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Abstract

The atmospheric entry of meteoroids presents a rare and unpredictable phenomenon, posing challenges for systematic observation and de-
tailed characterization. Such events are nonetheless critical for advancing understanding of acoustic wave propagation, atmospheric structure,
and entry dynamics. In contrast, sample return capsules (SRCs) from space missions follow well constrained re-entry trajectories, enabling
planned observations of shock wave generation and propagation under controlled conditions. This study compares two SRC atmospheric en-
tries, Hayabusa2 in 2020 and OSIRIS-REx in 2023, to assess how different infrasound array configurations influence shock wave detection and
trajectory validation. Hayabusa2's re-entry was monitored using a distributed network of 28 portable infrasound sensors across seven arrays in
Woomera, Australia, permitting three-dimensional reconstruction of the trajectory and analysis of wave characteristics. For OSIRIS-REx, a com-
pact four-sensor array deployed near Eureka Airport provided trajectory confirmation through arrival-time differences and back-azimuth estimates.
Spectral and waveform analyses revealed differences in signal properties associated with variations in entry angle and velocity. The results illus-
trate both the strengths and the limitations of the deployed array configurations. The dense and distributed arrays during Hayabusa2's re-entry
enabled detailed trajectory reconstruction, whereas the compact array at Eureka primarily provided confirmation of signal coherence and back-
azimuth consistency. These case studies highlight that even relatively small arrays, if located close to the predicted ground track, can still capture
useful information on arrival direction and timing. Such insights provide practical guidance for planning future observational campaigns of SRC
returns and other controlled atmospheric entries, and may also inform approaches to opportunistic observations of meteoroid events and other
atmospheric acoustic phenomena.
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1 Introduction rare, and because of the stochastic nature of their impact time
and location, present a significant challenge in planned obser-
vational campaigns, thus limiting opportunities for systematic
observation and experimental validation (Silber et al. 2024).
To fully characterize the infrasound generation during sample
return capsule (SRC) re-entry, it is necessary to understand the
fundamental shock wave physics. The formation and propa-
gation of infrasound from atmospheric entries are governed
by the entry velocity, entry angle, and fragmentation behavior
of the object. For high Mach number entries with limited frag-
mentation, the resulting shock waves establish an extended,
nearly cylindrical source along the trajectory (Silber et al.

Asteroids and large meteoroids can serve as natural labo-
ratories when they impact the Earth, as they bring valuable
extraterrestrial samples and provide clues about the forma-
tion of our solar system. When these objects enter dense
regions of the Earth’s atmosphere, they generate shock waves
(Silber et al. 2018), which eventually decay to infrasound, or
low-frequency acoustic waves (Evans and Tempest 1972). In-
frasound can propagate over large distances with little attenu-
ation, and as such, it is considered an ideal proxy for detecting
impulsive sources in the atmosphere, including volcanoes,
lightning, explosions, meteoroids, earthquakes, and re-entr . . :
e\%ents (%eVelljle and liidwards 200,7; Arrgwsmit’h et al. 2008}; 2.018).' The nearly cylindncallypxp anding shock wave transi-
Farges 2009; ElGabry et al. 2017; Pilger et al. 2019; Matoza tions into an acoustic wave. Wlnd and. temperature gradler}ts
et al. 2019; Saito et al. 2021; Hamama and Yamamoto 2021; in the atmosphere may then modify this approximately cylin-
Nishikawa’ et al. 2022b; Ha;nama et al. 2022). Observations’ drical wavefront as it propagates outward. Shallow entry an-
of meteoroid re-entries contribute to diverse research areas, in- glf;s further ?Xter.ld. the e.ffectwe source leng_t h and strengthgn
cluding the estimation of atmospheric structure, acoustic wave azimuthal d1rect1V1ty‘ (Pilger et gl. 2015; Silber2025). Whﬂe
propagation, re-entry physics, and planetary defense. How- downward-propagating acoustic energy can couple into

Lo . . atmospheric ducts depending on altitude and atmospheric
ever, objects in the size range of a meter or greater are relatively oF )
conditions, upward-propagating energy undergoes severe
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thermospheric attenuation due to molecular diffusion and
viscous dissipation (Sutherland and Bass 2004). These prop-
agation characteristics must be accounted for when designing
observational strategies and interpreting infrasound sig-
natures from SRCs, space debris, and meteoroid entries.
Artificial objects returning to Earth from space, especially
SRCs from space exploration missions, follow well known
flight trajectories and re-entry dynamics, allowing for planned
observations. This predictability presents a unique opportu-
nity to study shock waves and acoustic wave propagation in
the atmosphere in detail (Silber et al. 2023).

