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Abstract

This exploratory study investigates whether seismic signals can be used to infer frag-
mentation during a fireball event. Re-entry objects, particularly sample return capsules
(SRCs) such as the one from the Hayabusa2 mission, behave similarly to slow meteors
during atmospheric entry and provide valuable insights into natural fireball events. In
this study, we initially analyze seismic signals from the Hayabusa2 SRC re-entry, which
took place on 5 December 2020, over South Australia. The SRC's signature was captured
by a dense network of seismic stations (Eakin, 2018; O’Donnell et al., 2020), offering a
unique opportunity to investigate the signals’ characteristics and verify their connec-
tion to the re-entry event. The ballistic trajectory was confirmed as the source shock
mechanism for this event. We isolate this signal and use it as a reference for a ballistic
shock signature and compare it to three other fireball case studies, including a subor-
bital re-entry and two natural meteoroids. Although factors such as local geology and
atmospheric conditions were not considered in this preliminary study, our results show
promise with high correlations for events with purely ballistic trajectories and lower
correlations for those involving fragmentation or airbursts. This implies that seismic
data may be able to disambiguate whether any particular fireball event underwent sig-
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nificant fragmentation or airburst, key phenomena for assessing body strengths.

Introduction

When meteoroids pass through the Earth’s atmosphere, they
rapidly decelerate and can produce bright fireball phenomena.
In most cases they break up and entirely vaporize (Ceplecha
and Revelle, 2005), though some may survive longer and even
drop meteorites on the ground. If the objects are large enough
(greater than 10 cm in diameter), they can generate shock
waves (Bronshtén, 1964; ReVelle, 1976, 2008; Silber et al.,
2018) that can be recorded by ground-based instruments such
as seismic and infrasound sensors.

Shock waves can be produced by different mechanisms that
can occur at various points along a meteoroid’s trajectory.
(1) The first mechanism is the hypersonic trajectory of the
meteoroid through the atmosphere itself, which creates a coni-
cal bow shock known as a Mach cone (ReVelle, 1976). Because
meteoroids enter Earth’s atmosphere at velocities ranging in
the order of 11-73 km/s (equivalent to Mach number
35-240: Ceplecha et al, 1998; Murad and Williams, 2002),
their velocities are significantly higher than the speed of sound.
Consequently, the Mach cone angle is sufficiently small to
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allow the cone’s wavefront to be approximated as a cylinder
(Tsikulin, 1970; ReVelle, 1976). Such a shock wave’s propaga-
tion is assumed to be perpendicular to a meteoroid’s trajectory,
and will mean that a direct arrival from the ballistic trajectory
will match the time of arrival to the shortest distance to the
trajectory. (2) Shock waves are also generated when the force
exerted by the motion of the meteoroid through the atmos-
phere (ram pressure) on its surface exceeds its compression
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strength (Cevolani, 1994; Stevanovic et al., 2017), causing it to
break into smaller fragments. This phenomenon is called a
fragmentation event (ReVelle, 1976; Ceplecha et al., 1998;
Silber and Brown, 2018). (3) The last phenomenon that can
cause shock waves is a catastrophic final airburst, which cor-
responds to the complete disintegration of the meteoroid into
fine dust (Klekociuk et al., 2005). Both fragmentation events
and final airbursts produce shock waves that propagate
quasi-spherically (Edwards et al., 2008). These latter two
mechanisms can be indicative of object strength and are not
expected to be generated by human-made sample return
capsules (SRCs) because they are specifically designed to with-
stand their passage through the atmosphere and reach the
ground intact.

In some cases, typically those of higher energy, the shock
wave can couple with the ground and produce seismic surface
and body waves (Revelle et al., 2004; Edwards et al., 2008). In
addition to recording direct acoustic waves, seismic sensors are
also capable of detecting these air-to-ground coupled waves.
Usually, seismic expression is limited to surface waves, such
as Rayleigh waves. Only the most energetic events generate
body waves (P or S waves) that can be observed above the noise
level. Examples include the Chelyabinsk event (Brown et al.,
2003; Tauzin et al., 2013; Karakostas et al., 2015; Stevanovi¢
et al., 2017) or rarely documented cases of direct impacts
(Brown et al., 2008; Pichon et al., 2008; Tancredi et al., 2009).

Around 250 fireballs enter Earth’s atmosphere every day,
given the decade of fireball data from Australia’s Desert
Fireball Network (DFN) (averaging one event per night with
a coverage area of 0.4% of the Earth; Devillepoix et al., 2022).
However, their occurrence is sporadic; fireball events are
unpredictable in both time and location. Passive, large-area
surveillance networks are required to monitor these events
effectively. The DFN has had nearly 10 yr of observing
Australian skies from up to 52 observatories, covering an area
of 3 million km?. Its primary goal is to detect fireballs and cal-
culate their trajectories and orbits to recover meteorites
(Devillepoix et al., 2018, 2019). Since its installation, the DFN
has triangulated more than 2000 events across Australia,
including the return of the Hayabusa2 SRC.

In contrast to meteors and fireballs, the re-entry of SRCs is a
much rarer event. Since the first SRC re-entry of National
Aeronautics and Space Administration’s Genesis in
September 2004 (ReVelle et al., 2005), there have only been four
other re-entries: Stardust (ReVelle and Edwards, 2007),
Hayabusa (Ishihara et al., 2012), Hayabusa2 (Nishikawa et al.,
2022; Sansom et al, 2022), and most recently OSIRIS-REx in
September 2023 (Fernando et al., 2024; Silber and Bowman,
2025). The last four events were monitored using seismic
Sensors.

