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Science is simply common sense at its best, that is, rigidly accurate in observation,
and merciless to fallacy in logic.

— Thomas Huxley






ABSTRACT

Large meteoroid fragments disrupted from asteroids and comets may encounter the
Earth along their orbits, posing extremely hazardous scenarios. Contemporary events
like Chelyabinsk (2013), Carancas (2007) or Tunguska (1908) demonstrated that met-
eoroids in the diameter range of 1 to 100 m can devastate large areas and injure local
population through the associated energetic blast, or even produce casualties due to
localized crater excavation. Despite the relatively low frequency of these events, they
have become a major concern within space agencies and other planetary defense initi-
atives which are currently developing impact mitigation tactics. This is in line with
the growing popularity of this subject in the scientific community. The number of yet
unresolved questions underlying the pre- and impact physics motivates the work carried
out in this thesis. The study of meteoroids that encounter the terrestrial atmosphere
provides valuable clues about their progenitors, their delivery mechanisms to Earth, and
their ability to threaten our planet.

This thesis starts by exploring the complexity of meteoroid dynamics through two
exceptional phenomena. On the one hand, a limited number of meteoroid dust trails
detached from the comet 8P /Tuttle 620 years ago impact the Earth when the parent
comet is in its aphelion, thus increasing the activity of the annual Ursid meteor shower.
Aphelion-related increases in a meteor shower activity are uncommon and hence the
Ursids offer a new perspective of orbital mechanics. On the other hand, meteorite falls,
like Annama, can be orbitally linked to celestial bodies if their atmospheric trajectories
are accurately recorded. Exploring these parental relationships offer the opportunity to
overcome the uncertainties emerged from the short-term orbital evolution of near-Earth
objects and ultimately predict future impacts.

The second part of this thesis focuses on the characterization of the atmospheric
flight of a meteoroid. While up to-date re-entry models that account for the meteoroid
ablation and fragmentation are common, no observational or modelling studies have re-
solved the intricacies associated with the mesosphere and lower thermosphere region for
meteoroids travelling at hypersonic velocities and in rarefied gas flow conditions. This
thesis presents the first observational validation of the flight flow regimes of centimeter-
sized meteoroids and provides a new insight into the consequences for the meteoroid
flight physics due to the generation of a shock wave. Meteoroid shock waves are also
intimately related to the meteoroid energy deposition at different heights, which can
alternatively be stated from the analysis of the terminal height of the meteoroid’s tra-
jectory. A mnew approach capable to predict the terminal heights is outlined in this
thesis. The results show that, besides the great accuracy achieved, the calculated ter-
minal heights are a valuable input to the derivation of atmospheric flight parameters.
Furthermore, the approach taken provides a new way of classifying impacting meteor-



oids that improve previous classification scales.

Finally, a discussion of the implications of the previous analysis to impacting bodies
of different sizes is carried out. Since Earth impacts by meter-sized or smaller bodies
are more frequent, the study of sub-metric meteoroids provides a wide catalogue of
events that can be crucial to understand the meteor physics. Being able to extrapolate
the behaviour of these bodies to asteroid sizes can provide new clues on the underlying
physics and make predictions concerning the degree of hazard associated with energetic
events. The results of this work also provide feedback and an alternative approach to
current and foreseen numerical simulations that were seen in the past essential to deal
with these challenging encounters.
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RESUMEN

El impacto de grandes fragmentos desprendidos de cometas y asteroides contra la Tie-
rra puede llegar a ser muy peligroso. Recientemente, sucesos como Chelyabinsk (2013),
Carancas (2007) o Tunguska (1908) han demostrado la capacidad que tienen los meteo-
roides con diametros entre 1 y 100 m para devastar grandes extensiones y amenazar a
la poblacién local, ya sea mediante la liberacién de energia en la atmosfera o el impacto
en la superficie. A pesar de la baja frecuencia de este tipo de sucesos, la preocupacién
entre agencias espaciales y otras iniciativas de defensa planetaria es creciente, y ya estan
elaborando tacticas de mitigacion ante posibles impactos. Este interés se extiende tam-
bién en la comunidad cientifica. Ademas, el estudio de los meteoroides que impactan
la atmosfera terrestre revela valiosa informacion sobre sus progenitores, los mecanismos
que siguen para llegar a la Tierra, y su habilidad para amenazar nuestro planeta. Asi,
esta tesis tiene por objeto dar respuesta a una serie de interrogantes sobre la fisica aso-
ciada al impacto y a las condiciones pre-impacto.

Este trabajo comienza explorando aspectos complejos de la dinamica orbital de me-
teoroides a través de dos fendmenos excepcionales. Por un lado, la actividad anual de
las Ursidas aumenta cuando ciertos enjambres de meteoroides desprendidos del cometa
8P /Tuttle hace 620 anos impactan la Tierra encontrandose el cometa en su afelio orbital.
Los incrementos de actividad cuando el cometa esta en su afelio no son comunes y por
tanto las Ursidas ofrecen nuevas claves sobre la mecanica orbital. Por otro lado, si la
trayectoria atmosférica de un meteorito, como es Annama, se obtiene de manera preci-
sa, éste se puede vincular orbitalmente con un cuerpo celeste. Dada la rapida evoluciéon
orbital de los NEA (considerados) posibles progenitores, este estudio nos permite acotar
mejor sus 6rbitas y predecir futuros impactos.

La segunda parte de la tesis versa sobre la caracterizacion del vuelo atmosférico de un
meteoroide. Los modelos actuales son capaces de considerar la ablacién y fragmentacion
de un meteoroide en la atmoésfera, pero aun no es posible comprender completamente,
ni de manera observacional ni numérica, el vuelo hiperséonico de un meteoroide en la
region definida por la mesosfera y baja termosfera donde el gas se considera rarificado.
Esta tesis presenta la primera comprobacion observacional de los regimenes de vuelo
para meteoroides centimétricos a estas alturas, y discute las consecuencias que origina
la formacion de una onda de choque en la fisica del vuelo del meteoroide. Ademas, las
ondas de choque estan intimamente relacionadas con la energia depositada por el meteo-
roide a distintas alturas; magnitud que también se puede acotar conociendo su altura
terminal. Asi, esta tesis se ofrece también una nueva metodologia para calcular estas
alturas. Los resultados obtenidos son muy precisos y muestran que el célculo de las
alturas terminales es muy ttil para derivar otros parametros del vuelo del meteoroide.
Es maés, el planteamiento usado ofrece una nueva manera de clasificar los impactos de
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meteoroides y mejorar escalas anteriores.

Por 1ltimo, se discute la extrapolacion de los estudios anteriores a cuerpos de dife-
rentes tamanos. Aunque menos peligrosos, los impactos de cuerpos inferiores a 1 metro
son los mas frecuentes y, en consecuencia, nutren las bases de datos y resultan funda-
mentales para abordar el estudio de meteoroides. La extrapolaciéon de las conclusiones
obtenidas previamente a objetos mas grandes puede revelar claves sobre la fisica subya-
cente y aportar nuevas predicciones sobre el riesgo asociado a impactos energéticos. Los
resultados de esta investigacion proveen también un enfoque alternativo al desarrollo de
modelos numéricos, tanto actuales como futuros, que hasta hoy han sido fundamentales
para afrontar el estudio de meteoroides.
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INTRODUCTION

The impact of meteoroids with the atmosphere of the Earth, their ability to reach the
ground as meteorites, and the associated source of risk to human beings is a serious issue
that deserves a dedicated study. These objects consist of material that has detached
from other bodies, mainly from minor solar system bodies like asteroids and comets, but
also released from planetary bodies like the Moon or Mars. These bodies are defined
according to the International Astronomical Union (IAU) definition as:

1. A comet is a body made of rock, organic compounds and ice, being typically
kilometer-sized and orbiting the Sun. Comets usually go through the Solar System
periodically, but some of them have extremely long orbits. A comet’s tail is formed
when the Sun’s heat warms the coma or nucleus, which releases vapours into space.

2. An asteroid is a small and often irregularly shaped celestial body from one meter
to less than 1000 km in diameter. Larger bodies are called planetary bodies.

3. A meteoroid is a solid natural object of a size roughly between 30 micrometers
and 1 meter moving in, or coming from, interplanetary space.

4. Interplanetary dust is finely divided solid matter (basically tiny mineral grains),
with particle sizes of few microns or less, much smaller than meteoroids, moving
through interplanetary space.

Asteroids and comets are remnants of the formation of the solar system. In addition
to being a valuable source of scientific information concerning the origin of our planetary
system, these bodies are ultimately a potential threat to our planet, and humankind.
Following various mechanisms, a wide variety of bodies ranging from sub-millimeter
to kilometers in diameter are produced by collisional gardening (see e.g., Beitz et al.,
2016). Once such fragments escape from the weak gravitational field of their progenitor
they dynamically evolve towards shorter heliocentric orbits and evolve on time-scales of
tens of millions of years through planetary perturbations (Williams, 1993; Jenniskens,
1998), and thermal forces: mostly radiation pressure and Poynting-Robertson drag
(Williams, 2001). Thus, meteoroids can originate in asteroids or comets that may not
intersect the heliocentric orbit of the Earth. Furthermore, collisions between large bod-
ies against the surface of planets (i.e., Mars) or planetary moons, may have ejected
(and continue to eject) new bodies into space, which stands as the main way by which
pieces of the Moon or Mars are delivered to our planet (i.e., McSween & Huss, 2010;
Moyano-Cambero et al., 2017). The hazard associated with these smaller pieces de-
pends primarily on several parameters (Ceplecha et al., 1998; D’Abramo et al., 2001;
Gritsevich et al., 2012): the impact velocity, the composition (including their dens-
ity and porosity), their size, and the inclination of their orbit. Unlike prior epochs,
nowadays the scientific community is better informed, with more detailed evidence
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on the origin and statistics of suitably threatening sources. Furthermore, laboratories
world-wide have large collections of meteorites, which have origins from various celestial
bodies (Grady, 2000), as well as employing sizeable arrays of diverse instrumentation
to continuously survey the sky. Through this, our knowledge on the vast amount of
material from space that annually encounters our planet has expanded notably.

This Introduction addresses both the basics of meteor physics and the current state-
of-the art so that the following chapters will be clearly understood in that wide context.
Although the study of meteoroids can be approached from different points of view,
the focus will be set on those items that show more evident links with impact hazard.
Ironically, the term disaster has an etymologic origin on the Greek prefix dis-, which
roughly means bad, and the word aster, meaning star or planet (for the people at that
time any brilliant punctual light in the sky did not make much difference). Thus, in
the context of this research, the word disaster, or bad star displays all its semantical
meaning.

1.1 COMETS AND ASTEROIDS, WHERE THE
RISK ORIGINATES

1.1.1 Comets

The first relevant source of meteoroids in the millimeter to centimeter-sized range
are comets (Williams, 1993; Trigo-Rodriguez et al., 2013). These bodies populate large
reservoirs in the limits of the solar system, where temperatures are lower and volatile
elements remain in solid state. They predominantly originate in two delimited regions.
At a distance of around 5,000 astronomical units (AU) it is believed that the Oort cloud
extends approximately to 100,000 AU in a spherical distribution of icy debris where
individuals are, on average, as separated one to another as the Earth is to Jupiter
(Rickman, 2014, and references therein). This is the region where long-period comets
(orbital period greater than 200 years) originate (Rickman, 2014, and references therein).
Among them, it is remarkable the population of Halley Type Comets (orbital period
shorter than 250 years, normally between 20 and 200 years) whose orbital period is
proportional to that of Jupiter (this phenomenon is known as resonance), and are the
source of several annual cometary material depositions on Earth (i.e., the Ursid meteor
shower that will be addressed in Chapter 3 of this thesis). The resonance keeps this type
of comets and their disrupted material away from other planetary perturbations tempor-
ally (Moreno-Ibanez et al., 2017b). Therefore, their orbits do not vary much for larger
times, the detached dust accumulates on the same orbit over multiple cycles, and the an-
nual influx to Earth is more intense (Vaubaillon et al., 2005a,b). At a shorter distance,
close to Neptune and between 30 and 55 AU, a disc-like region contains icy debris too.
This region is known as the Kuiper Belt and it is the assumed origin of short-period
comets (period between 3 and 20 years) known as Trans-Neptunian Objects (TNOs).
The continuous disruption of TNOs produces smaller cometary bodies that cross the
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orbits of giant planets and are the so-called Centaurs. Indeed, periodic comets are often
pieces of larger ice-rich bodies stored in the Kuiper Belt or bodies scattered during the
stage of planetary migration outwards (Sekanina, 1982; Trigo-Rodriguez et al., 2007;
Trigo-Rodriguez & Williams, 2017). Although their orbits are quite stable, every now
and then some of these bodies initiate their trip towards the Sun. Those comets that get
trapped inside the orbit of Jupiter become part of the Jupiter Family Comet (JFEC) type.
JFCs tend to be retrograde, thus meteoroids originated in these bodies reach out the
Earth at lower velocities (Jenniskens, 2006). They have their perihelia at Jupiter orbit
and their orbits suffers from more planetary perturbations than TNOs. JFCs also peri-
odically release material that reaches the Earth in the form of meteor showers (this term
will be clearly defined later), and are suspicious of producing the fall of CI chondrites
(Gounelle et al., 2006; Trigo-Rodriguez et al., 2015), whose bulk composition resembles
that of the solar photosphere (Anders & Grevesse, 1989; Moyano-Cambero et al., 2017).
Finally, other comets with no straight correlation to Jupiter’s orbit penetrate the inner
solar system and are prone to evolve to high inclination orbits. Dedicated literature
describing the formation of cometary meteoroid swarms and streams can be found in
Jenniskens (1998, 2006) or Vaubaillon et al. (2005a,b). For the following discussion note
that a meteoroid stream is, as described by the IAU, a group of meteoroids with similar
orbits and common origin, whereas a swarm is a group of meteoroids that results from
the breakup of a larger body (Jenniskens, 2006).

As the comet reaches the orbit of Jupiter the solar irradiation increases, and its sur-
face temperature rises. The immediate consequence is that the volatile components tend
to evaporate and fine-grained dust components are released. Eventually, this forces the
comet to lose material mainly due to the gas drag force that sweeps along other at-
tached grains; or simply because as the evaporation process continues the local porosity
increases, some grains become loose, and eventually detach (see for example Williams,
1993; Williams & Wu, 1993). Examples of this are the annual tiny cometary material
streams that impact the Earth and cause meteor showers like the Leonids, the Ursids
or the Perseids. Additionally, since comets are weak bodies composed of ices, dust and
aggregates, they can fragment relatively easily, and so, a partial or complete disruption
is possible (Jenniskens, 1998). Such a disruption may occur when the comet gets too
close to a planet whose presence exerts gravitational tidal forces on the visitor(Hughes,
1994). It is then possible that meteoroid complexes that were produced by catastrophic
disruption of comets may reach the Earth (Trigo-Rodriguez & Williams, 2017). Meteor
showers can be also originated this way, examples of which are the Geminids, Phoenicids
and Andromedids (e.g., Jenniskens & Lyytinen, 2005; Trigo-Rodriguez & Llorca, 2006;
Trigo-Rodriguez et al., 2009b,c).

Once released from the parent body, the slightly different ejection velocity (Williams,
1993; Jenniskens, 1998) of the detached material, along with the solar radiation pressure,
planetary forces, and the Poynting-Robertson drag change their orbital period and the
particles can spread wide and along the orbit (Asher et al., 1999; McNaught & Asher,
1999; Asher, 2000; Lyytinen & Van Flandern, 2000; Vaubaillon, 2002). Particles re-
leased at roughly the same time tend to orbit in swarms (Vaubaillon et al., 2005a,b).
Exception are those particles with sizes around 0.1 pm that will be ejected away by
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Figure 1: Geometrical encounter in two dimensions of a meteoroid and the Earth. The geo-
centric velocity results from: a) adding or b) subtracting the orbital velocity of the Earth
(~ 30 km/s).

radiation forces (Wiegert et al., 2009). Those gravitational and non-gravitational ef-
fects alter the meteoroid swarm orbit in times that elapse from few years to thousands
(Williams, 1993). Besides slight differences between the orbit velocity of the swarm mem-
bers tend to spread the swarm along the orbit. With successive revolutions to the Sun
these swarms are transformed into dust trails (e.g., Jenniskens, 1998; Vaubaillon et al.,
2005a,b) Note that, as stated by Jenniskens (2006), the swarm cross section will not
increase due to planetary perturbations, as these perturbations will affect all the swarm
members in a similar level. The exact orbital distance from the Sun at which material
can be detached from the comet depends on the properties of the comet and its orbit
(Jenniskens, 1998).

The orbital evolution of the meteoroid swarm influences the impact velocities. Once
a meteoroid is close enough to the Earth the velocity of the encounter depends on the
configuration of the velocity vectors of both bodies (meteoroid and Earth heliocentric
velocities) as shown in Figure 1. The resulting geocentric velocity (V;) is also increased
by the gravitational pull from the Earth. This effect slightly modifies the final entry
velocity (Ve) by adding the escape velocity of the Earth. Consequently, the impact
velocity may range from a free fall or Earth escape velocity, 11.2 km/s, to a parabolic
orbital velocity (plus Earth movement), 73.1 km/s (Ceplecha et al., 1998).

The collision angle is quite diverse as the comet and the detached meteoroid swarms
can arrive from a wide variety of orbital inclinations (Vaubaillon, 2003; Vaubaillon et al.,
2005a,b). Since the Earth practically orbits on the ecliptic plane, the encounter with
meteoroids shall occur when the meteoroids cross their orbital node, and these are loc-
ated close to the Earth’s orbit. When the Earth encounters a meteoroid swarm, the
number of meteoroids that impact the Earth in a short time increases notably. The in-
teraction between a meteoroid and Earth’s atmosphere causes a luminous phenomenon
called a meteor, and thus meteor showers are a celestial phenomena in which an increas-
ing meteoroid impact activity is observed to radiate, due to the perspective in which
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they are seen from the ground, coming from a conspicuous region in the sky called
radiant. The major annual meteor showers are arranged in Table 1.

As discussed previously, most of the major meteor showers listed in Table 1 are ori-
ginated in stable Halley Type Comets or trapped Jupiter Family Comets. However, two
of these meteor showers, the Quadrantids and the Geminids, are associated with aster-
oids. Actually, asteroid 2003EH belongs to the 96P /Machholz complex (Abedin et al.,
2018), which is thought to be the remnants of a larger comet breakup. As for asteroid
3200 Phaeton, it has been orbitally linked to the larger asteroid 2 Pallas (de Leon et al.,
2010; Jewitt, 2012). It is also worth noting that the parent body of the Ursids, comet
8P /Tuttle, has a very short period and its considered an interloper within the Jupiter
Family Comets (see Chapter 3).

Given the larger entry velocities and fluffier compositions of cometary meteoroids,
the probability that they can survive the increasing atmospheric drag and the associ-
ated ablation phenomenology is very low (Blum et al., 2006; Trigo-Rodriguez & Blum,
2009a). Additionally, there is abundant evidence for the tendency of these meteors
to burn out at high altitudes corresponding with a loading pressure of about 10 Pa
(Trigo-Rodriguez & Llorca, 2006, 2007). Despite this, the observation and study of
cometary meteors (and principally meteor showers) is crucial to unravel both the dis-
posal mechanisms that occur when comets approach their orbit perihelion (see for ex-
ample, Trigo-Rodriguez et al., 2007; Madiedo et al., 2014), the delivery of metals and
condensates as a product of ablation into the upper atmosphere (Trigo-Rodriguez et al.,
2003; Jenniskens, 2004b), and the dynamic mechanisms regulating their orbital evolu-
tion over time (Vaubaillon et al., 2005a,b).

1.1.2 Asteroids

Asteroids are either remnants of the original formation of the rocky planets, or large
pieces of disrupted comets or asteroids. Unlike comets, asteroids do not usually pre-
serve large deposits of volatiles and, thus, generally they do not show any activity.
They also show relevant differences in their composition (chemical and mineralogy) and
porosity (see e.g. Rietmeijer, 2000). The vast majority of the asteroid population is
hosted in the main asteroid belt (MAB) located between 2 and 4 AU, that is, between
Mars and Jupiter. According to their orbital characteristics, asteroids are classified in
family groups, which represent a group of bodies that populate orbital regions where
the density of asteroids is notable larger compared to the local background. Thus, the
current registered family list may vary with time and new families can be outlined
(Delbo’ et al., 2017). As the collisions in the mean asteroid belt are relatively common,
these families usually consist of the smaller bodies derived from larger asteroid breakups
(Michel et al., 2002). Note that these impacts can either break, alter the orbit, or merge
bodies, being also the source of delivery of small asteroids to the Earth’s vicinity due
to transportation mechanism that are outlined below.
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Meteor Shower Typical Activity ZHR Solar Radiant Vy Orbital Elements Parent Type  References
Longitude RA Dec. Epoch q e ) w Q
Quadrantids Dec 28 - Jan 12 110 283.0 230.2 +49.5 40.7 J2000 0.979  0.690 71.05 171.2 283.3 2003EH  Asteroid 6]
Lyrids Apr 14 - Apr 30 18 32.0 272.0 +334 46.7 B1950.0 0.920 0.990 80.00 214.0 32.0 C/1861 G1 (Thatcher) LPC [1], [2]
n-Aquariids Apr 19 - May 28 50 46.0 338.1 -0.8 65.7 B1950.0 0.568 0.938 163.80 95.6 43.9 1P /Halley HTC [1]
Southern 0-Aquariids Jul 12 - Aug 23 25 128.0 341.3 -15.7 41.3 B1950.0 0.080 0.970 27.00 151.0 308.0 96P /Machholz HTC [1], [2]
a-Capricornids Jul 03 - Aug 15 9 127.0  306.5 -9.2  23.0 J2000 0.602 0.921 7.68 266.7 128.9 169P/NEAT JFC [71, 9]
Perseids Jul 17 - Aug 24 100 140.0 48.2 +458.1 59.1 B1950.0 0.950 0.950 113.10 150.3 138.3 109P /Swift-Tuttle HTC [1], [2]
Southern Taurids Sep 10 -Nov 20 5 216.0 479 4128 26.6 J2000 0.352 0.825 540 1154 37.3 2P /Encke JFC 3]
Orionids Oct 02 - Nov 07 20 209.0 95.9 +15.7 66.3 B1950.0 0.570 0.970 164.00 83.0 29.0 1P /Halley HTC [1],[2]
Northern Taurids Oct 20 - Dec 10 5 220.0 489 +420.7 28.0 J2000 0.350 0.832 3.10 2949 226.2 2P /Encke JFC 3]
Leonids Nov 6 - Nov 30 15 235.0 153.8 421.8 70.2 J2000 0.986 0.897 162.70 174.7 236.6 55P /Tempel-Tuttle HTC [1], [5], [8]
Geminids Dec 04 - Dec 17 120 262.0 1132 +32.3 33.8 J2000 0.141 0.897 24.00 3244 261.5 3200 Phaeton  Asteroid 1], [7]
Ursids Dec 17 - Dec 26 10 271.0 2199 +754 329 J2000 0.944 0.795 51.50 204.9 270.6 8P /Tuttle HTC [4]

Table 1: Major Meteor Showers : (1) Meteor shower name; (2)-(3) Expected activity period and Zenith Hourly Rate (see the description in Chapter
3) for the year 2018 by the International Meteor Organization (IMO) following the guidelines in Rendtel et al. (1995) ; (4)-(5)-(6) Last solar
longitude and radiant information (in [°]; J2000) published according to the IAU Meteor Database: https://www.ta3.sk/IAUC22DB/MDC2007/
(7) Last published geocentric velocity, V, in [km/s] (IAU Meteor Database); (8)-(13) The orbital elements of the average meteoroid pre-atmospheric
orbit; (14)-(15). The associated celestial parent and its type: Long Period Comet (LPC), Halley Type Comet (HTC), Jupiter Family Comet (JFC)
or Asteroid; (16) Orbits’ references: [1] Neslusan et al. (1995), [2] Jopek et al. (1999), [3] Porub¢an & Kornos (2002), [4] Jenniskens et al. (2002)
[5] Trigo-Rodriguez et al. (2004b), [6] Jenniskens (2004a), [7] Jenniskens (2006), [8] Jenniskens et al. (2008), [9] Jenniskens & Vaubaillon (2010).
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There are several mechanisms that are behind the transportation of material from as-
teroids to the Earth. Due to gravity perturbations from the larger planets, most of the
asteroid population is located at low inclinations. The gravitational influence of Jupiter
and Saturn also depletes the asteroid population at those orbits where there exist reson-
ances with these planets. These regions within the mean asteroid belt, called Kirkwood
gaps, become escape routes toward inner planet-crossing orbits. These perturbations
along with the Yarkosky effect are the driven mechanisms that feed the planet crossing
orbits of the Near Earth Object (NEO) population (Bottke et al., 2002; Morbidelli et al.,
2002; Morbidelli & Vokrouhlicky, 2003; Granvik et al., 2016). The general term NEOs
refers to those bodies with perihelion distances (¢) located at < 1.3 AU. Typically, most
NEOs are asteroids and so they are often referred to as Near Earth Asteroids (NEAs).
Note that, since extinct comets or fragments of them are more difficult to identify, there
could be a bias in the registered population of Near Farth Comets (NECs) compared
to NEOs (Trigo-Rodriguez & Williams, 2017). Also, Granvik et al. (2016) observed a
notable imbalance in the population of low albedo NEOs compared to those with high
albedo in those orbits closer to the Sun. According to Granvik et al. (2016), as the peri-
helion distance of the NEO approaches a few tens of solar radii, the object undergoes
a catastrophic breakup. The limiting value of the perihelion for low albedo NEOs is
further from the Sun, and so their population is reduced at orbits closer to the Sun.
These objects will be destroyed due to thermal effects (see for example Delbo et al.,
2014). Asteroids that cross the Earth’s orbit and have a size larger than 140 m can pose
a serious hazard to Earth; these are classified as a Potential Hazardous Asteroid (PHA).
A detailed description of the current NEOs groups can be found at the JPL website
(https://cneos.jpl.nasa.gov/about/neo_ groups.html).

