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SUMMARY

We present infrasound signals generated by four fireball events occurred in Western Alps
between 2016 and 2019 and that were recorded by small aperture arrays at source-to-receiver
distances <300 km. Signals consist in a series of short-lived infrasonic arrivals that are
closely spaced in time. Each arrival is identified as a cluster of detections with constant
wave parameters (backazimuth and apparent velocity), that change however from cluster to
cluster. These arrivals are likely generated by multiple infrasonic sources (fragmentations
or hypersonic flow) along the entry trajectory. We developed a method, based on 2-D ray
tracing and on the independent optically determined time of the event, to locate the source
position of the multiple arrivals from a single infrasonic array data and to reconstruct the 3-D
trajectory of a meteoroid in the Earth’s atmosphere. The trajectories derived from infrasound
array analysis are in excellent agreement with trajectories reconstructed from eyewitnesses
reports for the four fireballs. Results suggest that the trajectory reconstruction is possible for
meteoroid entries located up to ~300 km from the array, with an accuracy that depends on the
source-to-receiver distance and on the signal-to-noise level. We also estimate the energy of
the four fireballs using three different empirical laws, based both on period and amplitude of
recorded infrasonic signals, and discuss their applicability for the energy estimation of small

energy fireball events (< 1kt TNT equivalent).
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1 INTRODUCTION

Meteoroids of various sizes continuously enter the Earth’s atmo-
sphere with velocities ranging between 11 and 73.6 kms™' (Drol-
shagen et al. 2020). Accurate detection of fireballs (or bolides, i.e.
large bright meteors) is essential to accurately estimate the rate of
meteoroid entries into the atmosphere and, therefore, also to assess
the risk associated with the impact of large meteorites on the Earth
surface.

Passing through the atmosphere, a meteoroid intensely vaporizes,
due to thermal friction caused by interaction and impacts with the
gas molecules and undergoes ablation (Ceplecha et al. 1998; Ce-
plecha & ReVelle 2005), mostly in the form of small solid fragments
loss. Depending on its mass and velocity, the meteoroid may frag-
ment in the last phases of its descent (Ceplecha et al. 1993; Brown
et al. 1994; Borovicka & Kalenda 2003), whenever the aecrodynamic
pressure exceeds the mechanical strength of the meteoroid (Bron-
shteyn 1995; Artemieva & Shuvalov 2001). These processes cause
the bright light (meteor/fireballs) that is often reported at night.

Fireballs and meteors observations are traditionally carried out
with optical techniques (Spurny et al. 2006; Cooke & Moser 2011),

such as all-sky cameras. However such observations are possible
only at night and in presence of favorable meteorological conditions.

Recently infrasonic detection of meteoroids and meteorites has
gained attention (Brown et al. 2011; Silber ef al. 2011; Le Pichon
etal. 2013; Pilger et al. 2015; Pilger et al. 2020). Indeed, a meteoroid
falling through the atmosphere produces infrasound, low frequency
(< 20 Hz) sound, both during its hypersonic entry (Plooster 1970;
Whitham 1974) and because of fragmentation episodes (Cumming
1989; Silber et al. 2018).

With an appropriate detection system, infrasound potentially al-
lows us to identify meteoroids entries at any time of the day and
under any weather conditions, making infrasound virtually able
to ensure an almost continuous monitoring. Therefore, infrasound
might contribute significantly to the estimate of the entry rate in
the Earth’s atmosphere not only of meteorites sized 1 m or more,
on which previous and current research is mainly concerned (Sil-
ber et al. 2009; Pilger et al. 2020), but also of smaller meteoroids
(<1 m), whose entry in the atmosphere is significantly more fre-
quent (~40 event per year at global scale for meteoroid diameter
of 1 m, >100 events per year for meteoroids with a diameter of
~0.5 m, Silber et al. 2009, Silber & Brown 2014).
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Thanks to its high transmission efficiency in atmospheric waveg-
uides (Drob et al. 2003), the infrasound generated by a meteoroid
entry can be detected and recorded at very large distances from the
source. For example, the Chelyabinsk meteorite (15 February 2013)
released enough energy in the atmosphere, approximately 500 kt
(Brown et al. 2013), to radiate low frequency infrasonic waves able
to circle the globe twice and capable of being detected worldwide
up to a distance of more than 85 000 km from the source (Le Pichon
et al. 2013).

Infrasound can be used also to estimate the energy of the fireball
events. As a matter of fact, several methods have been proposed
to estimate the energy radiated by an explosive source on the basis
of the infrasonic records (Whitaker 1995; ReVelle 1997; Edwards
et al. 2006, Ens et al. 2012). They mostly consist of empirical laws
derived from low altitude man-made nuclear or chemical explosions
(Whitaker 1995; Blanc ef al. 1997). By virtue of the impulsive and
explosive nature of the meteoroid entry infrasound sources, these
empirical relationships have been used also to estimate the amount
of energy radiated by meteoroids in the atmosphere (Edwards et al.
2006; Le Pichon et al. 2013).

In this study, we present the analysis of infrasound signals gen-
erated by four fireball events observed in Northern Italy and inves-
tigate the potential of infrasound to detect and identify events, to
reconstruct the meteoroid entry trajectory and, possibly, its energy.
We chose events that were detected by the Italian all-sky cam-
era network (PRISMA), or eyewitnessed and reported within the
PRISMA bulletin (http://prisma.imo.net), and were also detected
by infrasound arrays deployed in the Western Alps. We first present
the infrasound network (Section 2) and the infrasound signature
of selected events (Section 3). We propose a procedure to recon-
struct the meteoroid trajectory from infrasound detected at a single
array (Section 3). Eventually we estimate the energy of the four
fireball events from recorded amplitudes and periods at maximum
amplitude (Section 4), using three different empirical laws. We then
compare the results and discuss the applicability of the energy esti-
mation methods (Section 5).