Previous studies have utilized infrasonic signals from SRC
atmospheric re-entries to observe shock waves reaching the
ground, which are valuable for trajectory estimation and at-
mospheric research (Yamamoto et al. 2011; Ishihara et al.
2012; Sansom et al. 2022). For the Japan Aerospace Explo-
ration Agency’s (JAXA’s) Hayabusa2 SRC on 2020 Decem-
ber 5, 28 portable infrasound sensors (Nishikawa et al. 2024)
were deployed across seven observation points. This array suc-
cessfully estimated the SRC’s three-dimensional trajectory and
allowed detailed analysis of shock wave propagation through
the atmosphere (Nishikawa et al. 2022a). However, deploying
such extensive observation arrays is often unfeasible, as SRC
flight paths are typically designed to pass over remote deserts
or wilderness areas, where access to power and personnel is
challenging (Silber et al. 2024).

On 2023 September 24, the National Aeronautics and
Space Administration’s (NASA’s) Origins, Spectral Interpreta-
tion, Resource Identification, and Security-Regolith Explorer
(OSIRIS-REx) SRC returned to Earth and landed at the Utah
Test and Training Range (UTTR). As part of a large multi-
institution geophysical observation team, we deployed an ar-
ray comprising four portable infrasound sensors at Eureka
Airport in Nevada to capture infrasonic signals (Silber et al.
2024). Although such a small observation array is limited in
its ability to estimate the three-dimensional trajectory, simi-
lar to what was done for the Hayabusa2 mission, direct ob-
servations beneath the flight path enabled trajectory valida-
tion using infrasound signal arrival times and back-azimuth
estimates. The use of consistent observational methods across
both the Hayabusa2 and OSIRIS-REx missions also enabled
a comparative analysis of the shock waves generated by the
two SRCs.

This study provides a detailed comparison of the observa-
tional data from the OSIRIS-REx and Hayabusa2 SRCs, fo-
cusing on how infrasound signal measurements can contribute
to three-dimensional trajectory estimation and the analysis of
acoustic wave propagation. Furthermore, the impact of the
observation array scale on analytical methods and accuracy
is explored, offering recommendations for more efficient and
effective future observations. By advancing our understanding
of acoustic wave propagation mechanisms in the atmosphere,
our work aims to improve applications in future artificial ob-
ject re-entry missions and planetary defense.

2 Methods

2.1 Instrument placement and observations
2.1.1 OSIRIS-REx SRC

In anticipation of the OSIRIS-REx SRC re-entry, four INFO4
infrasound sensors were deployed at Eureka Airport, Nevada,
in close proximity to the OSIRIS-REx trajectory path, to
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Fig. 1. (a) Infrasound sensor locations for OSIRIS-REx. (b) Infrasound array
locations for Hayabusa2.

detect infrasound signals from the shock wave produced by
the SRC during the re-entry. The INF04 sensors used dur-
ing the OSIRIS-REx deployment are condenser-microphone
microbarometers with a flat frequency response of 0.1-
100 Hz and a minimum detectable pressure of approximately
0.005 Pa. Each unit incorporates MEMS temperature, pres-
sure, and three-axis acceleration sensors, and is equipped with
a GNSS receiver for absolute UTC timing. All sensors were
operated at a sampling rate of 100 Hz (Nishikawa et al.
2024). Figure 1a shows the location of the infrasound sen-
sors, which were positioned within a few kilometers of the
nominal ground track. The array aperture was between 1 and
4 km, allowing measurement of arrival-time differences be-
tween the array elements. These timing differences are used
to estimate the apparent horizontal phase velocity and arrival
azimuth of the wavefront through time-delay analysis, pro-
viding constraints on the signal back azimuth and confirm-
ing the coherence of the detected signal. Acoustic travel times
were calculated assuming straight-line propagation at an av-
erage sound speed of 340 ms~! from ground to trajectory al-
titude. The deployment location was strategically chosen, as
the SRC’s ground track passed approximately 5 km north of
the array at an altitude of 50-60 km during peak aerodynamic
heating (Silber et al. 2024; Francis et al. 2024), corresponding
to an incidence angle of ~84° relative to the horizontal. This
made Eureka an optimal site for shock wave detection. Al-
though our array had a small number of sensors, and thus cov-
ered a limited geographical area, we optimized the aperture
to capture signals generated by the SRC (figure 1a). Further
details about our instruments and setup are given by Silber
et al. (2024). The overflight occurred at 07:42 Pacific Day-
light Time (PDT) (14:42 Universal Time Coordinated (UTC)),
under clear morning conditions with sufficient daylight. Al-
though SRCs typically produce bright meteor-like emissions as
they descend through the atmosphere, the OSIRIS-REx SRC
was not visually observable due to the bright ambient light
conditions at the time of re-entry. Nevertheless, an audible
component of the associated shock wave was reported at the
site. Considering that the OSIRIS-REx SRC re-entered the at-
mosphere during local morning hours, optical observations
for trajectory determination were not feasible.

