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ABSTRACT

On 18 May 2024, a superbolide traversed the western part of the Iberian Peninsula, culminating its flight over the Atlantic
Ocean and generating significant media attention. This event was caused by a weak carbonaceous meteoroid of 1 m, entering
the atmosphere at 40.4kms~! with an average slope of 8.5°. The luminous phase started at 133 km and ended at an altitude of
54 km. The meteoroid’s heliocentric orbit had an inclination of 16.4°, a high eccentricity of 0.952, a semimajor axis of 2.4 au, and
a short perihelion distance of 0.12 au. The superbolide was recorded by multiple ground-based stations of the Spanish Fireball
and Meteorite Network and the European Space Agency, as well as by the U.S. Government sensors from space. Due to the
absence of observable deceleration, we successfully reconciled satellite radiometric data with a purely dynamic atmospheric
flight model, constraining the meteoroid’s mass and coherently fitting its velocity profile. Our analysis shows a good agreement
with the radiant and velocity data reported by the Center for Near-Earth Object Studies, with a deviation of 0.56° and 0.1 kms~!,
respectively. The presence of detached fragments in the lower part of the luminous trajectory suggests that the meteoroid was a
polymict carbonaceous chondrite, containing higher-strength macroscopic particles in its interior due to collisional gardening,
or a thermally processed C-type asteroid. The orbital elements indicate that the most likely source is the Jupiter-Family Comet
region, aligning with the Solar and Heliospheric Observatory comet family, as its sunskirting orbit is decoupled from Jupiter.
This event provides important information to characterize the disruption mechanism of near-Sun objects.

Key words: comets: general — meteorites, meteors, meteoroids —minor planets, asteroids: general.

1 INTRODUCTION

On 18 May 2024, an exceptionally luminous fireball was observed
over Spain and Portugal. This event was captured on video by casual
observers and quickly disseminated through the media. Additionally,
it was recorded by various wide-field and multicamera stations
that continuously monitor the sky over the Iberian Peninsula. The
U.S. Government (USG) sensors also detected the event from
space, as reported on the Center for Near-Earth Object Studies
(CNEOS) fireball website.! Following confirmation of its detection
from space?, the event can be formally classified as a superbolide
(Ceplecha et al. 1999). These exceptionally bright fireballs are
produced by the hypersonic atmospheric entry of metre-sized natural
projectiles (Ceplecha et al. 1998; Silber et al. 2018). The study of
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Ihttps://cneos.jpl.nasa.gov/

2It was also detected by ESA’s Meteosat 3Gen (MTG) satellite via
its Lightning Imager instrument: https://www.esa.int/Applications/
Observing_the_Earth/Meteorological_missions/meteosat_third_generation/
Fireball_witnessed_by_weather_satellite

superbolides provides valuable insights into the physical properties,
dynamics, and impact hazard issues associated with the near-Earth
object population (Koschny & Borovicka 2017; Trigo-Rodriguez
2022).

The CNEOS data base, managed by NASA’s Jet Propulsion
Laboratory, archives data on fireball events detected via various
USG satellite sensors (Tagliaferri et al. 1994). Superbolides are
relatively rare events that can occur over remote areas. USG sensors
provide near-global coverage of large meteoroids and small asteroids
impacting the Earth’s atmosphere, unlike the ground-based meteor
network which only monitors a relatively small, fixed atmospheric
volume. Therefore, the CNEOS data base is of scientific interest
as it extends the projectile flux estimations by utilizing the entire
planet as a detector, capturing events that are typically singular
occurrences for other techniques (Brown et al. 2002). As of May
2024, the data base contains 979 fireball events, with velocity
vector and position data available for 310 cases. For these events,
detailed information is provided, including geographic coordinates
and altitude of the radiated energy peak, vector velocity components
in an Earth-Centred, Earth-Fixed reference frame, and radiated and
impact energies. These energies, linked by an empirical formula, are
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Table 1. Longitude, latitude, and altitude of the four selected stations
recording the SPMN180524F superbolide.

Station Lon. (°) Lat. (°) Alt. (m)
Navianos de Valverde 5°48 48.4" W 41°57"11.6" N 711
Estepa 4° 52/ 356" W 37°17'29.0" N 537
Sanlicar de Barrameda 6° 20/ 31.0" W 36° 46’ 30.3” N 6
Casas de Millan 6° 19 43.0" W 39°48' 573" N 456

among the most robust parameters provided by CNEOS (Brown et al.
2002).