2 INSTRUMENTAL SETUP AND DATA

The motion of a hypersonic object, with sizes greater than a few
millimeters (Silber et al. 2018), into a fluid generates a hypersonic
pressure front (the Mach cone), which creates an atmospheric shock
wave (Le Pichon et al. 2002; Settles 2006). Additionally, collision
with the air molecules causes the meteoroid to rapidly vaporize,
leading to the formation of a cylindrical shock wave (Cumming
1989; Brown et al. 1996). Both shock waves turn into infrasound
propagating away from the source (ReVelle 1976; Edwards et al.
2006; Edwards 2010).

In addition, at lower altitude, the meteoroid can fragment and
radiate a blast wave (de Groot-Hedlin & Hedlin 2014), a shock
wave with spherical, or quasi-spherical symmetry, typically gener-
ated by a point source (Needham 2010). Depending on its mass,
composition, physical structure and velocity (Ceplecha et al. 1998),
meteoroid terminal detonations typically occur at altitudes of 20—
100 km. Larger meteorites penetrate deeper into the atmosphere,
while smaller meteoroids typically fragment or burn out at higher
altitudes (Halliday ez al. 1989; Edwards et al. 2006; Gao & Mathews
2015).

The degree to which either mechanism, hypersonic flow or frag-
mentation, dominates infrasound production varies from event to
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event (Edwards et al. 2006; Silber & Brown 2014). For larger fire-
balls, the acoustic energy is mostly radiated in the region where the
blast radius is larger, generally over a short section near the end of
the luminous trajectory, where atmospheric penetration is deeper
(Zinn et al. 2004; ReVelle 2005; Edwards et al. 2006), thus sug-
gesting how fragmentation episodes dominate infrasound radiation.
Nevertheless, Silber & Brown (2014) observed that hypersonic flow
appears to dominate the infrasonic radiation of smaller meteoroids
(grams to tens of kilograms).

It is often difficult to discriminate infrasound signals generated
by meteoroids from the acoustic waves produced by other natural
and anthropogenic sources. Therefore it is essential to improve the
ability to distinguish the different infrasonic signatures and to dis-
criminate signal from noise. This can be achieved by using an array
of infrasonic sensors rather than a single microphone. For our study
we used infrasonic data collected by three small-aperture (130—
160 m) infrasonic arrays, deployed in the Western Alps (Fig. 1).

Two of these arrays (VLT and CHA) are located in Valle d’Aosta
(Ttaly), near Valtournenche (45°52'50°N, 7°38'15”E, 1850 m a.s.l.)
and Champoluc (45°50'17°N, 7°42’43"E, 2015 m a.s.1.) respectively
(Figs 1d and b). Both arrays, operational since 2012, consist of four
Optimic 2180 infrasonic fibre optic sensors, with a sensitivity of
~100 mV Pa™! and a flat frequency response between 1 Hz and
20 kHz. Infrasound data from the four sensors are collected with
Guralp GMG-DM24 digitizer at 100 Hz.

The third infrasonic array is a five element, small aperture (161 m)
array deployed in southern Switzerland’s Canton Valais, nearby
Leuk (46°17'49"N, 7°37'39"E, 750 m a.s.1., ILG, Fig. 1). The array
was deployed in 2017 and it was working only in summer periods.
ILG consists of a FIBRA infrasound array (www.item-geophysic
s.it), equipped with differential pressure transducers with a sensi-
tivity of 400 mV Pa! in the pressure range of +12.5 Pa and a
flat frequency response between 0.01 and 200 Hz. Analogue pres-
sure data are converted to digital, at each array element, at 50 Hz
and 16 bits and are transmitted through fibre optic to a central
unit, where data are recorded and GPS time stamped for time syn-
chronization. To reduce the effect of wind noise all the arrays are
deployed in forested areas and sensors had been installed into buried
boxes.

In order to identify infrasonic events related to meteoroid en-
tries, we extracted, from the set of infrasonic data recorded by
the three arrays since their installation, all transient events that
where consistent, both in term of timing and waveform charac-
teristics, with fireball events optically observed and reported. In
particular we used fireballs reports collected by PRISMA network
(http://www.prisma.inaf.it/). PRISMA is an open project whose aim
is to realize an Italian network of all-sky cameras for the observa-
tion and identification of fireballs. Bolide events reports collected by
PRISMA are mainly based on images recorded by the all-sky cam-
eras deployed throughout the Italian territory. However, PRISMA
also collects the reports from amateur astronomers and citizens,
through a dedicated website (http://prisma.imo.net), developed and
maintened by Amrican Meteor Society (American Meteor Soci-
ety - www.amsmeteors.org / International Meteor Organization -
www.imo.net). On the basis of all collected eyewitness observa-
tional reports, PRISMA also reconstructs the meteoroid trajectory
of each event as the average of all reports. Such a reconstruction is
however strongly dependent on the number and quality of observa-
tions and is obviously affected by a significant uncertainty.

Out of the 66 fireballs, with at least 5 eyewitnesses reports, ob-
served in Italy and reported on http://prisma.imo.net since 2016,
we identified four infrasonic events with occurrence time and wave
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Figure 1. (a) A map of Western Alps showing the optical trajectories of the four analysed fireball events, reconstructed on http://prisma.imo.net, and the
position of the three infrasonic arrays, VLT, CHA and ILG (white triangles). The bolides trajectories, reconstructed from eyewitness reports, are shown with
arrows (orange for 2016/02/17, red for 2017/10/30, black for 2018/10/01 and blue for 2019/08/17). Panels (b), (c) and (d) show the geometry of CHA, ILG
and VLT arrays; in these diagrams, values on the axis are in metres. (¢) A photogram of the video (© Jean-Marie M.) of the 2019/08/17 fireball recorded in

Peypin (France, with circle in a), giving the exact time of the event (19:26:14 UT).

Table 1. Onset time (7,), optically determined and used for trajectory esti-
mation and maximum peak-to-peak (pp) amplitudes and peak frequencies
of the recorded infrasound signals of the four analysed bolide events.

