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ABSTRACT
The increase in detector sensitivity and availability in the past three decades has allowed us to derive knowledge of the meteoroid
flux and impact energy into the Earth’s atmosphere. We present the multi-instrument detected 2018 December 22 fireball over
Western Pyrenees, and compare several techniques aiming to obtain a reliable method to be used when measuring impacts of
similar scale. From trajectory data alone, we found a bulk density of 3.5 g cm−3 to be the most likely value for the Pyrenean
meteoroid. This allowed to further constrain the dynamic mass, which translated into a kinetic energy of 1 ton TNT (4.184 ×
109 J). For the second energy derivation, via the fireball’s corrected optical radiation, we obtained a more accurate empirical
relation measuring well-studied bolides. The result approximates to 1.1 ton TNT, which is notably close to the nominal dynamic
result, and agrees with the lower margin of the seismic-based energy estimation, yet way lower than the infrasound estimate.
Based on the relation derived in this study, we consider the nominal estimate from both the dynamic and photometric methods
to be the most accurate value of deposited energy (1 ton TNT). We show that the combination of these two methods can be used
to infer the meteoroid density. Among the methods presented in this paper, we found that the optical energy is the most reliable
predictor of impact energy near the ton TNT-scale.

Key words: techniques: photometric – meteorites, meteors, meteoroids – minor planets, asteroids: general.

1 IN T RO D U C T I O N

Fireball records are becoming a routine scientific program. All-
sky and wide-field networks (e.g. Trigo-Rodriguez et al. 2008;
Jenniskens et al. 2011; Cooke & Moser 2012; Gritsevich et al. 2014;
Toth et al. 2018; Koseki 2019; Colas et al. 2020; Devillepoix et al.
2020; Vida et al. 2021) are now detecting meteors daily around the
World. From the most energetic events recorded (i.e. bolides), few
meteoroids survive the harsh atmospheric entry and reach the ground,
and of those, only a small fraction are found as meteorites. Until
now, there are roughly 1200 meteorite falls1 that have been officially
documented and classified according to their type. Among those,
there are only 40 with available instrumentally derived trajectory
and orbital data (table 1 of Colas et al. 2020), thus making them
a treasure of information, which provides answers concerning the
history and evolution of the Solar system.

When an object collides with the Earth’s atmosphere, it produces a
wide range of phenomena such as heat, light, ionization, atmospheric
shocks (Silber & Brown 2014). These phenomena could be detected
by observation networks via several instruments (optical, radar,

� E-mail: simon.anghel@astro.ro (SA); Mirel.Birlan@obspm.fr (MB)
1https://www.lpi.usra.edu/meteor/metbull.php

infrasound). However, due to a broad variation in meteoroid size,
internal structure, and entry geometry, there are few recorded events
that agree well on impact energy estimations. Still, a combination
of accurate multi-instrumental data, with a focus on trajectory, will
introduce constraints on the physical properties of the corresponding
meteoroid. Peaks on the light curve indicate fragmentation events that
reveal aspects like meteoroid structure and bulk strength (Borovička,
Spurný & Shrbený 2020). Good tracking along the trajectory for each
fragment is important when analysing the radiated energy (Spurný,
Borovička & Shrbený 2020). Careful tracking is essential also to
constrain the strewn field (Moilanen, Gritsevich & Lyytinen 2021),
thus decreasing the meteorite search time. Supplementary radar
recordings contribute to a better velocity approximation (table 4 of
Colas et al. 2020), which translates into a constraint for the semimajor
axis, which in turn is important when analysing source regions in the
main belt.

Upon atmospheric impact, a pressure change will be generated.
This signal propagates in the atmosphere and can be detected in the
infrasound range even after large distances, before dissipation. This
has been shown in several publications, see e.g. Ens et al. (2012),
Hedlin et al. (2012), Silber, Le Pichon & Brown (2011), Caudron
et al. (2016), Ott et al. (2019), or Pilger et al. (2020). The largest
and probably best-known example is the Chelyabinsk superbolide in
2013. This fireball was detected by infrasound stations worldwide, of
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Table 1. The coordinates of the stations that were used in this analysis.

Location Code Lat (◦) Lon (◦) Alt (m)

Dax, FR FRAQ04 43.693 −1.030 36

Hendaye, FR FRAQ03 43.377 −1.749 87

Montsec, ES ESCA01 42.024 0.737 820

Alkurruntz, ES EALK 43.220 −1.507 965

Aranguren, ES EARA 42.773 −1.579 476

Chisagües, ES ECHI 42.665 0.195 1450

San Caprasio, ES ESAC 41.722 −0.469 815

Kesra, TN I48TN 35.81∗ 9.32∗ 852∗

∗The value is the average coordinate of the detectors which make up the
infrasound station’s array.

which 20 International Monitoring System (IMS) facilities showed
a clearly recorded signal (Brown et al. 2013; Le Pichon et al. 2013;
Pilger et al. 2015). The work by Gi & Brown (2017) includes more
than 70 Near-Earth Objects (NEOs) impacts that were recorded with
infrasound stations. Today, meteor generated infrasound is a topic
of current research. For more information about the background and
method, the reader is referred to e.g. Silber et al. (2018) or Ott et al.
(2019).

From the infrasound data it is possible to compute the im-
pact location, energy, and approximate entry mass of the mete-
oroid or asteroid. For some fireball events, information is avail-
able in different kinds of data sources. These sources can range
from witness reports, like the AMS/IMO (American Meteor Soci-
ety/International Meteor Organization) service (Hankey & Perlerin
2015 and AMS/IMO, 2020), to fireball networks like FRIPON,
up to lightning detectors in space (Jenniskens et al. 2018). Com-
bining e.g. the meteor velocity computed by a fireball network,
with the energy derived from the infrasound data can yield a
more precise mass and size estimation for the entering object.
Furthermore, with a combination of data sources, it is possible to
investigate the different detection methods themselves. For details
and examples, the reader is referred to e.g. Ott et al. (2019,
2020).

Recently, a global near real-time fireball monitoring system was
developed among others for this purpose, and is in operation at ESA
(European Space Agency) as part of its Space Safety Programme. It
is called NEMO (NEar real-time MOnitoring system) and combines
data from multiple sources. It consists of an alert procedure based on
social media, to produce rapid notifications of fireball events which
generate wide public attention (Ott et al. 2020). This is an important
step towards big data science, as bringing together multiple reports of
the same object can improve our understanding of the phenomenon.

During the next two sections, we present the methods applied
when analysing the instrumentally observed Pyrenean fireball and
the results obtained. In Section 4, we derive an empirical relation
for fireball source energy based on well-studied events, and compare
it with other methods of obtaining the impact energy applied to
similar scale events. In Section 5, we discuss the importance of
complementary data to better understand a phenomenon. In the final
section, we present the conclusions of this study and the implications
for future work.