However, specific information about these sensors remains undis-
closed as they are classified data. In any case, we previously prepared
our 3D-FIRETOC software to compute future detections based on
CNEOS-released data (Pefia-Asensio et al. 2021b) and performed an
analysis of the CNEOS data base (Pefia-Asensio, Trigo-Rodriguez
& Rimola 2022). The accuracy of the CNEOS data has been
assessed through comparisons with ground-based observations of
fireballs (Devillepoix et al. 2019; Pefia-Asensio et al. 2022; Brown &
Borovicka 2023; Pefa-Asensio et al. 2024). To date, only 17 fireballs
in the CNEOS data base have been benchmarked with counterparts.
Here we report and compare a new event detected by the USG sensors
and multiple ground-based networks.

2 OBSERVATIONS AND METHODS

2.1 Ground-based observation

On the night of Saturday, May 18, 2024, a remarkable superbolide
was observed over the Iberian Peninsula at 22:46:48 UTC, specifi-
cally crossing Extremadura and northern Portugal before its flight
concluded over the Atlantic Ocean. It was recorded by the Spanish
Fireball and Meteorite Network (SPMN, Trigo-Rodriguez et al.
2004), as well as by AMSS82, one of the European Space Agency’s
(ESA) Planetary Defense Office meteor stations of the AllSky7
Network?, located in Casas de Milldn, Caceres, Spain. Designated as
SPMN180524F by the SPMN network and popularized as the 2024
Iberian Superbolide, this event was notable for its intense brightness
which momentarily turned night into day, causing a massive media
impact. The superbolide exhibited an atmospherically originated
bluish-green glow, leaving a persistent luminous trail in the sky.
Table 1 lists the stations used in this study, while Fig. 1 shows the
max-combined video frames observed from each station.

Many casual videos immediately surfaced in the media, underscor-
ing the importance of promptly explaining these unusual phenomena
to the public. Some of the videos are particularly extraordinary, as
the bolide was captured from close distances, revealing significant
variations in brightness along its extensive luminous trajectory.
These fluctuations in luminosity are typically associated with the
continuous fragmentation of the meteoroid and the release of dust
and fragments ablated by the heat generated in the frontal shock
wave, a characteristic behaviour of impacting crumbly meteoroids
(Revelle 2002). In some videos of the final part of the luminous
phase, the bolide head is followed by distinct ablating fragments (see
Fig. 1).

We calibrate the cameras using the SkyFit program provided in the
RMS library, which incorporates a 7th-order polynomial distortion
model and accounts for atmospheric refraction (Vida et al. 2021). We
use our 3D-FIRETOC software to analyse the event. This tool integrates

3www.allsky7.com

Iberian superbolide independently observed — 1.93

the plane intersection method for trajectory triangulation and an N-
body numerical integrator for heliocentric orbit determination (Pefia-
Asensioetal. 2021a, b, 2023a, b). Using a model of atmospheric mass
density and the measured velocity, the dynamic strength where the
meteoroid disruption occurs is computed as S = Pam> (Bronshten
1983). A traditional method for classifying fireballs is the Pg criterion
established by Ceplecha & McCrosky (1976), which serves to
evaluate physical properties of meteoroids. Inspired by this criterion,
Borovicka, Spurny & Shrbeny (2022b) introduced a new parameter
for assessing the impactor strength, based on the maximum dynamic
pressure for large meteoroids. This parameter, termed the pressure
resistance factor or pressure factor, is defined as follows:

Pf = 100Spy siny~'my vy, )

where Spax represents the maximal dynamic pressure in MPa,
v is the average slope of the trajectory from the local horizon, mg
denotes the initial photometric mass in kg, and vy is the entry velocity
inkms™!.

Atthe start of the luminous phase and down to altitudes near 60 km,
the atmosphere is not dense enough to cause observable deceleration.
Consequently, all measured points during this phase equally represent
the initial velocity, allowing for a robust estimate despite the point-
by-point measurement dispersion.

2.2 Space-based observation

From the perspective of the CNEOS data base, the SPMN180524F
superbolide, with a total impact energy of 0.13 kt, is not a common
event: it holds the highest altitude in the data base, ranks as the fifth
fastest with respect to the Earth, and is the fourth with the lowest
dynamic strength (see Fig. 2). We estimated the CNEOS fireball
density in the same way as described in the previous section.