Because trajectories of re-entry events are less energetic
than natural fireballs, capturing their shock wave signals
can be more challenging. However, studying these events
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remains crucial because SRCs can be considered as artificial
meteors, entering the Earth’s atmosphere at the lower limit
of the velocity range for meteors (12 km/s). They allow instru-
ments to be deployed at a known time and location, and a scale
and focus that would not be feasible for sporadic fireballs. They
also allow us to gain insights and deepen our understanding of
natural meteoroid entries.

Because SRCs are not expected to undergo fragmentation or
airburst, direct airwave signals are hypothesized to originate
from the ballistic trajectory (shock mechanism 1; SM1). We
further hypothesize that seismic signatures recorded from
other fireball events, where SM1 is the dominant source,
may exhibit common characteristics. This would mean that
fireball events lacking energetic fragmentation or airbursts
may be distinguishable from cases where such phenomena
occur (potentially involving SM2 or SM3). This would allow
seismic data the capability of ball-parking whether any particu-
lar fireball event underwent significant fragmentation/airburst,
key phenomena for assessing body strengths.

In this study, we test the initial hypothesis by analyzing seis-
mic records from the re-entry of the Hayabusa2 SRC, using
data from the Geological Survey of South Australia’s tempo-
rary 5G/6K AusArray networks (Eakin, 2018; O’Donnell
et al., 2020), which were operational at the time. The suite
of analyses we perform aims to examine the source of the shock
and its connection to the object’s trajectory, supported by a
visualization tool based on the filterbanks technique.

Following this, we then compare the Hayabusa2 signal to
those from other case studies. Cross-correlation techniques
are commonplace for analyzing signals from a single event across
distributed sensors. Here, we apply this method to compare dif-
ferent events, to probe signal similarities that may imply similar
shock mechanisms. This is an exploratory study based on four
case study events, intended to investigate whether seismic signals
could be used to disambiguate the source shock mechanism and
infer whether a fireball likely underwent fragmentation. This is
particularly valuable for events where no optical data were
recorded, or there is limited seismic sensor coverage. Because
most fireballs are from unplanned, sporadic events, the density
of sensors will greatly vary. The full suite of analyses conducted
here for the Hayabusa2 case is rarely feasible. Being able to
extract such information as the likely shock mechanism from
a single seismic sensor would be extremely valuable.

Case Study Events

SRC re-entry: Hayabusa2

On 3 December 2014, the Hayabusa2 mission was launched
toward the asteroid 162173 Ryugu. To study this near-Earth
asteroid, Hayabusa2 was tasked with collecting samples from
its surface and bringing them back to Earth (Fujita et al., 2011).
Nearly six years later, on 5 December 2020, the SRC of the
Japanese mission returned to Earth, with a planned landing
in the Woomera prohibited area in South Australia. To record
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this predicted re-entry, various sensors were deployed, includ-
ing cameras, radio antennas, seismic, and infrasound sensors
(Nishikawa et al., 2022; Sansom et al., 2022). The SRC re-
entered the atmosphere at an ~12° angle. It started its bright
flight (luminous phase) at 73 km altitude at an entry velocity of
11 km/s. The bright flight lasted ~26.5 s, and covered 232 km,
ending at an altitude of 41 km with a speed of 5 km/s.

Natural event: Fireball DN210112_02

The DN210112_02 fireball event took place on 12 January 2021,
over Lake Torrens, South Australia, and was captured by eight
DEN cameras (Howie et al., 2017; Devillepoix et al., 2020).
Among the more than 2000 fireball events observed and trian-
gulated by the DFN, this event was specifically selected because
it also entered over the temporary 5G/6K AusArray networks
(Eakin, 2018; O’'Donnell et al., 2020) during their operational
period. Data reduction and triangulation were performed using
established methods within the DFN pipeline (e.g., see
Devillepoix et al., 2022, and references therein). As expected
for a natural event, its initial speed was significantly higher than
for the SRC re-entries, entering the atmosphere at 37 km/s. The
bright flight started at 95 km altitude, ending at 48 km. The
bright flight lasted only 3 s, with a slope of 27°, ending with
a speed of 22 km/s. This event is unlikely to have any surviving
material (no meteorites). Although its orbit suggests a potential
cometary origin (Tisserand parameter of 1.6), it did not display
any significant fragmentation or airburst events. This event will
allow us to compare our method for ballistic signal identification
with a natural event.

Human-made space debris: Soyuz re-entry

On 7 August 2023, multiple witnesses in Melbourne and
Tasmania, Australia, reported observing a fireball and hearing
a sonic boom, which were traced back to the re-entry of the
upper stage of a 2.5 ton Russian Soyuz 2.1b rocket. The rocket
had originally delivered a GLONASS navigation satellite into
orbit. The debris was intended to be discarded into the southern
Ocean, and a low chance of fragmentation was expected.