The question of whether NEAs could be a source of meteoroid streams that reach
the Earth is a popular topic of research nowadays (see for example: Halliday, 1987;
Jenniskens, 2006; Trigo-Rodriguez et al., 2007; Toth et al., 2011; Borovicka et al., 2015a;
Trigo-Rodriguez & Williams, 2017). For instance, the Taurid complex, which causes
several annual meteor showers (i.e., Northern and Southern Taurids in Table 1), is be-
lieved to have originated from a large comet that disrupted completely, giving rise to
other minor asteroids and comets (Spurny et al., 2017b). Also, the orbit similarity to
some recovered meteorites supports this idea (see Borovicka et al., 2015a, and references
therein).

Unlike meteoroid streams, sporadic meteoroids that have been formed by one-time
collisions between asteroids or asteroids and other meteoroids can find their way to our
planet. The time scale between the parent detachment and the collision with Earth is
a minimum of hundreds of millions of years. During this time meteoroids lose their or-
bital coherence (Pauls & Gladman, 2005). The dynamic evolution of asteroid material
is fast compared to the evolution of cometary dust. The mechanisms that dominate
that evolution are described elsewhere (see Williams, 1993, 2001). Provided that the
final pre-impact meteoroid orbit perihelion is located at a maximum in the mean as-
teroid belt, and that most of these orbits have low inclinations (close to the ecliptic
plane), the impact velocities of these meteoroids shall be lower than that of the comet-
ary meteoroids. Hence increasing their chances of surviving the aggressive interaction
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with the Earth’s atmosphere. These meteoroids are commonly the main source of fully
unexpected meteorite falls (Trigo-Rodriguez et al., 2015).

The higher strength and increasing compaction associated with thermal metamorph-
ism of asteroidal meteoroids (Trigo-Rodriguez & Blum, 2009a) also increase their chances
to survive atmospheric entry. However, some recovered meteorites might be linked to a
cometary origin. With the right circumstances, quite low strength meteoroids are able
to survive atmospheric ablation and produce meteorite falls like the un-grouped carbon-
aceous chondrite Tagisk Lake (Brown et al., 2002b). For instance, the pre-atmospheric
orbit from historical data of the Orgueil meteorite suggests a link to the Jupiter Family
Comets (Gounelle et al., 2006). Although the orbital parameters of Orgueil, especially
the aphelion distance, may vary slightly due to the rather large inaccuracy on the re-
ported atmospheric entry velocity, the proposed origin seems to be in agreement with
its composition. Orgueil’s CI composition classification might be similar to the chem-
ical composition of comet Halley’s dust (Campins & Swindle, 1998). Another possible
relationship of this kind is the one claimed by Trigo-Rodriguez et al. (2009¢) regarding
the comet Metcalf C/1919 Q2 and a swarm of meter-sized meteorite-droppers that pro-
duce meteorite falls. (this term will be described later). Additional evidence has been
recently compiled that claims a connection between fragments of this comet and the
fall of H/L chondrites (Trigo-Rodriguez & Williams, 2017). While these studies do not
provide strong evidence because of the rarity of these meteorite falls and the absence of
recordings capable of obtaining precise orbital data, continuous suggestions and studies
on this regard will eventually lead to the recovery of meteorites with comet origins.
This might ultimately imply a new impact hazard scenario, given the larger range of
inclinations of cometary orbits.

Given the existence of mutual collisions in the Main Asteroid Belt, plausible break-
ups due to planetary approaches, long solar exposures, and continuous asteroid colli-
sions, the composition of asteroids is not unique. If an association between a recovered
meteorite and an asteroid is possible, then a detailed laboratory analysis will provide
some clue on the physical properties of the asteroid (e.g., Wilkison & Robinson, 2000).
As this association is rare, the study and comparison of meteorite surface reflectance
(e.g., Trigo-Rodriguez et al., 2014) and reflected spectra of asteroids (Chapman et al.,
1975; Gaffey et al., 1993; DeMeo et al., 2009, and references therein) are used to point
out possible relationships and feasibly infer mechanical properties of the asteroids
(Moyano-Cambero et al., 2017). However, it has been observed that meteorites ex-
hibit higher bulk densities than their parent asteroids and show a bias towards the
higher strength materials (Trigo-Rodriguez & Blum, 2009a). Asteroids tend to show
lower densities, and this is associated with larger macroporosities (Britt et al., 2002).
This also has an effect on other physical properties (e.g., the thermal conductivity, the
strength, etc.; see for example Meier et al., 2017).
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1.2 ATMOSPHERIC INTERACTION: METEORS,
FIREBALLS AND METEORITES

The hypersonic encounter between meteoroids and the Earth’s atmosphere occurs for
different meteoroid sizes that may range from a few tens of microns to tens of meters
in diameter (Hughes, 1994). Generally speaking, as the meteoroid reaches lower atmo-
spheric layers the aerodynamic loading is more intense, and the braking it experiences
is more abrupt. Also, the thermal and molecular collisional processes that ultimately
imply a severe mass loss become gradually more efficient along the descending path.
The complete phenomenology is called ablation and during this phase there is an associ-
ated emission of light that enables the visual observation of meteoroids from the ground;
namely a meteor. At high altitudes the first atmospheric molecules provoke sputtering
(Vinkovié, 2007), a process that removes and ionize the atoms in the meteoroid sur-
face. Extensive meteoroid vaporization starts when the surrounding vapour temperature
cloud increases at around 2500 K, which is usually over the vaporization temperature
of rock-forming minerals (see Chapter 4; Bronshten, 1983; Ceplecha et al., 1998). At
lower altitudes with the increasing air density, air friction becomes more relevant, and
the sudden deceleration turns into fragmentation and heat that melts the external layers
of the meteoroid. According to Yomogida & Matsui (1983) if the meteoroid is able to
survive the atmospheric flight, the thermal effect of the heat will not get deeper than 0.3
centimeters in the resulting meteorite (Trigo-Rodriguez, 2012). Besides, if the meteor-
oid structure does not comply with certain strength premises the intensive dynamical
loading may fragment the body (Popova et al., 2011; Trigo-Rodriguez & Llorca, 2006,
2007) that can continue ablating separately. Note though, that fragmentation may also
take place due to thermal processes (Borovicka et al., 2015a).

The study of meteor fragmentation is compelling and current mathematical approaches
find difficulties in correctly representing the physical behavior. In two cases the math-
ematical approach is simpler: either when the fragmentation takes place at well-defined
and observed points along the meteoroid trajectory, or when the fragmentation of small
grains is more or less a continuous process. The former is known as progressive fragment-
ation (Babadzhanov, 1991), whereas the latter is referred to as quasi-continuous frag-
mentation (Revelle, 2002). The fragmentation model developed by Ceplecha & Revelle
(2005) accounts for these two scenarios when observations are available. Note that this
fragmentation model includes a set of free parameters that may be assumed or estim-
ated and, consequently, it does not lead to a unique interpretation of the results.

Given the different ability of each meteoroid to penetrate deeper in the atmosphere
and the intensity of its luminosity, a sub-seeded meteor classification is established.
Typically, the brightness magnitude of a fireball or bolide reaches or overcomes that
of Venus (—4). Very bright fireballs are generally able to get to much lower altitudes
and can emit a continuous very bright light, at mid-way between the luminosity of the
Moon and the Sun (absolute magnitude —16 or brighter). Such bright fireballs are
named superbolides and can be observable at distances of more than 700 km (see e.g.
Ceplecha et al., 1998; Trigo-Rodriguez et al., 2009a; Brown et al., 2013b). Once the
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meteoroid is no longer subjected to ablation, the single body or fragments of it that do
not disintegrate enter their last leg of the descending flight path, the dark flight, which is
generally ruled by a nearly ballistic trajectory (Gritsevich et al., 2014; Vinnikov et al.,
2016). Note that, when the meteoroid velocity is about 3 km/s, the thermal ablation is
over (Borovicka et al., 2015a). Meteoroids that partially survive their atmospheric flight
and hit the Earth’s surface are called meteorites. Ceplecha et al. (1998) stated that max-
imum entry velocities of 30 km/s are required to survive the ablation, which is in line
with recorded meteorite falls to date (see Chapter 3). This limit is however under discus-
sion (Borovicka et al., 2015a) as the entry velocities of the recovered Maribo (V. ~ 28.5
km/s; Haack et al., 2011) and Sutter’s Mill (V, ~ 28.6 km/s; Jenniskens et al., 2012)
meteorites are close to that limit. Figure 2 illustrates the concepts of meteoroid, meteor,
fireball and superbolide. The term meteorite-dropper is often coined to indicate those
superbolides that may be followed by a meteorite fall.

Finally, micrometer dust particles orbiting in space may interact with the atmosphere
at low velocities. If they are smaller than several hundredths of a millimeter, they
can be decelerated at high altitudes before the initiation of the evaporation processes
(Ceplecha et al., 1998). Consequently, these particles may survive to atmospheric decel-
eration with partial or no surface melting at all, and can be deposited on the ground as
micrometeorites (Engrand & Maurette, 1998).

It has been estimated that less than 3% of the incoming (pre-atmospheric) mass can
survive as meteorites (Ceplecha et al., 1998). Although it is complicated to estimate the
total meteoroid mass influx on Earth, the data gathered using different observational
methodologies has constrained this number owing to the size of the impacting body.
Relevant studies on this regard are for example: Rabinowitz et al. (2000); Brown et al.
(2002a); Ortiz et al. (2006); Silber et al. (2009); Brown et al. (2013b); Borovicka et al.
(2015a). These studies show a clear agreement in that a power law adjusts the annual
flux with the diameter of the body, and that meter-sized bodies impacts, with the ability
to become a meteorite, are less common.

Since meteorite falls could be unnoticed, when a reliable meteor observation linked
to a meteorite exists, a more accurate insight on the processes that occur during the
atmospheric flight is possible. This ultimately may derive in a better knowledge on the
disruption mechanisms that took place when the meteoroid detached from its parent
body, and its path towards its encounter with Earth. As will be detailed in Chapter
3, the number of recovered meteorites for which its atmospheric flight was observed is
small. For one of these events, namely Annama (Trigo-Rodriguez et al., 2015), Chapter
3 of this thesis will outline the procedure that was followed to identify a suitable par-
ent according to the pre-atmospheric orbit of the meteoroid. Conversely, unnoticed
meteorite falls can be collected either by specific recovery campaigns or occasional
finds. Up to date, the current meteorite collection contains 76,500 specimens (includ-
ing provisional names, and according to The Meteoritical Bulletin Online Database:
https://www.lpi.usra.edu/meteor/ ).
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Meteorites are classified owing to their petrology, which indicates their origins in dif-
ferentiated (chondrites), or undifferentiated bodies (achondrites, iron and stony meteor-
ites). While more details can be found in the extensive literature (Van Schmus & Wood,
1967; Brearley & Jones, 1998; Huss et al., 2006; Weisberg et al., 2006; Rubin et al., 2007;
Martinez-Jiménez et al., 2017; Palme & Zipfel, 2017), for this thesis it will be more in-
teresting to accurately constrain the bulk density of the meteoroid, which is quite well
known for chondritic stones that dominate meteorite falls (Britt & Consolmagno, 2003;
Macke et al., 2011). Although detailed and bulk compositions are intimately related,
the range of meteoroid bulk densities is bibliographically constrained to between 270
kg/m3 and 7000 kg/m? (Ceplecha & McCrosky, 1976).

For those meteors that disintegrate in the atmosphere, the study of their properties
is done via the analysis of certain parameters retrieved from the observations. One of
the earliest studies that exemplifies this issue was carried out by Ceplecha & McCrosky
(1976) using a sample of 232 meteors that were observed using the most accurate tech-
niques at that time. The orbits and the atmospheric trajectories of these meteors
were derived, and further classification carried out. Ceplecha & McCrosky (1976) out-
lined a meteor classification based on several meteor atmospheric trajectory parameters:
the terminal height (the last point of the atmospheric luminous path), the estimated
meteor bulk density, and the orbit inclination, semi-major axis and eccentricity. Fur-
thermore, they defined a classification parameter, namely PE, which ranked the meteor
according to its entry mass, velocity, terminal height and zenith angle. Although this
will be addressed in depth in Chapter 5, it is interesting to note at this point that
Ceplecha & McCrosky (1976) stated that most of their sample consisted of cometary
meteors. This is because at that time, it was quite challenging to state that fluffy bodies
might have their origin in asteroids. Also, because as already mentioned, it is usually
more complicated to relate dynamically the orbit of a meteor to that of an asteroid
provided the planetary complex mixture of gravitational and non-gravitational effects
that asteroids and their disrupted meteoroids suffer during their orbital lifetime.

1.3 THESIS GOALS AND OUTLINE

The aim of this thesis is to extend our current knowledge of the physical and dynamic
properties of large meteoroids during and before their interaction with the Earth’s at-
mosphere. The conclusion derived from this study shall serve a twofold purpose. On
the one hand, the results shall help to set constraints on the hazard associated with
the interaction between these bodies and the Earth. On the other hand, the following
chapters will propose alternative means to delve into meteoroid dynamical properties
that shall enhance future studies of these problems.

The introductory overview has provided a wide understanding of the general scenario
and the associated phenomenology in a scientific field that still offers a lot of unexplored
opportunities. More details will be described in detail in the following chapters, along
with the implementation of new reliable methodologies and techniques to tackle meteor
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physics problems.

This thesis is organized as follows:

» Chapter 2: provides a summary of the state-of-the art of the available instrument-
ation for meteor recording and the common data reduction procedures that are
applied in following chapters. From naked eye observation to specialized equip-
ment allocated in satellites, the data gathered shall be correctly processed by
specific techniques (i.e. astrometry) that enable the calculation of trajectories
and orbits through adequate mathematical models.

= Chapter 3. presents the results of the observation campaign of the expected out-
burst of the annual Ursid meteor shower. It is presented as a case study to
understand the orbital evolution of cometary material before encountering the
Earth.
Besides, the observation and recovery of the Annama meteorite provide enough
information to relate this meteorite with a feasible asteroid parent. The second
part of this chapter is devoted to explain how to apply a methodology to finding
such relationship. The orbital evolution of meteoroids detached from asteroids
requires the use of simulations, an understanding of celestial mechanics, and valid
assumptions to claim such a relationship.

s Chapter 4: proves how efficient the combination of infrasound and visual observa-
tions are to provide relevant clues on the properties and flight dynamics of meteors
along their atmospheric flight. The study of a centimeter-sized meteor data set
that generates shock waves at high altitudes is used to get the first observational
evidence of the Knudsen number and flight flow regimes for these bodies.

» Chapter 5: focuses on the last bright point of the meteor atmospheric trajectory.
The velocity, height and mass at this point are very relevant to gain comprehension
on: (1) the pre-atmospheric properties of the meteoroid; (2) the flight dynamics;
(3) and on the subsequent dark flight if the meteoroid is able to survive the ablation.
It will be shown that the use of a recently introduced mathematical methodology
to study meteors can decipher most of those parameters using either only the
terminal height, or a combination of the terminal height with a couple of other
observed parameters.

= Chapter 6: discusses the implications of the studies and conclusions of the previous
chapters for impact hazard considerations. The risk posed to the Earth by large
meteoroids depends on the physical properties of the meteoroid, on its impact
configuration, and on the probability of future encounters between our planet and
meteoroids of different sizes.

The last chapter is devoted to the conclusions that can be gathered after all the previous
work, and suggestions of suitable future work that shall be undertaken to expand the
current knowledge on subjects related to this thesis.






METHODS AND MODELS

2.1 INTRODUCTION

The trip of a meteoroid through the atmosphere is fast and generous in terms of the
physical phenomenology triggered. According to the meteoroid properties and its flight
configuration, the behavior could diversify significantly. The previous chapter outlined
the main differences in terms of atmosphere penetration and survival between asteroid
and cometary material. With the purpose of providing both, a complete understanding
of the physics involved and unmasking possible unnoticed meteoroid encounters, the
strategies and detection techniques are continuously evolving. In this chapter a general
description of these techniques is provided. Likewise, a brief summary of the astrometric
procedure applied to deal with photographic and video cameras is presented. Finally,
the last part of this chapter caters for a synopsis of the three current mathematical
approaches that allow meteor flight trajectory modelling.

2.2 METEOROID FLIGHT DETECTION TECH-
NIQUES

The physical phenomena revealed during the meteoroid atmospheric flight make the
Earth atmosphere the largest sensor available to spot these events. The implementa-
tion of adequate techniques helps understanding the different phenomenology taking
place. The direct naked eye observation is not only the oldest and more intuitive
technique, but the one that has provided the best results to determine the intensity
of meteor showers. The human eye is sensitive up to a stellar magnitude of 4+6. To
enhance that sensitivity, additional equipment like binoculars and telescopes become
useful for the observer. In this regard, it is worth mentioning the classical handling of
Super-Schmidt cameras that were first introduced in the mid 50’s (Jacchia & Whipple,
1956). These telescopes were especially suitable for very large fields of observation and
removed the spherical aberrations from the optics using a correcting plate, thus becom-
ing a powerful instrument for that time in meteor science. Although telescopes permit
detection of faint meteoroids of about 411 limiting magnitudes, the field of view is too
narrow, which ultimately hinders the detection of meteors and complicates the determ-
ination of their complete trajectory in the atmosphere. The use of wide-field automated
photographic devices promoted extended observation campaigns and even more elab-
orate current techniques for meteor observations, such as international airborne cam-
paigns (Vaubaillon et al., 2015) and possible future space-based monitoring systems
(Bouquet et al., 2014). Nowadays, the advances in optical materials and surface polish-

15
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ing, as well as the evolution of CCDs and CMOSs sensors, allows photographic cameras
detecting limiting magnitudes between 43 and +5 (Madiedo & Trigo-Rodriguez, 2008;
Kingery & Blaauw, 2017). One relevant asset associated with this technique is the in-
clusion of a controlled rotating shutter on all-sky CCD cameras (Trigo-Rodriguez et al.,
2008), so the apparent path of the meteoroid is automatically chopped, and the accurate
velocity of the meteoroid through the luminous trajectory can be derived. From this in-
formation, it is quite straightforward to derive the discrete meteoroid times, heights and
velocities along its luminous flight. The new improvements on video cameras and their
associated techniques allow the detection of larger volumes of faint meteoroids (stand-
ard video systems with zoom lenses can achieve a limiting magnitude between 47 and
+9), and the meteoroid trajectory determination. Installing a video system is not com-
plicated, and it can be fully operated automatically. Retrieving the desired information
from the video frames is more compelling than when photographic data are in use. For-
tunately, the current methodologies permits partial computational implementation, so
data-retrieving tasks become easier. The main drawback of video systems is, paradoxic-
ally, their great sensitivity (Madiedo & Trigo-Rodriguez, 2008; Borovicka et al., 2015a).
While this property allows the detection of faint meteors (typically those belonging to
meteor showers), brighter events, such as bright fireballs, may saturate a relevant num-
ber of the detector pixels. Note that nowadays most electronic devices (i.e., mobile
phones) include a camera. While the information registered by these devices could be
very valuable (i.e., Brown et al., 2013b), new techniques for calibrating the images are
required (Lyytinen & Gritsevich, 2016).

Photographic cameras and video systems can be adapted to obtain meteoroid spectra
and light curves. Wide band passes allow the panchromatic study of the energy released
by the meteor in form of light. The analysis of the light curve provides valuable clues in
terms of meteor motion and mass. The usual way of proceeding, as it will be described
later in this chapter, consists of assuming negligible meteor deceleration and a fixed
value of luminous efficiency, a parameter that relates the integrated emitted light to
the kinetic energy of the object (Ceplecha et al., 1998). Although a large amount of
studies relies on this approach, the results tend to overestimate the real mass of the met-
eoroid. It is therefore more convenient to combine this information to the astrometric
observations of the event. On the other hand, narrow band filters are introduced in spec-
trometric studies to decipher the presence of meteoric elements that evaporate during
the re-entry. Spectrometry techniques are generally implemented when the meteor wake
and train are studied. The temperatures at the rear part of the meteor reach the local
equilibrium and interpreting the observed spectra is more evident (Borovicka, 1993,
1994; Trigo-Rodriguez et al., 2003, 2004c; Berezhnoy & Borovicka, 2010; Silber et al.,
2017).

Meteors can also be detected using radio techniques (i.e., Simek, 1985; Simek & Pecina,
2002; Madiedo et al., 2014). Radio forward scattering is the most common radio applic-
ation (Ceplecha et al., 1998), which relies on detecting the radio signal emitted from a
distant source (about hundreds of kilometers away). The signal would not be detected
unless it reflects from the ionized trail of a meteor. The noticeable advantage of this
technique is that it allows the detection of a larger number of meteors. The disadvant-
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age is that, as the ionization is more intense at higher altitudes, there is a bias towards
fast meteors that disintegrate soon and high in the atmosphere.