As the superbolide did not penetrate deeply into the atmosphere
and was observed from long distances, the ground-based measure-
ments are insufficient for fitting a dynamic deceleration model.
Therefore, we use as a proxy the total impact energy (£) measured
by the USG sensors, which has proven reliable. By assuming that the
energy recorded is equal to the kinetic energy, we estimate the initial
mass of the projectile as:

2F
F.

)

moy =

By levering the dynamic, dimensionless approach based on the
single body theory, the so-called @—f method (ballistic coefficient
and mass-loss parameter, respectively), we can characterize the
atmospheric flight by reverting equation 14 of Gritsevich (2009):

capsthn A , 3)

Q= —F—7——

2m(1)/3pr2n/3 siny’
where cq = 0.7 is the drag coefficient, A = 1.21 is the spherical
shape factor, pg = 1.29 kg m~3 is the atmospheric density at the sea
level, pn, is the meteoroid density, and 4, = 7.16 km is the height of
the homogeneous atmosphere. By assuming the final mass is equal
to zero, B can be estimated from the final height /. and o (Moreno-
Ibafiez, Gritsevich & Trigo-Rodriguez 2015):

he/ho
e

= . 4
==, (C))

With ¢ and § determined, we fit the atmospheric flight model to
the observed data to obtain the velocity profile (Gritsevich 2007):

h() = In2a + B — In(Ei(B) — Ei(Bv?)), )
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Figure 1. The four videos used in this work to study the SPMN180524F superbolide. The images are max-combined from the video frames. Some saturated
frames have been removed for illustration purposes. From left to right: Navianos de Valverde, Estepa, Sanlicar de Barrameda, and Casas de Milldn. At the

—— Y

centre is a frame from a video shared on social media that captures the final part of the luminous phase.
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Figure 2. CNEOS fireballs with sufficient data (velocity and height at the
peak of radiated energy) to estimate the projectile dynamic strength.

where

E(x):/x ezdz.

00 2

To search for possible associations with specific parent bodies or
meteoroid streams, we use both traditional D-criteria and Machine
Learning distance metrics (PefiAsensio & Séanchez-Lozano 2024).
We employ the NEOMOD model to explore the possible source of
the heliocentric orbit (Nesvorny et al. 2023, 2024a, b). NEOMOD
integrates asteroid orbits from main belt sources and comets, cali-
brates results with observations from the Catalina Sky Survey, and
includes visible albedo information from the Wide-Field Infrared
Survey Explorer.

3 RESULTS AND DISCUSSION

3.1 Atmospheric flight, physical properties, and orbit

Fig. 3 displays the 3D reconstruction of the atmospheric flight, and
Fig. 4 depicts its velocity as a function of height, along with the

MNRASL 533, L92-L99 (2024)

Figure 3. Atmospheric flight of the SPMN180524F superbolide. For ground-
based observations, the peak brightness occurs at the red point. In pink is
shown the point reported by the USG sensors.
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Figure 4. Characterization of the atmospheric flight of the SPMN180524F
superbolide. It includes the measured velocity points, the best fit for the
velocity with 30 uncertainty, the dynamic strength, and the uncalibrated
photometric counts from Estepa. The section without measured points
corresponds to oversaturated frames.

dynamic strength and the uncalibrated photometric count. The he-
liocentric orbits derived from ground- and space-based observations
are illustrated in Fig. 5. Table 2 shows all derived parameters and
their comparison where possible.
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Figure 5. Osculating heliocentric orbit of the SPMN180524F superbolide
determined from ground- and space-based observations.