In addition to capturing natural fireball events, such as
DN210112_02, DFN cameras can also record the re-entry of
human-made objects into Earth’s atmosphere. This capability
was demonstrated in December 2020 for the Hayabusa2 SRC
re-entry, when 17 DEN cameras were used to triangulate its
trajectory (Sansom et al., 2022), as well as capturing the begin-
ning of the Soyuz re-entry. The Soyuz, being a suborbital
launch vehicle, entered at a lower speed of 7.3 km/s and slowed
to a final velocity of 6 km/s, with a trajectory slope of 1.7°. The
bright flight began at an altitude of 78 km.

Natural event: Queensland fireball

On 20 May 2023, a large meteoroid entered Earth’s atmosphere
over North Queensland, Australia. This fireball was detected
from orbit by the U.S. government sensors (Center for Near
Volume XX« Number XX -«
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TABLE 1
Seismic Stations and Corresponding Shortest
Distance Ranges for all Studied Events

Number of Distance
Events Stations Used Ranges (km)
Hayabusa2 (SRC re-entry)  18* 39-184
DN210112_02 event 6t 360-265
(Natural fireball)
Soyuz (Spacecraft re-entry) 47 65-127
Queensland fireball 11 198

(Natural fireball)

*Compare to Table 2.
fCompare to Table A1.

Earth Object Studies, see Data and Resources), which estimated
its energy release at 7.2 kilotons of TNT, making it the fifth most
energetic event over land in the world. Casual video and surveil-
lance footage of this event were used to recreate the trajectory,
which has been validated by E. A. Silber et al. (unpublished
manuscript, 2025, see Data and Resources). There was a signifi-
cant final airburst, with likely other fragmentation events
throughout the trajectory. We would expect signals from this
event to differ from all other cases.

Data and Methods

The main data sources used are seismic data and triangulated
fireball trajectory data for each of the case studies. Raw seismic
data were acquired for all the case study events by addressing a
request through the webservice provided by International
(FDSN)
(International Federation of Digital Seismograph Networks
[FDSN], 2012) to the Australian National Seismograph
Network to access the “AU” network (Geoscience Australia,
2021). Stations in the AU network are sparsely and unevenly
distributed, with only a few stations located close enough to

Federation of Digital Seismograph Networks

detect direct-coupled airwaves for most of the studied events
(see Table 1). In addition to these, by acquiring permission from
data holders, access to additional data from two restricted net-
works, “5G” (Eakin, 2018) and “6K” (O’Donnell et al., 2020),
was obtained. These networks are high-density seismic networks
with limited operational time, running from 2018 to 2022
and from 2020 to 2022, respectively. Their coverage includes
the Hayabusa2 SRC re-entry case, as well as the natural
DN210112_02 event. The data from the 5G and 6K networks
are a unique opportunity to investigate the airwave signals
across a dense array of sensors (Fig. 1). The Python language
(Van Rossum and Drake, 2009) and its dedicated seismic library
ObsPy (Beyreuther et al., 2010; Krischer et al., 2015) were used
to process and analyze these seismic data. This involved using
the obspy.signal module to remove the instrument response,
convert data to velocity, and apply filtering as detailed
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subsequently. The infraGA package (see Data and Resources)
(Blom and Waxler, 2012, 2017) was used to confirm that all
recorded sources were from direct airwaves, with no identifiable
waveguides reaching the ground, using the atmospheric model
for the Hayabusa2 re-entry region of Nishikawa et al. (2022).
The trajectory information of the Hayabusa2 re-entry and
DN210112_02 used in this study was provided by the DFN.

Initially, we wish to conduct an in-depth analysis of the
Hayabusa2 SRC re-entry in which the density of seismometers
allows for a full suite of analyses. This will validate our signal
identification method for other events and validate the source
shock mechanism from the ballistic trajectory. We began by
utilizing a visualization tool based on the filterbanks technique,
which allows us to identify the frequency range in which sig-
nals are clearly defined above noise. Subsequently, we proved
the source origin of the trajectory of the SRC re-entry using
established methods such as wave velocity estimation, cross
correlations, and polarization analyses.

Following on from a successful confirmation of SM1 for the
Hayabusa2 case, we will use the isolated SM1 signal and use it
as a reference for other events. To perform our comparison, we
first identify event-related signals for other case studies using
the same filterbanks technique used in the Hayabusa2 case. To
then compare events, we do a cross-correlation between the
Hayabusa2 SRC re-entry with available data from each case
study to investigate similarities in signals and potentially con-
strain the source shock mechanism.

Filterbanks technique

This method provides an approach for visualizing seismic data
across different frequencies. It draws inspiration from the work
of Butterworth (1930), Duval and Resten (2000), as well as the
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Figure 1. Hayabusa2 sample return capsule (SRC) re-entry trajec-
tory. (a) Large-scale view of the re-entry trajectory over a dense
network of seismic stations (green triangles in dashed rectangular
box). (b) Zoomed-in view: X symbols mark the points along the
SRC trajectory, with orange indicating the start of the bright flight
(luminous phase during atmospheric entry) and red marking the
end. The green, filled triangles represent the 18 stations selected
for the Hayabusa2 re-entry study. Unfilled green triangles indicate
stations that were not used in the study. The color version of this
figure is available only in the electronic edition.

filterbanks technique used by the InSight team to plot Marsquake
signals at individual frequencies (Clinton et al, 2021; Ceylan
et al, 2022; Kawamura et al, 2023). In our approach, after
removing the instrumental response, the data are filtered into
narrow frequency bands ranging from 0.01 to 20 Hz using
the ObsPy band-pass filter, implemented as a one-pass, four-pole
Butterworth filter with a roll-off rate of 24 dB per octave beyond
the —3 dB corner frequencies (Beyreuther et al, 2010; e.g., Fig. 2).
We selected this frequency range because it allows us to capture
both long-period seismic waves, such as surface waves, and high-
frequency waves such as direct airwaves, enabling the detection
of all types of waves generated by an atmospheric re-entry.
To ensure evenly spaced frequency bands on a logarithmic scale,
the frequencies are represented as a power of 10, with an expo-
nent value increasing by 0.25 at each step, starting from 107
(0.01 Hz) up to the upper limit of 20 Hz.