Vyy
Date to (HH:MM:SS)  pp (Pa)  f(Hz) (ms™)
2016/02/17 17:13:00 0.038 1.36 -15
2017/10/30 18:37:00 0.060 4.93 19.6
2018/10/01 22:37:00 2.90 1.04 7.7
2019/08/07 19:26:16 1.20 0.96 3.8

characteristics consistent with those of a reported fireball event
(Table 1, Figs 1 and 2).

3 METHODS: DATA ANALYSIS AND
PROCESSING
3.1 Method: infrasound array data analysis

Array signal processing is based on the assumption that a signal
is coherent at the different elements of an array, unlike noise, that

does not show any correlation (Ulivieri ef al. 2011). In our study, a
multichannel correlation method was applied in the time domain to
identify signals from noise and to characterize recorded signals in
terms of wave parameters, backazimuth (B,,) and apparent velocity
(ca), of the infrasonic ray propagating across the array (Ulivieri ez al.
2011; Marchetti et al. 2019).

We applied the procedure, discussed in detail in Ulivieri et al.
(2011), on bandpass (1-10 Hz) filtered infrasound data recorded
by the three arrays (CHA, VLT and ILG), considering successive
10 s time windows sliding with a superposition of 5 s. The 1—
10 Hz bandpass filter was applied in order to optimize meteoroid
signals detection above background noise. For each time window,
the cross-correlation function, among the infrasound data recorded
at the different array elements within the same time window, is
calculated and the time residual for the corresponding lag time
for sensor triplets is defined. For highly correlated signals the
time residual tends to 0 and a detection of infrasound signal is
defined.

Each detection is fully characterized in terms of degree of
correlation, peak amplitude, backazimuth and apparent velocity
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Figure 2. 1-10 Hz bandpass filtered waveforms (a) and corresponding spectra (b) computed with FFT (fast Fourier transform) of infrasound raw data recorded
for the four analysed bolide events. In (a) waveform amplitudes of 2016 and 2017 bolides are multiplied by a factor 10 for better visualization.

(Fig. 3). The propagation backazimuth indicates the direction where
the infrasonic ray comes from and points along the source-to-
receiver direction. The apparent velocity is instead the veloc-
ity the infrasonic wave would have if it was propagating on the
same plane of the array; it is related to real sound propagation
speed (c¢) and to the take-off angle of the infrasonic ray (§),
measured in degrees from the vertical to the ground, according
to:
c

“= Sins’ M

According to eq. (1), the apparent velocity increases with de-
creasing the take-off angle, that results from the combination of
source altitude and distance from the array.

The infrasound records of the four fireball events are shown in
Fig. 3. Here, each event is recorded as separated clusters of detec-
tions (multiple detections closely spaced in times) that, considering
the infrasound radiation of meteoroid entries, might represent mul-
tiple fragmentation processes or sections of the meteoroid trajectory
where cylindrical shock wave is radiated. Obviously, array process-
ing only provides the direction of infrasound propagation and not
the position of the source. Therefore, the source location requires
having detection from distinct arrays, in order to allow source lo-
cation by cross-beam, or an independent observation of the event
occurrence time.

3.2 Method: trajectory reconstruction from single array
data

Considering the meteoroid typical hypersonic velocities of ~20—
60 kms™' (Drolshagen et al. 2020), multiple sources of infrasound
along the trajectory, produced by fragmentation episodes or meteor
vaporization, might be tens of kilometers away from each other,
even though very close in time (generally less than 1-2 s apart).
Therefore, the observed delay (30—60 s) between subsequent in-
frasound detection clusters (arrivals) depends almost entirely on
the different position of the infrasonic sources along the meteoroid
trajectory, resulting in different source-to-receiver distances.
Similarly to what was proposed already by Silber & Brown (2014)
and Pilger et al. (2020), we developed a method to reconstruct
the trajectory of a meteoroid associated with multiple infrasonic
arrivals, by using infrasonic data recorded by a single array. The
basic assumptions are: (1) the entry trajectory of the meteoroid

is a straight line; (2) radiation of infrasound by multiple sources
along the meteoroid trajectory is synchronous and corresponds to
the event occurrence time (z,) provided by optical data; (3) delays
between subsequent infrasound arrivals entirely depend on different
propagation times from different sources to the same receiver; (4)
each infrasound source is located along the ray path calculated
with 2-D ray tracing modelling considering the real atmospheric
specifications and the observed wave parameters; (5) a minimum of
2 arrivals are observed in the infrasound data.

In order to derive the position of the fragmentation events, once
backazimuth and apparent velocity of the multiple arrivals are ob-
tained, we apply a 2-D ray tracing, based on differential equations
calculations that reconstruct the ray from subsequent spatial incre-
ments, considering the vertical profiles of sound speed and wind
velocity at the time of the event.

Atmospheric specifications, from ground level to the ther-
mosphere, are obtained combining numerical weather prediction
(NPW) models for atmospheric pressure greater than 0.2 hPa,
roughly corresponding to an altitude of 57 km, and empirical mod-
els of atmospheric physical features for the mesosphere and the
thermosphere. For NWP we used ERA-Interim reanalysis data pro-
vided by the European Centre for Medium-Range Weather Forecasts
(ECMWF). The model is based on 60 vertical levels from 1000 hPa
down to 0.2 hPa, with a horizontal resolution of 0.75° and a tempo-
ral resolution of 6 hr (https://www.ecmwf.int). The model provides,
among the others, air temperature (7), air density (p) as well as
meridional and zonal winds at a given geo-potential pressure. For
mesospheric and thermospheric models we used empirical temper-
atures and densities provided by NRLMSISE-00 model (Picone
et al. 2002), while for the meridional and zonal wind components
we used HWM-07 model (Drob ez al. 2008). NWP and mesospheric
and thermospheric models were combined following the procedure
described by Schwaiger ez al. (2019) to obtain the full atmospheric
physical profile from ground to the thermosphere.