For the SPMN180524F superbolide, we computed a Pg value
of —5.15, which is slightly above the threshold of —5.25 that
differentiates between carbonaceous and regular cometary material
types. To contextualize this event, we compared it to the catalogue
of 824 fireballs recorded and analysed by the European Fireball
Network (EN; Borovicka et al. 2022a, 2022b). We calculated a
Pf value of 0.31 for SPMN180524F, placing it in class Pf-II.
Meteoroids with Pf values less than 0.27 are considered cometary,
while those with Pf greater than 0.85 are considered asteroidal.
Therefore, we interpret SPMN180524F as a weak carbonaceous
body and draw its bulk density from a uniform distribution between
1000 and 2000 kg m~—3 for subsequent calculations. Fig. 6 shows the
comparison with the EN catalogue. The SPMN180524F superbolide
appears as an outlier in the final versus initial height panel, possibly
due to its grazing atmospheric slope and size, as the largest mass in the
catalogue is 110 kg. This event is not particularly unusual when con-
sidering the combination of the Tisserand parameter and the pressure
factor, as similar carbonaceous impactors are found in Jupiter-Family
Comet (JFC) orbits. SPMN180524F stands out due to its perihelion
distance (0.12 au), which is within the shortest in the catalogue. In the
eccentricity versus semimajor axis panel, the SPMN180524F event
appears grouped with other P f-Il and P f-1 events, lying well within
the JFC region and approaching the so-called excited short-period
orbits (Borovicka et al. 2022b). SPMN180524F is the second most
pressure-resistant P f-II event. Remarkably, the samples returned
by the OSIRIS-REx NASA mission revealed similar bulk density
values for the carbonaceous asteroid Bennu (Lauretta et al. 2024).
We note that carbonaceous chondrite (CC) projectiles are difficult to
detect before the atmospheric impact due to their typical low albedo
(Trigo-Rodriguez et al. 2014; Tanbakouei et al. 2020)

Searching for associations with meteoroid streams or parent bodies
yielded negative results. Nevertheless, e-Scorpiids meteor shower
exhibits the highest similarity with Dp = 0.08 (Drummond 1981).
By estimating the source contributions to the major axis, eccentricity,
inclination, and absolute magnitude space, NEOMOD determined

Iberian superbolide independently observed — 1.95

that the orbit of the SPMN180524F impactor originated from a
JFC with a 100 per cent confidence. On the other hand, while the
semimajor axis of ~2.5au might suggest an origin from the 3:1
resonance, this hypothesis is not supported by NEOMOD and should
be verified numerically. We emphasize that the dynamic transit of
an asteroid from the outer main asteroid belt cannot be ruled out
due to the chaotic nature of these processes (Valsecchi et al. 1995).
We have also run the NEOMOD model on the EN catalogue and
listed in Table 3 the events with 100 per cent confidence of having a
JFC source. Among these, SPMN180524F was the only metre-sized
impactor, had the highest initial altitude by a significant margin and
the shallowest atmospheric entry angle, and experienced the greatest
dynamic strength. Note that NEOMOD can extrapolate results for
two-thirds of the catalogue, and only 7.6 per cent of events with 7
between 2 and 3 have over a 95 per cent probability of originating
from a JFC source.

The plausible connection between CCs and comets, long sug-
gested, is further supported by recent studies of the reflectance
spectra of comet 2P/Encke and ungrouped CCs (Tanbakouei et al.
2020). The role of erosion and subsequent dehydration caused by
thermal processing of cometary nuclei was elucidated by Rosetta’s
study of 67P/Churyumov-Gerasimenko, providing insights into the
evolution of meteoroids resulting from their disruption (Koschny
et al. 2019; Trigo-Rodriguez et al. 2019; Fulle et al. 2020). Research
on cometary formation and disintegration products suggests that
centimetre-sized pebbles with higher density can be preserved in
the interior of comets (Blum, Bischoff & Gundlach 2022; Ciarniello
et al. 2022; Schripler, Landeck & Blum 2022; Trigo-Rodriguez &
Blum 2022). However, these materials are too friable to explain
the fragments observed trailing the bolide head at aerodynamic
pressures of 1 MPa (see Fig. 2). Even carbonaceous bodies have been
determined to suffer atmospheric fragmentation at ~0.5 MPa (Broz
et al. 2024), with ordinary chondritic surviving greater pressures
(Popova et al. 2011). The Almahata Sitta meteorite, a fall associated
with the impact of asteroid 2008 TC3, exemplifies a polymict breccia
(Bischoff et al. 2010; Jenniskens et al. 2010; Kohout et al. 2010), and
recent work suggested that was a polymict C1 chondrite parent body
(Bischoff et al. 2022). Similarly, we propose that a good scenario
for the SPMN180524F superbolide is that the metre-sized weak
carbonaceous meteoroid encountered asteroidal debris, becoming a
breccia with higher-strength macroscopic particles in its interior. It is
known that common cometary outgassing cannot release metre-sized
meteoroids, indicating that the SPMN180524F meteoroid may be a
remnant of a disruption of its parent comet under the thermal stress
imposed by solar heat near its close perihelion (Jenniskens 2006;
Jewitt 2008; Trigo-Rodriguez & Blum 2022). If the SPMN180524F
superbolide resulted from an object disruption, additional fragments
could reach the Earth.