2 C O N T E X T A N D M E T H O D S

At 21:12 UT (22:12 local time) on 2018 December 22, a bright fireball
was observed over southern France and Spain (Fig. 1). Multiple
casual observers (as far as 600 km from the terminal point) reported

Figure 1. Satellite view of the Western Mediterranean. The ground pro-
jection of the fireball is represented by the red line and the main ablation
by the orange star (image A). FRIPON stations that captured the event are
marked with green. The airwave was detected at four seismic stations of the
IGN (orange), and one infrasound station of the IMS (blue). B displays the
cloud distribution around the time of the fireball, while A presents a clear sky
context, to better convey the location of the stations. The maps were extracted
using the Matplotlib Basemap Toolkit and NASA Worldview platform.

the event on IMO website and on social platforms (e.g. https://ww
w.vigie-ciel.org/). A search to recover the meteorite was organized
by teams of FRIPON, Institute of Space Sciences (CSIC-IEEC),
Planetarium of Pamplona, SPanish Meteor Network (SPMN), and
Universidad de Navarra. The search covered a surface of 2 km2 at
15 km east of Logroño (La Rioja, Spain); no meteorite was found.

A strong thunder-like sound was reported by witnesses some
seconds after the event, in the central region of Navarra (Yanguas
et al. 2019). The acoustic waves coupled to the Earth’s surface, and
were detected as seismic signal on four stations of the Spanish seismic
network of the Instituto Geográfico Nacional (IGN). Airwave signal
was detectable for at least 2000 km from the fireball, as it reached a
high signal-to-noise ratio on I48TN IMS infrasound station, located
in Kesra, Tunisia (Table 1). The fireball was also detected for 5 s in
the silicon pass band (400–1100 nm wavelength) of three FRIPON
cameras, through various thicknesses of cloud coverage (Fig. 2).

At the time of the fireball, France was under full cloud coverage
(Fig. 1), and the sky was illuminated by a full Moon, impeding
other stations to detect the fireball. From Dax, France, the fireball
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5718 S. Anghel et al.

Figure 2. Mosaic of composite frames of the FRIPON all-sky cameras involved in the event analysis. The images were inverted, and a part of the corresponding
original is displayed in the zoomed luminous path as seen from the Montsec station. The image orientation is indicated by the compass rose in the upper left.
The dark patch in the middle-right part of each image is the full moon (100 per cent illuminated during the event). The variation in moon and fireball luminosity
between images is produced by different levels of cloud coverage (i.e. overcast sky of varying thickness for both Dax and Hendaye; clear sky for Montsec).
Seen from Montsec, the fireball finished the luminous trajectory just before the line of sight (mountain ridge at horizon), yet well above the cloud layer.

Figure 3. Ending of the fireball as seen by the digital all-sky camera at the
Hendaye station. The background picture is a composite of frames involved
in the detection. The red dots are centroid measurements on frames (30 fps),
while the thin central line is the linear regression of the apparent trajectory.
Note the rapid increase in centroid frequency towards the end part, due to
deceleration. There are a few frame measurements missing towards the very
end, due to heavy extinction induced by clouds.

was observed through a fairly uniform layer of clouds, while on the
Montsec station, Spain, the entire luminous trajectory was seen well
above the clouds, and ended right before the horizon.

Hendaye, France, hosts the closest FRIPON camera from the
atmospheric entry. From this station, the object was seen through
an uneven layer of clouds (altocumulus), varying in thickness along
the trajectory. On the one hand, a uniform layer of clouds can be
beneficial for astrometric measurements of bright events (Fig. 3). On
the other hand, as described below, when modelling the meteoroid’s
energy release, an additional set of calibrations is required. The image
data along with camera orientation are displayed in Fig. 2.

2.1 Optical data

For astrometry and photometry, we used the data recorded by three
automated digital cameras of FRIPON. The cameras are based on
the CCD Sony ICX445 chip (1.2 Mp resolution, 12 bits), operating
at 30 frames s−1 (Colas et al. 2014). Currently, the FRIPON network
and extensions assemble more than 150 stations installed around
the world, most of which are located in Western Europe (Gardiol,

Cellino & Di Martino 2016; Koschny et al. 2018; Nedelcu et al. 2018;
Colas et al. 2020).

FREETURE open source software (Audureau et al. 2014) was
implemented across the network for meteor detection and long
exposure acquisition (captures). Next, data are reduced by the FRIpon
PIPEline (FRIPIPE) automatic routines, to obtain the orbit, trajectory,
dark flight, and strewn field (Vaubaillon et al. 2018). Additionally, as
described in Sections 2.1.1 and 3.1.1, recent FRIPIPE updates allow
a better tracking along the atmosphere, and dynamic mass estimates.

2.1.1 Astrometry

A meteor detection delivers a set of 33 μs frames (30 fps) in FITS
format. There are hardly any stars visible on this sequence, thus
FREETURE acquires a 5 s exposure capture every 10 min. Each
capture will produce a set of reference stars (hundreds of stars
for dark sites), which will serve for astrometric and photometric
calibrations.

The astrometric solution is generated for each camera location
from a month-long set of captures. The goal is to convert CCD Carte-
sian coordinates (x,y) into horizontal coordinates. This procedure is
modelled using 12 parameters that take into account the orientation
of the camera, the optical centre position, a radial distortion function,
and an empirical factor for asymmetry. The complete model is
detailed by Jeanne et al. (2019).

FREETURE’s automated procedure delivers a rough estimation of
the meteor centroid for a selection of frames. To ensure a proper
analysis of the event, all the frames were measured manually. The
meteor trajectory is built by separating time and space coordinates,
and assuming it to be a straight line, as described by Ceplecha (1987).
Next, a modified sum of residuals is applied to the least-squares
method (Borovička 1990), which assigns a weight to each camera,
depending on the accuracy of the calibration, the number of images,
and measurement noise. The full description and application of this
model is presented by Jeanne et al. (2019).

2.1.2 Photometry

The flux was obtained by summing the background subtracted pixel
values for each frame of the detection. In Fig. 4, we take the flux
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Figure 4. The Western Pyrenees fireball uncalibrated instrumental magni-
tude seen from the Hendaye station in each frame of the detection. The plot
is superimposed on the meteor region of interest, built from stacked frames.
Notice the absorption due to the change in cloud thickness along the trajectory.

common logarithm from Hendaye, and multiply by −2.5 to obtain
the instrumental magnitude. To convert it into absolute units, we
corrected for distance and extinction.

Depending on the station, the extinction coefficient can change
also as a function of azimuth (Anghel et al. 2019). None the less,
during the week prior to the event, there were no major dichotomies
found along the azimuth, so a generic all sky extinction was used.

FRIPIPE computations allow an initial absolute light curve of the
fireball (Jeanne et al. 2019; Colas et al. 2020). The limitation of this
photometric routine resides in dealing with saturated images. In fact,
for this event, most of the recorded frames are saturated. This will
affect the measurements of luminosity and will diminish the real
photometry of the fireball.

For our current configuration (Colas et al. 2014), a fireball with an
absolute magnitude of −8 will start to saturate the cameras at ≈ 80 km
distance. To reconstruct the missing light due to saturation, a routine
was developed (see logical scheme: Section A) that corrects the flux
on all-sky cameras based on the model similar to the one described
by Kikwaya et al. (2010). Its operation in an automated network
requires a clear sky from at least two stations, yet during the Pyrenean
fireball, an unobstructed luminosity measurement was only possible
from Montsec. As the automated model had poor applicability in this
scenario, we adapted it to a particular case, where clouds act as a
natural filter, allowing only a part of fireball radiation to reach the
detector.

During uniform clouds, the otherwise clipped bolide highlight (i.e.
on clear sky) is replaced by a dimmed point spread function (PSF)
with a clear centroid (Fig. 5). This will favour the astrometric and
photometric measurements, by better constraining the position of the
object and its change in brightness (see Section 3.2).