Atmospheric density (p) and pressure (p) are used to evaluate
the adiabatic sound speed (c7) at each given altitude (%), as defined

by:

er(h) = 720 @

where y is the specific heat ratio of air, or adiabatic index, that
we consider constant and equal to 1.4. The adiabatic sound speed
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Figure 3. Infrasound record (black), bandpass filtered between 1 and 10 Hz, of the four fireballs events recorded at the arrays in Valle d’Aosta and in
Switzerland. All events consist of 3—5 clusters of detections, that are identified with the array processing and characterized in terms of excess pressure at the
array (black dots), backazimuth (blue dots) and apparent velocity (red dots) of infrasound detections. These clusters are typically 5-20 s long and are separated
by delays of 5-60 s, thus resulting in a total signal duration <2—4 min. Each cluster of detections is characterized by almost constant backazimuth and apparent
velocity values, that are however different from those of the adjacent clusters. Both backazimuth and apparent velocity values are arranged on a linear trend.

typically decreases with altitude in the troposphere, then increases
in the stratosphere to reach a relative maximum in the stratopause
and decreases again with altitude in the mesosphere, before finally
increasing in the thermosphere. While an infrasonic wave is prop-
agating in the atmosphere, the ray geometry is controlled by the
sound velocity of the medium (Norris ef al. 2010), as described by
Snell’s law. More precisely, refraction is governed by the effective
sound speed (cesr) (Fig. 4, Georges & Beasley 1977), that is defined
as the adiabatic sound speed (¢7) summed to the wind component
in the direction of wave propagation:

Coif = ¢ + (mwcosB + zwsinh), 3)

where mw is meridional wind (oriented north—south and positive
towards north), zw is the zonal wind (oriented west—east and positive
towards east) and 6 is the direction of infrasound wave propagation.
A detailed discussion on infrasound propagation is beyond the scope
of the present work and we thus refer to Drob e al. (2003) and
references thereafter for specific reading.

For each meteoroid infrasound arrival, we calculate the source
position by combing the reconstructed ray path with the traveltime
that is simply calculated as the time difference between the arrival
time and the optically determined fireball occurrence time (Fig. 4).
Once location of at least two fragmentation episodes along two
distinct rays is determined, the trajectory can be estimated through
a 3-D linear interpolation. This is consistent with the assumption of
a linear trajectory of the meteoroid.

3.3 Method: energy estimation

Infrasound waves can be used to estimate the energy released by
a meteoroid entry. There are two main classes of empirical laws,

that are based, respectively, on the period (ReVelle 1976, 1997; Ce-
plecha et al. 1998) or on the amplitude (Whitaker 1995; Clauter &
Blandford 1998; Edwards et al. 2006; Ens et al. 2012) of recorded
infrasound. One of the most used empirical period-energy relations
was developed by the U.S. Air Force Technical Applications Cen-
ter (AFTAC) and was subsequently adapted to fireballs (ReVelle
1997):

E,

log (7) — 3.34log(P) —2.58 V Eg < 200 k1, (42)
Eg

log <7> — 4.141og(T) —3.61 V Eg > 80 kt, (4b)

where E is the total source yield (in kilotons of equivalent TNT),
expressing the total energy of the infrasonic wave source and T
is the period (in seconds) of the recorded infrasound signal at its
maximum amplitude. Such relation was derived for events with
yield lower than 200 kt TNT (4a) or exceeding 80 kt TNT (4b).

In general, period based laws are to be considered more robust,
especially in the case of a long range propagation, signal frequency
being less affected than amplitude during atmospheric propaga-
tion (Mutschlecner et al. 1999). However, for less energetic fireball
events (Eg < 7 kt TNT), amplitude-based laws are believed to be
more appropriate, compared to period-based relationships (Edwards
et al. 2006; Ens et al. 2012). Using a data set containing a wide va-
riety of ground based chemical explosives yields as observed by the
Los Alamos National Labs’ infrasound network, Whitaker (1995)
proposed an empirical relation between recorded infrasound and
meteoroid yield:

log Es = 1.471og (10" P) + log (R) — 4.96, (5)
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Figure 4. Vertical profiles of effective sound speed (cefr) in the atmosphere (left-hand panels) used to define the different infrasonic rays producing discrete
arrivals identified within each infrasound signal (Table 2), then used to identify the position of the source of each infrasonic arrival. On the right-hand panel, we
show ray paths obtained for the 2-D ray tracing (black lines), location of the infrasonic arrivals sources (red circles) and inferred 3-D trajectory of the fireball
entry (red line). Location of the recording infrasound array is marked by a red triangle. Distances in the east/west and north/south directions are calculated

from VLT array (Fig. 1).

where E is expressed in kt of equivalent TNT, P is the maximum
peak-to-peak amplitude (in Pa) of the recorded infrasonic signal, v,
is the horizontal wind component along the ray path (ms™), k is
an empirical constant for wind correction (in s m™', Mutschlecner
& Whitaker 1990; Whitaker 1995; Edwards et al. 2006, Ens et al.
2012), while R is the source-to-receiver ground range in kilometres.
For source energies Eg < 7 kt TNT, like the four fireball events
analysed in this study, the given value of k is—0.0177 sm™' (Edwards
et al. 2006).

Similarly, from the analysis of a large number of fireballs detected
simultaneously with both infrasonic arrays and satellite measure-
ment, Edwards et al. (2006) derived:

ES — 103((17/{1)1‘;)/[‘! R3P73/b, (6)

where a and b are dimensionless empirical constants. In eq. (6),
Eg is expressed in tons of TNT equivalent. For source energies
Eg <7kt TNT, the values of & used also in eq. (5), a and b are
—-0.0177 sm™', 3.36 and —1.74, respectively (Edwards et al. 2006).
It is clear that amplitude-based eqs (5) and (6) strongly depend on
propagation conditions, while eq. (4a), being based on the period of
the recorded infrasound waveform is less dependent on propagation.