There are examples of superbolides produced by CC projectiles,
such as the Tagish Lake meteorite fall, which had an estimated
meteoroid density of 1500kgm™ but resulted in higher density
ungrouped CCs (Brown et al. 2000), as well as the Maribo, Sutter’s
Mill, Flensburg, and Winchcombe meteorites (Haack et al. 2012;
Jenniskens et al. 2012; Borovicka et al. 2021; McMullan et al.
2024). We also find the polymict breccia hypothesis for the Maribo
event plausible, as it had a density of 2000kgm~ at entry, with
some fragments surviving 3-5 MPa (Borovicka, Popova & Spurny
2019). Table 4 lists the potential orbital sources for these events,
as computed by NEOMOD. Despite having Tisserand parameters
typical of JFCs (or close to it, as in the case of Winchcombe and
Tagish Lake), NEOMOD determined that these events most likely did
not originate from a JFC source, as opposed to SPMN180524F. CC

MNRASL 533, L92-1.99 (2024)

20z 1SNBny | uo 1senB AQ Z1 L0 L2/Z671/L/EES/PI0IME/ISEIUW/WO0"dNO"0|WapED.//:SAY L0y PAPEOUMOQ



L96 E. Peria-Asensio et al.

Table 2. Atmospheric flight, physical parameters, and osculating heliocentric orbital elements of the SPMN180524F superbolide.

Parameter Ground-based CNEOS Discrepancy
Initial time (UTC) to 2024-05-18 22:46:41 - -
Initial longitude (°) Ao 5.4608 £ 0.0003 W - -
Initial latitude (°) %) 38.4738 £ 0.0011 N - -
Initial velocity (kms™") vo 404 +04 - -
Initial height (km) ho 132.96 £0.16 - -
Energy peak time (UTC) tp 2024-05-18 22:46:48 2024-05-18 22:46:50 -2
Energy peak longitude (°) Ap 828 £0.11W 8.8 W —0.52
Energy peak latitude (°) ¥p 40.85 £ 0.09 N 410N —0.15
Energy peak velocity (kms™!) Up 403 +04 40.4 —0.1
Energy peak height (km) hp 745+ 1.8 74.3 0.2
Final time (UTC) fe 2024-05-18 22:46:55 - -
Final longitude (°) le 9.724 + 0.006 W - -
Final latitude (°) ©e 41.989 £ 0.007 N - -
Final velocity (km ) Ve 383+04 - -
Final height (km) he 5359 £0.24 - -
Length (km) Al 546.2 £0.9 - -
Slope (°) 2 8.44 + 0.05 6.5 1.94°
Azimuth (°) ¢ 317.05 £0.03 315.8 1.25°
Dynamic strength (kPa) S 73+£19 72.4 0.6
Meteoroid mass (kg) mo 669 + 132 667 2
Meteoroid density (kg m~3) Pm 1500 £ 300 - -
Initial diameter (m) D 1.0£0.1 - -
Geo. velocity (kms™') VR 385+ 0.4 38.6 —0.1
Geo. radiant R.A. (°) oR 261.79 £ 0.03 262.4 —0.61
Geo. radiant Dec. (°) SR —29.11 £ 0.07 —-29.7 0.59
Semi-major axis (au) a 243 +0.15 2.3 0.13
Eccentricity e 0.952 £ 0.004 0.95 0.002
Inclination (°) i 16.36 + 0.31 18.2 —1.84
Argument of perihelion (°) 3} 144.64 £0.14 145.4 —0.76
Long. of the asc. node (°) Q 238.1262 £ 0.0001 238.1321 —0.0059
Perihelion distance (au) q 0.116 £ 0.003 0.11 0.006
True anomaly (°) f 215.36 £0.14 214.6 0.76
Period (yr) P 3.79 £0.34 3.5 0.29
Tisserand’s parameter Ty 2.55+0.13 2.66 —0.11
Ballistic coefficient o 23.6+3.1 - -
Mass-loss parameter B 38+5 - -

¢ Assuming the radiated energy reported by CNEOS is perfectly accurate.