This method also allows us to visually identify frequency
bands with detectable signals and a favorable signal-to-noise
ratio (SNR) for analysis. When multiple stations are within
the range of a fireball trajectory, the station with the lowest over-
all noise is used as a reference station to determine the optimal
Volume XX« Number XX
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frequency bounds of the band-pass filter to study a given event.
For example, in the Hayabusa2 case, a band-pass filter with a
range of 1-19 Hz is chosen based on the MCDOU filterbanks
visualization (Fig. 2) and applied to filter data from all other
stations within a 300 km radius around the midpoint of the
SRC re-entry trajectory. For signal comparisons in this study,
data from the vertical component are used, and the 1-19 Hz
band-pass filter is applied to all stations being compared.

To constrain an approximate time window for the expected
arrival of the acoustic wave to each station, we first calculate the
shortest distance between the seismic station and the bright flight
of the SRC, which represents the luminous phase during atmos-
pheric re-entry. The latest arrival (right boundary in Fig. 3) is
calculated using this distance and a sound speed of 263 m/s, cor-
responding to the sound speed at an altitude of 72.9 km (start of
the SRC luminous flight), based on the atmospheric model for
the Hayabusa2 re-entry region (Nishikawa et al., 2022). For the
earliest arrival (left boundary in Fig. 3), the shortest distance is
again used, but in combination with the maximum sound speed
of 347 m/s, representing the sound velocity at ground level from
the same atmospheric model. At this stage, a direct arrival and,
therefore, straight-line propagation is assumed.

Validating the signal from filterbanks: Hayabusa2
case

Eighteen seismic stations with clear signals and high SNRs
were selected to study the Hayabusa2 SRC re-entry. Because
Volume XX« Number XX
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Figure 2. Application of the filterbanks method on seismic records
of the Hayabusa2 re-entry from the MCDOU (6K) station, a three-
component seismometer (a—c) (vertical, north, and east). Fourteen
band-pass filters have been applied, with equal increments in log
space. These are in intervals of 0.01 x 109237, in which n increases
by 1 for each band pass. The x-axis corresponds to the elapsed
time since the start of the event (17:28:54 UTC). Note, the
frequencies above 1 Hz show the greatest signal-to-noise ratio
(SNR), and will be used to define the lower limit of the band-pass
filter for this event. The color version of this figure is available only
in the electronic edition.

signals have been found within the time window of the shock
wave’s arrival (compare to Fig. 4), they are considered as
potential candidates for originating from the Hayabusa2 re-
entry. To confirm this source and categorize the signals, three
validation steps were defined, as outlined subsequently.

Average apparent wave velocity computation.

Estimating the apparent velocity of the wave recorded at the
seismic stations helps us identify the type of wave being
observed. The aim here is not to determine an exact velocity,
but rather to assess whether the wave is likely to originate from
an atmospheric, acoustic source, or a ground-coupled wave.
Effects such as wind, atmospheric temperature, and pressure
variations will affect the former, while local geology will affect
the latter. However, an atmospheric source would travel at
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Figure 3. Hayabusa2 SRC re-entry expected arrival time at MCDOU (6K) seismic station, with

reference to the filterbanks filtering of the vertical signal component. The green rectangle rep-
resents the time window during which a direct shock wave would be expected, given the shortest
distance to the station, and a minimum (263 m/s) and a maximum (347 m/s) sound wave speed.
The higher frequencies show the higher SNR. The x-axis corresponds to the elapsed time since the
start of the event (17:28:54 UTC). The color version of this figure is available only in the electronic

and Paul, 2008), followed by
normalization of the result.
This analysis helps us verify if
nearby stations are detecting the
same event and, most impor-
tantly, if all detected signals
can be confidently attributed
to the Hayabusa2 SRC re-entry.

To do so, for each pair of sta-
tions, one signal is selected and
serves as the reference, with a
focus on a 6 s window centered
around its peak absolute ampli-
tude. The second station’s
signal spans 500 s. The correla-
tion between the two signals is
performed by sliding the 6 s
reference signal across the full
length of the 500 s signal. The
resulting coeffi-
cients (ranging from 0 to 1
(or —1)) quantify the similarity
between each combination of

correlation

edition.

signals. These coefficients are

velocities closer to the typical speed of sound (=300 m/s),
whereas seismic waves are generally an order of magnitude
faster, making them distinguishable. To calculate the apparent
wave velocity at each of the 18 selected stations, we used the
following well-known relation:

V=T (1)

in which d is the shortest distance between the station and the
re-entry trajectory, and ¢ is the wave’s arrival time (in seconds
elapsed since the start of the event at 17:28:54 UTC).