Other indirect means of retrieving information from meteors are mainly focused on
the by-products of the energy released. The hypersonic velocities associated with the
meteoroid atmospheric flight may eventually cause a shock wave in front of the meteor
(Silber et al., 2017). For those bolides able to penetrate deep into the atmosphere, the
largest part of the energy release occurs at low altitudes where the body could frag-
ment violently and release energetic waves (blast waves) that may propagate down
to the Earth surface. In fact, many large bolides end up with sudden fragmenta-
tions (Trigo-Rodriguez & Llorca, 2006; Trigo-Rodriguez & Blum, 2009a). If so, infra-
sound stations can detect the blast (Revelle, 1974; Brown et al., 2007; Silber & Brown,
2014) while seismic stations can record the ground shaking (i.e., Ben-Menahem, 1975;
Llorca et al., 2005; Tauzin et al., 2013; Brown et al., 2013b; Tapia & Trigo-Rodriguez,
2017). These measurements support the understanding of violent events where no
visual observations are available and/or allow gaining insight into complex fireballs
associated with daylight meteorite falls where the astrometry is more complicated (i.e.,
Llorca et al., 2005; Trigo-Rodriguez et al., 2006; Brown et al., 2013b). In general, bol-
ides move very fast and the overpressure due to the shockwave propagates as inaudible
low frequency pressure waves (< 20 Hz) called infrasound. A theoretical approach
to the meteor infrasound analysis assuming some premises, like direct arrivals, was
developed by (Revelle, 1974, 1976), and was successfully implemented by Silber et al.
(2015). There are, however, two main limitation to these two detection techniques. On
the one hand, the maximum distance at which the signal stems from. Several atmo-
spheric and geological phenomena dissipate the signal and reduce notably the quality
of the signal to noise ratio. On the other hand, when several events take place in short
time lapse, a visual observation counterpart is required to link each detection to each
individual meteor. This is for example the case of using infrasound techniques during
meteor showers.

As the industry and technologies of nanosatellites (i.e., standard CubeSats) moves on
it is quite likely that the deployment of a devoted low-cost meteoroid monitoring satellite
constellations will eventually become a reality. Indeed, military (Brown et al., 2002a)
and science satellite (i.e., Rieger et al., 2014) payloads and subsystems have historically
detected the meteor phenomena. In this line, new instrumentation and concepts of
operation have been proposed (i.e., Bouquet et al., 2014) . In addition, the rise of new
space business models, like asteroid mining, is promoting the apparition of companies
demanding information on asteroid properties. Therefore, the interest in meteor science
is gradually increasing and, if properly supported, this field will grow significantly over
the next decades.

The combination of the techniques described above provides a more complete picture
of the interaction between a meteoroid and the atmosphere. Provided the range of met-
eoroid geocentric entry locations on the sky and flight configurations, one single type of
observations from one specific spot will limit the potential quality and quantity of the
observations. For example, in order to accurately determine the trajectory of a meteor
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using video systems, at least the combined information of two observation stations is
required (Ceplecha et al.; 1998). Note though that there exist notable discrepancies
when the meteor phenomena are studied by coupling different techniques and caution
must be taken (i.e., Gritsevich, 2008¢c) . Some approaches might be more adequate than
others to address specific bits of the event. Nevertheless, when combined adequately, all
the techniques described in the previous paragraphs are complementary. For example,
as part of this thesis, Chapter 3 will benefit from the results obtained using video and
radio scattering techniques, and Chapter 4 will explore the utility of using the informa-
tion retrieved from the combination of infrasound and video systems.

While short term or specific observations can be successfully achieved with punc-
tual co-joint collaborations of several observation stations, long-term meteor research
projects do usually kick-off with the development of a potentially powerful array of well-
equipped observation stations. As their main purpose is to investigate the bright meteor
phenomena, these arrays are usually referred to as Fireball Networks (FN). Most Fire-
ball Networks stations are arranged locally in the same country and implement the same
acquisition and reduction software and procedures. They are usually ruled by the same
organization and so they often fulfil the same institutional requirements. Nowadays
there is a proliferation of national FN focused on observation based on photographic
and video camera systems, especially in Europe. Good examples of this are the Spanish
Photographic Meteor Network (SPMN; Trigo-Rodriguez et al., 2004c) , the French Fire-
ball Recovery and InterPlanetary Observation Network (FRIPON; Colas et al., 2014),
the Finnish Fireball Network (FFN; Gritsevich et al., 2014), or the recent Italian Meteor
and Transient Luminous Event Network (IMTN). Outside the EU, it is worth mention-
ing the continental scale Desert Fireball Network (DFN; Bland, 2004) in Australia,
which has proved to provide outstanding results. Yet, the first organized couple of cam-
eras (that consisted of two Ross Xpress lenses of 1.5 inches apertures) that co-pointed
to the same sky area was set up in 1936 and was ruled by F.L.. Whipple at the Harvard
Observatory. This project was called the Harvard Meteor Project (Jacchia & Whipple,
1956). From that moment on, the organization and capacities of the fireball networks
improved. Networks gathering very relevant data are the European Fireball Network
which was born in the Czech Republic in 1959 (Ceplecha, 1957) and lately expanded to
Austria, Slovakia and Poland that is still operational (Oberst et al., 1998; Spurny et al.,
2017b); the Prairie Network that operated in the United States in the period from 1963
to 1975 (McCrosky et al., 1978); and the Meteor Observation and Recover Project in
Canada (MORP), whose operations dated from 1970 to 1985 (Halliday et al., 1978).

Although one of the fireball network’s main goals is to detect and study fireballs, it
also has a strong devotion to achieving the observation of an eventually recovered met-
eorite fall. Unfortunately, the statistics show that it has been historically difficult to suc-
ceed in this second goal; it usually occurred once per decade (see for example Gritsevich,
2008¢). For instance, the MORP was able to register more than 1010 fireballs along
the approximately 15 years of existence, including only one meteorite-dropper. Listed
as MORP 285, the meteorite is commonly known as Innisfree. The following event
in that reduced list did not occur until 15 years later. Other recent examples are An-
nama meteorite (Gritsevich et al., 2014; Trigo-Rodriguez et al., 2015) that was observed
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Figure 3: Cumulative histogram of all the recovered meteorites for which the atmospheric
flight has been observed and the pre-atmospheric orbit calculated.

and recovered by the Finnish Fireball Network, or the SPMN’s Villalbeto de la Pena
occurred after approximately 10 years of the network operation (Llorca et al., 2005;
Trigo-Rodriguez & Llorca, 2006). Although the orbits and dates of recovery of all these
events will be provided in Chapter 3, here Figure 3 shows how the cumulative histogram
of these events significantly increases over the recent years. As discussed in Bland et al.
(2006), the rate of success has a lot to do with the extension of the networks and the
orography of the prospective landing site. The Desert Fireball Network (DFN) benefits
from these facts and in along the 14 years of its existence (Bland, 2004) it has allowed
the observation and recovery of four meteorite falls: Bunburra Rockhole (Bland et al.,
2009) in 2007, Mason Gully (Spurny et al., 2011) in 2010, Murrili (Bland et al., 2016)
in 2015, and Dingle Dell (Devillepoix et al., 2018) in 2017. The improvement of the
European Fireball Network equipment has also led to a higher rate of observed meteor-
ite falls recoveries (Spurny et al., 2017b).

The technology improvements along with the strengthening of the collaboration between
researchers is notably increasing the meteor observations and subsequent meteorite re-
covery. This is quite evident over the last 10 years. Besides, the continuous advances
in mathematical approaches and technical capabilities is nourishing the meteoritic com-
munity with models and tactics to deal with data from current and past fireball network
databases. For example, Chapter 5 of this thesis will validate the application of a new
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mathematical approach to calculate the fireball terminal height using the MORP data-
base.

2.3 ASTROMETRIC DATA REDUCTION

Each of the above-mentioned meteor detection techniques requires an appropriate
data reduction procedure. As for the purposes of this thesis, the astrometric data re-
duction from video cameras followed in Chapter 3 is described here. Meteor detection
performed by either wide field or all-sky video cameras encapsulate a lot of informa-
tion that shall be treated before providing reliable data. Note that only night detec-
tions are considered here; daylight bolides might be studied somehow differently (i.e.,
Trigo-Rodriguez & Llorca, 2006; Blanch et al., 2017; Gritsevich et al., 2017).

The SPMN video cameras operate a “Phase Alterning Line” (PAL) system that per-
forms at 25 frames per second. This encoding system uses interlaced frames to smooth
the transition between motion steps. This way, the even and odd frames update the
processed image alternatively. Ultimately this means that all the 25 frames per second
can be doubled to 50 frames using even and odd sub-frames. This is quite convenient
for difficult astrometry cases where more precision is required. For typical meteor tra-
jectories ranging between 1 and 10 seconds, a 25-frames per second system provides
between 25 to 250 images, which is usually enough to derive accurate information.

The apparent movement of the stars on the celestial sphere, as well as the meteor dis-
crete positions over its trajectory, are registered in the camera sensor (CCD or CMOS
detector) as a stereographic projection. The pixel coordinates on the sensor shall there-
fore be converted to the common used equatorial coordinates. Each of the recorded
frames contains one projected position of the meteor along its path, and the position of
the background stars. Since the equatorial coordinates of the stars are known and lis-
ted in the catalogues, these are used to perform the coordinate transformation between
the detector image reference and the equatorial reference frames. However, this trans-
formation is not straightforward and needs the inclusion of an extra intermediate set of
coordinates. The alignment between the camera sensor and the stereographic projection
might not be exact. The sensor could show a mismatch in terms of rotation, translation,
or even not showing exact orthogonal axis. Thus, the pixel position on the sensor shall
be first transformed to the stereographic projected coordinates before implementing the
conversion to equatorial coordinates (see Figure 4). As per the all-sky cameras there are
additional issues to be considered as detailed in Borovicka et al. (1995). The complete
description of the transformation equations along with validation cases can be found in
Steyaert (1990) and Trigo-Rodriguez (2002).

The information provided by one observation station (or one isolated camera) only
indicates the apparent position of the meteor on the celestial sphere. For example, the
final resulting image from the addition of the video frames of a meteor detected during
the Ursid campaign is showed in Figure 5. This figure demonstrates the lack of inform-
ation to procure the three-dimension movement of the body in the atmosphere. To
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Figure 4: Schematic illustration of two stations (A, B) detecting a meteor (adapted from
Roggemans, 1987). The zoom on the camera shows possible misalignments (translation and
rotation) between the camera reference axis (cx,cy) and the sensor reference axis (sz, sy).
The coordinates (px, py) indicate the pixel position on the sensor.



22 METHODS AND MODELS

reconstruct the meteor trajectory at least two different observations are required. The
intersection of the two planes defined by the apparent meteor trajectory (a line) and the
station locations (a point for each) provides a line that corresponds to, approximately,
the real meteor path. As the apparent trajectory derivation may have some associated
errors, these might be propagated to the final plane intersection. The more observation
stations that reliably detect the meteor the better is the adjustment of the meteor tra-
jectory. The methodology to derive the meteor path and the ultimate refinement was
outlined by Ceplecha (1987). It shall be remarked that the stations shall be separated
by at least 20 km (Trigo-Rodriguez, 2002) and that the angle between the two planes
shall be greater than 20°. Ceplecha (1987) called this angle @, and it describes the
statistical significance of the trajectory obtained by the combination of the information
from the two stations considered. In case of being smaller than 20° the final adjust-
ment of the resulting line intersection of the planes can be quite poor (regardless of
the associated errors with the apparent trajectory calculation), leading to serious inac-
curacies in the meteor trajectory determination. When there is information from more
than two observation stations, the calculation is a bit more tedious as the triangulation
requires more calculations, but it follows the same guidelines (Trigo-Rodriguez, 2002;
Trigo-Rodriguez et al., 2004c; Trigo-Rodriguez et al., 2008).

Often video cameras dedicated to meteor monitoring are equipped with a rotating
shutter for easier retrievals, so the trajectory is chopped into smaller bits whose length
can be measured. Since the revolutions per second of the shutter are set beforehand,
the time between trajectory cuts is known. The meteor velocity and deceleration at
each luminous trajectory segment can be retrieved. Due to small imprecisions in the
trajectory derivation some final adjustment is required. Normally the length of the
meteor trajectory can be mathematically formulated as the sum of a linear and an
exponential term (McCrosky & Posen, 1968; Gritsevich, 2008c¢):

D(t) = a+ bt + ce* (1)

Where the constants a, b, ¢, k are the outcome from a least squares adjustment
between the observations and the velocity function (Equation (1)). The goodness of the
adjustment depends on the reliability of the data, where the entry velocity plays a relev-
ant role. The first (pre-atmospheric) value of the meteor velocity is normally difficult to
retrieve, and despite notable efforts to approximate it (i.e., Gural, 2012) extra work on
this subject shall be carried out. Since it is difficult to gather reliable information about
the entry velocity, various approaches are commonly considered (Egal et al., 2017).

From the atmospheric luminous path, it is straightforward to derive the radiant (the
apparent point in the sky where the meteoroid seems to originate). The radiant, the
entry velocity, and the average velocity of the meteoroid are necessary to derive the pre-
atmospheric orbit of the meteoroid (Ceplecha, 1987). Alternatively, the required input
parameters for orbit computation are the topocentric pre-atmospheric velocity vector
and the coordinates of the atmospheric entry point of the meteoroid, i.e. the beginning
point of the visual path of a meteor, in an Earth centered-Earth fixed coordinate system
(the International Terrestrial Reference Frame, ITRF; see Dmitriev et al., 2015). The



2.3 ASTROMETRIC DATA REDUCTION 23

Ursa Major

Meteor
movement

Moonlight

04:42::118. 457 UTCL FOLGUEROLES AAO SPMN._NE

Figure 5: Example of one Ursid meteor studied during the Ursid outburst campaign. The
image consists of the final sum of all the individual video frames. The background position
of the Ursa Major constellations serves as a guide to locate the apparent trajectory of the
meteor. Note that by varying the Point-Spread Function (PSF) distribution of the image dim
stars can be also spotted and the effect of Moonlight constrained. The increase and decrease
of brightness along the meteor path can be observed.
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more accurate these values are, the more reliable the heliocentric orbit of the meteoroid
results. Due to the difficulties in retrieving the geocentric meteoroid entry velocity, the
orbital semi-major axis might show some inaccuracy (Betlem et al., 1999). Chapter 3
of this thesis will deal with this issue and show how it might affect parenthood determ-
ination.

24 METEOR DYNAMICS MODELS

The dynamics of the meteoroid during its atmospheric passage comprises various
physical scenarios related to the flight configuration and the physical properties of the
body. The general procedure to retrieve astrometric data from the observed meteor
phenomena has been outlined above. The discrete positions, velocities and times of
the meteor trajectory are then the input data to mathematical models whose output
extent our knowledge, and help improving and validating those models. As per meteor
dynamics studies these data have been historically treated using a mathematical model
that results from the application of the Newton’s laws. In this section the classical
Newtonian formulation will be revisited, and two other formulations introduced. The
decision on whether which formulation shall be chosen will ultimately depend on the
characteristics and data available within each individual research.

2.4.1 Meteor dynamics and Newton’s second law

The dynamical behaviour of a meteoroid that enters the Earth’s atmosphere can be
described using the equations of motion. The projection of the meteoroid movement
along its trajectory provides an equation that relates the drag and the meteoroid decel-
eration:

Mcgt/ = —;cdeQS (2)
Where M is the mass, V' the velocity, t is the time, S is the area of the middle section
of the body, p is the density of the atmospheric air, and ¢, is the drag coefficient. Note
that the hypersonic entry velocities create a great drag effect that overcomes the effect
of the gravity (Gritsevich, 2010) and therefore the gravity acceleration can be neglected

from the above equations. If the slower entry velocity is taken (11.2 km/s) then:

capV?s V? (11200)2>
2Mg g 9.8

A second equation is obtained from the geometrical description of the differential

> 1 (3)
increments of the distance over the meteor trajectory:

dh
Vdt = dL = —dh - siny — i —Vsiny (4)
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Where v is the slope between the trajectory and the horizon, and A is the meteor
height above the Earth’s surface. Equation (4) allows conversion between time and
height. Additionally, the mass loss that the meteoroid experiences due to the ablation
phenomena shall be accounted for. The flow dynamics mass variation equation leads
to:

dM 1
H*—— = ——cppV3S 5
dt 9l (5)
Here it has been used c¢p as the heat exchange coefficient and H* as the effective

destruction enthalpy.

From these premises, Hoppe (1937) and later Whipple (1938) elaborated a math-
ematical formulation assuming that the body does not experience any fragmentation.
This is known as a Single Body Theory and it assumes that coefficients and ablation
rates such as ¢4 or ¢, remain constant along the trajectory. However, as the meteor
flight parameters vary with time and at each event, it is more accurate to set these
coefficients free and include as input data values retrieved from observations. In this
case, for the system (2)-(4)-(5) to be resolvable additional relationships are needed. On
the one hand, a shape factor coefficient, A, that relates the cross-sectional area to the
meteoroid volume: A = S/Volume?/3 is introduced. Note here that A has no dimen-
sions, for a cube it has an unitary value, and for a sphere it is approximately A = 1.21.
On the other hand, as the ablation phenomena remove mass from the meteoroid, its
cross-sectional area (defined as the surface projected onto the normal plane to the tra-
jectory) varies during the flight. Levin (1956, 1961) suggested that the cross-sectional
area and the mass of the meteor body are connected as S/S, = (M /M.)", where p
is a constant and the subscript “e” indicates the values of the parameters when the
meteoroid enters the atmosphere. The parameter ;1 characterizes the role of the body
rotation during the flight and can be calculated based on the observed brightness of a
fireball using the method proposed by Gritsevich & Koschny (2011). If 4 = 0 there is
no body rotation, whereas if © = 2/3 the ablation of the body due to its rotation is
uniform over the surface, and the shape factor does not change. Generally, 0 < u < 2/3.

The additional equations can be obtained using various approaches. Hoppe (1937),
following the work of Opik (1933), introduced a luminosity equation which relates the
light emission of the body to the meteor deceleration due to its mass loss times an
efficiency factor. This can be put simple as:

I=17——— (6)

Where 7 is the luminosity coefficient (Gritsevich & Koschny, 2011), and [ is the radi-
ation efficiency. This equation has been normally used to derive the meteor mass from
the photometric observations, and so this mass is usually referred to as “photometric
mass” (e.g., Ceplecha & McCrosky, 1976). Conversely, the “dynamic mass” is obtained
based on analysis of the meteoroid deceleration and ablation (Equations (2)-(4)-(5)),
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see e.g., Gritsevich (2009).

Additionally, the work of Opik (1958) and Bronshten (1965, 1983) also account for
the vaporization of the meteoroid surface particles. The number of electrons (0/) that
are created per unit of length of the meteor path because of the interaction of the
evaporated meteor atoms with the atmosphere can be mathematically expressed as:

/

D g

The average free electrons that result from the collisions between one meteor atom
/
and other particles is § (ionization coefficient); and m, is the average mass of a meteor
atom.

A bit different set of completing equations was introduced by Pecina & Ceplecha
(1983, 1984). Their solution seeks for the refinement of the small distance increments
over the meteor trajectory, [ = [(t), using the retrieved data from observations. As
this approach is more geometrical, Equation (4) is expressed differently in terms of {(¢).
A couple of new geometrical variables are introduced to express the v slope, and the
relationship between the trajectory height and local distance, which ultimately require
the inclusion of two related equations. While the approach formulated by Bronshten
(1965, 1983) strongly depends on the information derived from the observation, which is
commonly difficult to obtain accurately, the formulation outlined by Pecina & Ceplecha
(1983, 1984) softs that effect by providing a mathematical adjustment of the observed
trajectory of the meteoroid luminous path. Note however that both approaches include
the shape factor coefficient, A, and the ablation coefficient. This last coefficient is of
notable interest as it describes how the ablation processes evolve with time. It is defined
as:

__ %
o= 2H*Cd (8)

These two extensions of the initial layout of Hoppe (1937) equations are not the only
ones in terms of direct application of the Newton’s laws, but these are the most used in
meteor physics. Other relevant formulations were outlined by Levin (1961) and Revelle
(1979).

The Single Body Theory has been extensively used in common meteor studies and
relies on considering as constant a series of characteristic parameters which are not
known beforehand and cannot be obtained directly through the observations. In addi-
tion, other input flight parameters required in the formulation are assumed either to be
the average values of previous studies or reasonable approximations for the event un-
der study. For instance, the bulk density of the meteoroid is usually introduced in the
equations of motion as a fixed value whereas it depends on the case under consideration.
Due to the large number of unknowns required by the classical theory, the resolution of
the equations and the results shall be treated with care. Slight modifications of some
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parameters may lead to radically different results.

2.4.2 Scaling laws and dimensionless variables

The introduction of scaling laws and dimensionless variables in the mathematical
formulation can overcome these problems. Stulov et al. (1995), Stulov (1997) and
Gritsevich (2007, 2009) suggested a new way of resolving the equations of motion which
reduces the number of unknowns down to two. These two new parameters, namely o
and 3, are easily retrievable from the observed set of trajectory points (h, V'), providing
only one unique case-matching solution in most of the cases. The methodology combines
the system (2)-(4)-(5), and Levin (1956, 1961) relationship between the cross-sectional
surface and the meteoroid mass.

Introducing dimensionless variables m, v, y, s and p (M = M¢-m,V =V, -v,h =
ho -y, S = Ses and p, = po - p) in the system (2)-(4)-(5), it turns into (see Gritsevich,
2009):

d
mdz = apus (9)
d
dZL = 208pv°s (10)

These equations include the two mentioned parameters and show their physical mean-
ing. The ballistic coefficient, «, is proportional to the mass of the atmospheric column
with the cross section S, along the trajectory divided by the meteoroid’s pre-atmospheric
mass. In other words, a expresses the drag intensity suffered by the meteor body during
its flight. The mass loss parameter, 3, characterizes the ablation of the meteor. It can
be expressed as the fraction of the kinetic energy per mass unit of the body that is
transferred to the body in the form of heat divided by the effective destruction enthalpy.
These formulation of these two parameters is the following:

L pohoSe
_ = 11
« 2chesm'y (11)
And
cp V2
= (1 — 12
B ( )QCdH* ( )

The system (9)-(10) can be resolved assuming an isothermal atmosphere: p/py =
exp(—h/ho), where pg is the atmospheric density at sea level and hg = 7.16 - 103 m is
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the atmosphere scale height. Using the initial conditions y = oo and v = 1 (for details
see Gritsevich, 2007) it results:

m = exp[—(1—v*)8/(1 - p)] (13)
y =In2a+ B —InA, A= FEi(B)— Ei(pv?), (14)
where

t

Ei(z) = /x cdt (15)
—oo ¢

The derivation of parameters o and  that match a particular event can be done

via a least squares method which adjusts Equation (14) to the (h, V') data retrieved

from the observations (see Gritsevich, 2007, for further details). In principle, at least

three (h, V') points, including the entry velocity, are required to derive a and 3 this way:.

This methodology was first validated by Gritsevich (2008c) to prove its accuracy
through the study of four well-known meteorite falls. This first study did also remark
that, similarly to the classical theory, more detailed account for meteoroid fragmenta-
tion might enhance the application of the approach.