Here, two trade-offs are introduced; small detaching fragments
will not be visible through clouds, and variable cloud thickness will
induce uncertainties on photometry.

To correct the measurements on saturated frames, we first used
the absolute flux obtained during a clear sky on Montsec, to
calibrate the absolute flux measured from Dax, where the cloud
absorption was uniform. Next, the corrected absolute flux on Dax
was used to calibrate the same fireball moments where Montsec

Figure 5. Mosaic of frame region of interest from each station, representing
the maximum fireball luminosity time (2018-12-22T21:12:04.837 ± 0.007s
UT, depending on the shift in frame acquisition). Image orientation is
displayed in the compass rose. The change in PSF is caused by different
levels of absorption; Overcast sky on Dax (thin layer) and Hendaye (thick
blanket), while Montsec had no clouds in the CCD-fireball line of sight. The
white patches for Dax and Montsec are saturated areas.

was saturated. This cross-calibration enhanced the Montsec clipped
highlight frames, and allowed to better approximate the radiated
energy.

2.2 Airwave evidence

2.2.1 IGN seismic data

The SPMN network obtained additional four distant video recordings
of the bolide, and confirmed the seismic detection from four IGN
stations (Table 1). The vertical components of the EARA, EALK,
ESAC, and ECHI are displayed in Fig. 6, in units of velocity and high-
filtered at 1 Hz. The distances between the main ablation location
and the stations vary from 50 to 183 km (Fig. 1). The signal is
compatible with a sound wave speed propagation and therefore this
detection corresponds to the coupled direct wave from the main
ablation of the fireball trajectory. Other distant stations of the IGN
did not present any signal above the seismic noise background, and
given the distribution of the IGN stations (i.e. to the East of the
fireball’s trajectory), a reconstruction using only seismic methods
could not be possible with enough accuracy.

From the amplitudes of the recorded waves, the energy can be
estimated using seismic magnitude scales (Kanamori 1977; González
2017). Combining this output with empirical results, the source
energy of the impact can be estimated.

2.2.2 IMS infrasound data

The CTBTO (Comprehensive Nuclear-Test-Ban Treaty Organiza-
tion, Vienna, Austria) operates a network of infrasound stations as
part of its IMS. The IMS is a world-wide network that monitors most
of the Earth’s atmosphere. It was created to find nuclear explosions
in the atmosphere on Earth. With the IMS infrasound stations, it is
possible to detect the energy released by the impacting meteoroids
or asteroids. The network consists of 52 infrasound stations spread
around the globe, status as of 2020 May, and upon completion it will
contain 60 stations (http://www.ctbto.org). Since it is operational
during day and night, it is a unique source for fireball monitoring. The
IMS infrasound stations each consist of an array of microbarometer
sensors. These sensors are sensitive to frequencies in the range of
0.02–4 Hz (Marty, Ponceau & Dalaudier 2010).

The recorded waveforms were analysed with the program DASE
Toolkit - Graphical Progressive Multi-Channel Correlation (DTK-
GPMCC), developed in collaboration with the CTBTO by the
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Figure 6. Seismic detection of the fireball from 2018 December 22 at four IGN seismic stations. The recording time for each signal is indicated by the orange
arrow. The scale of the seismic plots shows the energy loss due to wave attenuation with distance and the coupling phenomena transforming sound to seismic
wave. For further details see the text.

CEA (French Alternative Energies and Atomic Energy Commission,
France). The program is based on an algorithm for Progressive Multi-
Channel Correlation (PMCC) and detailed by e.g. Mialle & Arora
(2018).

For more details about the signal identification the reader is
referred to Ott et al. (2019). After the signal was identified its
frequency components were used to apply a bandpass filter and to
stack the waveforms of the different station’s sensors.

There are a variety of methods that aim to determine the energy
of the impacting object from infrasound data (Edwards, Brown &
Revelle 2006). The empirical methods are based on either the period
of a signal, or its amplitude, as described by e.g. Ens et al. (2012).
However, the period of the signal seems to be the parameter that is the
most stable, i.e. the one that changes the least even during long paths
from signal to detection at a station (Edwards et al. 2006). The period
is also widely used today. Thus, the period at maximum amplitude
of the resultant beam was investigated to compute the source energy.
This was done following the method by Revelle (1997).

3 R ESULTS

An instrumentally documented fireball (possible meteorite dropper)
was observed above the Western Pyrenees on 2018 December 22. The
event occurred late in the evening, on 21h12m01-05s ±0.005 UT (22
h local time). The luminous trajectory started over the south-western
part of France, and spent most of the flight time over northern Spain.
After a 4.9 s long flight, it terminated over the Navarre region in the
northern part of Spain.

During this section, we characterize a range of parameters,
from features observed directly, to estimates based on the object’s
behaviour, aiming to constrain the energy and mass.

3.1 Dynamic data

3.1.1 Trajectory

The longest luminous path of the fireball was seen from Dax, despite
the cloud coverage. The detected ablation (between 21:12:00.989
and 12:05.864 UT) corresponds to an 87 km long atmospheric flight
along an average slope to the Earth’s surface of 36.5◦.

Figure 7. Residual distance along the best computed fireball trajectory. The
RMS is 25.9 m, while the median is 19.5.

Montsec was the only station that observed the trajectory unob-
structed by clouds. From there, the object started at an elevation of
19.6◦ and finished at 11.2◦, just before the mountain ridge at the
horizon. We inspected the recorded captures for meteor trains on
Montsec as well as on other close cameras, yet no clear train could
be identified.

The apparent (instrumental) width along the fireball track, when
projected on the distance, varies between 0.5 and 3 km. Nevertheless,
the final astrometric measurements allowed a less than 26 m σ for
the measured residuals along the trajectory (Fig. 7).

The dynamic parameters are computed based on the rate of body
deceleration in the atmosphere. Thus, the altitude and position of
the object are fitted according to the analytical model described
by Gritsevich (2009), to obtain the entry and final mass of the
object. This technique combines two dimensionless parameters:
A ballistic coefficient (α) and a mass-loss parameter (β) that
interprets how efficient an object moves through the atmosphere.
Jeanne et al. (2019) described the implementation of this model for
FRIPON.

Results for the trajectory derived from triangulation for all stations
are given in Table 2.
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Table 2. Geophysical data on the Western Pyrenees fireball.

Initial velocity 24.45 ± 0.12
km s−1

Final velocity 6.4 ± 0.12
km s−1

Beginning height 88 km At Dax all-sky image

Terminal height 27.3 km At Dax all-sky image

Trajectory length 87 km
Duration 4.87 s
Peak absolute −12.9 ± 0.7 At the height of

magnitude 34.4 km

Dynamic pressure at 3.5 MPa At the height of

the fragmentation 34.8 km

Maximum dynamic 4.4 MPa At the height of

pressure 31.7 km

Trajectory slope 36.5◦ From horizontal

PE −3.9 Type I

α 17.307
β 2.603
log(2αβ) 1.96 Type I

Table 3. Meteoroid parameters as calculated by FRIPIPE for a range of
densities.