4 RESULTS

Recorded infrasound signals of the four identified fireballs are very
different from event to event (Fig. 2). Events occurring closer to
the array, such as the 2018 and 2019 fireballs, appear as large
amplitude events (>1 Pa peak-to-peak) of short duration (<20 s)
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and show transient features recalling blast waves (Needham 2010)
(Fig. 2a). Events recorded at larger distance (>200 km), such as
the 2016 and 2017 events, are characterized by smaller amplitudes
(<0.05 Pa) and significantly longer durations (>60 s) and typically
show multiple separated clusters of detections (Fig. 2a). Events
also differ in the infrasound frequency content, with observed peak
frequency spanning from 0.96 Hz, for the 2019 event, up to 4.93 Hz,
for the 2017 events (Fig. 2b). Waveforms and wave parameters
derived for the infrasound signals recorded for the four fireball
events are presented in detail below.

4.1 Results: data processing

4.1.1 The 2016/02/17 fireball (17:18 UT)

Despite no all-sky camera images are available for this fireball, the
event was widely observed by eyewitness in Western Alps. Based
on the 122 reports of eyewitnesses in Italy, France and Switzerland,
the meteoroid trajectory (~NE—-SW) and position, reconstructed on
http://prisma.imo.net, are consistent with a theoretical backazimuth
of ~190-205°N (S-SE) and a distance of ~200-250 km from the
arrays (Fig. 1).

An infrasound signal compatible with this event is recorded start-
ing 17:29 UT at VLT array. The ~11 minutes time delay from the
mean reporting time (17:18 UT) corresponds to a ~200-250 km
source-to-receiver distance.

Recorded infrasound consists in a sequence of three different
arrivals recorded within 3 min (Fig. 3a). Each arrival is character-
ized by stable backazimuth and apparent velocity, that are however
different among other arrivals. For this specific event, B,, increases
with time from ~175°N to ~210°N. in good agreement with the op-
tical trajectory (Fig. 1), with the meteoroid falling towards SW. Un-
like backazimuth, apparent velocity, varying around 350400 ms™',
does not show any clear trend.

4.1.2 The 2017/10/30 fireball (18:39 UT)

Despite no all-sky camera images are available for this fireball,
PRISMA collected 174 reports in Italy, France and Switzerland. The
meteoroid trajectory (~E-W) and position, reconstructed on http:
//prisma.imo.net, are consistent with a theoretical backazimuth of
~205-220°N (SW) and a distance of ~250 km from the array. The
infrasonic signal generated by this meteoroid entry was recorded at
VLT (Fig. 3b) array, from 18:54 UT. The ~15 min time-shift from
the mean reporting time (18:39 UT) corresponds to a source-to-
receiver distance of ~300 km.

Recorded infrasound consists of four, short-lasting (5-20 s) ar-
rivals, recorded within ~2 min. Arrival backazimuth is showing
a systematic increase in time, from ~197°N to ~210°N, in good
agreement with the east-west optical trajectory. Apparent velocity
is showing a systematic decrease in time, from ~390 to ~340 ms™'.

4.1.3 The 2018/10/01 fireball (22:30 UT)

Also for this event, no all-sky camera images are available. The tra-
jectory (NW=E) and position, reconstructed on http://prisma.imo.n
et thanks to 16 available reports (Fig. 1), is consistent with a the-
oretical backazimuth of ~290-280° N (W-NW) and a distance of
~90-150 km from the CHA array (Figs 2a and 3c). The infrasound
signal was recorded at CHA starting from about 22:40 UT (Fig. 3c).

The ~10 min time-shift from the mean reporting time (22:30 UT)
agrees with a source-to-receiver distance of ~200 km.

The recorded signal consists of three arrivals, with maximum am-
plitude of 0.5 Pa. The identified arrivals are marked by a clear vari-
ation of backazimuth, increasing with time, from 272°N to 284°N,
in agreement with the NW—SE (~280-290°N) reconstructed mete-
oroid trajectory (Fig. 1). Unlike for the previous events, apparent
velocity is increasing almost continuously through time, from ~440
to ~470 ms~'.

4.1.4 The 2019/08/17 fireball (19:26 UT)

For this event, recorded by ILG array, PRISMA collected 117 re-
ports of eyewitness in Italy, France and Switzerland. The mete-
oroid trajectory (~SE-NW) and position, reconstructed on http:
//prisma.imo.net (Fig. 1), are consistent with theoretical backaz-
imuth of ~265-275°N (West) and a distance of ~90-140 km from
the ILG array. Differently from the other three events, for this fire-
ball event, a video of the bolide, recorded in Peypin (France) and
uploaded on the American Meteor Society Website (© Jean-Marie
M.), is available at https://prisma.imo.net/members/imo_view/even
t/2019/3842. This video provides the exact time of the event (¢y):
19:26:14 UT (Fig. 1e).

A clear signal was recorded at the ILG infrasound array at
19:32:42, with maximum amplitude of 0.4 Pa (Fig. 3d). The 388 s
time delay from the exact event time (#,) corresponds to a source-
to-receiver distance of ~120—130 km. The recorded signal consists
of two arrivals with increasing (~258°N-~278°N) backazimuth
and decreasing (~440 ms'-~370 ms™') apparent velocity. The
observed backazimuth is in excellent agreement with the optical
reconstruction of the trajectory.

4.2 Results: trajectory

Infrasound from the four analysed meteoroids (Table 1, Fig. 2)
shows similar waveforms, that typically consist of multiple arrivals,
characterized by distinct values of backazimuth and apparent ve-
locity (Fig. 3). These features suggest that each arrival is likely
generated by a single instantaneous source process (fragmentation
or hypersonic flow) in a certain position along the trajectory. Dif-
ferent subsequent infrasound sources are required to explain the
observed waveform.

Following the ray tracing based procedure presented in Section 3,
we reconstruct the trajectory of the meteoroid source, by combining
infrasound array wave parameters (z;, B,. and ¢,) of the different
arrivals with onset time (#,) provided by independent optical obser-
vations. Fig. 4 shows the reconstructed trajectories of the 4 mete-
oroids analysed in this work, showing the infrasound ray paths and
the position of the source of each infrasonic arrival, identified once
the infrasound source-to-receiver traveltime has been calculated.