Gritsevich (2009) derived o and 3 parameters for 143 objects from the Meteor Ob-
servation and Recovery Project (MORP, Canada; Halliday et al., 1996) and 121 objects
from the Prairie Network (PN) database (McCrosky et al., 1979). This allowed the first
large-scale classification of fireballs and meteorites using accurate parameters. This
classification can be demonstrated using the logarithmic («, 3) plot (Gritsevich et al.,
2012). As can be seen in Figure 6, meteorite-producing events (e.g. Innisfree, Lost City,
Annama, Bunburra Rockhole, etc.) cluster in a defined localised region of the diagram
compared to the rest of the fireballs. The location of the few Taurids registered in the
MORP database is clearly indicated. These carbonaceous chondrites fall in another
delimited area of the diagram. Thus, this methodology is useful to set up a new classi-
fication based on these parameters.

Gritsevich & Koschny (2011) implemented this scaling laws’ methodology to addition-
ally constrain the percentage of meteor kinetic energy emitted as light. This allowed
them to completely perform the calculations as only the meteor mass and velocity vari-
ations were required, whereas further assumptions on meteor bulk density, shape and
initial mass could be avoided in the analysis.

More recently, Lyytinen & Gritsevich (2016) suggested the way of successfully incor-
porating different atmospheric models in the dimensionless equation of motion (Equa-
tions (9)-(10)). Although the system solution (Equations (13)-(14)) is derived for iso-
thermal atmospheres, the solution can be easily adapted when other atmospheric models
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Figure 6: Diagram showing the combination of Ina and InfS for MORP and PN database
events based on Gritsevich et al. (2012), where the few Taurids registered by the MORP are
marked separately. Marks for Pribram, Lost City, Annama, Innisfree, Neuschwanstein, Lost
City, Dingle Dell and Bunburra Rockhole meteorites are also shown. Note that, as it will be
seen in Chapter 6, Innisfree and Annama show the same « and 3 values.
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need to be considered. Note that the use of the detailed height and atmospheric pressure
measurements increase the accuracy of the results. This is especially critical for analysis
of potential meteorite-droppers, to estimate the terminal mass, which also allows to nar-
row down the search area on the ground and to speed up the meteorite recovery. In this
sense, if possible, the information provided by local weather station information should
be used. However, for most meteor observations these data are not publicly available
and have to be inquired upon request on a case-by-case basis. Detailed models such as
the International Standard Atmosphere (ISA) model or MSIS-E-90 (Hedin, 1991) could
also provide good results. The revised mathematical formulation to correctly account
for other atmospheric models while avoiding a complex mathematical re-formulation
is described in Lyytinen & Gritsevich (2016). In particular, for detailed atmospheric
models, the exponential atmospheric model is still valid as long as individual heights
are corrected according to the real pressure values at those heights.

Provided all these features, the application of this methodology becomes convenient
to the analysis of large databases observations and allows the automation of meteor tra-
jectory modelling. The main advantage when compared to the classical methodology
is that the errors associated with the problem of defining characteristic parameters are
more constrained, and therefore provides better adjustments when the quality of the
observations is reliable enough.

Chapter 5 of this thesis will study the efficiency of this formulation to provide accur-
ate information on the terminal heights of meteoroids. Moreover, it will also discuss the
suitability of this formulation to tackle a meteoroid classification problem, similarly to
the PE criterion of Ceplecha & McCrosky (1976).

2.4.3 Stochastic estimator algorithms

The atmospheric flight of a meteoroid through the atmosphere can be studied as
a stochastic process where the subsequent values of the unknown variables could be
considered to some extent random. The problem under discussion consists of finding
the state of a group of variables, known as state vector, at a given time:

ry = F(xp—1,up—1,04-1) (16)

Yt = G({L‘tﬂ’bt) (17)

Where z; is the unknown state vector at a given time ¢, u;—; is previous state of
the system (the initial condition at the time t), and y; is the observed state vector
at the time ¢. The variables v;—1 and n; are the process noise (ultimately related to
the mathematical equations used to model the physical problem) and the measurement
inaccuracy at each time ¢ respectively. The resolution of these equations involves an it-
erative process, which can be described analytically when certain conditions are fulfilled.
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Otherwise the problem shall be tackled via implementing more specific mathematical
tools.

One of such tools is the Kalman Filter which allows estimating the state vector of
the system (16)-(17) when it is linear and the probability density distributions that
gather the model inherent noise, vy, and the measurement inaccuracies, n;, are Gaus-
sian (Grewal & Andrews, 1993). As the meteoroid’s Equations (2)-(4)-(5) do not comply
with these conditions, additional intermediate steps shall be carried out.

If the equation system is non-linear, the use of a Kalman Filter generates at each
iteration step a probability density distribution that is not Gaussian. As a first ap-
proximation, these distributions could be approximated as Gaussian at each step and
then propagated through the first-order linearization of the nonlinear system. This way
of proceeding is known as Extended Kalman Filter (EKF). The result is a first-order
approximation to the optimal solution. Unfortunately, as the nonlinearity of the system
increases the results may largely diverge from the optimal solution. The first time a
stochastic estimator algorithm was implemented to analyse meteor atmospheric flight
was done by Sansom et al. (2015). Their study implemented an EKF to estimate the
Bunburra Rockhole (Bland et al., 2009) event trajectory. Furthermore, they derived the
dimensionless parameters (« and [3) adjusting their predicted set of trajectory (h,V)
values and the outcome matched the results obtained with the formulation outlined in
Section 2.4.2.

An enhanced version of the EKF is the Unscented Kalman Filter (UKF). Both filters
approximate the probability density distributions as a Gaussian at each iteration step,
but the UKF overcomes possible divergences from the optimal solution by introducing
a sampling approach. A set of sample points that properly represent the mean and co-
variance of the Gaussian distributions are chosen and propagated through the original
nonlinear system. This way a second order accuracy level is achieved for the mean and
co-variance values of the new gaussian distributions, improving the results of the EKF.
Sansom et al. (2016) expanded their previous analysis of Bunburra Rockhole meteorite-
dropper implementing a UKF. Their work provides a more complete description of the
method along with the discussion of their results.

The implementation of Kalman filters to solve the meteor Equations (2)-(4)-(5) allows
to encapsulate the error and its evolution along the time steps, however, the methodo-
logy still relies on the observed meteor flight values to both initiate the state estimation
and to correct the results at each iteration step. The precision of these observed values
constrains the outcome of the process. This inconvenience could be overcome by means
of a particle filtering method (a.k.a. Sequential Monte Carlo). The particle filtering
belongs to the Bayesian interference statistics and evaluates the probability of an es-
timation to be reliable. Taking into account the measurements available and also the
probabilities of the estimations at previous steps it is possible to apply this approach
to meteors (Sansom et al., 2017). The way particle filtering works is as follows:
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= At a first step a cloud of particles is distributed over the whole range of possible
state values.

= According to the values retrieved from observations, the particles within the prob-
ability distribution are assigned a weight which expresses the likelihood of the
system to be in that state.

= Then, a resampling process takes over. The regions where the particles show
higher weights are over re-populated whereas the regions where the likelihood of
the state is poor are depleted.

= Once again, the information derived from observations at the following time step
is used to re-assign probability weights and the process is repeated for as many
steps as desired.

Sansom et al. (2017) implement the particle filtering to its previous work on the Bun-
burra Rockhole fireball. As stated by Sansom et al. (2017), the particle filtering allows
them to explore a wider value range for the meteor flight parameters and to understand
how the associated probabilities can provide a more complete picture of the event.

The application of these methodologies by Sansom et al. (2015, 2016, 2017) was ini-
tially aimed to exploit and automatize the considerable large number of event recordings
the Dessert Fireball Network (Bland, 2004; Howie et al., 2017) is gathering and is ex-
pected to generate, but can be easily accommodated to any other FN or observational
project.

The set of state variables propagated by Sansom et al. (2015, 2016, 2017) includes
the meteor velocity, position, mass, ablation parameter, and shape-density parameter
(which is related to the shape factor as k = (cgA)/2). Additionally, as noted in
Sansom et al. (2017), the state vector could be expanded, and future studies may also
include the meteor brightness or the internal heat.

The Kalman and particle filters provide a controlled way of managing and propagat-
ing errors in the meteor trajectory modelling. Compared to both the classical and the
scaling laws methods, which estimate the numerical errors using the least-squares meth-
ods, the approach outlined in this section could be especially helpful when the meteor
observations show large inaccuracies.



CHASING FOR METEOROID
PARENTS. TWO CASE STUDIES

3.1 INTRODUCTION

Meteoroids are common decay products over the solar system for either rocky aster-
oids, or volatile-rich comets. As stated by Williams (1993) meteoroids detached from
asteroids and short period comets shall follow orbits that are quite alike to those of
their progenitors, but usually having lower kinetic energy. The inner solar system is
not an easy playground because the proximity of the four terrestrial planets along with
their relative short orbital periods increases the chances of the meteoroids to suffer a
gravitational push or pull when they approach the planets’ orbital nodes. In addition,
the mutual periodical gravitational influence exerted by two celestial bodies help either
maintaining their orbit fixed for long time scales or destabilizing them. This effect is
known as orbital resonance and it does play an important role in the orbit evolution of
asteroids, comets and meteoroids. An orbital resonance can be outlined by the evolution
of different orbital parameters of the bodies involved (i.e., eccentricity, inclination), and
can be considered at short time and long-time scales. For the purpose of this chapter,
the interest is set on the mean-motion and the secular resonances. The former indic-
ates that the two bodies have a periodical reciprocal gravitational influence which is
determined by their orbital periods (which eventually involve their mean-motion and
their semi-major axis). When a mean-motion resonance occurs, the orbital periods are
related by a ratio of two small integers. Provided the larger masses of planets compared
to meteoroids, the gravitational effect of meteoroids on the planets is negligible, and so
the mean-motion resonances become a planetary mechanism to define the orbits that
meteoroids can go through. On the other hand, the secular resonance expresses that the
precession of two bodies occurs at the same long-term rate. In this case, the meteoroid
will show a perihelion or an ascending node precession similar to that of a planet, which
eventually alters the eccentricity and inclination of the meteoroid in times of 10%-10°
years (Froeschle & Scholl, 1986; Morbidelli et al., 1994). Note that the analysis of or-
bital resonances is complex and completely out of the scope of this thesis. Dedicated
literature can be found in Nesvorny & Morbidelli (1998); Morbidelli & Nesvorny (1999);
Smirnov & Shevchenko (2013); or Sekhar & Asher (2013).

Mean-motion and secular resonances are common in the Main Asteroid Belt (hereafter
MAB). For example, asteroids in orbital resonance with Jupiter can be trapped in cer-
tain orbits and can be considered as an asteroid family, i.e., the Hilda family in the 3 : 2
mean-motion resonance (three complete asteroid orbits around the Sun per two orbits of
Jupiter) with Jupiter (Broz et al., 2011). However, the most relevant resonances acting

33
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in the MAB are the vg secular resonance with Saturn, and the mean-motion resonances
with Jupiter 3:1,5:2 and 2 : 1 (Morbidelli et al., 2002). These resonances destabilize
the orbit of the asteroid and thus are the reason behind the depletion of various orbital
regions within the MAB (Bottke et al., 2002): the Kirkwood gaps. The asteroids are
affected by non-gravitational forces that make them losing orbital energy until they
cross the resonances. Once in an orbit affected by a destabilizing orbital resonance the
asteroid orbit become more eccentric until they are transferred to the near-Earth region
(Morbidelli et al., 2002) where they, or fragments of them, can cross the Earth orbit
and become a threat. The second part of this chapter is devoted to the study of the
parental origin of a recovered meteorite called Annama whose atmospheric flight was
observed, and the orbital parameters accurately determined. The pre-atmospheric orbit
of this meteorite suggested that the region of origin of this body was the inner edge of
the MAB, from which it was removed by the 14 resonance (Trigo-Rodriguez et al., 2015).

Mean-motion and secular resonances along with close planetary encounters do also de-
termine the dynamical evolution of Halley-type comets (Bailey & Emel Yanenko, 1996).
These comets are long period comets that come from the Oort Cloud reservoir and get
eventually trapped in orbits with shorter periods where they can become stable for cen-
turies if the number of close planetary encounters is low (Jenniskens, 1998, 2006). As a
consequence of this stability, the orbital evolution of the dust particles detached from
these comets is mainly subjected to non-gravitational effects that may largely affect
smaller particles. Thus, the orbit of the dust particles and the comet can eventually
evolve differently. Note though that, as outlined by Asher et al. (1999), mean-motion
resonances can avoid orbital spreading and maintain the orbital configuration of the dust
trails as long as close planetary encounters are avoided. It is then expected that the older
the dust trail, the higher the chances to have suffered such encounters (Jenniskens et al.,
2002) and the more dispersed are the dust particles along the orbit. This wide and
stretched stream is usually referred to as a filament (Jenniskens et al., 2007). In this
chapter, however, old dust trails detached from a Halley-type comet that conserve a
fixed and compact orbital configuration are studied. The avoidance of close planetary
encounters has caused these trailets to reach the Earth once the comet is at its aphelion.

3.2 THE PERIODICAL APHELION OUTBURST
OF THE URSID METEOR SHOWER

The first identification of a possible meteor shower with a radiant point in the con-
stellation of Ursa minor was by Denning (1912), occurring around the Winter Solstice.
However, very few observations were subsequently made, except for Hoffmeister who
recorded its activity in 1914. Additional observations of shower members were made,
and its activity became confirmed in 1945 (Becvar, 1946). There are two reasons for
the lack of records of the Ursids. First the Ursids have very low activity levels in most
years, its Zenith Hourly Rate (the number of meteors that would be observed under good
observing conditions in one hour if the radiant was at the zenith) is usually ZHR;10
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(Jenniskens, 1994). Second, the weather can be bad in mid-December and many observ-
ers choose to only observe the more predictable Geminids (which peak at mid-December
but occur between the beginning and the 20" of December approximately, see Table 1
in Chapter 1.

Concerning the parent body, Ceplecha (1951) showed that the annual Ursid meteor
shower was related to comet 8P /Tuttle: a Halley-type prograde comet with an approx-
imate diameter of 14.6 km (based on a 0.04 albedo; see Jenniskens, 2006), and a period
of 13.6 years (JPL-HORIZONS, ssd.jpl.nasa.gov). The perihelion distance of 8P /Tuttle
is slightly greater than 1 AU, which means that the comet is usually brightest (close to
perihelion) and close to the Earth at roughly the same time. Hence it has been observed
at all perihelion passages since discovery apart from 1953, when observing conditions
were poor throughout. The subsequent observations of the perihelion passages are im-
portant to increase the accuracy of the comet’s orbit determination, its periodicity, and
the mechanisms that produce the release of material. As it can take a considerable time
after being ejected from the nucleus for meteoroids to disperse away from the nucleus
locality, a ZHR enhancement (a.k.a outburst) is generally to be expected in stream activ-
ity at the time when the comet is close to perihelion and new meteoroids are injected
(see Williams et al., 1986, for an early discussion and mathematical formulation of this).

While perihelion passages took place in 1790, 1858, 1872, 1885, 1899, 1913, 1926,
1940, 1953, 1967, 1980, 1994 and 2008 (see Table 2), there has not been observed a
ZHR increase in most of those years. Several ZHR enhancements (around 3 times lar-
ger than the usual ZHR) have been reported the following year after the perihelion
passage. Therefore, the proximity to the perihelion is unlikely to be the explanation for
the Ursid meteor shower activity increase. Instead, Jenniskens (2006) suggested that
the ZHR increases are caused by cometary material released at very old comet peri-
helion passages between AD 300 — 1400 that were subjected to orbital evolution and
ultimately became a filament.

On the contrary, what is remarkable about the Ursids is that a much sharper increase
in the ZHR to well over 100 was observed in 1795, 1945, 1986 and 2000 years when the
parent comet is near aphelion at a heliocentric distance of over 10 AU, so that it will
not be outgassing and inserting new meteoroids into the stream at this point. The
comet perihelion passages, the large observed outburst that associated to the filament,
and large outburst that took place when the comet is close to its aphelion are shown in
Table 2. Outbursts when the comet is away from perihelion are not common and out-
bursts when the comet is close to aphelion are extremely rare. However, mean-motion
resonances can offer a reasonable explanation on the subject.

Two body mean-motion resonances can play an important role in determining the
behaviour of meteor showers as was first pointed out by Asher et al. (1999) who showed
the importance of Jovian resonances in producing meteoroid storms. Other effects of res-
onances were described for the two body Saturnian resonances (Sekhar & Asher, 2013),
two body Uranian resonances (Williams, 1997) and three body resonances involving
both Jupiter and Saturn (Sekhar et al., 2016). Jenniskens et al. (2002), pointed out
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Year Observation Reference ZHR (/h)
1790 P JPL -
1795 O-CA Imoto & Hasegawa (1958); Jenniskens (1995) -
1858 P JPL -
1872 P JPL -
1885 P JPL -
1899 P JPL -
1900 O-F -
1913 P JPL -
1914 O-F Hoffmeister (1948) -
1926 P JPL -
1940 P JPL -
1945 O-CA Becvar (1946) 120
1953 P JPL -
1967 P JPL -
1980 P JPL -
1981 O-F Ohtsuka (1994) 55
1986 O-CA Hillestad (1987); Jenniskens (1995) 110
1993 O-F Jenniskens et al. (2002) 100
1994 P JPL -
1995 O-F Ohtsuka et al. (1995) 50
1996 O-F Langbroek (1997) 25
2000 O-CA Jenniskens et al. (2002) 90
2008 P JPL -
2011 O-F International Meteor Organization 40
2014 O-CA Moreno-Ibafiez et al. (2017b) 45

Table 2: List of: perihelion passages (P) of comet 8P /Tuttle from the JPL (JPL-HORIZONS,
ssd.jpl.nasa.gov); large observed Ursid outburst associated with the filament (O-F); and Ursid
outbursts that took place when the comet was close to its aphelion (O-CA). For the O-F and
O-CA the ZHR is indicated when available.
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the effect of Jovian resonances in the orbital evolution of the meteoroids detached from
8P /Tuttle. Since the comet 8P /Tuttle is trapped in a 15 : 13 resonance with Jupiter its
period is fixed at about 13.6 years. Note that provided the high inclination (i = 55)
and argument of the perihelion (w = 207°) of the comet’s orbit, the encounters with
Jupiter are exceptional and poorly effective in altering the orbit of the comet. The
orbits of the meteoroids initially released near the comet’s perihelion slowly evolve due
to the radiation pressure and become gradually trapped in a 7 : 6 mean-motion reson-
ance with Jupiter. Consequently, these meteoroids have a roughly fixed period with
8P /Tuttle determined by this resonance, 13x7/15x6 = 1.011. Hence, in 45 or 46 orbits
(around 620 years), the comet and meteoroids will be exactly out of phase (one at its
perihelion, other at its aphelion). For such extended time ranges, close encounters with
planets and non-gravitational effects can remove the meteoroids from the resonance with
Jupiter (e.g. Dmitriev et al., 2015), and only some dust trails can eventually evolve to
this fixed period.

The explanation provided by Jenniskens et al. (2002) was partially supported by the
observations obtained during the observational campaign they carried out at the expec-
ted outburst of the year 2000. However, due to the lack of historical scientific record
more observations were required to corroborate and fully understand the celestial mech-
anics behind the Ursid’s outbursts.

Meteoroids in the filament and trapped in the resonance were both predicted (from
theoretical and computationally approaches) to reach the Earth again in December
2014. In order to properly record this exceptional event, the SPanish Meteor Network
(SPMN) set up a campaign with the collaboration of the recently established French
Fireball Recovery and InterPlanetary Observation Network (FRIPON) to monitor the
2014 Ursid meteor shower. The use of several SPMN high sensitivity CCD video devices
allowed the recording of Ursid meteors with good spatial resolution. As might be ex-
pected in December, bad weather hampered the continuous observations carried out at
southern SPMN stations. However, three Spanish north-east stations located in Cata-
lonia as well as south stations in France succeeded in detecting these meteors during
the night of the 227¢ to 23"¢ of December 2014. Note that, as it will be discussed
later, the meteor data set for which a reliable analysis could be performed was limited.
Thus, here the focus is only set on the observations and results of the aphelion outburst.

3.2.1 Ursid ourburst predictions for December 201}

The encounter between dust trails and the Earth can be numerically simulated if some
considerations are assumed. Such simulations help constraining beforehand the meteor
shower intensity, its duration and the meteor average magnitude. In order to plan
the 2014 SPMN-FRIPON Ursids’ campaign, a set of simulations using the software
developed by Vaubaillon et al. (2005a,b) were carried out. The simulation involved
computing the evolution of possible dust trails released from the comet 8P/Tuttle at
21 perihelion passages between AD 351 and AD 2008. The results suggested that only
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Figure 7: Nodes of the dust trails encountering the Earth in 2014. The trajectory of the Earth
is also plotted. X and Y values indicate the coordinates on the ecliptic plane.

meteoroids released in year 1392 evolved in a way that would encounter the Earth in
2014 (exactly in line with the calculation given above of requiring about 620 years for
the meteoroids to evolve). This encounter was predicted to be on December 237 at
00746 (UT), at a solar longitude of \g = 270.743°. The simulations carried out showed
that the meteoroid swarm released in the year 1392 is the best candidate to encounter
the Earth in this date because those particles within the swarm encountering the Earth
belong to a single trail, cross the Earth in a single year, and show no close encounters
with other planets that would have altered their orbit.The nodes of its orbit and the
Earth trajectory are plotted in Figure 7.

Jenniskens (2006) claimed that the most likely trails to cause the previous Ursid
aphelion outbursts are those released from the comet in 1392 and 1405, and also pre-
dicted that the 2014 Ursid outburst would be caused by a dust trail detached from the
comet in 1405. This encounter was expected for December 224 2014 at 23"38 (UT) at a
solar longitude of A\g = 270.838°. In addition, the calculations carried out by Jenniskens
(2006) indicated that the Ursid filament would encounter the Earth at 17705 (UT) on
December 2274, with \g = 270.56°.



3.2 THE PERIODICAL APHELION OUTBURST OF THE URSID METEOR SHOWER 39

Network Station Longitude Latitude Alt. Imaging
(Province) (N)  (m) System

SPMN Montsec (Lleida) 002 43” 46" E ~ 42° 03" 05”7 1570 AS
SPMN Montseny (Girona)  02° 31" 14” E ~ 41°43” 177 300 WFV
SPMN  Folgueroles (Barcelona) 02°19°33" E  41°56" 317 580 WEFV
SPMN Ebre Observatory 00°29" 44" E 40° 49716 50 WEV
FRIPON Pic du Midi 00° 08734” E 42° 56711”72876 AS
FRIPON Dax Observatory 012 01°49.8” W 432 41" 36.4” 470 AS

Table 3: Details of the SPMN and FRIPON stations involved in the Ursid aphelion outburst
campaign. Acronyms for the different imaging systems are: AS (low-scan-rate CCD all-sky
camera), and WFV (Wide field video cameras).

3.2.2 Instrumentation and data reduction techniques imple-
mented in the campaign

The monitorization of the meteor shower was performed thanks to the joint effort of
the SPMN and FRIPON. Although tens of stations were involved in the campaign, the
bad weather conditions reduced the number of operational stations to six. The complete
list of the stations involved is shown in Table 3.