2.1.2 Hayabusa2 SRC

In contrast to the single-array setup used for OSIRIS-REx,
during the Hayabusa2 re-entry on 2020 December 5, seven
arrays were deployed across various sites in the Woomera
Desert, South Australia. The seven 4-element arrays included
a total of 28 INF04 infrasound sensors. The open and flat
desert environment enabled greater flexibility in array de-
sign, allowing the establishment of a large-scale observation
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Shockwave Arrival Time of Hayabusa2 SRC
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Fig. 2. Arrival time of the infrasound signal (in seconds from 17:30:00 UTC),
locations of the infrasound sensors, and trajectory of the Hayabusa2 SRC.
The trajectory is estimated from infrasound observations; the SRC moved
from northwest to southeast.

network covering a region of approximately 100 km
(figure 1b). The network was suitable beneath the predicted
trajectory of the SRC, ensuring broad spatial coverage. As the
re-entry occurred at 03:28 Australian Central Daylight Time
(ACDT), the luminous portion of the fireball trajectory was
also visible, enabling integrated visual and acoustic analysis.
The multi-modal observational campaign details and instru-
ment setup are given by Sansom et al. (2022). The Hayabusa2
observations used the same INF04 sensor configuration as de-
scribed for OSIRIS-REx, including the 0.1-100 Hz frequency
response, a noise floor of approximately 0.005 Pa, and a
100 Hz sampling rate (Nishikawa et al. 2024). We use the
three-dimensional Hayabusa2 SRC trajectory reconstructed
by Nishikawa et al. (2022a), which is based on combined in-
frasound and optical observations.

2.2 Signal analysis

This section describes the signal processing and analysis ap-
proaches applied to the infrasound data collected from the
OSIRIS-REx and Hayabusa2 SRC re-entry events. Signal ar-
rival times were picked at the first N-wave onset and com-
pared to predicted travel times. For the OSIRIS-REx SRC
event, the infrasound sensors were positioned almost directly
beneath the re-entry trajectory; thus the signal travel times
did not require correction for atmospheric refraction or re-
flection. The infrasound ray path was assumed to be approx-
imately straight, and its predicted propagation speed was cal-
culated using the average acoustic velocity between the array
and the SRC’s location (obtained from NASA’s nominal tra-
jectory; Francis et al. 2024). The nominal trajectory of the
Hayabusa2 SRC was not published. Although the luminous
path was optically observed during the nighttime re-entry, the
corresponding trajectory data were not made publicly avail-
able. Therefore, the trajectory was reconstructed from infra-
sound observations in that study, and predicted arrival times
in this work were calculated based on the infrasound-derived
trajectory (figure 2). The frequency content of the infrasound
signal provides diagnostic information about the shock wave
characteristics associated with hypersonic atmospheric en-
try; thus, we examined the spectrograms related to both re-
entries. Frequency—wavenumber (F-K) analysis, employing
Capon’s high-resolution estimator on overlapping time win-
dows, yielded estimates of apparent horizontal phase velocity

and back azimuth of the incoming signal. Beamforming un-
der a planar-wave assumption provided slowness vectors that
further constrained propagation direction and horizontal ve-
locity (Capon 1969).

2.3 Propagation modeling

To assess how infrasound generated by the SRC propagates to
far-field distances and to support the development of future
geophysical observation strategies for atmospheric re-entries,
numerical modeling was conducted using a parabolic equa-
tion (PE) approach. The goal of this modeling was not to
capture near-field nonlinear shock behavior immediately ad-
jacent to the trajectory, but rather to characterize acoustic
energy transmission over larger ranges where linear acous-
tic approximations are applicable. Atmospheric conditions
during the OSIRIS-REx and Hayabusa2 re-entries influence
the propagation of infrasonic signals, affecting both transmis-
sion losses and arrival characteristics at ground-based sen-
sors. Several numerical methods are available for modeling
acoustic propagation, including classical ray-tracing (Georges
1972), normal mode theory (Pierce 1966), and the parabolic
equation method (Lingevitch et al. 2002). For this study, the
PE method was employed due to its suitability for mod-
eling wave propagation under varying atmospheric condi-
tions, including effects of wind and temperature structure, at
far-field distances. By integrating the wide-angle approxima-
tion and accounting for high Mach numbers, the PE tech-
nique improves efficiency in modeling infrasound propagation
(Hamama et al. 2022). The PE solver was developed to include
topographic features and an effective sound speed approxi-
mation (Waxler et al. 2022), using the ePape module of the
NCPAprop package (Waxler et al. 2017). Transmission losses
can be estimated using ePape, which identifies the pressure
signal amplitude decay between the source and receiver. Sev-
eral high-resolution numerical wind models can be used to
construct detailed wind profiles, which are necessary inputs
for infrasound propagation modeling. The Modern-Era Ret-
rospective Analysis for Research and Applications, Version 2
(MERRA-2), provides wind profiles up to altitudes of approx-
imately 80 km. Additionally, the AVOG2S package (Schwaiger
et al. 2019) was used to integrate numerical wind observa-
tions with empirical models, such as G2S (Drob et al. 2003)
and the Horizontal Wind Model 14 (HWM14) (Drob et al.
2015).