bQur value represents the average, whereas CNEOS’s value corresponds to the energy peak.

impactors on JFC-like orbits generally have high entry velocities due
to their eccentricity, resulting in their complete disintegration in the
atmosphere. In contrast, CCs on other orbital paths tend to enter the
atmosphere at slower velocities, increasing their chances of survival.
This leads to a bias in our inventory of recovered CCs. The direct
video evidence of the metre-sized CC from the SPMN180524F event,
which followed a JFC-like orbit, provides a clear example of such
high-velocity atmospheric ablation. For instance, the Winchcombe
fireball had an entry velocity of only 13.5kms™!, which facilitated
fragments reaching the ground. Table 4 also shows two bright
fireballs recorded by the SPMN that were tentatively associated with
a JFC (Trigo-Rodriguez et al. 2009; Hughes et al. 2022), as well
as the April 13, 2021 bolide observed off the coast of Florida and
Grand Bahama Island (Hughes et al. 2022). We used a semimajor axis
of 4.2 au because NEOMOD cannot extrapolate the results for the
nominal values of SPMN110708 and SPMN130413 (instead of 4.5
and 4.3 au, respectively). However, backward numerical integrations
over the past 10000 yr suggest that these superbolides are unlikely
to be genuine JFCs (Shober et al. 2024).

In fact, Shober et al. (2024) performed numerical integration and
ran NEOMOD on an extensive fireball data set to demonstrate that

MNRASL 533, L92-1.99 (2024)

the Jupiter-decoupled orbits of fireballs cannot be attributed to a
JFC source, contrary to NEOMOD results or the classical Tisserand
parameter classification. The study found that most fireballs with
JFC-like orbits are decoupled from Jupiter and exhibit more stable
orbits. Specifically, 79-92 per cent of JFC-like meteoroids detected
by fireball networks are not subject to frequent Jupiter encounters,
and fewer than 5 percent of all fireballs exhibit dynamics similar
to genuine JFCs, suggesting that the likely source is the main
belt. Conversely, all genuine JFCs reside on orbits that frequently
encounter Jupiter. The decoupling of impacting meteoroids from
Jupiter may result from non-gravitational forces, which NEOMOD
does not account for. However, non-gravitational forces affecting
meteoroids, including those from JFCs, are generally less significant
than those affecting comets. The primary non-gravitational force of
interest is the Yarkovsky drift, but this effect is slow and insufficient
to cause significant decoupling from Jupiter’s orbit compared to
the effects of close encounters with Jupiter (Bottke, Rubincam &
Burns 2000). For the specific case of the SPMN180524F superbolide,
we computed the Minimum Orbit Intersection Distance (MOID)
relative to Jupiter as 1.51 au using the method described by Baluev &
Mikryukov (2019). This approach yields accurate and rapid results
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Figure 6. Comparison of the EN catalogue and the SPMN180524F superbolide. Top left: final and initial heights, colour-coded by initial velocity. Top right:

height at maximum pressure and maximum pressure, classified by the pressure factor. Bottom left: pressure factor and Tisserand parameter with respect to
Jupiter, colour-coded by perihelion distance. Bottom right: eccentricity and semimajor axis distribution, classified by the pressure factor. Asteroids and comets
with perihelion distances lower than 1 au are plotted. The inner white edge denotes fireballs that originate with 100 per cent confidence from a JFC source (see
Table 3). Comets with an orange edge represent the Solar and Heliospheric Observatory (SOHO) family, and those with a pink edge are from the Machholz

complex.

Table 3. List of EN fireballs with orbits that NEOMOD identifies as 100 per cent originating from JFC sources. The superbolide SPMN180524F is included

for comparison. The events are sorted by photometric mass.