The SPMN, which started its first operations back in 2002 (Trigo-Rodriguez et al.,
2004c), has well-equipped facilities that use an array of low-light CCD video cameras
(Water Co. models 920H and 902H Ultimate) which are provided with the UFO Capture
software that allows autonomous continuous monitoring of the sky. The video cameras
used in the campaign are equipped with a half-inch Sony interline transfer CCD im-
age sensor with their minimum lux rating from 0.01 to 0.0001 Ix at f1.4. The video
cameras employ aspherical fast lenses with focal lengths ranging 4-12 mm, and focal
ratios between 0.8-1.2. The detections are registered in a cluster of computers that syn-
chronize according to GPS devices, providing meteor recording with an accuracy of 0.1
seconds (Madiedo & Trigo-Rodriguez, 2008; Madiedo et al., 2010). The system allows
multi-area sky coverage with each camera, to obtain point-like star images and detect
meteors showing an apparent magnitude of +3 + 1. The video system used consists
of a PAL standard at 25 frames per second, and with a resolution of 720 x 576 pixels
(Madiedo et al., 2016).

The reduction pipeline followed in this research is as in Trigo-Rodriguez et al. (2004c).
The reduction software generates a composite image of the complete meteor atmospheric
trajectory where the background stars can be identified. Then, a manual astrometric
analysis is undertaken in order to retrieve the pixel position of the meteor trail and the
surrounding stars that serve as calibrators (see Chapter 2). Introducing these data into
the NETWORK software (Trigo-Rodriguez et al., 2004c), which follows the methodo-
logy developed by Ceplecha (1987), the trajectory, velocity and radiant data are derived.
The AMALTHEA software, developed by Madiedo, is used to derive computationally
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the orbital parameters (Trigo-Rodriguez et al., 2009b,c; Madiedo et al., 2011).

As for the FRIPON stations involved in the campaign, they have DMK 23G445 all
sky cameras (from Imaging Source GmbH). This model contains a Sony Chip ICXX445
(1348 x 976 pixels, 5 x 4 mm). These cameras allow exposures of 30 ms and are equipped
with a 8.5 mm sensor. A Focusave lens of 1.25 mm and a focal rate of 2.0 has been chosen
to fulfill the focal length requirements (from 1 to 1.5 mm) of the stations (Colas et al.,
2014). The information registered is transmitted to the store disks through a GigE
Vision protocol.

Also, with the intention of elucidating the intensity of the outburst, the meteor shower
was also studied using a forward-scatter radio system operating at a frequency of 143.05
MHz. The radio station is located in Jaén (south of Spain), it employs an 8 dBi six-
element Yagi antenna and a Yaesu FT817 ND radio receiver, and listens to the Grand
Réseau Adapté a la Veille Spatialle (GRAVES) radar located in Dijon, France (http:

//www.onera.fr/dcps/graves).

3.2.3 Observations

This rare phenomenon did not go unnoticed, and many other observers reported their
results on the expected Ursid outburst of 2014. Gajdos et al. (2015) registered 19 Ursids
between 21720 UT, Dec. 22" and 05"35 UT Dec. 23", These were single station de-
tection using the All-sky Meteor Orbit System (AMOS; Téth et al., 2015) and so they
could not derive the orbital data for these meteors. Note that, as described in Ceplecha
(1987) at least two observations of the meteor are required to accurately determine the at-
mospheric trajectory of the body. The NASA’s Camera for All-sky Meteor Surveillance
(CAMS) project in California, detected 20 meteors during the main activity time (01732
UT Dec. 23" to 04”00 Dec. 237%) and 15 more after this time (Brown et al., 2015) at
Ao = 270.85°. The Canadian Meteor Orbit Radar (CMOR) detected up to 85 meteors
between 23715 UT (Dec. 227¢) and 00745 UT (Dec. 23"¢) (Brown et al., 2015). There
are also radio meteor detections (forward-scatter technique) by Yrjéla (Kuusankoski,
Finland) reporting high Ursid meteor activity in this period (Brown et al., 2015).

The SPMN - FRIPON campaign optically detected 30 Ursid video meteors recorded
at the SPMN stations listed in Table 3. The value of the population index, r, which is
a factor that indicates how many times bigger is the meteor population of a magnitude
regarding the population at a previous magnitude, is 1.8 + 0.6 and it is similar to the
1.7 found by Molau et al. (2015). Low values of the population index usually indicate
that the shower is old provided the smaller number of small members. This is in agree-
ment with the meteoroid swarms under study which probably detached from the comet
around 620 years ago. Table 4 shows the brightness magnitude distribution of the Ursids
imaged during the campaign. The mean Ursid ZHR was around 19, in agreement with
the ZHR=10 prediction of Jenniskens (2006); but peaking with a ZHR=45 £ 19 which
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Magnitude -5 -4 -3 -2 -1 0 41 +2 +3 N r
Number 1 2 1 1 2 4 6 8 5 30 1.84+0.6

Table 4: Magnitude distribution of all Ursids imaged by SPMN video cameras during the night
of December 227¢-237¢ 2014,

Time interval (UT) Mean Solar longitude (°) Ursids Coma Berenicids Sporadics

18"15 — 1915 271.64 1 0 1
1915 — 20”15 271.68 3 0 0
2015 — 21715 271.73 3 0 0
2115 — 22"15 271.77 1 0 0
22h15 — 23h15 271.81 2 1 1
23h15 — 00715 271.85 6 0 3
00715 — 01”15 271.89 1 3 1
01715 — 02"15 271.93 1 0 1
0215 — 0315 271.97 1 2 3
03715 — 0415 272.02 2 2 10
0415 — 0515 272.07 6 3 8
05715 — 06”15 272.11 2 3

Table 5: Ursids, Coma Berenicids and sporadic meteors recorded from the Folgueroles SPMN
video station, given every hour during the night of 227¢-23"¢ December 2014. Note that the
meteor limiting magnitude recorded by the cameras was 4+4. The mean hourly rate was
ZHR = 19+ 3, with a peak at 23745 UTC of ZHR = 45 + 19.

is also close to the value reported in Molau et al. (2015).

During the same period at which the Ursid meteor shower is active, there is another
meteor shower showing active: Coma Berenicids (between December 121" and 237%; see
the reports available at the International Meteor Organization, IMO). All the meteors
detected that night, between 18715 on December 227¢, and 6715 on December 237,
from the SPMN station located in Folgueroles are compiled hourly in Table 5 (Ursids,
Coma Berenicids and sporadic meteors). Note that Folgueroles is equipped with three
wide-field video cameras that allow full sky coverage, and this was the darkest sky avail-
able that night. The meteor limiting magnitude recorded by the cameras is +4, which
is practically the maximum visible magnitude acknowledged by Jenniskens et al. (2002)
for the outburst of the year 2000. Two significant increases in the Ursid hourly rate
occurred around 23"45 and 04745 UT. Also, there was a notable activity of sporadics
between 03”15 and 05"15.

The forward-scatter technique operating at a radio station in Jaén (Andalusia, Spain)
provided some insight on the Ursid meteor activity. Despite the fact that the forward-
scatter technique is unable to distinguish the source of each detection, the observations
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Figure 8: Radio meteors counts normalized per hour (over the mean number of counts each
hour) detected at Jaén forward-scatter station, from December 21" at 12"00 (UT) to Decem-
ber 24" at 12"00 (UT). An increase activity was observed in the night of 22"? to 23" of
December.

indicate significant activity between 00”00 and 01"00 on December 237¢. In Fig. 8
the normalized echoes (over the mean number of echoes detected every hour) detected
between 12700 UT (Dec. 21%) and 12700 UT (Dec. 24" are plotted. The results prove
an increasing activity that night starting close to the predicted time on December 2374
at 00746 (UT).

3.2.4 Result: trajectory, radiant and orbital data

Due to bad weather conditions over the Iberian Peninsula the observations were lim-
ited to the northeast region of Spain and southeast of France. Also, it had been envis-
aged that collaboration between the SPMN and FRIPON would provide multi-station
observations of any recorded Ursid meteors. Unfortunately, most of the meteors showed
magnitudes below the limiting magnitude of the FRIPON cameras, and faint meteors
could not be detected from the french side. The equipment of the SPMN is able to
detect lower magnitudes and so the number of detected meteors was higher. Besides,
due to the great distances between the stations and the weather conditions, there were
no meteor detection coincidences that could lead to accurate trajectory determination.
Despite this, the SPMN network successfully recorded 11 Ursid meteors at multiple
stations that could be further analysed.

Multiple station detections can be used to derive the trajectory, radiant and orbital
elements of the meteor atmospheric flight. The reliability of the intersection of planes
methodology developed by Ceplecha (1987) to derived accurate results depends on the
angle, @), between the plane containing the two observing stations and the plane in
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which the meteor is apparently moving. If @) is small, triangulation measurements be-
come unreliable as the triangle has degenerated into a near straight line. Only meteors
for which the () value is higher than 20° are accepted in this analysis. As a consequence
of the bad weather already mentioned, which made observing difficult or impossible
from some stations, most of the active station tended to be aligned in a rough North-
South direction. Since the radiant point of the Ursids is close to the Pole Star, there
was an inevitable preponderance of meteors moving in a roughly North-South direction.
These two facts imply that for many observed meteors the angle () was less than 20°
and so the determination of trajectories was unreliable. In addition to this, some of the
meteor tracks were out the field of view of the cameras for some of the time and these
have also been eliminated from the analysis as either the start or end point of the trail
could not be accurately determined.

From the initial 11 multi-station Ursid meteor detections, complete and reliable data
were only obtained for four meteors. The orbital elements, with errors, are obtained for
these four meteors. In Table 6 the absolute visual magnitude (My ), the entry and the
terminal heights (he, ht), the geocentric radiant (ay, d4) expressed in J2000.0, and the
pre-atmospheric, geocentric, and heliocentric velocities (V, V, and V},) of these Ursid
meteors are given. The SMPN nomenclature of each meteor indicates the date of its
detection and its order of detection (i.e. A for the earliest and C for the latest). From
this information it is also possible to estimate the meteoroid size (the radius) of SPMN
data set. According to Jenniskens (2006) the mass of the meteoroid can be obtained
from:

log M = 6.31 — 0.40My — 3.92log Ve — 0.411og(sin(h,)) (18)

Where h, is the radiant altitude (which is 90° at zenith). The above Equation (18)
is derived considering the luminous efficiency (7) described in Chapter 2. Since this
efficiency is not fixed and it is under discussion (Gritsevich & Koschny, 2011), the res-
ults of Equation (18) shall be taken with care. The mass of the SPMN meteor data set
is shown in Table 6. Finally, the sizes (the radii) can be derived assuming a spherical
shape and a fixed density of 3500 kg/m? (Ceplecha et al., 1998). While cometary ma-
terial may show a lower density value provided its icy composition, the trailets studied
here were released from the comet nearly 620 years ago and so subsequent perihelion
passages shall have reduced the number of volatiles. Note however, that a variation
between 2000 and 7000 kg/m? in the density value of the SPMN meteor data set keeps
the average meteoroid’s size in the range of 1.5 — 2.5 cm.

From these measured radiant positions and velocities, the orbital elements can be de-
rived in a standard way (described in Trigo-Rodriguez et al., 2008, for example). These
are given in Table 7. Figure 9 plots the resulting orbit of the meteoroid SPMN 221214A
and that of 8P /Tuttle for comparison; together with the SPMN 221214A atmospheric
trajectory and its projection on the ground.
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Meteor Code My he hy Qg g Vy Vy Vi, Mass Radius
(km) (km) (°) (°) (km/s)  (km/s) (km/s) (g)  (cm)
SPMN 221214A -3 93.5 85.5 22543+30.2 74.47+0.21 33.8+04 32.1 39.1 66.8 1.7
SPMN 231214A —4 88.6 85.6 2254+0.3 75.88+£0.21 322+£04 30.1 39.0 99.8 1.9
SPMN 231214B -5 96.3 69.7  229.6+0.5 75.9+04 33.7+03 317 40.4  209.8 2.4
SPMN 231214C —4 93.3 75.8 227.3+04 76.7+0.4 322404 30.1 39.4 117.7 2.0

Table 6: Trajectory, radiant, velocities, mass, and radius data for 4 multi-station Ursid meteors registered in December 2014 (J2000.0).

Meteor Code Day (AU) a (AU) e i (°) w (°) Q (°)

SPMN 221214A  22.96484722  0.94861 +0.001 4.16+0.17 0.7724+0.025 51.6+£0.5 203.3+0.3 270.8240
SPMN 231214A  23.03800579 0.94500 £ 0.00052 3.15£0.24 0.700£0.023 48.9+£0.5 205.2+0.3 270.8986
SPMN 231214B  23.05556839  0.9503 4+ 0.0011 5.14+£06 0.815£0.021 50.3£04 202.4+0.3 270.9165
SPMN 231214C  23.08608796  0.9448 +0.0011 3503 0.731£0.020 484+04 205.0£0.3 270.9477

Table 7: Orbital elements for 4 multi-station Ursids meteors registered in December 2014 (J2000.0).

Number of values averaged RA (°) Dec. (°)  V, (km-s71) Source
Prediction N =19 220.85 +75.4 33.21 J. Vaubaillon (IMCCE)
Double station N =4 219.85£0.2 +76.0£0.2 32.3 This research
Single station N = 19 2179 +76.4 - Gajdos et al. (2015)

44

Table 8: Predicted apparent radiant positions and averaged geocentric velocity V, of the 2014 Ursid dust trail members according to J. Vaubaillon,
compared with the current double station results and single station results from Gajdos et al. (2015). Equinox (2000.0).
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Figure 9: (Left) Heliocentric orbit of meteoroid SPMN221214A and comet 8P /Tuttle. (Right)
Atmospheric trajectory and its projection on the ground. The SPMN stations from which this
meteor was detected are indicated too.

The numerical simulation of the encounter with possible dust trails that was per-
formed using the software developed by Vaubaillon et al. (2005a,b) and the theoretical
apparent radiant for the expected encounter that was estimated using the Neslusan et al.
(1998) code, method Q (Hasegawa, 1990) are compared in Table 8. Also, the average
value derived for the four meteors reported, and the previous single-station results of
Gajdos et al. (2015) are shown. As it can be seen, there is excellent agreement between
the observational results in this work and the predictions. There is a small discrepancy
regarding the right ascension derived by Gajdos et al. (2015), probably explained by
the limitations in the accuracy of single-station observations. These results can also be
compared to previous Ursid outbursts’ apparent radiants in 1997 (filament) and 2000
(aphelion outburst) described in Jenniskens et al. (2002). Note that, the perihelion
outburst (associated with the filament) described by Jenniskens et al. (2002) actually
corresponds to the last remains of outburst activity from the comet perihelion passage
of year 1994 (see Table 2). The largest activity took place between the years 1993 and
1995, however, the only reliable meteoroid orbits and meteor radiants related to this
activity are those provided in Jenniskens et al. (2002). As it can be seen in Figure 10,
the agreement between the value of the averaged apparent radiant presented in this
campaign and the individual meteor apparent radiants of previous observations is clear.

3.2.5 Discussion

The last time there was an Ursid ourburst when the comet was close to its aphelion
occurred back in the year 2000. At that time, Jenniskens et al. (2002) analysed a data
set of 59 meteors. This was the first data set available on this event. Despite the data set
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Figure 10: The empty triangle marks the averaged apparent radiant derived from the four
meteors presented here; the empty square is the predicted apparent radiant according to J.
Vaubaillon software; the filled triangle is the apparent radiant described in Gajdos et al. (2015).
The rest of points follow those given by Jenniskens et al. (2002), filled circles mark radiant
positions for the 2000 aphelion outburst meteors, and asterisks indicate radiants for the 1997
perihelion outburst meteors.

Year 1997 (10 orbits) 2000 (59 orbits) 2014 (4 orbits)

Filament Aph. Outburst  Aph. Outburst
Date Dec. 22.434 Dec. 22.32 Dec. 23.0375
he 104.9 107.1 (52 orbits) 92.93
hy 94.2 96.2 (52 orbits) 79.15
RAgeo 222.1 219.0 219.85
Dec.4eo 75.0 75.3 76.0
Vy 32.25 33.05 32.3
a 4.62 4.673 3.978
e 0.795 0.799 0.755
q 0.944 0.940 0.956
i 51.5 52.5 49.8
W 204.9 205.9 203.9
Q 270.64 270.76 270.9

Table 9: Averaged date, beginning and ending heights, geocentric radiant position, geocentric
entry velocity and orbital elements for the filament observations in 1997 and the aphelion
outburst observation in 2000 (Jenniskens et al., 2002) and 2014 (presented in this work).
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presented in this study is considerably smaller, it is compared against Jenniskens et al.
(2002) results. Besides, as the Ursid filament was also encountering the Earth at the
same date, it could be possible that some of the current SPMN meteor data set could
contain members of that filament. The last time the Ursid filament come into collision
with our planet was in 1997 (Jenniskens et al., 2002). Table 9 gives the mean values of
the trajectory and orbit for the 2000 and the 1997 outburst given by Jenniskens et al.
(2002) as well as the SPMN results for the 2014 outburst. It can be seen that the
SPMN meteor mean trajectory and orbital values slightly differ from those measured in
the 2000 outburst.

The meteoroid stream that causes the outbursts of years 2000 and 2014 needed only
one orbital revolution to encounter the Earth again. In this period, unless close plan-
etary encounters may have altered its motion or orbital distribution, the mean val-
ues of the orbital elements shall have remained fairly similar. Figure 11 (top) is a
plot of reciprocal semi-major axis versus perihelion distances for outburst taken from
Jenniskens et al. (2002) as well as the four SPMN meteors. Also, meteoroids belonging
to the outburst of 1997 related to the filament are plotted for comparison. As it can be
seen, the values are well within the range of the larger data set of past outbursts. Also
shown is the location of the 6 : 7 mean-motion resonance. According to Jenniskens et al.
(2002), the dust trails producing the outburst when the comet is in its aphelion might
be trapped in a 6 : 7 resonance with Jupiter. The orbits of the four meteors described
in this work are slightly closer to the mean-motion resonance location than many of the
meteors observed in 2000. Two of them (SPMN 221214A and SPMN 231214B) are in
fact very close to the resonance line and the other two slightly further away.

To extend the comprehension of the behaviour of the SPMN data set a plot of the
inclination against perihelion distance for the same set of meteors is shown in Figure
11 (bottom). Two of the meteors (SPMN 221214A and SPMN 231214B) studied here,
have inclinations that are very much in line with the other observed meteors while two
(SPMN 231214A and SPMN 23124C) have inclinations below 49, well below any other
recorded value for the Ursids. The small size of the current SPMN data set hinders
the discussion on whether the differences displayed in Figure 11 are significant or not.
There are two meteors in the 2014 data set (SPMN 221214A and SPMN 231214B) that
are very much in agreement with all the other evidence and two that do not fit so well.
With a much larger data set it would be easy to determine whether the two discrepant
ones are outsiders or not.

The discrepancies can be partially explained by the meteor detection and measure-
ment limitations. These depend on the meteor luminosity, that in turns, is a func-
tion of the body pre-entry mass, the initial velocity to the power of three and the
sine of the slope between the horizon and the trajectory (Gritsevich & Koschny, 2011;
Bouquet et al., 2014, and Chapter 2). If the meteoroid’s geocentric velocity is relatively
slow, it is then possible that the meteor is not visible to detectors until it reaches lower
atmospheric heights. In these cases, when the meteor trajectory is derived, the entry
velocities outlined from the observations might be slightly underestimated. The orbital
semi-major axis, the eccentricity and the inclination are obtained from the entry velo-
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Figure 11: A plot of the perihelion distances versus the reciprocal semi-major axis (top) and
versus the orbit inclination (Bottom )for the meteors registered at: the Ursid aphelion outburst
in the year 2000 (filled circles) as in Jenniskens et al. (2002); the perihelion outburst of 1997
(empty circles) as in Jenniskens et al. (2002); and the four Ursids meteors studied in this work
(open squares). Error bars of the four SPMN meteors and a couple of representative error
bars of 2000 outburst data reported in Jenniskens et al. (2002) are plotted. The straight line
indicates in the Top figure indicates the resonance 6 : 7 inverse semi-major axis.
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city and the trajectory slope and could be affected by slight detection inaccuracies.

Otherwise, if the orbital elements derived for the meteoroids producing the four met-
eors are correct, then the possible effect of close Earth encounters on the orbits of the
dust trails should be considered. The dust trails are closest to Earth when they are
near perihelion and will thus be travelling with a slightly higher heliocentric velocity
than the Earth. The cumulative effect of repeated encounters will be to decelerate the
meteoroid. For a mathematical formulation of the effects of changing orbital energy on
meteoroids, see Williams (2002, 2004). This could explain the different orbits obtained
for two of the SPMN Ursid meteoroids. Unfortunately, the lack of reliable Ursid orbital
data in past scientific literature on the meteor aphelion outburst before AD 2000 com-
bined with this small meteor data set, makes it impossible to confirm that this occurred
in the Ursids.

Finally, it could be argued that some of the four meteors reported here (especially
the two discrepant ones) belong to a different perihelion release from the parent comet.
An encounter with the filament material was predicted to occur in practically the same
date as the aphelion outburst. This hypothesis can be ruled out because, despite the
broader shape of the filament, previous studies (Jenniskens, 2006) indicate that they
should exhibit higher inclination orbits, which is the opposite of what was found.

3.3 ASTEROID 2014UR116 AS THE PARENT
BODY OF ANNAMA

Asteroid material with stony or iron bulk composition do normally encounter the
Earth at lower entry velocities than cometary material provided the lower eccentri-
city their orbits usually exhibit. Besides, their mechanical strength is notably lar-
ger (Trigo-Rodriguez & Llorca, 2006, 2007; Blum et al., 2006; Trigo-Rodriguez & Blum,
2009a). Therefore, this material will bear the intense atmospheric aerodynamical load
for longer times and reach lower atmospheric altitudes or even the Earth surface (i.e.,
Borovicka et al., 2013a; Popova et al., 2011; Trigo-Rodriguez et al., 2015). Meteorite
falls are usually related to meter-sized bodies (Ceplecha et al., 1998) and occur unex-
pectedly. Actually, most of the current meteorite collection has been recovered during
campaigns on desserts (e.g., Bevan & Binns, 1989; Bischoff & Geiger, 1995; Reid et al.,
1995) and the artic pole (e.g., Greely, 1915; Yoshida et al., 1971; Cassidy et al., 1992), or
casual findings (usually reported to the Meteoritical Bulletin Online Database). Meteor-
ites provide relevant clues about the nature and physico-chemical properties of asteroids,
for example regarding the evolution of the asteroid composition (Madiedo et al., 2013a;
Moyano-Cambero et al., 2017). However, as long as this information cannot be linked
to a specific asteroid the overall picture will not be completed. In order to achieve
this, it necessary to obtain both the atmospheric trajectory and the pre-atmospheric
orbit of the impacting meteoroids from the accurate study of a bolide. Thus, observing
the atmospheric passage increases the chances to understand the delivery mechanism



50 CHASING FOR METEOROID PARENTS. TWO CASE STUDIES

and possible source region in the MAB of the impacting body. Up to date, only the
atmospheric passage of a short number of 30 recovered meteorites has been recorded.
These cases are gathered in Table 10, which is an update of the tables presented in
Trigo-Rodriguez et al. (2015) and Borovicka et al. (2015a).