ρM Diameter Me Mf

(kg m−3) (m) (kg) (g)

1500 0.45 71.0 33.5

2500 0.27 25.5 12.1

3500 0.19 13.0 6.2

4500 0.15 7.9 3.7

5500 0.12 5.3 2.5

6500 0.10 3.8 1.8

3.1.2 Density estimation

From the atmospheric trajectory alone, it is rather difficult to estimate
the meteoroid parameters. Hence, FRIPIPE also computes a number
of scenarios that correspond to several density regimes (Table 3). To
further constrain the size of the Pyrenean meteoroid, we analysed
multiple accounts where density is discussed in the literature. Also,
an estimate of density will be required to calculate the size of the
object from photometric and infrasound energy.

Gritsevich & Koschny (2011) note that a meteoroid bulk density
range is likely within 1–4 g cm−3. This gap can be narrowed further,
in an event of a meteorite recovery. Though often, determining the
pre-atmospheric bulk density can be challenging due to the broad
diversity in meteoroid size, shape, internal structure, as well as
porosity. It is known that large asteroids can have porosities as high as
40–50 per cent (i.e. rubble-piles), and these values are not uncommon
for objects at the asteroid-meteoroid border (Hildebrand et al. 2006;
Jenniskens et al. 2009). Consolmagno & Britt (1998) conclude
that most meteorites are substantially denser than measured density
of well-known asteroids. This is not surprising, considering the
survivorship bias. Stronger objects will withstand higher pressures
along the atmospheric deceleration, and are more likely to reach free
fall before vaporizing completely. Moreover, meteorite strength is
a poor indicator of parent body bulk strength. Popova et al. (2011)
analysed strengths of meteorites along with atmospheric trajectory
data, and they estimate a meteorite bulk strength up to two orders of

Figure 8. Dynamic pressure experienced by the meteoroid and the velocity
fit (blue) are displayed as a function of height.

magnitude larger than that of the parent meteoroid (i.e. derived from
dynamic pressure, at first fragmentation).

The overall strength for the Pyrenean meteoroid was measured to
be 3.5 MPa at fragmentation, a value quite comparable with other
ordinary chondrite fall (Popova et al. 2011). This corresponds to the
dynamic pressure (Fig. 8) experienced by the object as:

p = ρh v2
h, (1)

where vh is the velocity and ρh is the atmospheric density modelled at
the height of the disruption event (depicted in Fig. 9, frame #1). The
units for ρ are g cm−3, obtained from NRLMSISE-00 model (Picone
et al. 2002).

Following Register, Mathias & Wheeler (2017), this overall
strength is not representative for any specific material property
of the meteoroid such as compressive strength, tensile or yield
strength. This measurement rather acts as an aggregate strength,
encompassing all of the above. Moreover, meteoroid durability may
change depending on its size. Usually, larger objects are more likely
to contain faults and cracks in their volume, which lowers their
strength. A smaller object having the same density can undergo
larger ram pressures before fragmentation, thus reaching a lower end
height. Work on this regard was carried out e.g. based on the data
collected in the Praerie Network (PN).

By analysing around 200 PN fireballs (ranging from ≈cm to sub-
meter in diameter), Ceplecha & McCrosky (1976) noted that mete-
oroids having similar masses reached rather different end heights.
These were interpreted as strength differences, and they proposed
a 1D criterion, termed PE (from ρE, the atmospheric density at the
end of the luminous trajectory) which can be used to associate the
overall strength, with one of four groups (i.e. ordinary chondrite-like,
carbonaceous chondrite, short-period cometary, and weak cometary
material). The original relation which was widely used ever since is
given by:

PE = log(ρE) + log(Me)A + log(V∞)B + log(cos ZR)C, (2)

where Me is the entry mass in kg, V∞ is the entry speed in km s−1,
ZR is the zenithal angle of the radiant and a set of constants, derived
empirically as: A = −0.42, B = 1.49, C = −1.29.

For the Pyrenean fireball, we computed the PE criterion with
respect to the previous entry mass estimations (Table 4). All the
values fit into the Type I category, which is associated with ordinary
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5722 S. Anghel et al.

Figure 9. Mosaic of fireball frames as seen from Montsec station. Time flows from left to right, first frame corresponding to the point of maximum luminosity.
The yellow arrows indicate fragments detached before the explosion. Closely after the main disruption (#1), a secondary fragmentation occurs during frame #3.
This briefly increased the luminosity of the object, and can be seen in a second peak in Montsec light curve (Fig. 10). The fragment (white arrow) is left behind
the main body in the following three frames.

Table 4. PE criterion of the fireball for the range of entry masses obtained
in Table 3.

Me(kg) 71.0 25.5 13 7.9 5.3 3.8

PE −4.25 −4.06 −3.94 −3.85 −3.78 −3.71

chondritic material. This Type I has been studied extensively, as most
of the recorded meteorite falls, match this category.

Another estimator of strength was recently proposed by Moreno-
Ibáñez et al. (2020) as an alternative to the PE criterion. It combines
the before-mentioned dimensionless parameters as 2αβ, and by
taking their logarithm, the authors rendered a new method of
classification, which does not involve empirical constants. In this
manner, we obtain a log(2αβ) of 1.96, which corresponds again, to
a Type I fireball class.

From the conclusions mentioned above, along with the meteoroid
single-body behaviour until the last second (Section 3.2), we expect
that a density of 3.5 g cm−3 (characteristic to ordinary chondrites),
would be optimal for modelling the mass and energy of the Pyrenean
fireball (Table 7).

3.2 The light curve

To obtain the light curve of the fireball, we applied the steps detailed
in Section 2.1.2, and plotted the absolute magnitude as a function of
time and height (Fig. 10).

Both the Hendaye and Dax cameras recorded the event through
a layer of clouds, producing absorption and reflectance of light
by the water/ice particles. For thin clouds, a part of radiation was
attenuated along the path between the source and detector. Another
part was scattered by clouds back into the detector. As the cloud layer
increased, the total detected light was dominated by re-scattered
light. When the fireball PSF is summed for each frame of the
detection, it will result in an apparent decrease of meteor radiation,
thus explaining the apparent final drop in brightness as seen from
Hendaye, starting from a height of approximately 37 km.

The saturation correction routine is applied by enhancing the clear
sky light curve from Montsec, based on a selection of frames from the
Dax station, where cloud filtering was uniform (see Section 2.1.2).
The shaded area surrounding the model represents the error bar.
This combines the errors involved throughout the measuring process
(i.e. flux, background, extinction, and saturation correction). The
beginning and the end of the light curve error is significantly wider
(≈ 1 mag) due to Poisson error, on low flux count. One second into
the ablation, the uncertainty due to saturation corrections begins to
dominate.

The fireball light curve is unusually flat for an entry with a velocity
of 24 km s−1. Small detaching fragments have been spotted on
individual frames late in the ablation (Fig. 9), yet they were not
associated with a particular increase in luminosity in the light curve.

Figure 10. The fireball light curve as seen from each station in units of
absolute magnitude (i.e. normalized to 100 km). Height is computed from
the trajectory as a function of time and displayed in the upper axis. The input
used to obtain the saturation correction along with the uncertainty on values
(shaded area) are detailed in Section 3.2.

This behaviour is congruent with a distinct object of higher bulk
strength, with some prominences that were detached at dynamic
pressures of 1 MPa, well before the disruption event, which occurred
at 3.5 MPa.