We then computed the average of the wave velocities
obtained across all stations. This approach provides an esti-
mate of the apparent wave’s velocity, allowing us to assess
whether it is on the order of the sound speed or closer to typical
seismic wave velocities. If the velocity approaches the speed of
sound, we employ shock propagation modeling using infraGA
(Blom, 2024) to investigate whether the signals are direct arriv-
als or if they suggest the presence of an atmospheric waveguide.

Cross-correlation analysis. To confirm the source of the
signals for the Hayabusa2 SRC, we take advantage of the high-
density network to assess the similarities between signals from
stations located at different distances from the re-entry event.
A cross-correlation analysis was performed by sliding one over
another and calculating the product of their values at each time
shift (Shapiro and Campillo, 2004; Curtis et al., 2006; Campillo
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compiled into a histogram for
further analysis.

To assess the significance of the correlation coefficient
obtained when the reference signal correlates with the 6 s win-
dow of the second signal containing the presumed shock wave
arrival, we must account for the contribution of background
noise. To do this, we employed the time-reversed template
approach developed by Slinkard et al. (2014). Because the
reference signal is not expected to strongly correlate with
the time-reversed signal, this method helps establish a thresh-
old coefficient at which the correlation begins to trigger on
noise. We computed this correlation coefficient threshold
using a false alarm rate (FAR) set at 0.1%. This means that a
correlation coefficient exceeding the threshold has only a 0.1%
chance of being due to noise. In our case, the Slinkard et al.
(2014) method involves time-reversing the 500 s signal and
applying the correlation process in this reversed state. The cor-
relation coefficient from the forward correlation is then com-
pared against the threshold. If the coefficient exceeds the
threshold, the correlation is deemed significant because it sur-
passes the FAR.

Signals recorded by distributed sensors of the same event
will be somewhat affected by the local geology as well as dis-
tance to the source. We do not expect perfect correlations, but
by identifying those that are statistically significant, we hope to
distinguish between the main source shock mechanisms.

Polarization analysis. Polarization analysis determines the
direction of arrival of a signal relative to the seismic station
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Figure 4. Hodochrone of seismic signals observed across the selected stations during Hayabusa2 SRC

re-entry, plotted relatively to their shortest distances from the event (y-axis). The seismic traces are
band-pass filtered between 1 and 19 Hz and represent the normalized vertical velocity. The green
window marks the time frame in which the shock waves are expected to arrive at the stations, with a
lower boundary indicating the highest possible sound speed (347 m/s) and the upper boundary
indicating the lowest possible sound speed (263 m/s). The x-axis shows the elapsed time since the
start of the event (17:28:54 UTC). Note: Some stations have very similar distances to the re-entry
trajectory, causing their traces to overlap on the figure, though they represent two distinct signals.
The color version of this figure is available only in the electronic edition.
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where it was recorded
(Bormann and  Wielandt,
2013), providing valuable

insights into its origin. Using
ObsPy’s particle-motion func-
tion (Beyreuther et al, 2010),
the motion is visualized as a
vector, revealing both the
direction and amplitude of
the wave’s movement. In this
study, we analyzed particle
motions from selected stations
to help identify the origin of
the observed signals. It is
expected that if the motions
for all stations converge toward
the same location (sensor loca-
tion agnostic), it would suggest
a point source with a quasi-
spherical shock produced by
a fragmentation or airburst
event. In contrast, for a ballistic
shock source mechanism, the
shock wave is generated con-
tinuously along the trajectory.
Particle motions for each sen-
sor will point toward the short-
est distance to the trajectory,
and therefore appear to come
from different locations along
the re-entry path.

Particle motions were com-
puted using only the horizontal
components
(north and east) because we
are primarily concerned with
the azimuth angle. They were

of the sensors

calculated for a focused win-
dow around the first and
strongest arrival of the signals,
with a duration of 0.5 s. We
found that varying the window
size did not significantly affect
the results. To ensure clarity in
visual representation, particle
motions
across all stations in the fig-
ures. Polarization of the signals
are also affected by local geol-
ogy and incidence angle of the
source, though the azimuths of
particle motion are mostly
unaffected.

were normalized
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This technique is applied to the dense Hayabusa2 SRC data
only. Initially, we considered using polarization analysis to
determine the source of the signals for the other case study
events as well. The Hayabusa2 SRC re-entry provided an ideal
and relatively unique setup with a dense and well-distributed
seismic network, which made the polarization feasible.
However, this was not the case for the other events. For
instance, even though the DN210112_02 fireball occurred in
the same region as Hayabusa2, it entered at the edge of the
dense network, with all stations positioned on one side of
the fireball’s trajectory. This asymmetry made interpreting
the polarization results challenging. We encountered similar
issues with station distribution for the Soyuz re-entry and
had only one available station for the Queensland fireball.
This will likely be the case for the majority of fireball events
recorded by seismometers. As a result, beyond using it to val-
idate the results of Hayabusa2 SRC, we decided not to pursue
polarization analysis for the signal sources’ identification.

Given that the Hayabusa2 SRC signal source was expected
to be linked to its ballistic trajectory (and was confirmed in the
Results section), we opted to compare the signals’ origin from
the different events using cross-correlations instead.

Cross-event signal correlations

As part of the validation step described earlier, cross-correla-
tions were performed between signals from the same event
(Hayabusa2 SRC re-entry), recorded by different seismic sta-
tions. Here, we present a derived cross-correlation analysis
comparing the Hayabusa2 re-entry signal with signals from
the other case study events. To achieve this, the signal recorded
at MCDOU (6K) station was used as the reference for the
Hayabusa2 re-entry. This 6 s reference signal is centered on
the peak of absolute maximum amplitude. Signals from the
other events were filtered within the same frequency range
as the Hayabusa2 re-entry, between 1 and 19 Hz.