Although the scarce statistics available for this data set (Table 10), leaves many ques-
tions unresolved, there is clear evidence that most large meteoroids encountering the
Earth originate in MAB asteroids (Trigo-Rodriguez et al., 2007). Collisions between
asteroids in the MAB produce fragments that can escape and reach heliocentric orbits.
When crossing destabilizing MAB resonances, the gravitational perturbation turns them
into planet crossers. The average time that a mean belt asteroid orbits in a planetary
crossing configuration depends on the resonance that rules its movement (Bottke et al.,
2002; Morbidelli et al., 2002). If, eventually, are trapped in short NEO orbits, their
behaviour could become chaotic because of continuous close encounters with the inner
planets (Pauls & Gladman, 2005). In the case of larger bodies, i.e., meter-sized bod-
ies, there are other non-gravitational effects that contribute to insert the meteoroid
into planet crossing orbits. The forces and moments exerted on large bodies by the
thermal radiation alter the orbit semi-major axis ( Yarkovsky effect) and body spinning
axis ( Yarkovsky - O’Keefe - Radzievskii — Paddack, a.k.a YORP effect); see Bottke et al.
(2006).

The perihelion distances of the meteorite data set listed in Table 10 points out that,
except for the Bunburra Rockhole meteorite (whose orbit is classified within the Aten
family type; Bland et al., 2009), the pre-atmospheric orbits of all these meteoroids be-
long to the Apollo Family type of NEAs. The large asteroid population of NEO at
short orbits makes it very complicated to speculate on a plausible relationship between
a recovered meteorite and a NEA. Nevertheless, for few events potential relationships
were suggested in the past. The impact of Almahatta Sitta (2008) was predicted before
the asteroid 2008 TCs, its progenitor, partially disintegrated in the Earth’s atmosphere
and landed as a set of meteorites (Jenniskens et al., 2009). Maribo (2009) and Sutter’s
Mill (2012) are discussed to have originated in a NEO belonging to the Taurid Complex
(Jenniskens et al., 2012; Tubiana et al., 2015). Three feasible parents were outlined for
Kosice (2015) using a dissimilarity criterion (see the next section) and numerical simu-
lations that include meteoroid clones (Borovicka et al., 2013b), although more data is
required to provide more concluding results. Finally, for Chelyabinsk (2013) a prelimin-
ary relationship with asteroid 1999 NCys is suggested according to a short-period (2000
years) simulation of a set of 1000 test particles (Borovicka et al., 2013a).

Concerning Annama meteorite, the case-study outlined in this chapter, this event
took place on April 19", 2014, at 22714™09.3 + 0.1° UTC, when a bright fireball flew
over the border between Finland a Russia. The luminous phenomenon was recorded by
photographic and video equipment patrolling the skies by the Finnish Fireball Network.
With the compiled information, the atmospheric trajectory and the pre-impact orbit
were accurately calculated. Also, the development of a well constrained dark flight path
indicated a delimited strewn field on the Kola peninsula (Russia), where two meteor-
ites (120 g Annama I, and 48 g Annama II) were found only about 100 meters from
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the predicted landing path on May 29*"* and May 30", 2014 (Gritsevich et al., 2014;
Trigo-Rodriguez et al., 2015; Kohout et al., 2015). The Annama meteorite is classified
as a H5 chondrite with a bulk density of 3500 kg/m? (Kohout et al., 2015, 2017), and
its perihelion distance is also contained in the Apollo Family type asteroids.

Here, it is explored the possible relationship between Annama and a group of nine
NEAs. This is done by comparing the pre-atmospheric heliocentric orbit of Annama,
to the orbit of a selected group of NEA candidates, and a set of clones that are created
to resolve any possible inaccuracy derived from the determination of Annama’s orbit.

3.3.1 Dissimilarity criteria

The time duration that a meteoroid (i.e., Annama) conserves the same heliocentric
orbit than its progenitor depends on the degree of effectiveness of the gravitational
and non-gravitational forces to which the meteoroid is subjected (which depends on
the meteoroid mass, volume, rotation, etc.). These effects are difficult to be evaluated
from the information obtained either by the bolide trajectory on the atmosphere or the
meteorite study when a fall occurs. When no other information regarding dynamic evol-
ution constraints or compositional similarities are available, the obvious statement to
claim a parenthood is that a meteoroid and asteroid shall show the same orbital origin.
This is, the evolution of their orbits should have been the same till the disruption point.
This point is important, since the population of asteroids in the inner solar system (i.e,
NEAs) is particularly abundant (Bottke et al., 2000) and may change rapidly. A tem-
poral orbital association can be casual, and many other orbital relationships cannot be
dismissed. Conversely, just because a meteoroid and an asteroid do not show similar
orbits at the time the meteoroid impacts the Earth a common origin cannot be disreg-
arded.

The most straightforward comparison of orbits consists of studying the similitude of
their orbital elements (semi-major axis, inclination, eccentricity, longitude of the ascend-
ing node, and longitude of the perihelion) or a combination of some them (i.e., using
the longitude of the perihelion). However, provided the observational uncertainties in
the asteroid orbit determination, and measurement inaccuracies in the pre-atmospheric
orbit calculation of an impacting meteoroid, it is more convenient to seek for plausible
orbital similarities. This is, instead of requesting a minimum level of error in the orbital
elements individually, it is better to certify that none of the orbital elements differs not-
ably and that the shapes of the two orbits show a reasonable degree of agreement. This
approach is formulated through a dissimilarity criterion which weights the quadratic
difference of the individual orbital elements. When this difference is equal or smaller
than a cut-off value it can be claimed an apparent link between both bodies at that
epoch (the time for which the calculated orbital elements are valid). There is no fixed
cut-off value as it depends on the dissimilarity criterion used and the particulars of each
study.
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The first mathematical formulation of a dissimilarity criterion was carried out by
Southworth & Hawkins (1963) when they discussed the association and possible link of
new and previous identified meteor showers. Their study compared the orbital planes
and the orbit shape of the streams. Given that the perihelion distance (¢) was better
determined from observations than the semi-major axis (a) the former was preferred and
included in the formulation. This dissimilarity criterion is commonly known as Dgyy, it
is the one used in this study, and its mathematical expression is shown in Equation (19).
For this criterion is usually assumed that a threshold value of Dgy < 0.15 (Lindblad,
1971a,b) is sufficient.

ip—ial? Qp-041°
D%y, = e —eal® +[qB —qA]2+ [282’71 B A] + sinig sinip lemBZA
P
(@) —(Q)
+ (BA;FGB)zsm( B+“B)2( Atwa) (19)

Among all the other perfectly valid dissimilarity criteria formulations, it is worth men-
tioning the one suggested by Jenniskens (2008). For those NEOs with a short orbital
period, the orbital secular perturbations show some dynamic invariant relationships that
can be used to derive a dissimilarity criterion. Based on the previous work of Lidov
(1961, 1962), Babadzhanov & Obrubov (1989), and Babadzhanov (1990), Jenniskens
(2008) outlined the three main invariants C'1, C2 and C3, and the D criterion (which
he initially called Dp) as in Equation (20). For D a cut-off value between 0.9 and 1.5
is commonly adopted (Madiedo et al., 2013b).

Ca1 —Cp1\? Cag — Cpa\ Caz — Cp3\?
D= () (T ) () :
J 0.13 + 0.06 + 14.20 (20)
with

Cy = (1 —e)%cos?i
Cy = €2(0.4 — sin%i sin’w)
Cs3=w+Q

As stated before, any other constraint that could be imposed to the parenthood ana-
lysis can be combined with the use of the dissimilarity criterion. For example, Steel et al.
(1991) slightly modified the Dgp to avoid some nodal longitude selection that biased
their analysis of the Taurids Complex. As the angles w and Q) vary faster than other or-
bital elements, they decided to remove them from the dissimilarity criterion and include
extra constraints. Finally, some reviews of other dissimilarity criteria can be found in
Jenniskens (2008); Rudawska et al. (2012); Jopek & Williams (2013); or Madiedo et al.
(2013b).
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3.3.2 Possible NEA parents for Annama

The dissimilarity criterion outlines punctual orbital similarities between two bodies,
however the only way to assure that both bodies share the same orbital origin is to have
the dissimilarity criterion under a reasonable cut-off value (that accounts for possible
inaccuracies in the orbital elements’ determination at different epochs) for an interval
of time. While it seems more logical to have the dissimilarity criterion below the cut-
off value at all times from the moment the two orbits show a clear similarity, some
inaccuracies in the derivation of the meteoroid pre-atmospheric orbit, the uncertainties
on the asteroid orbits, and the propagation of errors in numerical simulations (used to
derive the orbital elements at epochs back in time), could eventually lead to reason-
able orbital differences. Furthermore, due to well explained facts (i.e., planetary close
encounters) the orbits of the asteroid and meteoroid affected by the aforementioned
inaccuracies could result into different orbital evolution paths, thus compromising the
reliability of the dissimilarity criterion. In this sense, for example, Porubcan et al. (2004)
suggest that a backwards integration of 5000 year shall suffice to provide enough clarity
on the similarity orbit evolution of meteoroid streams and NEOs.

Before implementing the Dgp criterion a list of suitable NEO parent candidates is
needed. The only orbital constraint that can be posed to this selection is the Apollo
family type pre-atmospheric heliocentric orbit of Annama (Trigo-Rodriguez et al., 2015).
A search in the NeoDys (2007) database of suitable Apollo family type NEOs (up to
December 2014) resulted in 12 possible NEAs showing Dgy < 0.2. The possibility
of identifying objects meeting a more restrictive Dgy < 0.15 is also explored, but no
match was found at that date. Note that the number of NEOs detected and for which
their orbit is calculated increases with time.

The orbital elements of nine of these NEAs (as collected by the Minor Planet Cen-
ter, www.minorplanetcenter.net) along with the corresponding epoch, and the orbital
elements of Annama (from Trigo-Rodriguez et al., 2015) are shown in Table 11. Note
that three of the original list of 12 were preliminary explored in that paper and they
were rejected and not included in this study.

The orbits of the NEAs listed in Table 11 and Annama’s orbit are integrated back in
time for 20,000 years to gain understanding on the evolution of the Dgp criterion. The
integrations are performed using the MERCURY6 program (Chambers, 1999), which is a
hybrid symplectic integrator designed to numerically simulate N-body problems. While
the gravitational effects of the planets and the Sun are included into the simulations,
the software would require extra programming tasks to account for non-gravitational
perturbations. The comparison between the orbit of Annama and each of the NEAs
allows the calculation of Dgpy at all the simulated time; these are plotted in Figure
12. Although none of the NEAs holds a similar orbit to Annama (Dgy < 0.2) over
the about 20,000 years of simulation, it is remarkable that the Dgp criterion for NEAs
2002EB3, 2003GR22, 2004VY14 and 2014UR116 remains low for that time. A sinus-
oidal behaviour is expected as a result of the different fast orbit evolution of both, the
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ID Epoch a e q 0 w QO M
2000EJ26 ~ 2458000.0 1.383 0.615 0.532 9.226 285.861 10.520 211.531
2002EB3 2458000.0 1.758 0.684 0.555  9.922 300.264 1.597 196.541
2002GM5  2458000.0 2.113 0.695 0.644  7.281 274.512 13.467 345.980
2003GR22  2458000.0 1.385 0.318 0.944 55.833 273.047 21.139 247.162
2004HA1 2458000.0 2.711 0.718 0.764 19.077 259.059 28.943 348.511
2004VY14  2458000.0 1.961 0.650 0.686 7.026 230.344 60.416 278.095
2005TUS0  2458000.0 1.426 0.596 0.576 12.422 259.541 22.304  25.517
2006J0O 2458000.0 2.377 0.667 0.791 8.200 248.319 41.073  21.737
2014UR116 2458000.0 2.070 0.727 0.565  6.574 286.794  6.003 2.021
Annama 2456762.0 1.988 0.690 0.634 14.65 264.770 28.611  342.10

Table 11: Orbital elements (semi-major axis, eccentricity, perihelion distance, inclination, ar-
gument of perihelion, longitude of ascending node, and mean anomaly) of the 12 NEAs (data
from the Minor Planet Center) which might be dynamically related to Annama at the Epoch
of the meteoroid impact with the Earth’s atmosphere. The orbital elements of Annama are
also shown (from Trigo-Rodriguez et al., 2015). All the orbital elements refer to the Equinox
(J2000.0).The columns are: (1) NEA identification code, ID; (2) Epoch [JD]; (3) semi-major
axis [AU]; (4) eccentricity; (5) perihelion distance [AU]; (6) inclination [°]; (7) argument of
the perihelion [°]; (8) right ascension of the ascending node [°]; (9) mean anomaly [°];

NEA and Annama.

3.3.3 Clones and feasible parenthood

The reasonable similarity of NEAs 2002EB3, 2003GR22, 2004VY 14 and 2014UR116
with Annama’s orbit motivates a more detailed study made on a case by case basis. At
this point, it is important to note that, unlike the study of meteoroid streams where
the analysis of the stream mean orbit can alleviate individual extreme behaviours of
the stream members (see Jones, 2007; Porubcan et al., 2004), the study of an individual
meteoroid relies only on the derived orbital parameters and the associated inaccuracies.
Thus, remarking the relevance of deriving accurate pre-atmospheric orbits for the im-
pacting meteoroids. According to this, although Annama’s orbit could be directly used
for this case by case comparison, the slight pre-atmospheric meteoroid velocity un-
certainty that remains due to the complexity of retrieving the meteoroid atmospheric
trajectory (Trigo-Rodriguez et al., 2015) requires an alternative approach. Following
the methodology implemented in Porubc¢an et al. (2004); Jones (2007); Madiedo et al.
(2013b); and Borovicka et al. (2013a,b), a series of Annama clones are created. These
clones inherit the orbit shape and configuration of Annama’s nominal orbit, except for
the little variation in their pre-atmospheric velocity (V). This slightly alters the values
of the semi-major axis, the eccentricity, the inclination and the perihelion distance. Ad-
ditionally, the nominal values of the argument of the perihelion, the right ascension of
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Figure 12: Evolution of the Dgp criterion that compares Annama and the following NEAs’
orbits: 200EJ26, 2002EB3, 2002GM5, 2003GR22, 2004HA1, 2004VY 14, 2005TU50, 2006JO
and 2014UR116. The figure shows the backward orbital integration over 20,000 years.

the ascending node and the mean anomaly are indirectly affected. The resulting clones
show, however, a very similar orbit shape and plane than the nominal orbit of Annama
(indeed clone A6 is a slight different variant of the nominal orbit). As the uncertainty in
Ve is £0.5 km/s (Trigo-Rodriguez et al., 2015), a total number of 11 clones are created
considering velocity increments (or decrements) of 0.10 km/s. The orbits of the clones
are shown in Table 12.

For each of these clones a numerical backwards integration is performed, and the
Dgp criterion analysis for each one of the four NEA candidates carried out. The res-
ults show that only for NEA 2014UR116 most of the clones exhibit a low dissimilarity
criterion. The Dgp evolution for 2014UR116 is plotted on Figure 13 (Top). From this
figure, it can be seen that all the clones (except for A2) show a Dgy < 0.4 for the
last 5000 years. Although this value is slightly greater than the desired cut-off value
(Dgg < 0.2), the fact that it can be hold for 5000 years is in line with the approach
taken by Porubcan et al. (2004). Hence, this result is suggestive of a possible relation-
ship between the Annama meteoroid and the NEA 2014UR116. Furthermore, from
Figure 13 (Top) it can be stated that those clones with lower pre-atmospheric velocities
(A1, A3 and A4) keep the Dgp < 0.4 for a period of around 9000 years. As per the rest
of clones (from A5 to All), the DSH stays below 0.6 back to 9000 years too, although
their Dgp value is generally below 0.3 for the first 3000 years.
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Figure 13: Top: Dgpr evolution over 20,000 years for Annama’s clones and NEA 2014UR116.
Bottom: Orbit eccentricity evolution over 20,000 years for Annama’s clones and NEA
2014UR116.
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ID a e q 1 w Q M Ve
Al 210 0.700 0.630 15.02 264.53 28.595 344.940 24.70
A2 207 0.696 0.631 14.93 264.60 28.595 344.545 24.60
A3 205 0.692 0.632 14.83 264.67 28.595 344.285 24.50
A4 2.03 0.688 0.633 14.74 264.73 28.595 344.018 24.40
A5 200 0.684 0.633 14.65 264.80 28.595 343.587 24.30
A6 198 0.680 0.634 14.56 264.87 28.595 343.303 24.20
A7 196 0.676 0.635 14.47 264.94 28.595 342.975 24.10
A8 194 0.672 0.636 14.38 265.01 28.595 342.674 24.00
A9 192 0.668 0.637 14.28 265.08 28.595 342.366 23.90
A10 1.90 0.664 0.637 14.19 265.15 28.595 342.011 23.80
A1l 1.88 0.660 0.638 14.10 265.23 28.595 341.685 23.70

Table 12: Clones of Annama. The columns are: (1) Clone identification code, ID; (2) semi-
major axis [AU]; (3) eccentricity; (4) perihelion distance [AU]J; (5) inclination [°]; (6) argument
of the perihelion [°]; (7) right ascension of the ascending node [°]; (8) mean anomaly [°]; (9)
pre-atmospheric velocity [km/s].

The evolution of the orbital eccentricity, perihelion distance and inclination of the
clones and NEA 2014UR116 are plotted in Figure 13 (Bottom) and Figure 14. While
the evolution of the orbital eccentricity and perihelion distance do not suggest any clear
similarity between the clones and the NEA, the evolution of the orbital inclination indic-
ates some degree of similarity between those clones with higher entry velocities (A1, A3
and A4) and 2014UR116. Note that the geocentric velocity of an impacting meteoroid
is commonly underestimated from the meteor observations. This uncertainty is propag-
ated to the calculation of the pre-atmospheric meteoroid velocity and, consequently, it
shall be expected that those clones with higher values of the pre-atmospheric velocity
could possibly show a more similar evolution pattern. This statement is only in agree-
ment with the evolution of the orbital inclination.

For the shake of a complete understanding of Figure 13 (Bottom) and Figure 14, the
clone A2 (with V. = 24.6 km/s) deserves a separate study. Not only the Dgp criterion
between this clone and NEA 2014UR116 diverges at around 3000 years back in time, but
also its orbital elements follow a different evolution compared to the rest of the clones.
Both, its orbital inclination and the Dgp criterion, increase notably when the numerical
integration reaches 3000 years back in time. Conversely, the orbit eccentricity and peri-
helion distance of A2 show the best adjustment to the corresponding NEA 2014UR116
orbital parameters for 10, 000 years. This ultimately means that the semi-major axis of
both bodies shall be similar too. Given the semi-major axis, possible mean-motion res-
onances can be studied. Additionally, if the eccentricity and the inclination are known,
then the Tisserand parameter can be derived. The Tisserand parameter states close en-
counters with solar planets (Morbidelli et al., 2002) and is expressed a function of the
semi-major axis of the planet (a,), the semi-major axis of the body (a), the eccentricity
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Figure 14: Orbit perihelion evolution (Top) and inclination (Bottom) over 20,000 years for
Annama’s clones and NEA 2014UR116.
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(e) and inclination (z) of the body’s orbit:

T=-—++2|—7=cosi (21)

After exploring several options, it is found that among all the clones, only A2 shows an
integer period ratio with Jupiter, T yypiter /Ta2 = 3.98 at the moment Annama impacted
the Earth. Thus, suggesting that clone A2 is gravitationally ruled by the 4 : 1 resonance
with Jupiter. The small difference from 4 is due to the slight oscillations that the orbit
of the meteoroid experiences around resonant orbit; this phenomenon is called libration.
This is also the case of NEA 2014UR116 which also shows T)jypiter / Tnpa = 3.98. To
explore the consistency of this gravitational link, the backwards evolution of the rates
TJupiter/TA27 TJupiter /TNEA7 TJupiter/TAnnamaNominal are calculated. The results for
clone A2, NEA 2014UR116 and the nominal orbit of Annama are plotted in Figure 15
(Top). The orbit’s libration of the clone A2 around the 4 : 1 mean-motion resonance
can be stated from Figure 15 (Top). Note that this mean-motion resonance is respons-
ible of one of the innermost MAB Kirkwood gaps. The abrupt change in the orbital
eccentricity and inclination (while keeping the semi-major axis fixed) agrees with the
effect of the resonance (see Morbidelli et al.; 2002). On the contrary, this is not the
case of the NEA 2014UR116 as it is only trapped by this resonance during short peri-
ods of time. During these short resonant periods the evolution of the eccentricity and
perihelion distance experiences sharper amplitude variations (as it can also be observed
in Figure 13 (Bottom) and Figure 14 (Top).

Interestingly, the clone A2 is also subjected to a mean-motion resonance with Saturn
(10 : 1). The evolution of this resonance is shown in Figure 15 (Bottom). As stated
before the analysis of resonance is a complex issue and requires a deep insight. On top
of that, 3-body mean-motion resonances are even more complicated and not so common
in the solar system (Sekhar et al., 2016). As this is out of the interest of this thesis,
no conclusions are derived regarding the effects of this 3-body resonance that rules the
orbital movement of the clone A2.

The evolution of the Tisserand parameter is shown in Figure 16. This time, the Tis-
serand parameter is mostly constant for the NEA 2014UR116 and the nominal orbit of
Annama, while there is an evident variation of this parameter for clone A2 over time.
This suggests that encounters between the NEA and Annama (assuming its nominal
orbit) with Jupiter are common. Planetary encounters are enough to remove a body
from a resonance and so this might explain why the NEA 2014UR116 and Annama
(nominal orbit) are usually kept away from the effects of the jovian 4 : 1 and saturnian
10 : 1 resonances. On top of that Trigo-Rodriguez et al. (2015) indicate that statistic-
ally Annama shall be coming form the vg secular resonance with Saturn.
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Figure 15: (Top) Evolution of the Tisserand parameter ratios: Tjypiter /T a2, Tupiter/ TNEA,
Tyupiter / T AnnamaNominal over 20,000 years. (Bottom) Evolution of the Tisserand parameter
ratios: TSatum /TA27 TSaturn /TNEA> TSaturn /TAnnamaNominal over 207 000 years.
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Figure 16: Evolution of the Tisserand parameter over 20,000 years for Annama’s nominal
orbit, the NEA 2014UR116, and clone A2.

3.4 CONCLUSIONS AND OUTLOOK

This chapter explores two different topics concerning Celestial Mechanics. On the
one hand, the observation of the Ursid meteor shower outburst on December 2014 has
provided four reliable meteor trajectories from which accurate orbital information based
on double-station detections is obtained. This outburst corresponds to cometary mater-
ial released from the comet 8P /Tuttle in one of its perihelion transits that encounters
the Earth when the comet is close to its aphelion. On the other hand, the search for a
potential progenitor for Annama meteorite results in a possible candidate. The origin
of meter-sized meteoroids like Annama is complicated to track provided the chaotic
changing orbital conditions within the near-Earth environment.

The results concerning the Ursids’ outburst can be summarized as following:

1. Video and forward-scatter detections along with other reports indicate high meteor
activity associated with an Ursid dust trail crossing the Earth’s orbit at solar
longitude at A\g = 271.8° on Dec. 237, 2014.

2. The outburst was characterized by centimeter- sized meteoroids (population in-
dex of 1.8), producing bright meteors and some fireballs recorded by the SPMN
cameras.
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The mean Ursid ZHR was around 19 meteors/hour, peaking with a ZHR of 45+ 19.

Two of the four Ursid orbits (SPMN 221214A and SPMN 231214B) exhibit sim-
ilar orbital elements to the previously recorded meteoroids during outbursts. The
other two are measured slightly below the expected geocentric velocity, and their
measurements are probably affected by low meteor brightness on the very begin-
ning trajectory segment. However, the meteor orbits retrieved are within the
range of values of previous aphelion outbursts.