Similar behaviour was observed on larger objects. Borovička et al.
(2020) indicate two strengths that may appear in the light curve of
sub-meter to meter scale ordinary chondrites. The first consists of
the shedding phase, where the meteoroid loses its weak material on
the surface which can be seen as a peak at very low ram pressures
(between 0.04 and 0.12 MPa), and a second strength, that conveys
the meteoroid internal solidity which is usually catastrophic for
the object. A distinct signature of first strength was not observed
for the Pyrenean fireball, which could be due to the limitation
in measurement resolution, or simply the meteoroid did not hold
any frail surface structures. The second strength is the disruption
of the object at the height of 34.4 km that also corresponds to
the point of maximum brightness of −12.9 ± 0.7 mag. This was
recorded on both the Montsec and Dax stations as a brief single-
frame flash at 21:12:04.836 ± 0.007 UT, and was followed by a
weaker flash (two frames later). This is interpreted to be a second
fragmentation, which due to clouds, could only be observed from
Montsec. Right after, the object slowed down to a third of its initial
velocity, and ablation could only be maintained for less than a
second.
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Table 5. Seismic energy equivalence.

Station code Max amplitude MIGN Eseismic

(μm s−1) (kt)

EARA 3.9 2.5 8.6−5

EALK 1.3 2.3 3.7−5

One method of obtaining the object’s mass is by integrating
the radiated energy. Thus, the source energy is estimated from the
photometry following the manner described by Brown et al. (2002),

and by plugging the entry velocity into m = E

0.5 v2
we obtain the

entry mass. For this, the corrected light curve magnitude (M) was
converted into energetic units assuming a plasma temperature of
4500 K emitting in the whole spectrum (Ceplecha et al. 1998) as
others have used when converting bolide magnitudes (e.g. Ceplecha
1996; Spurný et al. 2010). The relation can be arranged to obtain I
in Watts as:

I = I0 10

⎛
⎝ M

−2.5

⎞
⎠ (3)

where I0 is estimated to 1500 W and represents the intensity of a
0 magnitude light source. Thus, by integrating along the fireball’s
duration, a total radiated energy (Eo) of 1.3 × 108 J was found,
which is equivalent to 3.18 × 10−5 kt TNT. This value will be further
used in Section 4 to estimate the source energy by comparing it with
well-known bolides (Table 6).

3.3 Airwave energy

3.3.1 Seismic

On two of the IGN stations (EARA and EALK) situated at 50 and
72 km from the bolide blast, the seismic signal formed a typical
N shape, and was associated with the direct wave created by the
main disruption of the meteoroid (Section B). Both stations display
the precursor surface waves and the direct coupling. In addition,
the signal from EARA station, also shows the mixed direct coupled
waves with surface seismic waves. These features are presented in
detail in Fig. B1.

To minimize the attenuation effects due to larger distances, only
the signals recorded at the nearest seismic stations from the trajectory
(i.e. EARA and EALK), were kept for energy estimation. Thus, the
IGN seismic magnitude is computed (MIGN, with the scale fitted to
the Spanish seismic network), and by using the empirical magnitude-
to-energy conversion from Kanamori (1977), a seismic source energy
(Eseismic) was estimated. The results for both stations are displayed
in Table 5.

To translate Eseismic into a kinetic energy of the object, an acoustic
efficiency correction is needed. This is based on the assumption
that the ground motion (detected by seismographs) is caused by
direct loading of the surface by acoustic overpressure generated
by the meteoroid. This was described by e.g. Edwards et al.
(2007), and the references therein. Upon evaluating the US Air
Force Technical Applications Centre (AFTAC) detected atmospheric
impacts, ReVelle & Whitaker (1996) obtained acoustic efficiencies
ranging from 0.2 to 7 per cent, with larger efficiencies corresponding
(on average) to smaller objects. This is in agreement with acoustic
efficiencies obtained by Ens et al. (2012), where the authors report a
variation in acoustic efficiency of several orders of magnitude (0.1 to
20 per cent). Thus, emphasizing the individual nature of each event.

Converting the mean Eseismic (between EARA and EALK), according
to the range of acoustic efficiencies obtained by ReVelle & Whitaker
(1996), would place the Pyrenean meteoroid kinetic energy between
0.001 and 0.03 kt TNT. These margins, along with the corresponding
meteoroid parameters are presented in Table 7.

3.3.2 Infrasound

Despite the small size of the object entering the Earth’s atmosphere
on 2018 December 22 it was detected by an IMS infrasound station.
The station I48TN is located in Tunisia and recorded a quite clear
signal of the event. It is displayed in Fig. 11. The station had an
estimated distance of roughly 1265 km to the event. Taking the
traveltime of the acoustic wave through the atmosphere into account
the displayed signal detected around 22:20 UT arrived as expected.
Furthermore, the median of the back azimuths of the identified signal
of 315.6◦ is as expected. The back azimuth of the wave is given in
degrees as seen from the station. It is the direction the signal arrives
from. In the figure different parts of the signal can be seen which
result from multiple wave packages arriving at the station. Due to
different paths through the atmosphere the traveltime of the wave
packages varies. For more detailed information about atmospheric
propagation modelling, see e.g. Pilger et al. (2020).

We found values for the period at maximum amplitude of P = 3.8 s
and Einfrasound = 0.45 kt TNT equivalent for the source energy.
Combining this with the velocity computed from the FRIPON data
of vinfrasound = 24.45 km s−1, which is more robust to oversaturation
allows a mass estimation for the entering object of about minfrasound

= 6.3 t. Assuming a density of ρ = 3500 kg m−3, this would
correspond to an entering asteroid with a diameter of about sinfrasound

= 1.5 m. It has to be mentioned that I48TN was the only IMS
infrasound station in which a signature of the fireball could be
identified. This leads to larger uncertainties of the results.

Since the infrasound station in Germany, I26DE, had a similar
distance to the fireball (about 1350 km), we also investigated its data
for a signature of the fireball. Unfortunately, we could not find any
significant detection. This is surprising, since both directions (from
the fireball to I48TN and I26DE) and distances are well suited for
wave propagation. This indicates better observation conditions at the
Tunisian station compared to the German one.

4 C O M PA R I S O N B E T W E E N E N E R G Y
ESTIMATES

A direct formula between the kinetic energy of the impactor, and
the light generated in the atmosphere has so far not been found. It
must be a complex function that encompasses the parameters of the
object (e.g. composition, density, mass, shape, structure, etc.), the
impact geometry, as well as the behaviour of the air particles during
the deceleration. Most of these parameters remain unknown to us.

Early studies used theory or independent methods in an attempt to
measure how efficient the light production is during the atmospheric
interaction. Brown et al. (2002) estimated this ratio using an empirical
fit between the observed radiation and energy derived through various
techniques. The original relation was presented as:

τ = (0.1212 ± 0.0043) E0.115±0.075
o , (4)

where Eo is passed in kt and τ is the ratio of kinetic energy which can
be attributed to radiated light, also known as the luminous efficiency.

For the fireball radiated energy rank, the uncertainty in equation (4)
translates into a variation in τ between 1.7 and 8 per cent, while the fit
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5724 S. Anghel et al.

Figure 11. Infrasound signal of the fireball from 2018 December 22 recorded by IMS station I48TN in Tunisia processed with PMCC. On the top, the result
of PMCC is presented for the whole investigated time period from 20:00 UT on 2018 December 22 until 02:00 UT on 2018 December 23. The different wave
directions (back azimuths) are colour coded. The middle shows an enlarged part with time frame ranging from about 22:16 UT until 22:24 UT. For the analysed
frequency bands, the computed back azimuth and the velocity of the recorded infrasound signal are shown. At the bottom for the same time interval the resultant
beam is presented.

results in 3.7 per cent. We found that for a single-body behaviour the
margins are in agreement with other estimates of luminous efficiency
(e.g. Ceplecha et al. 1998; Gritsevich & Koschny 2011). However,
the optical energy emitted by the Pyrenean meteoroid places the
object outside the interval of measurements proposed by Brown et al.
(2002).