We anticipate high correlation coefficients for signals from
the ballistic trajectory shock wave. In contrast, signals from
disruptions or airbursts may show lower correlation coeffi-
cients, depending on how they interact with the ballistic wave
at different distances. Here, again, we evaluate the correlation
coefficient significance using the time-reversed template
approach (Slinkard et al., 2014) and the computation of the
correlation coefficient threshold value with an FAR of 0.1%.

Results

This section details the results obtained from the analysis of the
seismic records of the Hayabusa2 SRC re-entry and provides a
comparison between the Hayabusa2 signals with those from
the other case study events.

Hayabusa2 SRC

The Hayabusa2 SRC re-entered Earth’s atmosphere on 5
December 2020, at 17:28:54 UTC. Of the 18 stations selected

8 Seismological Research Letters

TABLE 2

Selected Seismic Stations for Hayabusa2 SRC Re-
Entry Analysis, with Corresponding Signal Arrival
Times and Shortest Distances to the Re-Entry
Trajectory

Station Name Arrival Time (UTC Distances to

(Network) hh:mm:ss) Trajectory (km)
MTEBA (6K) 17:31:32 39
INGOM (6K) 17:31:51 50
MCDOU (6K) 17:32:07 51
BONBO (6K) 17:32:10 54
TWINS (6K) 17:32:28 60
MILCK (6K) 17:32:34 60
WPARP (6K) 17:32:04 72
WHYML (6K) 17:33:34 74
COOND (6K) 17:33:57 95
AEBO4 (5G) 17:34:16 96
PARAK (6K) 17:33:58 107
AES06 (5G) 17:34:58 107
WILGE (6K) 17:35:55 118
WPARC (6K) 17:34:16 118
AES04 (5G) 17:35:38 123
DOGFM (6K) 17:35:30 123
MULG (AU) 17:36:09 128
WYNBR (6K) 17:38:50 184

with high SNRs, the first signal of the re-entry was detected by
MTEBA (6K) at 17:31:32, ~2 min 30 s after the re-entry began
(Fig. 4). MTEBA is the closest station to the SRC’s trajectory,
with its shortest distance calculated to be 39 km. In contrast,
the latest signal was recorded at WYNBR (6K) at 17:38:50,
~183.8 km from the trajectory at its closest point. The arrival
times of signals detected at all 18 selected stations, along with
their shortest distances to the re-entry trajectory, are presented
in Table 2.

The first step in the validation process was to categorize the
type of waves that were recorded. The average wave velocity
estimation yielded a velocity of 257 m/s, which is closer to
the speed of sound (~340 m/s) than to typical seismic wave
velocities, which are on the order of thousands of meters
per second. This suggests that the recorded signals are likely
associated with the atmospheric arrival of the shock wave gen-
erated by the SRC re-entry. In addition, the shock propagation
modeling using infraGA (Blom, 2024) also confirmed that all
paths to the ground were direct arrivals, reaching up to 150 km
from the trajectory. We ran the infraGA model from both the
start and end point of the Hayabusa2 SRC luminous fireball
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trajectory, in all directions. In all cases, the direct arrivals show
a single bounce, and any identified waveguides do not reach
ground level. Figure 5 shows an example output from the
end of the trajectory toward the East (azimuth: 90°), showing
the direct arrivals only, as well as the path of any bounces.

Cross-correlations were then performed between the 18
selected stations. Figure 6 illustrates the cross-correlation
between stations MCDOU (6K), used as the reference signal
here, and station AES06 (5G). In Figure 6b, the highlighted
window corresponds to the presumed arrival of the shock wave
in the AES06 signal, which we attribute to the Hayabsua2 re-
entry. In addition, Figure 6d shows that the correlation coef-
ficient for this window (0.67) is significantly higher than the
threshold correlation coefficient (0.13). This suggests that if
the reference signal originates from the Hayabusa2 SRC re-
entry, AES06’s signal likely does as well.

Figure 7a summarizes the results of the cross-correlation
analysis for all 153 combinations of correlations performed
between the 18 stations. It displays the difference between
the threshold coefficient and the actual correlation coefficient
for each station pair. Differences above 0 indicate that the sig-
nals from both stations are similar enough to be distinguished
from the background noise. In total, 117 station pairs have
cross-correlation coefficients above the threshold.

Figure 7a also shows a decrease in correlations toward the
lower right of the matrix, particularly beyond the WHYML sta-
tion. DOGFM station also shows particularly poor results, with
negative coefficients in its correlations with all other stations.
Because stations are sorted by their proximity to the re-entry
Volume XX« Number XX
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Figure 5. Outputs of infraGA model for raytracing of shock waves,
using the atmospheric model of Nishikawa et al. (2022). The
source height of 41 km represents the end of the Hayabusa2
luminous fireball trajectory. Sampling is every 5° from vertical to
horizontal, toward an azimuth of 90° (east). (a) Direct arrivals
only, and (b) the continued propagation after “bouncing.” The
dark red points at ground level show a single contact point with
the Earth. The color version of this figure is available only in the
electronic edition.

trajectory (see also Table 2), this decrease in correlation coef-
ficients is likely due to a distance limitation. The decrease after
the WHYML station could therefore correspond to a limit at
approximately 80 km. Other factors, such as local geology,
which are not considered here, could also contribute.