Despite some slight discrepancies in the orbital parameters, the four meteoroids
have orbits that seems to be associated with the 1405 or 1392 dust trails which
provoked the outburst and are captured in the two body mean-motion resonance
with Jupiter.

And as per the Annama event:

1.

2.

The pre-atmospheric orbit of Annama resembles a NEA Apollo Family type orbit.

The dissimilarity criterion of Southworth & Hawkins (1963) is used to select nine
possible NEA parental candidates. To assure a reliable dynamical relationship,
a numerical backward simulation is carried out to study the evolution of the
dissimilarity criterion for 20, 000 years.

Only NEAs 2002EB3, 2003GR22, 2004VY 14 and 2014UR116 show a reasonable
long-term low value of the dissimilarity criterion. In order to remove the uncer-
tainty due to the calculation of the meteoroid atmospheric entry velocity, a set
of Annama clones are created. The re-evaluation of the dissimilarity criterion for
the shorten list of NEA candidates and the clones indicates that only 2014UR116
shares reasonable orbital elements evolution with Annama and most of the clones.

The study of the orbital elements of the clones and 2014UR116 suggests a very
probable relationship.

. A 3-body mean-motion resonance with Jupiter and Saturn may be the reason

behind the orbital divergence of the clone A2, which shows different orbital para-
meters’ evolution compared to the rest of Annama clones.






METEOROID FLIGHT FLOW
REGIMES

4.1 INTRODUCTION

Among the instrumental observation techniques reviewed in Chapter 2, infrasound
monitoring has proved to be effective in detection of the meteor-generated shock waves.
When combined with optical observations of meteors, this technique is also reliable for
detecting centimeter-sized meteoroids that usually ablate at high altitudes, thus offer-
ing relevant clues that open the exploration of the meteoroid flight regimes. Indeed,
the presence of a meteor-generated shock wave can be used to outline the state of the
meteor surrounding gas and can be used to determine the meteor flow regime. This
chapter analyses the flow regimes of a data set of 24 centimeter-sized meteoroids for
which well-constrained infrasound and photometric information is available, and thus
becoming the first time that the flow regimes for meteoroids in this size range are valid-
ated from observations. Here, the Knudsen and Reynolds numbers are calculated, and
two different flow regime evaluation approaches are compared in order to validate the
theoretical formulation.

4.1.1 Definition of the flow regimes

It was already discussed in Chapter 1 that meteoroids are solid objects that originate
from comets, asteroids, and other solar system bodies and impact the Earth’s atmo-
sphere at hypersonic entry velocities, ranging between 11 - 73 km/s. These velocities
correspond to a Mach number (Ma), which represents the ratio of the meteoroid velocity
to the local speed of sound at the meteoroid surrounding flow conditions, between 35
and 270 (e.g., Ceplecha et al., 1998; Jenniskens, 1998; Baggaley, 2002; Gritsevich, 2009).

During their atmospheric passage, given the increasing gas density, these bodies are
subjected to an increasing number of collisions with atmospheric particles. The number
and energy of these collisions is related to the velocity (i.e., the Mach number) and the
size of the body. In this regard, several possible physical flight scenarios known as flow
regimes can be outlined. There are four commonly accepted flow regimes: free-flow,
transitional, slip-flow, and continuum-flow. These are characterized by a dimensionless
parameter called the Knudsen number (Kn), which is defined as the ratio between the
mean free path of the gas molecules ({) and a characteristic length scale (L) of the body
immersed in the gas, and thus Kn = [/L. It is quite common to use an equivalent ra-

65
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dius of the meteoroid (r) as the characteristic length (e.g., Gritsevich & Stulov, 2006).
However, when a boundary layer exists (a region in the vicinity of the body where the
viscous effects are significant), the thickness of the boundary layer (§) is used as the
characteristic scale, Kn = [/§ (Bronshten, 1965, 1983). Alternatively, the K'n number
can be described as the inverse product of the intermolecular collision rate (v) and a
characteristic flow time (¢), thus Kn = 1/(v-t). The latter definition demonstrates
that the larger the number of the collisions for a given time, the smaller the Kn value.
Note that the collision rate applies only to the gas molecules; the collisions against the
body surface are not accounted for in this scenario. The rate of collisions controls the
distribution of velocities of the impinging molecules and thus the mathematical formula-
tion to be applied to the physical scenario. This eventually hinders a sharp delineation
of the flow regime limits, since it is not trivial to constrain the molecular collision rate
at each stage of the meteoroid’s descent through the atmosphere.

The first Kn expression, Kn = [/L, is the most common and practical, although
defining [ can be challenging, as its definition is not unique, and it can be regarded
differently owing to the molecules and the reference frame considered in a given study.
As explained in Bronshten (1983), there are more than eight possible scenarios, out of
which two are usually the most commonly adopted. On the one hand, blunt bodies (i.e.,
reentry vehicles) are generally studied using a reference frame moving with the gas and
the equilibrium air molecules. On the other hand, as discussed by Rajchl (1969) and
Bronshten (1983), for meteor problems where the immersed body loses material during
its movement and the shape of the meteoroid is not known, it is more realistic to fix
the reference frame to the meteoroid and study the mean free path of the reflected (or
evaporated) molecules relative to the impinging molecules. Furthermore, this approach
allows a separate analysis of the various local scenarios in the vicinity of the meteoroid
(Josyula & Burt, 2011). To make a distinction between these scenarios, the latter Kn
is renamed to B (Rajchl, 1969) or Kn, (Bronshten, 1983). Hereafter, the nomenclature
Kn, will be adopted to refer to this second definition of the Kn approach, where the
reference frame is fixed to the meteoroid.

There are various flow regime classifications based only on Kn or a combination of
Kn with other parameters. The most widely used classification (hereafter referred to
as the classical scale) accounts for the number of intermolecular collisions in a specific
time (recall that Kn is proportional to the inverse product of the intermolecular colli-
sion rate); it is as follows:

(i) Free molecular regime, Kn;10. The number of intermolecular collisions is scarce.
Single molecules hit the immersed body.

(ii) Transitional-flow regime, 0.1 < Kn < 10. The mean free path of the molecules is
of the same order of magnitude as the characteristic size of the body. There are
collisions between molecules.
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(iii) Slip-flow regime, 0.01 < Kn < 0.1. There is a slightly tangential component of
the flow velocity in the boundaries of the body’s surface, but there is no adhesion
of the flow to the body’s surface.

(iv) Continuum-flow regime, Kn < 0.01. The flow is considered to be continuous.

Another typical strategy is to delimit the flow regimes considering the relevance of the
viscous effects. This is done via the value of the Reynolds number, Re. This physical
parameter compares the convective forces to the viscous forces of a fluid, Re = pvL/pu
(where p is the gas density, v is the flow speed and p is the gas dynamic viscosity). It
will be seen later, in the Section 4.2 (Equation (23)), that K'n,, as defined using a frame
fixed on the meteoroid, is a function of the Re number, and thus, using this scale the
actual conditions for each event are more explicitly considered. Tsien (1946) noted the
importance of these viscous effects and outlined a flow regime classification based on
the comparison of the mean free path of the gas molecules (/) to the thickness of the
boundary layer (). This scale is then described as in Tsien (1946):

(i) Free molecular regime, Kn > 10.

)

(ii) Transitional-flow regime, Re~ /2 < Kn < 10.

(i) Slip-flow regime, 1072 - Re~/2 < Kn < Re™1/2,
)

(iv) Continuum-flow regime, Kn < 1072 Re~1/2.

While the flow regime boundaries are fixed in the classical scale according to the
intermolecular collision rate, the Tsien’s scale accommodates for each event taking into
account the viscous effect evolution. For instance, if Re increases, the transition and
slip-flow regime ranges shift to higher K'n numbers for that meteoroid. Conversely, as
the Re decreases, the transitional and slip-flow regime boundaries tend to shift to lower
Kn values (and the continuum-flow regime appears later). Note that these scales refer
to the more general Kn definition (the reference frame moves with the gas flow), and
the particulars derived from the use of another frame should be studied individually.
In this study, in line with Bronshten (1983), the consideration of Kn, instead of Kn,
which accounts for the mean free path of the reflected (evaporated) molecules relative
to the impinging molecules () instead of the mean free path of the gas molecules (1),
allows for the use of the two flow regime scales (classical and Tsien’s) described above.
Additionally, Tsien (1946) originally suggested the classical scale to be used when the
Kn is defined with the thickness of the boundary layer Bronshten (1965).

Another classification was introduced by ReVelle (1993). He developed a meteoroid
flight regime scale using Kn and three related parameters: a variation of the shape
coefficient (effective mass/area), a variation of the ablation coefficient, and the height
at which the kinetic energy has been reduced down to 1% of its initial entry value. This
classification describes six different regimes. However, these parameters cannot be re-
trieved accurately from observations, and thus the reliability of the results depends on
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the accuracy of the input data. This flight regime classification will not be accounted
for in this study.

4.1.2 The screening of the meteoroid: the vapour cloud and
the shock wave

The increasing number of high-energy particle collisions along the meteoroid descend-
ing path evaporates the first layers of the body surface. This effect ultimately creates
a surrounding vapour cloud that screens the meteoroid from further high energetic im-
pacts (also known as hydrodynamic shielding). The vapour cloud can virtually increase
the cross-sectional area of the meteoroid (that collides with the atmosphere) by up to 2
orders of magnitude (Boyd, 2000; Popova et al., 2000) leading to a more efficient screen-
ing that decelerates the impinging particles (Rajchl, 1969; Bronshten, 1983). When the
mean free path of the vapour particles becomes an order of magnitude smaller than
the meteoroid radius the screening acts more efficiently (Popova et al., 2000). Due to
the reduction of high-energy impacts, the atoms and ions within the hydrodynamic
shielding cap can no longer be considered to be embedded in a hypersonic flow (see
Bronshten, 1965, 1983), and the hypersonic flight scenario becomes complex. Finally,
the main dependences of the hydrodynamic shielding parameters for centimetre-sized
meteoroids are the size and the altitude of the meteoroid (Popova et al., 2000).

It is when the vapour cloud reaches a pressure that exceeds that of the surrounding
atmospheric gas (the vapour cloud is highly compressed), that the vapour cloud expands
like a hydrodynamic fluid into the surrounding, less dense environment (Popova et al.,
2000). The outer layers of the cloud expand at supersonic speeds, and a detached shock
wave forms ahead of the body. The extent of the shock layer (defined as the space
between the shock wave and the meteoroid surface) determines the amount of ioniz-
ation and dissociation of the gas molecules (Bronshten, 1965; Rajchl, 1969). Further
mathematical formulation and discussion on the physical phenomena that take place
in the shock wave front, shock wave layer and meteor trail can be found in Bronshten
(1965). Besides, Silber et al. (2017, 2018b) provide a detailed scheme and a complete
description of the meteor generated shock waves, the flow fields and the near wake. Note
here that identifying the moment when the meteor-generated shock wave sets on is not
fully understood and is out of the scope of this chapter.

Based on necessary simplifying assumptions, the computational work carried out by
Popova et al. (2000) and Boyd (2000) indicate that the vapour cloud should form dur-
ing the transitional-flow regime. This agrees with Rajchl (1969), who suggests that the
vapour cloud should persist up until the beginning of the slip-flow regime.
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4.1.3 Infrasound observation to understand the flow regimes

Optical instrumental observations can be used to visually detect a meteor; however,
this technique cannot provide solid evidence of the presence of the shock wave, espe-
cially for sub-centimetre and centimeter-sized meteoroids at high altitudes (e.g., the
mesosphere and lower thermosphere or MLT region of the atmosphere). The high lu-
minosity of the meteor phenomena, coupled with the fact that the shock front is very
thin and attenuates very rapidly (Silber et al., 2017, 2018b), does not allow for direct
optical detections of the shock wave (e.g., Schlieren photography). Indeed, previous
attempts of observing meteor-generated shock waves using photometric measurements
provided only preliminary conclusions (Rajchl, 1972). The introduction of infrasound
techniques to gain more insight in this phenomenon has been recently proved to be
reliable.

Infrasound is low-frequency (< 20 Hz) sound lying below the human hearing range
and above the natural oscillation frequency of the atmosphere. Due to its very low
attenuation rate, infrasound is an excellent tool for monitoring and studying impuls-
ive sources in the atmosphere (e.g., Revelle, 1974; Silber et al., 2015; Silber & Brown,
2019, and references therein). A shock wave, initially in the highly nonlinear strong
shock regime, eventually decays to a weakly nonlinear acoustic wave that could, given
favourable conditions, be detected infrasonically at the ground (Silber et al., 2015). A
theoretical approach to derive meteoroid parameters from infrasonic signatures, con-
ceived by Revelle (1974, 1976), was recently improved and subsequently validated
(Silber et al., 2015) using a database of well-constrained centimeter-sized meteoroids
(Silber & Brown, 2014). Using optical measurements and infrasound detections of bright
meteors, Silber & Brown (2014) constrained the altitude of the meteor-generated shock
wave by finding the point along the meteor trajectory from which infrasound signal
originated. Although this altitude is not diagnostic of the initial onset of the shock
wave, it represents the earliest detected point at which the shock wave is proved to
exist, which is an important prerequisite for the purpose of this chapter. While there
is strong evidence suggesting that in some cases the onset of meteor shock waves could
take place much earlier than predicted by classical methodologies (Silber et al., 2017,
and references therein), the Knudsen scale has never been verified against observations
of centimeter-sized meteoroids.

This study analyses the homogeneous database of 24 centimeter-sized meteoroids
detected simultaneously by optical and infrasound systems and previously published
by Silber et al. (2015). The meteoroid size (radii) was also constrained in Silber et al.
(2015) using five different methodologies to derive the meteoroid mass. The derivation
of the flow regimes depends on the meteoroid size, and so using five different approaches
to obtain the meteoroid mass can help understanding the accuracy of the results of this
study. Note that constraining the meteoroid mass could be challenging, as it may vary
according to the methodology used (see, e.g. Gritsevich, 2008c). The first mass deriva-
tion approach relies on an empirical law described by Jacchia et al. (1967). It relates the
following parameters to the meteoroid mass: the meteor magnitude in the photographic
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bandpass, the zenith angle of the radiant, and the speed at that point. Second, the pho-
tometric mass derivation method is applied as described in Ceplecha et al. (1998). It
is known that some portion of the kinetic energy lost by a meteoroid is converted to
light emission, which can be mathematically expressed with the use of the luminous effi-
ciency factor. The approach of Ceplecha et al. (1998) considers an equation describing
the change in kinetic energy along with the assumption that a variation in the met-
eoroid velocity due to deceleration can be neglected compared to the loss of meteoroid
mass. The magnitude of luminosity emitted by the meteor is then a function of the
mass loss exclusively. Along with this, the rate of mass loss is assumed to be constant
during ablation. The third photometric approach applied in the present work uses a
more complex correlation between the fragmentation model (see Chapter 2) and the
light curve, described in Ceplecha & Revelle (2005). These three mass estimates will be
hereafter referred to as JVB, IE (integrated energy), and FM, respectively, as previously
defined and published in Table S3 of Silber et al. (2015). For comparative purposes, the
meteoroid mass estimates derived from the infrasound analyses (Silber et al., 2015) are
also included as the final two approaches. The fourth mass estimate is calculated from
the observed information of the infrasonic signal period in the linear regime, and the
fifth mass from the observed infrasonic signal period in the weak shock (ws) regime
(Revelle, 1974, 1976). This will be described in the Section 4.2.1, and further details
regarding the derivation of all the five masses can be found in Silber et al. (2015).

4.1.4 Implications of the identification of meteor flow re-
gimes

Using infrasound analysis, it is possible to determine the earliest confirmed height
along the meteor trail at which the shock wave is present. This knowledge can be used
to determine the surrounding atmospheric gas conditions and ultimately the meteoroid
flight flow regime. Moreover, since the shock wave is an indicator of the energy released
by the event, the association of meteor flow regimes with the presence of a shock wave
will provide relevant clues on the meteoroid flight parameters required to deposit energy
in the upper atmosphere.

The flow regimes of small meteoroids impacting the Earth at hypersonic velocities
have not been studied in depth previously. Only numerical simulations carried out
by Boyd (2000) and Popova et al. (2000) have tackled this problem. Also, in their
work, Campbell-Brown & Koschny (2004) developed a meteoroid ablation model for
faint meteors under the free-flow regime conditions and illustrated the differences in the
meteoroid flow regimes with sizes up to one meter depending on whether the vapour
cloud is taken into consideration or not. However, no study has described and validated
the meteoroid flow regimes by means of observations that account for the existence of
the hydrodynamic shielding.
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According to Popova et al. (2000) and Silber et al. (2017), overdense meteors (as de-
scribed in Silber et al., 2017, particles sized between 4 - 1073 m and a few centimeters)
may reach the continuum-flow regime below 90 — 95 km altitude, as the flow pressure at
that point will be smaller than the vapour gas pressure. It is well defined, though, that
most meteoroids do ablate (which involves the possible onset of the vapour cloud and
the shock wave) between 70 and 120 km; this region corresponds to the MLT region of
the atmosphere. At these heights, the atmospheric conditions are dominated by large-
amplitude thermal and gravitational tidal waves which increase inner momentum of the
fluid. Among other effects, this causes a rapid change in the gas molecular density,
which ultimately leads to a variation in the molecular mean free path.

The meteoroid data set of Silber et al. (2015) is the only well-documented and well-
constrained set of centimeter-sized events to-date. The following sections of this chapter
will elucidate the complexities associated with the meteor flow regimes of bright met-
eors. Using the classical theory along with this homogeneous, observational data set of
well-constrained meteoroid events recorded both optically and infrasonically, the aim is
to determine and validate the flow regimes of centimeter-sized meteoroids in the upper
atmosphere. In order to get a deeper insight on the suitability of this approach, both
the classical and the Tsien (1946) Knudsen scales are implemented to determine the
flow regimes. It will also be examined whether these two Kn scales can be employed
as useful proxies in determining the flow regimes of meteoroids in the centimeter-size
range in future studies. This also allows to elucidate the flow regimes associated with
an apparent early onset of meteor-generated shock waves by linking the observations to
a theoretical approach.

4.2 METHODOLOGY

The data set in use (taken from Silber et al., 2015) consists of only the best-constrained
events, for which at least one infrasound source height is accurately obtained, have re-
liable optical measurements, and do not show abrupt deceleration or fragmentation.
Several cases for which two infrasound sources are obtained are also included in this
study, but only the earliest source is considered. This is because only the highest alti-
tude associated with the shock wave is relevant to the analysis of the flow regimes, as this
is where the most uncertainty exists. Low altitudes (e.g. below 70 km) are usually asso-
ciated with the continuum flow, where the verification is then no longer a practical task.

The meteors in the data set were recorded simultaneously by all-sky cameras (the
All-Sky and Guided Automatic and Realtime Detection (ASGARD) network) and in-
frasound array (the Elginfield Infrasound Array (ELFO)), which are the part of the
regional fireball observations network located in Southwestern Ontario (Canada). The
advantages of having both optical and infrasound systems within the same network,
and thus close together, are twofold. First, given favourable conditions, some meteors
(such as those analysed in this chapter) can be recorded by both optical and infrasound
systems simultaneously. Second, it is more likely to detect direct arrivals, or infrasound
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sources within ~ 300 km of the receiver. The relevance of this lies in the fact that there
is a rapid decrease of the infrasound signal-to-noise ratio (SNR) for events that originate
too far from the infrasound array (> 300 km). Provided that the shock wave typically
forms at high altitudes (Popova et al., 2000; Silber et al., 2017), the atmospheric con-
ditions along the propagation path can adversely affect the signal and therefore hinder
the detection efficiency of infrasound. Thus, direct arrivals are less likely to suffer from
irreversible changes (Silber & Brown, 2014, 2019). Only about 1% of optically detected
centimeter sized meteoroids are also captured by infrasound (Silber & Brown, 2014).
More details regarding the detailed methodology outlining data collection, reduction,
and analyses pertaining to the data set can be found in Silber & Brown (2014).

4.2.1 Derivation of meteoroid sizes from masses

The estimation of the meteoroid characteristic size, its radius (r), is derived from the
meteoroid masses. The masses used in the current study have been derived using the
five different methods, as described in the Section 4.1.3, three of them based on the
analysis of the photometric light curve produced by the meteor and the remaining two
using infrasound techniques. The infrasound masses are calculated using Equation (8)
in Silber et al. (2015):

g (22) (o)

where p,, is the meteoroid density and Ry the blast radius. The blast radius is propor-
tional to the product of the meteoroid diameter (d) and the Mach number (Ry =~ d- Ma),
and it is defined as the distance between the shock source and the point where the over-
pressure (the excess pressure over the local atmospheric pressure generated by the shock
wave) approaches the local atmospheric pressure. Thus, it is a way of determining the
instantaneous energy deposition. Kinetic energy and Ry are interconnected (Figure 17
(a)), especially if there is no abrupt deceleration or gross fragmentation that would skew
the magnitude of Ry (see Silber et al., 2015, for further disussion). Figure 17 (a) proves
that none of the events analysed here undergo fragmentation or abrupt deceleration,
which attests to the suitability of the data set for the purpose of this chapter. The
blast radius can be obtained through correlating the observed infrasonic signal period
with the modelled period in the linear and weak shock regimes (for a more detailed
discussion, see Silber et al., 2015). It should be stated that while infrasound is a re-
liable tool for detecting meteors and estimating the source function, it has not been
validated sufficiently well for the purpose of estimating the meteoroid masses. Hence,
infrasound masses are often either under- or overestimated compared to photometric
masses. Despite this shortcoming, meteoroid radius estimates from infrasonic masses
are included for the purpose of direct comparison and for the sake of completeness.

When calculating the five meteoroid sizes from their respective masses (photometric
and infrasonic) there is one source of uncertainty to be considered: meteoroids do not
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have a fixed bulk density value. While this value is usually assumed to be fairly similar
to a certain reference density according to the meteorite classification (see Chapter 1),
other parameters such as the micro- and macro-porosity or case-specific mineral inclu-
sions can alter it significantly (Britt & Consolmagno, 2003; Babadzhanov & Kokhirova,
2009; Meier et al., 2017).