To better understand the radiated light – source energy relation, a
set of well-studied events were selected, which displayed similar
optical energy to the meteoroid in this study. From the objects
with published data, which were subject of meteorite recoveries
and have well-studied trajectory (including calibrated light curve),
11 correspond to the energy ranging from 0.1 to 10 ton TNT. To
this group, we added a few fast, high altitude bolides detected via
multiple instruments, including close proximity infrasound and fast
radiometers, which allowed a precise estimation of the source energy.
The full set of objects along with their physical details are presented
in Table 6. When fitting the full set of objects from Table 6 as source
energy versus optical energy, we obtain the best-fitting relation:

log(E) = 0.7165 log(Eo) + (0.5932 ± 0.5020), (5)

where E represents the impact energy. A visual representation of this
energy correspondence is displayed by the red line in Fig. 12. This
is an extension for the relation proposed by Brown et al. (2002),
obtained for impacts displaying lower energies. By applying this
relation on the Pyrenean meteoroid yields a total energy of 1.1 tons
TNT equivalent. The corresponding photometric mass was estimated
to be 15 kg, which in turn, given a density of 3500 kg m−3 and a
spherical shape, leads to a diameter of 0.2 m. This result is higher
compared to the mass of ≈12 kg obtained using the method proposed
by Brown et al. (2002). This is not surprising, considering that the
latter was derived from more energetic events (0.1–1 kt TNT-scale).
Moreover, the empirical relation presented in this work (equation 5)
is bridging the gap towards lower mass objects, which were found to
be even less efficient in radiating light (e.g. Subasinghe, Campbell-

Brown & Stokan 2017, and the references therein). These results
along with estimates from other methods are listed in Table 7.

Though objects the size of the Pyrenean meteoroid impact the
Earth on a daily basis (Brown et al. 2002), there are hardly any studies
that discuss the instrumentally combined data of decimeter-size
objects. Upon analysing events recorded by the FRIPON network,
the object presented here was the only one found to generate a strong
enough infrasound signal to be detected by IMS stations. Simi-
lar source-to-detector geometry displayed the Bunburra Rockhole
meteoroid. However, after extensive searches, Spurný et al. (2012)
reported that there were no infrasound signals recorded for the event.
This indicates the fact that atmospheric conditions are quite important
for signal propagation. The Pyrenean fireball energy resulted from
the infrasound estimate (0.45 kt TNT), is several orders of magnitude
larger than the photometric estimate. This is not surprising, since the
AFTAC relation was obtained measuring highly energetic nuclear
explosions. Previous authors have shown that the energy estimations
using this method are less reliable for energies below 0.2 kt, and
larger than 10 kt (Edwards et al. 2006). For Chelyabinsk impactor,
Ott et al. (2019) found energy estimates which vary by several orders
of magnitude. When the authors considered the mean of the observed
period, the results agree favourably with other energy estimates, thus
marking the importance of infrasound networks.

Among the energy signature observed and the proposed equiv-
alence presented in the literature for each method, we found that
the integration of the emitted light presents the lowest uncertainty
around the ton TNT-class impacts (Fig. 13). This was indicated
also by the nominal value of the dynamic mass for the estimated
density. The large error on dynamic mass is the theoretical standard
deviation due to possible uncertainties such as the ‘shape factor’ and
the fragmentation during flight. In our case, we already know the
fragmentation did not occur until the very end, which we consider
the nominal value to be the most likely mass. A larger uncertainty is
indicated by the seismic and infrasound estimates. Hence, we retain
the approximate value of 1 ton TNT as a final energy estimate, which
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Table 6. Details of the calibrated bolides used. The table lists (from left to right) the name of the meteorite linked with the fireball (or the fireball name
as given in the source study), date of impact, the pre-atmospheric velocity and mass, the maximum luminosity reached (in magnitudes), the optical and
the impact energy in tons of TNT (1 T = 4.184 × 109 J), and the references for the data.

Bolide name Date V∞ m∞ Mmax Optical energy Source energy b Reference
(yyyy/mm/dd) (km s−1) (kg) (T TNT) (T TNT)

Hamburg 2018/01/17 15.83 ± 0.05 142 (60–225) −16.3 0.193 a 4.27 (1.79–6.78) 1, 2

Ejby 2016/02/06 14.52 ± 0.10 185 (110–350) −14.0 0.156 a 4.66 (2.73–8.94) 3, 4

Creston 2015/10/24 16.00 ± 0.26 55 (10–100) −12.0 0.040 a 1.68 (0.30–3.16) 5

Ždár nad Sázavou 2014/12/09 21.89 ± 0.02 150 (130–170) −15.3 0.335 8.59 (7.43–9.75) 6

Novato 2012/10/18 13.67 ± 0.12 80 (45–115) −13.8 0.215 1.79 (0.99–2.61) 7

Križevci 2011/02/04 18.21 ± 0.07 50 (25–100) −13.7 0.064 a 1.98 (0.98–3.99) 8

Grimsby 2009/09/26 20.91 ± 0.19 30 (20–50) −14.8 0.082 a 1.57 (1.03–2.66) 9

Jesenice 2009/04/09 13.78 ± 0.25 170 (90–250) −15.0 0.158 a 3.86 (1.97–5.88) 10, 11, 12

Bunburra Rockhole 2007/07/20 13.37 ± 0.01 30 (21–38) −9.6 0.004 a 0.64 (0.44–0.82) 13, 14, 15

EN130801 2001/08/13 59.89 ± 0.13 0.600 −13.3 0.006 0.257 16

EN151101A 2001/11/15 71.30 ± 0.11 0.800 −14.9 0.029 0.486 16

EN030804 2004/08/03 60.80 ± 0.20 0.370 −12.5 0.005 0.163 16

Innisfree 1977/02/06 14.70 ± 0.04 36 (20–44) −12.1 0.040 0.93 (0.51–1.14) 17, 18

Lost City 1970/01/04 14.14 ± 0.01 163 (158–168) −12.4 0.065 a 3.90 (3.78–4.02) 18, 19

Notes: The foremost value for both the entry mass (m∞) and source energy represents the preferred estimate from the references. The ranges in the
parentheses cumulate the uncertainty intervals presented in the references. a The optical energy was extracted via digitization from the calibrated
light-curve plot in the reference, when the study did not present the integration value of the radiated light. For details about the extraction method, the
reader is referred to Anghel & Birlan (2017). b The source energy was computed from references as E = 0.5 m∞V 2∞ .
References: [1] Brown et al. (2019); [2] Heck et al. (2020); [3] Spurný et al. (2017); [4] Haack et al. (2019); [5] Jenniskens et al. (2019); [6] Spurný et al.
(2020); [7] Jenniskens et al. (2014); [8] Borovička et al. (2015a); [9] Brown et al. (2011); [10] Spurný et al. (2010); [11] Bischoff et al. (2011); [12] Ott
et al. (2010); [13] Sansom et al. (2015); [14] Spurný et al. (2012); [15] Welten et al. (2012); [16] Brown et al. (2007); [17] Halliday, Griffin & Blackwell
(1981); [18] Ceplecha & Revelle (2005); [19] Ceplecha (1996).