For the numerical simulations, PE models were generated
to estimate multi-directional propagation behavior for both
the Hayabusa2 and OSIRIS-REx events, considering two dif-
ferent assumed source altitudes of 40 and 60 km, respectively.
A center frequency of 2 Hz was selected for the simulations,
corresponding to the lowest frequency consistently recorded
by the infrasound sensors deployed during the observations.
Simulations were conducted for a propagation distance of
800 km to assess transmission losses and directional prop-
agation characteristics beyond the immediate vicinity of the
trajectory. Atmospheric profiles were constructed up to an
altitude of 120 km, incorporating high-resolution wind and
temperature data to account for the influence of atmospheric
structure on acoustic waveguiding and attenuation. The mod-
eling provides an estimate of how infrasound generated by
SRC atmospheric entries would propagate over regional to
far-field distances under the prevailing atmospheric condi-
tions at the time of re-entry. The effective sound speed (c.)
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Fig. 3. Comparison of ce with blue solid lines and ¢y, with dashed red lines
for every 45° azimuth to show the propagation conditions in all directions
for Hayabusa2. The vertical black dashed line refers the cq at the altitude.

was used to describe the propagation conditions and can be
expressed as

Ceff(2) = cn(2) +u(2) - sin(¢) +v(z) - cos(¢p), (1)

where # and v are the zonal and meridional wind speeds, re-
spectively, and ¢ is the azimuth direction of propagation, rep-
resenting the wind direction. Additionally, the thermodynamic
speed ¢y, is given by:

¢ (z) = VY RT, (2)

where y is the ratio of specific heats (1.4), and R is the spe-
cific gas constant for dry air (286.9 Jkg ' K~!). The effec-
tive sound speeds (c.gf) were estimated every 45° azimuth
for both events to show the general propagation conditions
around the re-entry locations, as shown in figure 3. Duct-
ing of infrasound occurs when the effective sound speed pro-
file exhibits a local maximum with altitude, allowing acoustic
energy to become trapped and propagate horizontally over
long distances. In the case of Hayabusa2, modeling indi-
cated the presence of a stratospheric duct originating from
the southern sector and gradually extending westward, facil-
itating favorable propagation conditions at lower source al-
titudes. For the OSIRIS-REx event, the modeling suggested
that acoustic energy could couple into both tropospheric and
thermospheric ducts, although the dominant contribution to
ground-level detections is expected to arise from direct prop-
agation rather than high-altitude ducted returns. Addition-
ally, limited stratospheric ducting was predicted under certain
azimuths, depending on the effective sound speed structure
relative to the source altitude. These results reflect the sensi-
tivity of long-range infrasound propagation to atmospheric
structure, emphasizing the importance of incorporating de-
tailed atmospheric profiles when modeling acoustic wave
transmission.

While parabolic equation (PE) modeling provides useful es-
timates of transmission losses and acoustic propagation be-
havior at far-field distances, its validity relies on the assump-
tion that the shock waves have sufficiently transitioned to
the linear acoustic regime. Accordingly, the modeling con-
ducted in this study was explicitly focused on investigating
the far-field propagation characteristics of SRC-generated in-

frasound, rather than capturing near-field shock dynamics. A
simplified representation of the shock source was adopted, as-
suming a fixed source altitude to characterize propagation be-
havior over regional distances. In the vicinity of the Eureka
Airport array, the SRC trajectory spanned a relatively nar-
row altitude range, and variations in propagation conditions
across this segment are expected to be minor. Therefore, the
fixed-altitude approximation is appropriate for assessing far-
field transmission trends in this context. It must be recognized,
however, that shock wave generation during atmospheric en-
try evolves continuously along the trajectory, with variations
in source altitude, Mach number, and flow conditions as func-
tions of space and time. A full trajectory-resolved modeling
approach, discretizing the entry path into a series of evolving
source points, would be required to accurately reconstruct the
spatiotemporal evolution of the infrasound field. The far-field
propagation modeling presented here serves as an exploratory
analysis intended to support the development of optimized
geophysical observation strategies for future SRC missions,
space debris re-entries, and atmospheric entry phenomena.