Finally, in the polarization analysis, particle motions of 14
of the 18 selected stations show notable horizontal orienta-
tions. The vertical component was excluded because we have
determined the signal originates from the atmosphere rather
than any coupled or surface waves. Their motions point toward
multiple points along the trajectory, which aligns with expect-
ations for a ballistic shock wave origin, as presumed for
Hayabusa2 SRC. For stations closer to the end of the re-entry,
the particle motions appear to converge on a single point,
which we interpret as the cone front. In contrast, stations
higher along the re-entry path display orientations almost
perpendicular to the trajectory (Fig. 7b). Of the four stations
that show little preference, three are directly in line with the
re-entry path.
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Because we see for this event, the dense distribution of sen-
sors is fundamental to using this polarization technique to dis-
tinguish likely source mechanisms. It cannot be generalized
where seismic stations are typically sparse or inconsistently
located with respect to sporadic events.

Searching for common signals
The following Table 3 presents the results of comparing the
Hayabusa2 SRC signal from the reference station MCDOU
with those form other case study events: the DN210112_02
fireball, the Soyuz re-entry, and the Queensland fireball.

The cross-event analysis yielded
promising results when comparing Hayabusa2 SRC with both

signal correlation

10 Seismological Research Letters

Time (s)

Figure 6. Hayabusa2 cross-correlation analysis. Seismic data are
normalized, filtered between 1 and 19 Hz and represent the
vertical ground velocity. (a) Reference signal (6 s long window of
signal recorded at MCDOU (6K) station). (b) Signal recorded at
AESO06 (5G) station, located 127.7 km from MCDOU station. The
green dashed lines represent the containing the presumed shock
wave arrival. (c) Correlation coefficient as a function of the
second signal window lag. (d) Distribution of the correlation
coefficients. The red line corresponds to the correlation coeffi-
cient threshold computed using the time-reversed template
approach (Slinkard et al., 2014) and with a false alarm rate (FAR)
of 0.1%. (e) Zoomed in within the window containing the
presumed shock wave arrival. The color version of this figure is
available only in the electronic edition.
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the DN210112 02 fireball and the Soyuz re-entry. For
DN210112_02,
0.13, and the correlation with the window containing the pre-
sumed shock wave arrival returned a coefficient of 0.46, well
above the FAR (Fig. 8). Similarly, for the Soyuz re-entry, a cor-
relation coefficient of 0.28 was obtained in the window contain-

the correlation coefficient threshold was

ing the presumed shock wave where there was a correlation
coefficient threshold of 0.18 (Fig. 9). In both cases, the correla-
tion coefficients exceeded the threshold coefficients, indicating a
significant similarity between the signals. In contrast, the cross-
event signal correlation with the Queensland fireball, known to
have had a significant airburst event, yielded a correlation coef-
ficient of 0.14, below the threshold value of 0.22 (Fig. 10).

Discussion and Conclusions

In this study, we began by analyzing seismic records from the
re-entry of the Hayabusa2 SRC. To identify relevant signals, we
employed a visualization tool, based on the filterbanks tech-
nique, which splits the signal into narrow-frequency bands.
This approach allowed us to highlight the signal’s frequency
content and helped determine the optimal frequency range
for filtering the data. The connection between the observed sig-
nals and the SRC re-entry was then confirmed through a three-
step validation process. This analysis demonstrated an average
wave velocity falling within the speed of sound range, sta-
tistically significant correlation coefficients for most stations,
and signal polarizations that align with the re-entry trajectory.
The polarization analysis also further reveals that the shock
wave origin is the ballistic trajectory, more specifically, from
the Mach cone produced by the SRC’s hypersonic passage
through the atmosphere. This finding is consistent with the
dynamic characteristics known for the Hayabusa2 SRC; built
to withstand atmospheric re-entry.
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Correlation difference

(b)

Figure 7. Results of the cross-correlation and polarization analyses
of the Hayabusa2 SRC re-entry signal. (a) Cross-correlation matrix
showing the correlation coefficient after subtracting the back-
ground noise contribution. If the correlation difference value is
below 0O, the correlation may have been triggered by noise.

(b) Normalized particle motion of the Hayabusa2 re-entry signal
recorded by 18 selected stations on the horizontal components
(north versus east). The orange-red arrow indicates the SRC
trajectory. The color version of this figure is available only in the
electronic edition.

Given the confirmed ballistic shock wave origin (SM1), we
used the Hayabusa2 signal as a reference in an attempt to iden-
tify other events with ballistic trajectory origins. Cross-corre-
lations with signals from the other case study events were
therefore performed. Statistically significant correlation coeffi-
cients were obtained for both the DN210112_02 fireball and
the Soyuz re-entry using this cross-event signal correlation
technique, suggesting that signals from these two events also
originate from the ballistic trajectory. In contrast, the lower

TABLE 3
Cross-Event Signal Correlation Analysis Outcomes

Airburst and/or Highest
Events Fragmentation CC
DN210112_02 event No 0.46
(Natural fireball)
Soyuz (Spacecraft re-entry) No 0.28
Queensland fireball Yes 0.14

(Natural fireball)

CC, correlation coefficient.
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correlation observed for the Queensland fireball suggests a dif-
ferent origin. This aligns with the known dynamic character-
istics of the Queensland event, which involved an airburst and
likely fragmentation (Silber et al., 2024). These phenomena
generate spherically propagating shock waves that can interfere
with each other as well as with the ballistic shock wave, poten-
tially resulting in a more complex waveform. However, the
analysis of this event is limited by the fact that only one station
was available in the region of the Queensland bolide entry,
restricting the depth of interpretations.