Figure 12. Energy calibrations of well-known bolides around the ton-scale
TNT. The error bar on the source energy represents the combined uncertainties
from mass and velocity. The thin black line is the fit obtained by Brown
et al. (2002) corresponding to source energies greater than 0.1 kt TNT. This
is continued with the dotted grey line on to this energy category. The red
line is obtained as a best fit of the calibrated impact energy from Table 6.
The displayed objects have well-studied trajectory data, and all except the
small circles with black contour were the subject of successful meteorite
recovery campaigns. The 100 per cent luminous efficiency correspondence is
represented by the thick line.

corresponds to the nominal value overlap of the results obtained
through photometric and dynamic methods. This translates into an
acoustic-seismic efficiency of ≈ 7 per cent, which is in agreement
with previous work, and could be explained by the high overall
strength, and single body ablation.

5 D ISCUSSION

The 2018 December 22 fireball brought attention of multiple casual
witnesses throughout southern France (despite the cloud coverage),
and all over Spain.

Among the 29 detailed descriptions on IMO website (event 5756-
2018), the majority (23) reported green being the dominating colour
during the luminous path, followed by yellow, orange, and red. The
video footage recorded by a camera installed at Calar Alto Astronom-
ical Observatory (Spain), 600 km from the fireball path confirmed
the colours reported by eyewitnesses (Yanguas et al. 2019). Even
so, the fireball colour is a poor indicator of meteoroid composition.
However, when spectroscopic observations are available, one can
distinguish between achondrites, chondrites, and metallic material
(e.g. Borovička, Spurný & Brown 2015b; Drouard et al. 2018).

FRIPON network contains radio antennas which are tracking radio
signals emitted by Graves, the French radio transmitter (Rault et al.
2018; Colas et al. 2020). Head and trail echos related to meteors are
recorded into FRIPON database. No radio echo related to this event
was recorded.

The reported luminosity of the fireball in stellar magnitude is −13
(i.e. median value, from all visual observers), surprisingly confirmed
by the corrected light curve (see Section 3.2), considering the usual
overestimation in declared brightness amid eyewitnesses.

Among multi-instrument recorded bolides, the Pyrenean fireball
had a fairly low energy. This is based upon dynamic and photometric
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Table 7. Summary of results for source energy, mass, and equivalent diameter of the Western Pyrenees meteoroid derived
from different methods.

Technique Estimated energy Initial mass Equivalent diameter
[J] [kt] [kg] [m]

Dynamic model 4 (0.12–7.8) × 109 1 (0.03–1.9) × 10−3 13 (0.4–26) 0.2 (0.01–0.4)

Radiationa 3.6 (1.6–8.1) × 109 0.9 (0.4–1.95) × 10−3 12 (5–27) 0.2 (0.14–0.25)

Radiationb 4.5 (2.7–7.5) × 109 1.1 (0.7–1.79) × 10−3 15 (9–25) 0.2 (0.17–0.24)

Seismic energy 3.7 × 109–1.3 × 1011 1 × 10−3−0.03 12–430 0.2–0.6

Infrasound energy 1.9 × 1012 0.45 6300 1.5

Note: aResults obtained based on equation (4). bThe source energy resulted via an optical correspondence based on
equation (5). The foremost value of each section represents the best estimate for the range enclosed in parentheses (if
present). Dynamic energy was computed from an initial velocity of 24.454 km s−1 (see Table 2). The equivalent diameter
for the pre-atmospheric body assumes the object is a sphere, with a bulk density of 3500 kg m−3.

Figure 13. Energy calibrations of well-known bolides around the ton-scale
TNT. For further details about the background data, see Fig. 12. The Pyrenean
impact energy is displayed as the result of dynamic, seismic, and infrasound
methods along with associated uncertainties. The best fit uncertainty (grey
area) represents the standard deviation of the calibrated bolides.

mass estimations. Although there are large uncertainties for these
methods, both agree on the order of magnitude for the nominal
energy (Table 7), giving an estimate of ≈1 ton TNT. Though the
uncertainties of radiation-based estimations are discussed exten-
sively by various authors, we considered the optical based energy
estimation favourable for the fireball presented here. This is due to
the quasi-continuous ablation character until the very end of the light
curve. In different circumstances, a heavy fragmenting object would
need a more attentive approach when applying luminous efficiency,
as the object’s luminosity can be increased by small detaching
fragments which burn faster and using the integral efficiency model

can overestimate the final energy. This caused a large gap between
dynamic and photometric mass, as presented by e.g. Borovička et al.
(2015b).

For the meteor presented in this study, the average infrasound
period at maximum amplitude yields an energy of 0.45 kt TNT.
Though the infrasound SNR was quite high, a single station record
(I48TN) makes it difficult to infer the uncertainty caused by the
atmosphere. Hence, we expect that the dynamic and photometric
energy of 1 ton TNT (Table 7) to be a better estimate of the object’s
true parameters. For a detailed discussion of the uncertainties of the
evaluation and methods of meteor generated infrasound and possible
reasons, we refer to Ott et al. (2019).

In view of the most likely energy estimate (1 ton TNT), the acoustic
efficiency obtained from seismic measurements would be 7 per cent;
slightly higher than acoustic-seismic coupling efficiency measured
by Edwards et al. (2007), while matching the upper limit obtained by
ReVelle & Whitaker (1996). Also, this would be significantly lower
than the values reported for objects with highest acoustic efficiency
presented by e.g. Ens et al. (2012), which could still be applicable
to the Pyrenean meteoroid (though unlikely), considering that even
a smaller mass is allowed by the lower boundary of the photometric
and dynamic estimates (Table 7).

The single body behaviour until the very end, as seen from the
quasi-flat light curve, reveals the behaviour of a strong object, which
brought its energy low in the atmosphere, being congruent with a high
air-to-ground efficiency. This can also be explained by the strong
coupling of the airwave to the Earth’s surface at the seismic stations
near the trajectory, followed by a rapid attenuation of the airwave, as
seen in Fig. 6. Such behaviour is consistent with the entry of a small
object, which generates a narrow blast cylinder, thus attenuating the
shock more rapidly, as apposed to a gross fragmentation generated
shock.

This Pyrenean fireball was one of many objects that reached
the maximum sensibility limit of our cameras. Circumstances as
such, could also lead to the dimming of several low intensity
phenomena (e.g. sparks, small flares, rotational features, etc.), that
would otherwise convey important elements of the meteoroid. Here,
a calibrated radiometer would pinpoint distinct features in the light
curve (Rault & Colas 2019), which provide additional information
that could be linked with parent bodies.

In order to explore the dynamical history of the meteoroid, we
performed a back numerical integration for the last 200 kyears. A set
of 2300 clones was created using a Gaussian distribution on the six
orbital elements starting from their mean and σ values as provided by
FRIPIPE (Table 8). The clones were integrated in the framework of a
dynamical model of the Solar system, which includes all the planets
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Table 8. Fireball radiant and heliocentric orbit.