Event mo ho he Y Vo Smax Pf class T q e i
(ke) (km)  (km) () (msh)  (MPa) (au) ©)
SPMN180524F 670 132.96 53.59 40.4 1.015 Pf-II 2.55 0.116 0.952 16.36
EN020617_230339 0.57 97.37 52.80 12.56 36.993 0.434 Pf-1 2.511 0.2017 0.9234 11.52
EN020818-012951 0.45 101.62 53.04 39.87 41.273 0.819 Pf-11 2.043 0.1052 0.9661 22.67
ENO040818_014525 0.035 100.45 66.95 25.24 41.862 0.177 Pf-11 1.976 0.0937 0.9707 22.96
EN180517_013552 0.015 92.38 60.52 25.68 39.743 0.302 Pf-1 2.501 0.1333 0.9467 19.69
EN040717_223844 0.011 95.06 51.30 38.92 41.700 0.755 Pf-1 1.890 0.2163 0.9372 48.15
EN300717-021036 0.0072 98.31 69.04 23.07 42.998 0.189 Pf-1 1.890 0.0757 0.9769 27.50
EN160817_004534 0.005 88.68 67.88 32.11 42.119 0.181 Pf-11 2.220 0.0757 0.9722 22.47
EN080818_-005515 0.0018 91.93 70.30 27.49 41.386 0.133 Pf-1 2.068 0.1067 0.9650 25.00
EN180717_-000606 0.001 101.31 79.05 16.73 41.098 0.037 Pf-11 2.440 0.1158 0.9534 33.60
EN161118-233946 0.00083 99.36 66.96 66.2 41.093 0.142 Pf-11 2.365 0.0944 0.9638 8.49
EN061218_013732 0.00052 92.64 63.04 67.39 42.235 0.203 Pf-1 2.438 0.0782 0.9682 20.60
EN091018_014119 0.00037 100.69 63.52 51.10 37.664 0.140 Pf-1 2.247 0.1740 0.9419 4.61
ENO081118_011907 0.00015 94.78 71.09 55.34 42.043 0.073 Pf-11 2.409 0.0844 0.9661 26.38
EN060818-212305 0.00013 97.26 87.75 13.11 41.819 0.008 Pf-11 2.083 0.1007 0.9665 25.44
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Table 4. Most likely sources for superbolides produced by carbonaceous
or allegedly JFC projectiles as computed by NEOMOD, along with their
Tisserand parameters with respect to Jupiter. The estimated probabilities are
shown in parentheses.

Impactor T 1%t source 2™ source 3 source
SPMN180524F 2.55 JFC (100 %) - -
SPMN110708 20 JFC(99.3%) 3:1(04%) 2:1(0.2%)
SPMN130413 23 JFC(97.6 %) 52(1.1%) 3:1(0.6 %)
Apr. 13 2021 257 JFC(92.0%) 520557 %) 3:1(1.3%)
Tagish Lake 3.52 ve (78.6 %)  3:1(20.2 %) 5:2 (0.6 %)
Maribo 295  3:1(754 %) vs(19.6%) 5:2(4.3 %)
Sutter’s Mill 2.81 5:2(53.5%) JFC(27.0%) 3:1(13.1 %)
Flensburg 289  5:2@81.6%) 3:1(10.6%) JFC (4.1 %)
Winchcombe 312 3:1(80.8%) vg (148 %) 5:2(3.7 %)

by solving a 16th-order polynomial. This value implies that this
impactor with a JEC-like orbit, similar to many identified by Shober
et al. (2024), must have been ejected from a body already decoupled
from Jupiter’s orbit. The mechanisms responsible for this detachment
remain unclear. While secular evolution and non-gravitational forces
require extended periods to be effective, frequent close encounters
with Jupiter challenge orbital stability. Although the immediate
precursor parent body may have evolved from a comet, their orbital
dynamics are inconsistent with those of JFCs.

Looking at the bottom-right panel of Fig. 6, we can observe
a cluster of fireballs, including the SPMN180524F superbolide,
separated from the rest and close to several comets. These nearby
comets are all SOHO comets, marked with an orange edge. Also
in the vicinity, comets of the Machholz complex can be observed,
depicted with a pink edge. All of them with extremely stable
orbits over 10 000-yr time-scales, having MOID with Jupiter larger
than 0.5au (Shober et al. 2024). These events would have been
traditionally classified as near-Earth JFCs, despite not having
chaotic behaviours, which is indicative of an evolved population.
Whether these objects originated on the main belt, the Kuiper belt,
or the scattered disc is an open question. None the less, we note
that NEOMOD considers SOHO and Machholz comets as JFC
with 100 percent confidence. Based on this and following the
classification of Jones et al. (2018), the SPMN180524F superbolide
can be termed a sunskirter (g < 0.153 au).