The actual occurrence time (#) was available only for the
2019/08/17 fireball, while for the other events PRISMA provides
only an average time obtained from multiple visual observation re-
ports of numerous eyewitnesses. Therefore, for the trajectory recon-
struction, we initially considered the optical onset time () reported
on http://prisma.imo.net and progressively adjusted it to minimize
residuals related to the best linear fit among the corresponding cal-
culated positions of the sources of each infrasound arrival.

The trajectory reconstruction for the 2016/02/17 fireball was
based on three different infrasonic rays (Table 2), corresponding
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Table 2. Recording time (#;), backazimuth (B,;), apparent velocity (c,) and average horizontal wind
velocity along source-to-receiver path (vy ) of the different infrasound arrivals of the recorded signals
of the four bolides. The uncertainty on wave parameters values, resulting from the ~150 m aperture
of the three arrays, is +1-2° for B,; and £5-10 ms~! for ¢,. Position of the fragmentation source
is expressed in terms of altitude (#), horizontal distance from the recording array () and travelled
distance along the path (d). The sign of vy, indicates the direction of the wind with respect to the

direction of propagation of the signal.

Infrasonic Cy
to arrival ~ ; (HH:MM:SS, UT) B,. °N) (ms') H(km) r(km) d(km)
2016/2/17 #1 17:29:56 170 377 68 203 277
#2 17:30:03 178 411 47 229 310
#3 17:30:33 181 441 33 246 337
2017/10/30 #1 18:54:39 200 385 62 298 354
#2 18:55:11 204 360 47 327 364
#3 18:55:54 210 345 27 340 372
#4 18:56:13 212 339 25 346 375
2018/10/1 #1 22:41:02 271 442 52 56 77
#2 22:41:12 275 461 57 57 81
#3 22:42:04 281 470 70 69 99
2019/8/17 #1 19:32:39 258 430 85 80 117
#2 19:32:48 275 370 70 97 120

to three different arrivals (Fig. 3a). 2-D ray tracing predicts thermo-
spheric refraction to the ground from an altitude of approximately
120 km (Fig. 4a). We obtain the best fit considering an onset time
t, = 17:13 UT. The trajectory, interpolated from the position of the
three infrasonic episodes at altitudes between ~75 and ~35 km, is
approximately NE-SW, forming an angle of ~41° («) to the North
and an inclination angle (8) of ~30° with the horizontal plan. The
orientation (¢, B) and position (~200-250 km south from the VLT
array) of the meteoroid trajectory (Fig. 5) are in excellent agreement
with the optically trajectory estimated on the basis of eyewitness
reports (Fig. 1).

For the 2017/10/30 fireball, we used the four different arrivals
(Fig. 3b) to reconstuct four distinct rays. Based on B, and ¢, 2-D
ray tracing suggests that the ray corresponding to the highest alti-
tude fragmentation episode reached the array after being refracted
in the thermosphere at an altitude of ~120 km, while the three rays
obtained for lower ¢, are refracted back to the ground from the
stratosphere, at altitudes between ~35 and ~50 km (Fig. 4b). The
best fit is obtained considering an onset time 7y = 18:37 UT. Infra-
sound sources at altitude ranging from ~66 and ~24 km (Fig. 4b)
are obtained, resulting into a meteoroid entrance approximately E-
W (a ~82°N) and with low inclination (8 ~25°). The trajectory
reconstructed with infrasound (~300-350 km from VLT, Fig. 5) is
in excellent agreement with the optical trajectory estimated on the
basis of eyewitness reports (Fig. 1).

The 2018/10/01 meteoroid trajectory reconstrutcion bases on
three different reconstructed infrasonic rays (Table 2), correspond-
ing to the three different recorded arrivals (Fig. 3¢). The best fit is ob-
tained considering an onset time 7y = 22:37 UT and three infrasonic
sources ranging from ~75 and ~50 km in altitude and with direct
source-to-receiver infrasound propagation (Fig. 4c). The trajectory,
obtained from 3-D linear fitting of the three obtained sources, is
approaching the array approximately NW-SE (o ~314°N), with an
inclination angle of ~46°. The trajectory orientation and position
(Fig. 5) are in perfect agreement with the optical trajectory estimated
on the basis of eyewitness reports (Fig. 1).

The 2019/08/17 meteoroid trajectory reconstruction was per-
formed only with two infrasonic rays (Table 2), corresponding to
the two arrivals (Fig. 3d). The exact onset time (¢, = 19:26:14 UT)
is available for this fireball. The two sources are located at high

elevation (87 and 70 km, respectively) with infrasound propagating
to the array as direct waves (Fig. 4d). The reconstructed trajectory
(o ~146°N, B of ~25°) and position (~80—100 km from the ILG ar-
ray, Fig. 5) are in perfect agreement with the optical reconstruction
performed on the basis of eyewitness reports (Fig. 1).

4.3 Results: energy estimate

Meteoroids yields were estimated from infrasound records (Fig. 6)
following the empirical relations described by eqgs (4a), (5) and (6),
based on period (ReVelle 1997) or on peak-to-peak amplitude
(Whitaker 1995; Edwards et al. 2006) of recorded signal. We have
chosen to use eq. (4a) rather than (4b) because it has been used
successfully already by Pilger et al. (2020) for smaller meteorite
yields, as low as 0.1 kt TNT. Period of the infrasound signal (Ta-
ble 1) was obtained as the inverse of the frequency corresponding to
the maximum amplitude of the FFT (fast Fourier transform) of raw
infrasound data (Fig. 2b). In the amplitude related equations (eqs 5
and 6), we computed v,, as the average horizontal wind component
along the source-to-receiver path, calculated between the altitude of
the most energetic infrasound source and the ground (Table 1). For
peak-to-peak amplitudes we used the values measured on fireballs
infrasound raw data and reported in Table 1. Concerning the source-
to-receiver distance, we used the horizontal distance (7 in Table 2)
for eq. (6) (Edwards et al. 2006), while we used the real propagation
distance (d in Table 2) for eq. (5). In both cases, all distance values
were derived from our reconstructed trajectories (Figs 4 and 5).