Apparent radiant (J2000.0)
Right ascension 159.18◦
Declination 75.87◦
V∞ 24.454 ±0.118 km s−1

Orbital elements (J2000.0)
Perifocal distance 0.7906 ± 0.0024 au

Eccentricity 0.328 ± 0.011

Inclination 37.3597◦ ± 0.13◦

Ascending node 270.712◦ ± 0.0004◦

Argument of periapsis 258.174◦ ± 1.773◦

Mean anomaly at epoch 313.133◦ ± 2.486◦

Semi-major axis 1.176 ± 0.023 au

Epoch 18 Dec 2018 21:14 ± 4.5 h

Note. Uncertainties represent 1σ .

along with Pluto, Ceres, Pallas, and Vesta as perturbing bodies. The
Earth and the Moon were treated as separate bodies. The model also
accounts for the Sun’s general relativity contribution (Nedelcu et al.
2014).

The nominal orbit shows an object at relatively high inclination
(i), with perihelion near Venus orbit, aphelion in between Earth and
Mars (Fig. C2), and moderate eccentricity (e). The clones cloud
splits early during the integration, due to close approaches with
the Earth (Fig. C1). Although the evolution is strongly chaotic,
with a Lyapunov time of only 30 yr, typical for NEO (Tancredi,
Motta & Froeschlé 2000), only 18 clones (0.8 per cent of the total)
were removed by Earth impacts during the 200 kyears numerical
integration.

The clones evolution is confined in a relatively narrow region, with
a semimajor axis (a) between 1.1 and 1.25 au, and an eccentricity
between 0.03 and 0.39 (Fig. C3). The average residence time of the
clones was computed using bins for a and e of width 0.0004 au
and 0.0144, respectively. This residence time map can then be used
to infer the past dynamical history of the meteoroid, and its most
probable source of origin. Most of the clones reside at low (0.05) and
high (0.33) eccentricities, with a lower density in the transitional
region between these values. This behaviour is suggestive for
Kozai–Lidov secular resonance (Kozai 1962), which generates large
amplitude anticorrelated oscillations of e and i, with the argument
of perihelion (ω) locked or librating (Michel & Thomas 1996). This
can be observed in Fig. C1, where a large population of clones
undergo this type of inclination and eccentricity oscillations. The
typical evolution of a clone in Kozai–Lidov resonances is presented
in Fig. C4. For this clone, ω is librating around 270 ◦ between −30
and −160 kyears and slowly circulating otherwise. We note that the
libration centre is close to the nominal value ω = 258.174 ◦. This
configuration provides a protection mechanism from planetary close
approaches, since at ω = 270 ◦ and large inclination, the apsides
are situated outside the ecliptic plane (Michel & Thomas 1996).
Thus, despite orbiting the inner Solar system region, the Western
Pyrenees meteoroid appears to be in a relatively stable, protected
orbital configuration, and, most probably a long time survivor of its
precursor body.

6 SU M M A RY A N D C O N C L U S I O N S

We report an extensive analysis of the instrumentally detected fireball
which occurred on 2018 December 22 at 21:12:01-06 UT and the

results obtained when analysing the energy signature of events of
this scale.

During flight, the Pyrenean meteoroid displayed a fairly high
overall strength, as it underwent relatively large dynamic pressures
before the fragmentation event. Though we are not aware of any
meteorite findings, we found that a meteoroid density of 3.5 g cm−3

is most probable. This value was used to estimate the dynamic mass,
which corresponds to a kinetic energy of ≈1 ton TNT.

A second method to estimate the energy was through photometry.
The corrected radiated light was attained after the application of
a saturation model, as the fireball’s luminosity exceeded the ADU
limit of our cameras. This resulted in a maximum magnitude (at
fragmentation) of −12.9 ± 0.7.

To find a connection between the object’s optical integrated energy
and the impact energy, a set of well-studied events with similar energy
signatures were analysed. From this, an empirical relation was de-
rived, and the resulted impact energy is attributed to an approximate
value of 1 ton of TNT. We show that this empirical relation presents
the lowest uncertainty in energy measurement among the methods
explored in this study. Moreover, the photometric mass proposed by
this relation agrees remarkably well with the nominal dynamic mass
obtained for the inferred density. This indicates the possibility of
future fireball studies based on the radiated light and the dynamic
model, to further pinpoint the meteoroid density in addition to the
usual mass estimations.

The infrasound period at maximum amplitude yielded an energy
estimate of 0.45 kt TNT. This introduced a discrepancy of >2 orders
of magnitude between estimates. Though the source signal was
detected with a quite high SNR at the IS48TN station, we highlight
some inaccuracies for infrasound results, especially since the event
was only detected with one station.

As a last step, we explored the dynamical history of the Pyrenean
meteoroid through back integrations. Thus, the object was found to
occupy a somewhat protected torus, which indicates that it might be
long survivor of its parent body. We expect that other objects confined
in a similar protected orbital configuration to intersect Earth’s orbit.

The empirical relation presented here reveals the robustness of
photometric-derived energy measurements of ton TNT-scale impacts,
which in turn can enhance the empirical acoustic-based relations at
the limit of experimental data. This becomes important for improving
the existing measurements of meteoroid flux density, especially now,
within the big data context, generated by an increasing size and
number of fireball networks.
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A P P E N D I X A : LO G I C MA P O F T H E
A L G O R I T H M U S E D TO C O R R E C T T H E
SATURATION

Figure A1. Map used in the first run through the data set, obtained from each
frame of every station involved in the detection. All frames are non-flagged
by default, as bright events are usually observed by more cameras. The flags
on frames (applied by user) become important when analysing events with
few cameras, when each obstruction in the CCD-fireball line of sight can take
a large toll in the final flux measurement.
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Figure A2. Map of the second run through the data. This will be applied as
the first run, to all the frames from all stations. For the few segments where
all the stations are saturated it is necessary to obtain a best flux fit on centroid
parameters for each station, and assign weights on the final flux for those less
saturated. The last step is to run a weighted mean through the final flux from
all the stations to obtain the final light curve. The routines are developed in
PYTHON open source programming language.

APPENDI X B: SEI SMI C SI GNA L
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Figure B1. Seismic signals obtained by EARA and EALK stations. EARA, the nearest station, shows first a seismic precursor wave (i.e. the interval along the
red arrow). This is generated by the ablation air shock wave coupling with the ground, thus arriving first, as Rayleigh waves. Next, the highest amplitudes (blue
dashed circle) correspond to the direct coupling of the shocked air with the surface, at the site of the station. A last wave train (green braces), corresponds to
the mixed waves (i.e. direct coupled and surface seismic waves). At the next closest station, EALK, the precursor surface wave and the direct coupling are also
observed, but the last wave train mainly show surface seismic wave.

APPEN D IX C : O RBIT

Figure C1. The evolution of eccentricity and inclination of the clones for the last 200 ky. For clarity, only a representative subset of 100 clones is displayed.
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Figure C2. The heliocentric orbit of the meteoroid (black) computed for
J2000 as viewed both from top and side. The clones are computed via the
Monte Carlo method, sampled within a 3σ uncertainty. The large and small
open circles mark the peri- and aphelion position. The terrestrial planets:
Mercury (grey), Venus (brown), Earth (blue), Mars (red) and their orbit are
also displayed.

Figure C3. The residence time map (in cy) for the entire (a, e) domain
reached during the integration.

Figure C4. ω, a, i, and e evolution for a clone found in the Kozai–Lidov
resonance.
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Muséum National d’Histoire Naturelle, CNRS UMR 7590, Sorbonne Univer-
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