Although factors such as the local geology, source-receiver
distances, atmospheric conditions, impacting body, and its
trajectory characteristics or the fact that the waveform is a con-
volution of multiple sources were not considered in this study, we
acknowledge their influence on signal waveforms and, conse-
quently, on the cross-correlation results. Despite these unstudied
effects, the technique of comparing the ballistic trajectory source
of the Hayabusa2 SRC signal to other fireball events appears to
yield promising results. High correlations were observed for the
two events that lacked fragmentation/airburst (DN210112_02
fireball and Soyuz re-entry), even though the Soyuz re-entry
occurred in a different region than the Hayabusa2 re-entry.
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Figure 8. Cross-event signal correlation between the Hayabusa2
re-entry and DN210112_02 fireball. Seismic data are normalized,
filtered between 1 and 19 Hz and represent the vertical ground
velocity. (a) Reference signal (6 s long window of signal recorded
at MCDOU (6K) station). (b) Signal from the DN210112_02
fireball recorded at AEB13 (5G) station. The green dashed lines
represent the containing the presumed shock wave arrival.

(c) Correlation coefficient as a function of the second signal
window lag. (d) Distribution of the correlation coefficients. The
red line corresponds to the correlation coefficient threshold
computed using the time-reversed template approach (Slinkard
et al.,, 2014) and with an FAR of 0.1%. The color version of this
figure is available only in the electronic edition.

And as anticipated, a low correlation coefficient was found for
the Queensland fireball, which an airburst.

Once the dynamic behavior of SRCs in the atmosphere is
better understood and the technique refined to account for other
factors such as the geological and atmospheric factors, this
approach could provide valuable insights into dynamic entry
processes for natural events occurring within the range of seis-
mic networks, helping determine whether a fireball underwent
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fragmentation/airburst or not. This is particularly useful in areas
with limited optical network coverage. The method also shows
promise for monitoring space debris re-entries. Space debris re-
entries are a growing concern, and currently, there is no reliable
way to verify whether a planned event has occurred over
Australia aside from eyewitness reports or DFN observations.
Although planning debris re-entries, such as the Soyuz case
study, have high time uncertainties, their ground track are gen-
erally well constrained. Hence, once improved, this method
could be applied for template match searches within predicted
re-entry windows. This capability would be particularly valuable
for validating re-entries and refining re-entry time estimates.
Another interesting future direction would be to construct
event-specific filters by comparing the spectral content of
the signal to the background noise, potentially improving the
detection and isolation of SRC signatures.

Data and Resources

Seismic data from the “AU” network are publicly available via the
FDSN service hosted by GeoscienceAustralia (2021) (https://auspass
.edu.au, last accessed January 2025). Seismic data from the “5G” and
“6K” networks are restricted and not publicly available, but can be
accessed upon request from their respective owners (Eakin, 2018;
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Figure 9. Cross-event signal correlation between the Hayabusa2
and Soyuz re-entries. Seismic data are normalized, filtered
between 1 and 19 Hz and represent the vertical ground velocity.
(a) Reference signal (6 s long window of signal recorded at
MCDOU (6K) station). (b) Signal from the Queensland fireball
recorded at MTSU (AU) station. The green dashed lines represent
the containing the presumed shock wave arrival. (c) Correlation
coefficient as a function of the second signal window lag.

(d) Distribution of the correlation coefficients. The red line cor-
responds to the correlation coefficient threshold computed using
the time-reversed template approach (Slinkard et al., 2014) and
with an FAR of 0.1%. The color version of this figure is available
only in the electronic edition.

O’Donnell et al., 2020). The infraGA package is open-source and avail-
able at https://github.com/lanl-seismoacoustics/infraga (last accessed
February 2024; Blom and Waxler, 2012, 2017). The data on the fireball
detection from orbit are available at cneos.jpl.nasa.gov (last accessed
January 2025). The unpublished manuscript by E. A. Silber, M. R.
Giannone, E. K. Sansom, H. A. R. Devillepoix, D. Vida, L. Schaible,
M. Boslough, I. Clemente, D. Segon, L. Tyers, et al (2025),
“Ground-to-space detection of a superbolide over Queensland,
Australia on 20 May 2023,” submitted to Astron. J.
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Appendix

This appendix provides a complete list of the seismic stations
used in the analysis of the three selected case study events. The
table includes stations codes and network affiliations. These
stations were chosen based on their data quality and geo-
graphic relevance to each event’s trajectory.

TABLE A1
List of the Seismic Stations Utilized for Three of the
Case Study Events

Events Seismic Stations Used

DN210112_02 event
(Natural fireball)

SOGAP, KOOTA, ARCOO, YUDNA, WHYML
(6K), and AEB13 (5G)

Soyuz (Spacecraft BRAT, GEXS, GVL, and TOO (AU)

re-entry)

Queensland fireball MTSU (AU)

(Natural fireball)
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