Inferred yield values (Fig. 6) span from a maximum of ~6 tons
down to ~20 kg TNT Unfortunately, no independent yield estimates
are available for the four identified fireball events. Therefore, data
showed here can be used only for a qualitative comparison, that
might however be useful to define a procedure for yield estimate of
small size meteoroid entries.

5 DISCUSSION

Infrasonic array processing revealed that each infrasonic signal of
the four analysed fireball events consists in a series of arrivals that we
interpret being produced by different sources (fragmentation events
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Figure 5. 3-D trajectory (a) of the four bolides (orange: 2016-02-17, red:
2017-10-30, black: 2018-10-01, blue: 2019-08-17) inferred from infrasound
array observation. Position of the array is marked by the white triangles
Projection of the 3-D trajectories on vertical sections oriented east/west
(b) and north/south (c) and on the horizontal plane (d). The comparison
of Fig. 5(d) with Fig. 1 highlights the general agreement between the
infrasound-reconstructed trajectories and optical trajectories reconstructed
on http://prisma.imo.net.

or hypersonic entry) along the entry trajectory and whose wavefield
characteristics (B,., c,, t;) are reflecting their mutual position.
Because of the hypersonic velocity, multiple infrasonic sources
are nearly simultaneous Therefore, the first infrasonic arrival rep-
resents the signal that originated closest to the array, which might
not necessarily coincide with the highest point along the meteor
trajectory. This consideration allows us to correctly interpret the
observed apparent velocity (Fig. 3), that is typically showing a vari-
ation trend. For the 2017/10/30 and the 2019/08/17 fireballs, the first
arrival is associated with the largest incidence angle and apparent
velocity is decreasing with time (Figs 3b and d) suggesting that the
meteoroid lost altitude moving away from the array (VLT and ILG,
respectively). In contrast, for the 2018/10/01 event we observe an
increasing apparent velocity time trend (Fig. 3¢), indicating that the
closest infrasonic arrival source was likely located at lower altitude.

This suggests that this meteoroid lost altitude approaching the array
(CHA), in perfect agreement with eyewitness observations. For the
2016 event instead, the apparent velocity is not showing any clear
trend, so that the direction of fall of this meteoroid is not as easily
determined at first sight as it is for the other events.

A 2-D ray tracing approach, considering real atmospheric con-
ditions, was used to define the position of the infrasonic sources of
the different arrivals, identified at altitudes ranging between ~90
and ~25 km (Figs 5c and d). These values are in general agreement
with theoretical predictions and empirical observation for small-to-
medium size meteoroids (Halliday ef al. 1989; Bland & Artemieva
2003; Edwards et al. 2006; Gao & Mathews 2015). The accuracy of
infrasound source location presented here is related to the accuracy
in evaluating wave parameters, to the accuracy of the propagation
modelling and to the uncertainty of the predetermined #, of the
event.

The recorded value of apparent velocity and backazimuth are
indeed used to initiate the propagation modelling. In our case an
accuracy of 4-3° for the backazimuth and +10 ms™! for the apparent
velocity can be expected, resulting in an error of the location, of
approximately 10 km. This could be reduced with larger aperture
arrays, that do allow to estimate B,, and ¢, more precisely.

Propagation modelling is controlled by the accuracy of input
atmospheric features. For our work we used NWP and empirical
models that are routinely used for infrasound propagation mod-
elling. However Silber & Brown (2014) and Silber et al. (2015)
showed that winds and small scale perturbations in the atmosphere
affect infrasound propagation even in case of direct arrivals. Im-
provements might be obtained by applying full 3-D ray tracing
and/or including small scale perturbances to the models. Such an
effort is however beyond the scope of work, that aims to provide a
simple and fast approach to estimate a meteoroid trajectory with a
single array infrasonic data.

Fireball event ¢, is used to constrain the position of the infra-
sound source along the reconstructed ray path. 7 is exactly known
whenever all-sky cameras images or video of the fireball event are
available, while the uncertainty on it can be very high (several
minutes) in case of eyewitness reports. The largest misfit (7 min),
between reported and modeled onset time, corresponds indeed to
the 2018/10/01 fireball, for which only 16 reports were collected
(http://prisma.imo.net).

Once the positions of the different infrasound sources have been
calculated along the corresponding ray paths, the meteoroid trajec-
tory can be obtained through 3-D linear interpolation. The accuracy
of the trajectory reconstruction depends directly on the accuracy of
the source location discussed above. Based on presented results, we
suggest that the method is applicable for meteoroid-array maximum
distances as large as ~300 km. Indeed, with increasing distance the
effect of the lateral variability of the atmospheric wind and tem-
perature on the reconstruction accuracy gets progressively more
impactive (Silber & Brown 2014). Moreover, for large distances,
the multiple arrivals are recorded with very limited azimuth varia-
tion, reducing the efficiency of 3-D linear interpolation. Finally, the
accuracy of the trajectory reconstruction depends on the aperture of
the infrasonic array, as it is controlling the accuracy of the apparent
velocity and backazimuth estimates.

Once an infrasound signal produced by a meteoroid entry has
been identified and the meteoroid trajectory has been reconstructed,
yield can be theoretically estimated from infrasound data. We ap-
plied three different methods, based both on the period (eq. 4, ReV-
elle. 1997) or on the amplitude (eq. 5, Whitaker 1995; eq. 6, Edwards
et al. 2006) of infrasound data (Fig. 6).
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Figure 6. Yield (in ton of equivalent TNT) estimated for the four bolides based on the three methods commonly used (Whitaker 1995; ReVelle 1997; Edwards
et al. 2006). The inferred yield values are spanning from ~1-10 t TNT (10~3~10~2 kt) for the 2018 and 2019 bolides, to 10-100 kg TNT (10~5-10~* kt TNT)

for the 2016 and 2017 events.

Fig. 6 shows that the amplitude based methods (eqs 5 and 6) seem
to produce almost comparable energy estimates for all analysed
events. The period based method (eq. 4a) appears instead to yield
significantly higher energy values for the 2016 event (1.9 t TNT
compared to 25-50 kg TNT) and, to a lesser extent, also for the
2019 (6 t TNT compared to 1.5-2.1 t TNT) and for the 2018 (4.6 t
TNT compared to 1-2.5 t TNT) fireballs.