Wiegert et al. (2020) observed a lack of metre-sized bodies with
near-Sun perihelia and an excess of millimetre-sized meteoroids.
This suggests that near-Sun objects do not fragment into metre-
sized pieces but instead disintegrate into millimetre-sized particles.
They propose that the disruption of near-Sun asteroids, along with
the brightening and destruction processes affecting SOHO comets,
occurs through meteoroid erosion, where material is removed by
high-speed near-Sun meteoroid impacts. This idea may align with
the polymict breccia hypothesis. However, we cannot rule out the
possibility that SPMN180524F was a conventional C-type body
that was captured into a stable orbit and subsequently experienced
volatile sublimation and cracking. This process could have caused
it to resemble a weaker object, with only a few interior fragments
surviving the thermal processing, which are the pieces observed at the
end of its atmospheric flight. In any case, the SPMN180524F event
could provide valuable insights into the supercatastrophic disruption
mechanisms of sunskirters (Granvik et al. 2016). In future studies,
we will conduct a numerical analysis of the dynamic evolution of
SPMN180524F to evaluate its stability and gain further insights into
its origin.
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3.2 Comparison with CNEOS data

Efforts have been made to estimate the uncertainties of the CNEOS
data base based on ground-based observations, revealing two groups
of measurements: one with sufficient accuracy to allow acceptable
heliocentric orbits and another one with significant radiant and
velocity deviations. Devillepoix et al. (2019) reported discrepancies
in the radiants of CNEOS fireballs, ranging from a few degrees to
as much as 90°. For example, velocity vectors were inaccurately
measured for events such as Buzzard Coulee, 2008 TC3, Kalabity,
and Crawford Bay. Specific typographical errors, like the missing
minus sign in the z velocity component for 2008 TC3, were noted
by Pefia-Asensio et al. (2022), in addition to comparing two new
events independently measured (2019 MO and 2022 EBS). Further
independent analyses have included events like Saricicek, Ozerki,
Vinales, Flensburg, Novo Mesto, and Adalen, which helped refine
the mean radiant and velocity deviations of CNEOS fireballs (Brown
& Borovicka 2023; Peiia-Asensio et al. 2024).

The last column of Table 2 lists the discrepancy with the values
derived from CNEOS data. All the parameters compared were
obtained independently, except for mass, which was derived from
the radiated energy provided by CNEOS, assuming it is perfectly
accurate. The SPMN180524F superbolide belongs to the group of
events well-measured from space, as the apparent radiant is deviated
in 0.56° and the velocity at the energy peak in 0.1 kms™', resulting in
a good agreement on the heliocentric orbit. One notable divergence
is the —1.84° discrepancy in the orbital inclination. Although the
CNEOS detection is very close to the atmospheric trajectory, the
energy peak coordinate appears offset by ~60 km, despite matching
in height. This discrepancy may result from the inherent error in
the USG space sensor observations. Nevertheless, there are also
challenges in determining the point of maximum brightness from
ground-based stations due to highly saturated frames, variations
introduced by camera optics, and observation conditions, particularly
for distant detections.

4 CONCLUSIONS

The 18 May 2024 superbolide was a unique event, demonstrating how
a relatively fragile metre-sized meteoroid can produce a spectacular
display of colour and luminosity. It also exemplified the Earth’s
atmosphere as an excellent shield for this type of impactor. We
reconciled the satellite radiometric data with a purely dynamic
atmospheric flight model to constrain the meteoroid’s mass and
consistently derive the atmospheric velocity profile. The analysis
of its characteristics indicates that the most likely source of the
carbonaceous meteoroid is the JEC region, aligning with the SOHO
comet family, as its sunskirting orbit is decoupled from Jupiter. To
explain the presence of fragments surviving pressures of 1 MPa, we
hypothesize that the meteoroid could contain collisionally implanted
higher-strength macroscopic particles, forming a polymict CC object,
or it may be a heavily thermally processed C-type asteroid.

Our analysis demonstrated good agreement with the data reported
by CNEOS both in radiant and velocity, and subsequently in the
heliocentric orbital elements. Additionally, we compared it with the
EN fireball catalogue and identified similar, but centimetre-sized,
events. The presence of metre-sized objects in the vicinity of the Sun
provides new constraints on the time-scales and characteristics of
supercatastophic disruption mechanisms. From an impact risk per-
spective, this event raises questions about why such an impactor was
not detected by current telescopic surveys, which have successfully
identified some asteroids of a few metres before their collision with
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Earth. Our results provide a clear explanation: the meteoroid was too
small and had a low albedo, making it hardly detectable.
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