3 Results

3.1 Analysis of infrasound from SRC re-entry
events

This section describes the infrasound signals generated by the
atmospheric entries of Hayabusa2 and OSIRIS-REx, based on
our ground-based array observations.

3.1.1 OSIRIS-REx

Despite the proximity of the array to the trajectory, the F-K
method was effective in resolving the wave parameters, con-
firming the signal coherence and directionality. In addition
to our deployment at Eureka Airport, K¢ et al. (2025) re-
ported infrasound observations of the OSIRIS-REx SRC re-
entry from Wendover Airport, located approximately 220 km
east of our site. These independent observations also showed
arrival times and back azimuths consistent with the NASA-
provided trajectory, indicating that the nominal trajectory
remained accurate at long range. Figure 4 shows the combined
waveform, which illustrates the time differences between the
four sensors. These time differences are highly relevant for
data analysis, as they reflect the varying shock wave arrival
times at the different sensors. When comparing the predicted
signal arrival time with the observed times from the infra-
sound sensors, the uncertainty was within 0.3 s (table 1). The
small arrival-time difference indicates that the actual trajec-
tory of the SRC closely matched the nominal trajectory. How-
ever, as the observation point moves farther from the trajec-
tory (far-field), the influence of horizontal winds, along with
the effects of atmospheric refraction and reflection, becomes
more significant, and can cause a nonnegligible difference be-
tween the calculated and observed arrival times. Therefore,
at long-range, a simple straight-path approximation might no
longer hold.

The waveform shows a high degree of similarity across all
sensors. The signals are recorded as N-waves, which are char-
acteristic of the shock wave generating source (Plotkin 2002).
The sensors recorded positive phase overpressure values rang-
ing from 1.7 to 2.25 Pa, followed by a sharp underpressure
trough with absolute values between 1 and 1.25 Pa. The signal
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Infrasound signals at Eureka Airport by INFO4s
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Fig. 4. Combined waveforms for the four sensors detecting the OSIRIS-
REx re-entry.

corresponds to the direct arrival of infrasound signals gener-
ated by the SRC passing through the atmosphere.

Figure 5 shows the waveforms and corresponding spectro-
grams, illustrating the frequency content detected by the four
sensors. Most of the energy is confined to low frequencies,
mostly below 20 Hz.

The results of the F-K analysis, shown in figures 6 and 7,
indicate a short burst of high power coherency lasting sev-
eral seconds starting around 14:46:00 UTC. The infrasound
wave propagates with an apparent velocity of 2236 ms~! and
a back azimuth of 26 degrees. The dashed line in the azimuth
panel represents the approximate direction associated with
ballistic shock arrival, located to the north and slightly east of
the infrasound detection site. The high value of trace velocity
indicates a high-altitude source, consistent with the OSIRIS-
REx overflight.

Considering that the OSIRIS-REx SRC re-entered the atmo-
sphere during the morning local time, optical observations for
trajectory determination were not conducted. Infrasound sen-
sors were placed almost directly beneath the SRC’s trajectory;
thus the arrival times of the shock waves did not require ad-
justments for atmospheric refraction or reflection. The shock
wave path was to be straight, and its speed was calculated us-
ing the average value from the ground to the altitude of the
trajectory. This study focuses exclusively on atmospheric in-
frasonic waves, which propagate at acoustic speeds that vary
significantly with altitude—from values below 330 ms~! near
the tropopause to more than 350 ms~! near the surface, after
leaving the shock front, and can be detected by ground-based
infrasound arrays. The infrasound arrival time was calculated
based on NASA’s nominal trajectory (Francis et al. 2024). A

Table 1. Sensor locations and infrasound signal arrival times.*
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Fig. 5. Time series and spectrograms for each infrasound sensor. The time-
series waveforms are arranged according to arrival time, from the earli-
est to the latest. The spectrograms show the temporal distribution of fre-
guency content detected by each sensor.

comparison between the predicted and observed arrival times
is shown in figure 8, indicating uncertainties within 0.3 s for all
Eureka stations (table 1). These small residuals demonstrate
that the actual SRC trajectory closely matched the pre-planned
nominal path. At greater ranges, however, atmospheric winds
and refraction effects can introduce larger deviations between
calculated and observed arrival times, although such effects
were negligible for the near-field Eureka observations.