This general overestimation, compared to the amplitude based
methods (eqs 4 and 5), is probably due to the fact that the applica-
bility of the period-based relationship is limited to large meteorites
(ReVelle 1997), despite it has already been used successfully by
Pilger et al. (2020) for small meteoroid yields (up to 0.1 kt TNT).
Another reason of misfit might be related to wave propagation.
Based on acoustically reconstructed trajectory (Fig. 4a), infrasound
produced by the 2016 meteoroid entry likely underwent refraction at
the thermosphere (Fig. 4a), where the high frequency component is
preferentially absorbed (de Groot-Hedlin 2011). This is likely pro-
ducing a passive enrichment of the lower frequencies, thus resulting
in higher energy estimation.

Compared to the other methods, the amplitude based eq. (5)
(Whitaker 1995) provides instead lower energy estimates for the
2016 and 2017 events. However, both events occurred far from the
array (200-350 km) and generated infrasonic waves that underwent
atmospheric refraction (Figs 4a and b). On the contrary, the 2018
and 2019 events, whose energy estimate computed with eq. (5) is
in agreement with other approaches, occurred closer (<100 km)
to the array and produced direct infrasonic arrivals (Figs 4c and
d). This likely results from the fact that eq. (5) (Whitaker 1995),
being derived from ground-based explosion, is reasonably more
appropriate for direct arrivals rather than stratospheric and thermo-
spheric arrivals, for which a different infrasound attenuation should
be considered. For the 2016 and 2017 fireballs events, more reliable
results (~50 and ~80 kg TNT, respectively) are probably provided
by eq. (6) (Edwards et al. 2006), derived from stratospheric ducted
infrasound meteoroid signals.

However, since no independent energy estimate for the analysed
fireball events is available, our results do not allow us to make
absolute assertions on the robustness of the considered energy esti-
mate methods. Nevertheless, we suggest that, for infrasound-based
meteoroid yield estimates, any choice of the estimation method is
absolutely premature if not preceded by an accurate reconstruction
of the source-to-receiver infrasound propagation path.

For direct wave propagation we therefore suggest that eq. (5)
(Whitaker 1995) is probably the most appropriate, while it
likely loses accuracy with increasing source-to-receiver distance
(>~200 km), when applied to stratospheric or thermospheric ar-
rivals. In the latter case, eq. (6) (Edwards et al. 2006), being derived
from the analysis of stratospheric ducted infrasonic arrivals (Ed-
wards et al. 2006), is reasonably more appropriate..

Eq. (4) (ReVelle 1997), which provides significantly higher en-
ergy estimates, compared to the other two empirical laws, for three
out of the four fireball events analysed in this work, appears instead
to be not very accurate and appropriate in case of meteoroid yields
<10 t TNT. A more accurate period-based equation for small me-
teoroids energy estimation (£, < 10 t TNT), derived from further
analysis of several small meteoroid events, is thus probably to be
determined.

6 CONCLUSION

We present an infrasound array analysis of four small fireball events
recorded in Valle d’Aosta (Italy) and in Switzerland and reported
on PRISMA fireballs website http://prisma.imo.net.

Array analysis showed that meteoroid entries are recorded as mul-
tiple arrivals, closely spaced in time and with variable backazimuth
and apparent velocity. Based on the timing and wave parameters,
we interpret them as the results of multiple infrasonic sources (frag-
mentation or hypersonic flow) along the entry trajectory.

We used 2-D ray tracing and real atmospheric specifications to
model the meteoroid infrasound source positions, using data from
a single array and the event onset time derived from independent
optical or visual fireball observations. These source locations, at el-
evation ranging between ~25 and ~90 km and horizontal distances
up to ~300 km from the array, are eventually combined to derive
the meteoroid entry trajectory with a 3-D linear fitting approach.

The reconstructed trajectories for the four analysed fireball events
are in excellent agreement with the optical trajectory reconstructed
by PRISMA on http://prisma.imo.net. Our trajectory reconstruction
procedure, combining infrasound data and atmospheric physical
features and structure, appears to be a very robust tool to approxi-
mately infer the actual trajectory of even smaller meteoroids through
the Earth’s atmosphere from infrasonic data of a single array. Ob-
viously our method is strictly bound to the knowledge of the exact
time of the event (#,), and it is therefore applicable only in the case of
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optically observed fireball events. This highlights clearly the need,
but also the potential, of a synergistic research combining all-sky
cameras and infrasonic array observations.

Eventually, we estimated the amount of energy radiated in the
atmosphere by each of the four fireball events by using three dif-
ferent empirical laws based on infrasound (Whitaker 1995; ReVelle
1997; Edwards et al. 2006). The scattering observed (Fig. 6) and the
lack of independent measurements of the event yield prevents us to
discuss about the robustness of the different methods. Nevertheless,
we suggest that, for infrasound-based meteoroid yield estimate, it is
critical to locate the source and to reconstruct infrasound ray path as
presented in Section 3. This is particularly critical for small events,
where errors related to source location and propagation effect might
strongly affect the yield estimate. For direct wave propagation, we
suggest that Whitaker and Edwards procedures are likely provid-
ing reasonable results. ReVelle’s method appears instead to be not
very suitable for low energy (< 10 t TNT) meteoroids yield es-
timation and a more appropriate period-based equation for small
events energy estimation is thus probably necessary. For events
recorded at larger source-to-receiver distances, and detected with
infrasound signals that underwent refraction within atmospheric
ducts, Whitaker’s law is reasonably less appropriate and more data
will be required to investigate its potential for infrasound-based
yield estimate. Presented results highlight the lack of and the con-
sequent need for a unique and more appropriate law for small fireball
energy estimates. We suggest that this must be achieved from the
analysis of several events detected simultaneously with all-sky cam-
eras and infrasound arrays, previously organized in distinct event
classes, appropriately separated by virtue of the corresponding in-
frasound propagation mode, reconstructed by means of an accurate
ray tracing.
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