greatly improve signal interpretation.

The detection and characterization of earthquakes from a balloon through a combination of experiments 
and high-fidelity simulations holds the key for future seismology on Venus. Therefore, the first data point 
collected in this effort represents a significant milestone.

Appendix A:  Data and Methods
All data and methods can be found in the supplementary material (see supplementary Section S1). The 
various subsections of the Supplementary describe specific aspects of the data and methodology:

•	 �Section S1.1: description of the earthquake catalog and seismic data
•	 �Section S1.2: description of the modeling tools, seismic and atmospheric background velocity models
•	 �Section S1.3: description of the event-selection procedure used in Section 3

Data Availability Statement
Data Availability Seismic waveform data and earthquake catalogs were accessed through the Southern 
California Earthquake Data Center (SCEDC, https://scedc.caltech.edu/data/) at Caltech (Southern Califor-
nia Earthquake Center, 2013). The community velocity models are obtained through the UCVM software 
framework maintained by Southern California Earthquake Center (Small et al., 2017). Balloon microba-
rometer and simulation data are available on a publicly accessible FigShare repository with https://doi.
org/10.6084/m9.figshare.14374067.
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