3.2 Hayabusa2

Comparative analysis of the Hayabusa2 SRC and similar re-
entry events provides robust constraints on source charac-
teristics and demonstrates the utility of infrasound for mon-
itoring both artificial and natural atmospheric entries. The
28-sensor network recorded signals from 0.5 up to 50 Hz,
with Hayabusa2 SRC exhibiting a slightly lower dominant
frequency range compared to OSIRIS-REx, likely reflecting
differences in capsule size and entry velocity. Proximity to the

Label Latitude Longitude Altitude (m) Arrival time obs (UTC) Arrival time calc (UTC)
Ola 39.6166 —115.9986 1802 14:45:58.4 14:45:58.6
01b 39.6165 —115.9974 1802 14:45:58.4 14:45:58.6
02 39.6138 —116.0046 1803 14:45:58.6 14:45:58.8
03 39.5893 —116.0049 1810 14:45:59.6 14:45:59.9

*Columns 5 and 6 list observed and predicted signal arrival times, respectively.
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Event: Osiris-Rex [ Filter: 1 - 8 Hz.]
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Fig. 6. Results of the F-K analysis for the OSIRIS-REx event. The panels
show, from top to bottom, the Fisher statistics, back azimuth, apparent
horizontal velocity, and the filtered infrasound waveform. These quantities
exhibit coherent behavior only for a few seconds around 14:46 UTC.
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Fig. 7. A polar plot showing the distribution of back azimuth estimated from
the F-K analysis, with points clustered around the dominant direction con-
sistent with the OSIRIS-REx SRC trajectory.

source posed analytical challenges, but F-K analysis neverthe-
less revealed array-dependent variations in back azimuth, con-
sistent with treating the SRC as a moving line source rather
than a point source emitter (Silber 2025). Figures 9a and 9b
show the analysis of filtered waveforms (2-8 Hz) for two
representative arrays: Jacob’s Bore (figure 1b, site 08), lo-
cated west of the Hayabusa2 trajectory, and the Twins ar-
ray (figure 1b, site 06), positioned directly beneath it. The
corresponding polar plots (figures 9¢c and 9d) indicate back
azimuths of 0° to 5° for Jacob’s Bore and 320° to 325° for
the Twins array, in agreement with the known flight azimuth.
A comparison between predicted and observed arrival times
(figure 2) shows timing residuals within +2 s at all but one

39.55
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-116

-115.95

-115.9

Longitude

Fig. 8. Arrival time of the shock wave (in seconds after 14:46:00 UTC),
location of the infrasound sensors, and trajectory of the SRC; the SRC
moved from west to east and the shock wave propagated from east to
west in the form of a parabola. Height data are applied for each cell.
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Fig. 9. (a) F-K analysis for Hayabusa2 for the Jacob's Bore array. (b) The
F-K analysis for the Twins array. (c) Polar plots referring to the Hayabusa2
re-entry shock wave for the Jacob'’s Bore array. (d) Polar plots for the Twins
array.

site (19 s discrepancy at site 08) (table 2). This outlier likely
reflects continued infrasound generation beyond the visible-
light phase. Therefore, by deploying large-scale infrasound ar-
rays near the end of the SRC’s trajectory, it may be possible to
determine the trajectory in greater detail than through optical
observations alone.

3.3 Far-field propagation modeling outcomes

Ducting of infrasound occurs when the effective sound speed
profile exhibits a local maximum with altitude, allowing
acoustic energy to become trapped and propagate horizon-
tally over long distances. In the case of Hayabusa2, model-
ing indicated the presence of a stratospheric duct originating
from the southern sector and gradually extending westward,
facilitating favorable propagation conditions at lower source
altitudes. For the OSIRIS-REx event, the modeling suggested
that acoustic energy could couple into both tropospheric and
thermospheric ducts, although the dominant contribution to
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Table 2. Sensor locations and infrasound signal arrival times for Hayabusa2.*

Label Latitude Longitude Altitude (m) Arrival time obs (UTC) Arrival time calc (UTC)
02 —29.20251 134.80632 171 17:32:05 17:32:07
03 —29.58604 135.03752 203 17:31:47 17:31:48
04 —29.89498 135.08017 200 17:31:40 17:31:39
0S —29.67463 135.44238 223 17:32:03 17:32:05
06 —29.99510 135.39998 200 17:31:34 17:31:34
07 —30.15792 135.66090 200 17:31:34 17:31:53
08 —30.21261 135.25473 178 17:31:59 17:31:57

*Columns 5 and 6 list observed and predicted signal arrival times, respectively.

Hayabusa-2 - Multi-prop Transmission Loss
-60 -60

Multi-prop Tloss (40 Alt.) Multi-prop Tloss (60 Alt.)

Tloss (dB) re. 1 km
Tloss (dB) re. 1 km

-4 -4
Rty 129.0 134.0 139.0 Rty 134.0 139.0

Fig. 10. Multi-propagation transmission loss estimations for 2 Hz frequency
around Hayabusa?2 for a range up to 800 km with two different assump-
tions of the shock wave altitudes at 40 and 60 km, respectively.

ground-level detections is expected to arise from direct prop-
agation rather than high-altitude ducted returns. Addition-
ally, limited stratospheric ducting was predicted under certain
azimuths, depending on the effective sound speed structure
relative to the source altitude. These results reflect the sensi-
tivity of long-range infrasound propagation to atmospheric
structure, emphasizing the importance of incorporating de-
tailed atmospheric profiles when modeling acoustic wave
transmission.

Far-field transmission losses were modeled at 2 Hz for as-
sumed source altitudes of 40 and 60 km. At 40 km altitude, the
transmission losses were almost below —60 dB in the southern
area from the shock wave, suggesting that infrasound signals
could be detected in this area if infrasound arrays were de-
ployed. However, when the source altitude was increased to
60 km, the duct became weaker in the same region, as shown
in figure 10. These results emphasize the critical role of source
altitude and array placement in designing future infrasound
networks for re-entry and bolide observations.

4 Discussion

The comparative analysis of the OSIRIS-REx and Hayabusa2
SRC re-entries provides a framework for evaluating the
effects of shock source characteristics, entry geometry, and
observational network configuration on infrasound de-
tectability. Both events involved the formation of radially
propagating shock fronts associated with hypersonic flow,
resulting in an extended, nearly cylindrical line source ge-
ometry aligned along the trajectory (Silber 2025). As the
initially nonlinear shocks decayed into the infrasonic regime,
the cylindrical source morphology was preserved, resulting

in spatially anisotropic acoustic radiation concentrated along
the trajectory axis (Silber et al. 2018).

For the OSIRIS-REx SRC, the combination of a shallow
entry angle and high Mach number is expected to have
produced a coherent series of radially expanding shocks,
generating classical N-wave signatures recorded by the in-
frasound array deployed near Eureka Airport. The ob-
served waveform structures are consistent with the expected
acoustic signatures characteristic of weakly decayed cylindri-
cal shocks (ReVelle 1976). Based on the observed trajectory
geometry and the limited altitude span traversed near the
array, the infrasound signal arrivals are expected to exhibit
ballistic propagation consistent with theoretical expectations
(ReVelle and Edwards 2007) and supported by recent obser-
vational studies. The minor differences between predicted and
observed arrival times are consistent with the reconstructed
entry, descent, and landing (EDL) trajectory estimated post-
entry (Francis et al. 2024). The lower shock generation al-
titude associated with Hayabusa2 (~40 km) compared to
OSIRIS-REx (~60 km) likely increased the coupling of acous-
tic energy into stratospheric ducts, thus increasing the po-
tential detection distances under favorable atmospheric con-
ditions. Nonetheless, for both events, the principal mecha-
nism governing signal arrival near the trajectory is expected
to be direct propagation from the source region, with ther-
mospheric returns contributing negligibly due to strong dis-
sipative losses at higher altitudes. Variations in atmospheric
effective sound speed associated with horizontal winds and
thermal structure introduce secondary modulations to propa-
gation conditions but do not fundamentally alter the prevail-
ing ballistic propagation regime under the observed entry sce-
narios.

The observational strategies implemented for these two
re-entry events clearly illustrate the dependence of trajec-
tory analysis capabilities on infrasound array configuration.
The Hayabusa2 campaign employed a widely distributed sen-
sor network, enabling robust three-dimensional trajectory re-
construction through multi-station back-azimuth and arrival-
time analyses. In contrast, the OSIRIS-REx deployment re-
lied upon a spatially compact, single-array approach, which,
while insufficient for full trajectory reconstruction, proved ef-
fective for trajectory validation based on local arrival-time
gradients and back-azimuth estimation directly beneath the
flight path. This comparison emphasizes the critical impor-
tance of aligning array configuration with specific mission ob-
jectives, whether prioritizing comprehensive spatial coverage
or detailed near-field source characterization.

Modeling results and observations from both missions
demonstrate the central role of shock wave altitude, ar-
ray geometry, and atmospheric conditions in influencing the
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detectability and interpretability of hypersonic re-entry sig-
natures. Notably, in rare cases, thermospheric or upper-
atmospheric arrivals of meteoroid-generated infrasound have
been observed at regional distances (Ott et al. 2021; Silber
2024); however, such arrivals were not prominently observed
during the SRC events examined in this study, indicating that
direct ballistic propagation was the dominant mode of acous-
tic transmission for these re-entry scenarios.

The methodologies and analytical approaches developed
through these SRC re-entry observations offer direct ap-
plicability to future atmospheric entry scenarios, including
controlled spacecraft returns, natural bolide events, and
orbital debris re-entries. Strategically designed infrasound
arrays, optimized with respect to expected shock intensity,
entry geometry, anticipated atmospheric conditions, and
logistical constraints, can significantly advance our under-
standing of high-altitude shock phenomena and improve
global infrasound monitoring capabilities relevant to plan-
etary defense and geophysical studies. Although this study
employed simplified propagation modeling and a limited
sensor deployment strategy, the findings align well with the
broader physical understanding established through previous
trajectory-resolved analyses of atmospheric entry phenom-
ena. Ultimately, future infrasound observation campaigns
will greatly benefit from integrated multi-array networks
coupled with sophisticated propagation modeling to achieve
detailed, spatially resolved characterization of atmospheric
entry events and their associated infrasonic signals.

5 Conclusion

This study demonstrates the utility of portable infrasound
sensors for the detection and characterization of shock
waves generated by sample return capsule (SRC) atmospheric
re-entries. Comparative analyses of the OSIRIS-REx and
Hayabusa2 observation campaigns provided an evaluation
of how array scale and configuration impact trajectory re-
construction capabilities. The extensive, multi-station array
deployed for Hayabusa2, covering approximately 100 km,
enabled comprehensive trajectory determination (Nishikawa
et al. 2022a) through back-azimuth and arrival-time analyses
across spatially distributed stations. Conversely, the spatially
compact array used during the OSIRIS-REx event, positioned
directly beneath the nominal trajectory, provided sufficient
spatial resolution to confirm the pre-entry trajectory but
lacked the aperture necessary for full three-dimensional
trajectory estimation.

The altitude at which shock waves are generated critically
influenced infrasound detectability and propagation condi-
tions. For OSIRIS-REx, with a shock source altitude near
60 km, direct arrivals were reliably recorded close to the
ground track, whereas increased acoustic attenuation and less
favorable coupling into stratospheric ducts diminished signal
detectability at greater distances. In contrast, the lower shock
generation altitude (~40 km) of the Hayabusa2 SRC likely en-
hanced acoustic energy transmission into stratospheric ducts,
extending the potential detection range under conducive at-
mospheric conditions. Despite these differences, observational
coverage for both missions remained primarily confined to
regions proximal to the respective trajectories due to array
deployment strategies.

This analysis demonstrates that the effectiveness of infra-
sound monitoring for atmospheric entry events is strongly

dependent on array geometry, scale, and shock generation
altitude. Propagation modeling, including the calculation of
transmission losses and the characterization of effective sound
speed structures, is indispensable for informing optimal sensor
placement relative to expected trajectory parameters. More-
over, accurate representation of atmospheric conditions, in-
cluding detailed wind profiles and thermal stratification, is
necessary to improve the predictive capabilities of propaga-
tion modeling and improve the interpretation of recorded
infrasound signals.

The methodologies and analytical considerations presented
here provide essential guidance for future infrasound-based
observation campaigns of atmospheric entry phenomena. Dis-
tributed sensor networks facilitate comprehensive trajectory
reconstruction, while strategically located compact arrays po-
sitioned beneath projected trajectories can deliver critical lo-
cal trajectory validation. Future observational efforts should
integrate infrasound data with complementary observational
modalities, including optical and radar measurements, to ob-
tain a comprehensive understanding of atmospheric re-entry
dynamics. The observational strategies and modeling method-
ologies described in this work contribute substantially to the
advancement of global monitoring frameworks for SRC re-
turns, space debris re-entries, and natural bolide phenomena.

Data and resources

NCPAProp is an open software package available on GitHub
(https://github.com/chetzer-ncpa/ncpaprop-release). The For-
tran 90 source code for the AVO-G2S model is freely avail-
able at (https://github.com/usgs/volcano-avog2s). The wind
datasets were extracted from the Modern-Era Retrospective
Analysis for Research and Applications, version 2 (MERRA-
2), available at (https://disc.gsfc.nasa.gov/). Infrasound data
are not publicly available at this time, but can be obtained on
a case-by-case basis by contacting the corresponding author.
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