Possible meteoroid associations with well-studied annual meteor showers (i.e., Chapter
3) were explored by Silber & Brown (2014). Previous studies of known meteor showers
could provide additional clues on the meteoroid density. However, since only five of the
events in the current data set show such a relationship, providing insufficient statistics,
for this work the possible density values for each meteor shower are disregarded. From
the observational data, Silber et al. (2015) retrieved the PE parameter (see table S4
in Silber et al., 2015) described in Ceplecha & McCrosky (1976) and Chapter 2. The
use of this parameter as a meteor classification criterion has been widely adopted (e.g.
Brown et al., 2013a) and will be revisited in Chapter 5. The range of densities assigned
to each PE value relies on the statistics built up with the density derivation for each
meteoroid using a dynamic analysis of the trajectory of accurately observed meteors;
however, individual density errors may ultimately affect the statistics of the result. The
PE values for some meteors of the current data set lead to a meteoroid density value of
270 kg/m?. Such a value is smaller than that of water ice (916.8 kg/m?3). Though these
density values might be possibly depending on the packing factor of fractal-like struc-
tures (see, e.g., Blum et al., 2006), typical meteoroid bulk densities are usually larger
(e.g., common chondritic meteorite bulk density ranges between 3000 and 3700 kg/m3;
see Consolmagno & Britt, 1998; Flynn et al., 1999; Wilkison & Robinson, 2000). On
the other hand, as per the classical classification of meteoroids accepted for stony bodies,
a reasonable bulk density approximation corresponds to the value of 3500 kg/m? (Levin,
1956). This value has been widely in use (see, e.g., Halliday et al., 1996; Ceplecha et al.,
1998; Gritsevich, 2008a, 2009; Gritsevich & Koschny, 2011; Bouquet et al., 2014), and
it is thus chosen for this work. Note that this value could be large for fragile meteor-
oids as discussed in Britt & Consolmagno (2003), who suggest density close to 2500
kg/m? for carbonaceous chondrites. Nonetheless, the assumption of either value does
not significantly affect the resulting Kn, number. The meteoroid data set under this
study consists of centimeter-sized bodies whose exact characteristic size may show only
slight variation, according to the mass and density chosen. Furthermore, this variation
could be neglected, as the Knudsen number is principally affected by the characteristics
(velocity, density, and temperature) of the incoming flow. In the scenario studied in this
work, the high-energy collisions with the ambient species are effective in slowing down
the ablated species in the meteor flow field. This consequently leads to high ranges of
temperature and density in the shock layer, which play the main role in varying the
value of Kn,. Thus, the most critical input parameter in this analysis is the incoming
gas flow velocity.

The characteristic meteoroid radii were derived for each of the five mass estimates
by considering a spherically shaped object of the same mass and the bulk density. It
is evident that the mass estimates obtained from each methodology (photometric and
infrasound) differ notably owing to intrinsic assumptions associated with each. It will



4.2 METHODOLOGY 75

be discussed shortly what the implications are to the overall results in this study (see
the Section 4.3). The radii, along with other parameters obtained from the meteor
infrasound detection and luminous path observations by Silber et al. (2015), are shown
in Table 13. Note that all the five meteoroid sizes vary from r ~ 0.18 to r ~ 8.8 cm.
The spread in meteoroid radii as a function of altitude is shown in Figure 17 (b).

4.2.2 Calculation of the Knudsen number

As already stated in the Section 4.1, the meteoroid reaches a point at which the sur-
rounding screening vapour gas expands like a hydrodynamic fluid into the surrounding,
less dense environment (Popova et al., 2000). This forces the incoming atmospheric
gas density to adapt abruptly to the expanding vapour gas and creates a shock wave
through which the atmospheric gas increases its pressure and temperature. The state
of the gas at both sides of the detached (if the Mach number of the gas flow behind
the shock layer is subsonic) shock wave is ruled by the equations of Rankine-Hugonoit
if one-dimensional compressible, inviscid, and adiabatic fluid is assumed. Thus, these
equations do not consider viscosity effects, radiation, or conduction heat transfer, or
gravitational acceleration.

Although in the following calculation a fixed value of the constant ratio of specific
heat (v = ¢,/c,) will be used, it is important to note the following. The density and
temperature jump of the shock wave strongly depend on the adopted + value. Thus,
increasing or decreasing v could vary the magnitude of this jump. While the best ap-
proach would be to vary v according to the atmospheric conditions and the physical
scenario, the dynamical changes in the value of v in the flow field can only be tracked
through sophisticated numerical simulations. Even so, the existing numerical models
are unable to accurately describe the hypervelocity flow conditions associated with met-
eoroids propagating at velocities greater than about 35 km/s, especially in the upper
atmosphere, where the object might be on the boundary of the transitional flow. Thus,
in the current study, the gas is assumed to be calorically ideal, with v equal to 1.4 (this
is the value for an ideal diatomic gas). This assumption is generally considered to be a
valid approximation for explosive sources with a narrow channel (when the shock wave
can be approximated as a cylindrical line source; see Taylor, 1950) including meteoroid
entry problems, and as such is also employed in other studies (e.g., Popova et al., 2000;
Zhdan et al., 2007; Sansom et al., 2015; Chen et al., 2017). The reasoning for such an
approach is that the rarefied ambient density (e.g., the MLT) decreases the value of ~,
while the presence of strong radiative phenomena (associated with meteors) increases
the value of 4. While this might be an oversimplification, any other assumptions imple-
mented in the analytical approach and the classical theory could introduce additional
uncertainties and skew the results.

In order to obtain the gas state behind the detached shock wave using the Rankine-
Hugoniot equations and eventually derive the Ma, Re, and Kn numbers, the incoming
gas flow atmospheric conditions need to be estimated first. The incoming flow is ob-
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tained in this study using the NRLMSISE-00 atmospheric model (Picone et al., 2002).
This model provides the atmospheric profile above a specific geocentric location (lon-
gitude, latitude, and ground altitude) for a required date and time and is among those
recommended for the use in meteor analysis (Lyytinen & Gritsevich, 2016). The geo-
graphical location of the infrasound array and the infrasound wave arrival time for
each event (Table 13) are used in order to retrieve the atmospheric conditions from
the NRLMSISE-00 model. The meteor events in the data set in use have shock source
height uncertainties that range between 0.3 km and 4.2 km (see column (3) in Table
14), although for most of the cases this uncertainty is < 1 km. For such a limited height
uncertainty, the surrounding atmospheric gas conditions will not show large variations,
and therefore it is possible to assume that the gas pressure, density, and temperature
values are fixed.

From the gas state at both sides of the shock wave, the sound speed and the Mach
number upstream and downstream relative to the shock wave (note that the upstream
and downstream, respectively, refer to the flow regions ahead of and behind a reference
point, which in this case is the shock wave), and the gas state in the shock layer are
calculated. Here, a normal front shock wave has been assumed. In principle, the bow
shock wave tends to wrap around the meteoroid; however, the Mach cone angle, defined
as the angle between the body movement direction and the normal vector of the shock
wave, is equal to the arcsin(1/Ma), and thus it deviates only marginally from zero for
the incoming gas flow. The gas flow conditions upstream and downstream of the shock
wave can be found in Table 14.

The resulting atmospheric gas conditions behind the shock wave are used to derive
the Knudsen number. As discussed in the Section 4.1, the Kn, is the most suitable
Knudsen number description for meteor physics problems. Equation (23) shows the
relationship between the K'n, and the gas physical variables (Bronshten, 1983):

Kn,

1V 11 (STwR>1/2 1 8T,)Y2 (8T, \"? 23)
Re T vpr
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Here cs is the local speed of sound, V, is the average velocity of the vaporizing mo-
lecules (Bronshten, 1965), R is the universal constant of the gases, M is the molar mass
of the gas, T, is the meteoroid’s surface temperature, v is the constant ratio of specific
heat, u is the gasdynamic viscosity, v is the velocity of the incoming gas flow, p is the
gas density, r is the equivalent radius of the meteoroid (derived assuming a spherical
body), and T is the gas temperature. Note that, according to Equation (23), Kn, can
be expressed in terms of the Re number and the local speed of sound.

The dynamic viscosity in Equation (23) is a function of the gas temperature, and it
is given by Sutherland (1893):

~ 1.458-107%VT

1104 (24)
1+

0



4.2 METHODOLOGY 77

As per the velocity of the incoming gas flow, it is the velocity of the meteoroid when
the frame of reference is set on the meteoroid surface. For simplicity, this velocity was
assumed to be equal to the initial velocity observed along the meteor luminous traject-
ory path. While this value will remain temporally constant only for those fast meteors
within the study data set that experience little deceleration, it will be argued later that
the Kn, results are not largely affected and this assumption is valid. Additionally, met-
eoroids typically undergo notable deceleration at lower altitudes, where the atmospheric
density is greater. Thus, at altitudes investigated here, deceleration can be assumed to
be negligible. Furthermore, as stated in Silber et al. (2015), the meteoroids in the cur-
rent data set did not undergo abrupt deceleration, as that was one of the prerequisites
of the weak shock model validation.

Finally, the most challenging issue is the estimation of the meteoroid surface tem-
perature as there is no unique methodology to determine it. It is generally assumed
that when the ablation phenomena takes over, the main evaporation phase begins once
the temperature reaches 2500 K (Ceplecha et al., 1998; Boyd, 2000; Popova et al., 2001;
Jenniskens, 2006) and it shall not largely increase afterward, as the kinetic energy is
mainly employed in the ablation process itself. On the other hand, using emission spec-
troscopy techniques, Borovicka (1993, 1994) and Trigo-Rodriguez et al. (2003, 2004c)
compared synthetic spectra with the observed meteor spectra and found an excellent
match for most lines. These spectroscopy studies determined that there were two separ-
ate ranges of temperatures that could match the two differentiated spectral components
that the meteors produced at 3500 - 5000 K for most of the excited composition ele-
ments, and at around 10,000 K for some specific ionized elements. As the infrasound
analysis reveals the altitude at which the shock wave originated (but not the earliest
point at which the meteoroid started generating the shock wave upon entering the
atmosphere), a conservative approach is used assuming that the meteoroid surface tem-
perature is close to 2500 K. Furthermore, as the shock source altitude was constrained
by Silber et al. (2015) to within £1 km for more than half of the cases (although el-
even events have an altitude uncertainty of up to 4.2 km; see Table 14, column (3)),
there exists a difficulty in accurately determining the level of evolution of the ablation
process of the meteoroid. It should be noted, though, that the temperature rise in
the shock layer will reach and even exceed ~ 10° K. Hence, depending on material
properties and velocity of the meteoroid, the meteoroid surface temperature T;, will be
two or three orders of magnitude smaller than the gas flow temperature, and as stated
by Equation (23), variations between Ty, ~ 2500 and 5000 K will not largely affect the
rate Ty, /T. The remaining uncertainty is well within the uncertainties in the radius size.



78 METEOROID FLIGHT FLOW REGIMES

4.3 RESULTS AND DISCUSSION

4.3.1 FExploring the Kn results

The assumptions and guidelines of the previous sections are used to obtain the gas
state upstream and downstream the shock wave (see Table 14) and to calculate the
values of Kn, and Re (Table 15) for all the five mass estimates considered (JVB, IE, FM,
linear period and shock weak period). Also, in order to map the influence of each mass
estimate (and thus radius estimate) on the flow regime calculation, Figure 18 illustrates
the relations between Kn, obtained for each mass estimate and various quantities: the
altitude (Figure 18 (a)), the kinetic energy (Figure 18 (b)), the meteoroid velocity
(Figure 18 (c)) and the meteoroid mass (Figure 18 (d)). The first thing to be noted in
Figure 18 is that it offers an insight into how these variables behave at the different flow
regimes of the classic scale. For instance, no meteoroid is observed in the transitional-
flow regime (107! < Kn, < 10) when the infrasound masses are considered. In addition,
the linear relationship between the shock source and the Kn, shown in Figure 18 (a)
demonstrates that for well-constrained centimeter-sized meteoroids, the formation of
the hydrodynamic shielding may affect the meteoroid flow regime by shifting it to lower
Kn,. Besides, it can be seen that if the meteoroid velocity is kept constant but the
mass (and consequently the effective radius) is increased, the flow regime shifts to lower
Knudsen numbers for the shock source altitudes observed.

The amount of kinetic energy released at the shock source height shows little variation
when all the masses and their respective Kn, are compared. Figure 18 (b) indicates
a slight shift toward higher Kn, of those meteoroids with lower energies. However,
care must be given here, as the statistically small meteoroid data set might lead to
a weak relationship. It can, however, be acknowledged that the energy deposition at
the shock altitudes (50 to 100 km) varies by three orders of magnitude, from 103 kJ
to 10 kJ. The combination of different values of the velocity and entry angle affects
how the meteoroid releases energy and produces infrasound that can be detected on the
ground (Silber & Brown, 2014). The results obtained here expand this discussion and
allow us to determine the flow regime associated with the point along the meteor tra-
jectory at which the energy was deposited (and subsequently recorded by infrasound).
The results (Table 15) suggest that the shock waves could, in principle, form prior to
the continuum-flow regime and mainly during the slip-flow regime (or even the trans-
itional if the classical scale is considered). This may be attributed to the formation
of the hydrodynamic shielding, which, as explained in the Section 4.1.2, acts to in-
crease the effective size of the meteor cross section (Bronshten, 1983; Popova et al.,
2000; Campbell-Brown & Koschny, 2004; Silber et al., 2018b). While this result sug-
gests that infrasound can be used to obtain relevant meteoroid flight parameters, more
sophisticated numerical models (yet to be developed) are recommended to further in-
vestigate this assertion and to determine the earliest possible point at which the shock
wave forms when a meteoroid undergoes strong ablation in rarefied flow conditions.
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Figure 18: Relation between Kn,, as derived from the five masses retrieved from observations
(JVB, IE, FM, linear period and weak shock period) with: (a) the shock source altitude; (b)
the kinetic energy; (c) the meteoroid entry velocity; (d) the meteoroid mass. Note that the
legend in panel (a) is applicable to the rest of plots (b-d).
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Figure 18 (c) shows that for the fastest meteoroids the associated shock wave is de-
tected when these bodies are between the transitional and slip-flow regimes according
to the classical scale. Although it will be discussed later, the results in Table 15 in-
dicate that if the Tsien’s scale is used, all meteoroids are within either the slip-flow or
continuum-flow regime. Note that for these fast meteoroids the shock wave is detected
at higher altitudes than usually expected for a typical meteoroid (see Table 14). The
current results corroborate the results of Popova et al. (2000) which suggest that in fast-
moving meteoroids, the flow regime will be shifted upward and the shock wave should,
indeed, form at higher altitudes. Moreover, the presence of the vapour cap in strongly
ablating meteoroids will also affect the flow regime (Popova et al., 2000). This might
explain why, typically, fast meteoroids can be visually observed sooner than slow met-
eoroids. Conversely, slow meteoroids will reach lower altitudes before the shock wave
can be detected (see, e.g. Silber et al., 2018a).

As per Figure 18 (d), it illustrates that infrasound masses have a tendency toward
lower Kn,, while photometric masses show a spread across all Kn, and thus exhibit
a weak relationship. In principle, this tendency is due to the already-mentioned mass
overestimation through infrasound analyses. A plausible explanation for this apparent
discrepancy is the formation of hydrodynamic shielding, which could, in principle, af-
fect the energy deposition and thus the size of the blast radius. In fact, Equation (22)
assumes that no or very little ablation is taking place, which, in reality, is rarely the
case. Therefore, the infrasound mass derived from the energy deposition (and the blast
radius) might not necessarily correspond to the physical mass of the object itself. In
some cases, both infrasonic and photometric JVB masses may differ notably relative to
the photometric IE and FM masses. In principle, the larger the meteoroid cross section,
the larger the number of collisions against atmospheric particles, and the sooner the
vapour cap is formed. Consequently, larger masses (which represent larger sizes if the
same value of density is assumed) are consistent with lower Kn,, which agrees with the
results shown in Figure 18 (d). This is in line with the discussion in Popova et al. (2000),
that indicates that the presence of the vapour cap effectively increases the cross section
of the region colliding with air molecules and will shift the meteoroid continuum-flow
regime to higher altitudes. Finally, given that the meteoroid mass (or size) is only one
of several factors (e.g., altitude, velocity) controlling Kn,, the broad distribution of 1E
and FM masses is expected.

4.3.2 Application of two Knudsen classification scales to val-
idate the results

The uncertainties in the mass (and thus size) derivation lead to different values of
Kn, for each meteoroid, thus making it possible to associate a different flow regime
according to the mass estimate used. However, as shown in Table 15, despite minor
differences, the three Kn, numbers obtained from the JVB, IE, and FM photometric
masses show little variation in terms of the flow regimes. The task of assigning a flow
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regime when the Kn, value lies near the flow regime boundaries is strictly related to the
precision at which it is accepted that these boundaries are sharp, although, in reality,
this transition is not necessarily sharp. Slight Kn, variations around these ‘edges’ are
merely nominal, and so in this study it is considered that if two different masses lead to
the same flow regime, this is accepted as the current state. According to this scheme,
33% of the meteoroid data set is in the transitional-flow regime, 46% in the slip-flow,
and the remaining 21% has already reached the continuum-flow regime. Note that
these statistics are only used to get a preliminary view of the phenomenology; indeed,
for some events the Kn, is on the boundary between the slip-flow and continuum-flow
regimes. A similar discussion can be applied to the Tsien (1946) scale. In this case, the
meteoroid data set shows the following distribution: 88% in the slip-flow regime and
12% in the continuum-flow regime.

In view of these results, the use of three different masses (JVB, IE, and FM) for
each meteoroid proves that the effect of the assumed meteoroid bulk density value is
not critical. Even in the case of the largest difference between mass estimates (meteor-
oid ID 20110808), the Kn, number does not vary by much (this is so in both scales).
Furthermore, the effects of the extreme meteoroid bulk densities (according to the PE
scale: 270 and 7000 kg/m?) were explored, showing that for the lowest-density case (270
kg/m?3), the flow regime may vary for 33% of the events in the classical scale and 12%
in the Tsien’s scale. In the classical scale, these events shift either from the transitional
to the slip-flow regime, or from the slip-flow to the continuum-flow regime. However,
it should be mentioned that most of these cases were previously lying in between the
two flow regimes using the assumed stony meteoroid bulk density. Moreover, the use
of the Tsien’s scale shows that only three cases move to the continuum regime, but
once again, these were close to the boundary cases. The use of the highest bulk density
(7000 kg/m?) leads to the variation in two cases in the classical scale and one case in
Tsien’s scale, all shifting from the continuum-flow to the slip-flow regime. These small
variations due to the bulk density are expected, as the effect of either the mass or the
bulk density only affects the meteoroid characteristic size, which was determined to be
well constrained.

Even though the meteoroid data set in this study is not considered to undergo abrupt
deceleration (Silber et al., 2015), a certain level of deceleration is examined in order to
overcome the effect of any measurement inaccuracy in the results. This is because the
meteoroids, by their very nature, will undergo ablation (more or less strong), which
in turn will result in deceleration, especially at lower altitudes. A new value of this
velocity was applied assuming a deceleration of 30% (this value exceeds typical deceler-
ation values for centimeter-sized meteoroids, see Jenniskens et al., 2011, but will help
in understanding the effect of the velocity on the derivation of the Kn,). It must be
emphasized that the entry velocity used here was that obtained at the first luminous
observed point of the meteor trajectory; at that point, the shock wave may have already
been formed. Although the shock source heights shown in Table 14, column (2), indic-
ate points within the luminous trajectory, these points represent the earliest point in
the trajectory at which the shock wave was detected. However, the shock wave could
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certainly have appeared even earlier.

According to this, the results show that there are only two different event flow regimes
that change in the classical scale and the Tsien’s scale. Thus, introducing deceleration
in order to account for any inaccuracies in the calculation of the entry velocity does not
affect the results at these heights, and only two events shift from the continuum-flow to
the slip-flow regime. The reason behind this apparent flow regime invariability is the
energy conversion at the shock front. The transformation of the kinetic energy of the
incoming gas flow at the shock front elevates both the temperature and the density in
the shock layer. However, on the one hand, the gas density, which remains too low, and
the small size of the body still balance the increase due to the velocity variation (see
Equation (23)); on the other hand, these high-temperature conditions provide dynamic
viscosity values that are well below 1. Consequently, the Re number does not vary
significantly. However, this small variation still alters the boundaries of Tsien’s scale
(see the comments in the Section 4.1), which tend to shift toward higher Kn,. Using
this new velocity value, all meteoroids in the data set propagate under the slip-flow
conditions, except for one case, which remains in the continuum-flow regime. Although
this new velocity, accounting for deceleration, is more extreme than the one that should
occur in the MLT, it is used to test the parameter space bounds in the calculations.

The two Kn, numbers derived from the infrasound linear and weak shock period
masses are quite similar (see columns (5) and (6) in Table 15), and generally different
from the JVB, IE, and FM Kn, numbers. It shall be reiterated here that the JVB
masses do remarkably differ from the IE and FM masses and in several cases resemble
the mass of the infrasound linear and weak shock methodologies. This could open the
discussion on whether the JVB methodology is accurate enough. A previous study that
critically compared photometric masses to those derived through dynamic approach
(Gritsevich, 2008d) also demonstrated that more work is required to reconcile the ap-
parent differences. However, its use helps understanding the effects of possible erroneous
measurements on the Kn, determination. The use of exclusively the infrasound masses
leads to 54% of the events in the slip-flow regime and a 46% in the continuum-flow
regime according to the classical scale. As for the Tsien’s scale, 79% of the cases are in
the slip-flow and the remaining 21% in the continuum-flow regime. Despite the small
size of the data set, it can be recognized that these results agree with those derived
using the classical scale. In fact, except for one case, all the five masses provide the
same flow regime when the Tsien’s scale is in use. This is because, as derived from the
previous discussion and Equation (23), the value of Kn, is strongly influenced by the
entry velocity and the atmospheric gas conditions at the height where the shock wave
is detected. These parameters are principally gathered in the Re number. Moreover,
the importance of the viscous effects that are already relevant in the expanding vapour
gas is held in the Re number; this suggests that the use of the Tsien’s scale is more
appropriate in this study. Conversely, the use of the classical scale does not take into
account the actual physical scenario that viscosity may create. It is therefore interesting
to note that there could be other more complex combinations of fluid dynamics dimen-
sionless characteristic parameters that could delimit more appropriately the meteoroid
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flight regimes.

The results provided indicate that the flight flow regime for most of the meteoroids
in this data set is between the lower half of the slip-flow regime and the beginning of
the continuum-flow regime (Tsien’s scale is assumed here). If it could be further verified
that the shock wave forms in these regimes, it would be in agreement with the work
of Rajchl (1972). However, there is no clear evidence of that, and the suggestion of
Probstein (1961), by which the shock wave may gradually form once past half of the
transitional-flow regime, cannot be rejected. Future studies should be done in this re-
gard.

Note that while the assumption that v = 1.4 might be a simplification, it still provides
reasonable results that are consistent with the observations. For example, as expected,
no meteor event is found to be in the free molecular flow at altitudes that suggest the
presence of the shock wave. The consideration of varying ~ is best suited for numerical
models, although some modelling studies did apply v = 1.4 and found that the main
dependences of the vapour (hydrodynamic shielding) parameters, and consequently the
temperature and density jumps, are the size and the altitude of the meteoroid (see
Popova et al., 2000, and the Section 4.1.2). Also, the consideration of an ablating
centimeter-sized meteoroid entering at velocities up to 73 km/s is very different and
profoundly more complex than, for example, a much larger reentry vehicle at signific-
antly lower velocities (e.g., 7 km/s; see Silber et al., 2018b, for discussion).

Finally, the current study uses a reference frame located on the surface of the met-
eoroid (see the discussion in the Section 4.1), thus moving with the body (i.e. local
phenomena). However, although well beyond the scope of this study, it could also be
possible to combine this information (Kn,., local) with the information that arises from
the global picture, that is, the Kn study of the immersed body (meteoroid plus the
vapour gas cap) in the surrounding gas flow. The global and local outcome retrieved
from studying both parameters could be of interest in analysing individual cases and
should be considered in future studies.

4.3.3 Understanding the tmplications of the shock wave in-
formation in the study of the flow regimes

Infrasound indicates the earliest confirmed point at which the shock wave origin-
ated (Silber & Brown, 2014; Moreno-Ibanez et al., 2018) and so this technique can only
provide partial information on the whole event (see Chapter 2). The question of what
the maximum altitude is at which the shock waves can form remains open. This is
indeed a source of uncertainty, but it also validates the fact that meteor shocks form
at much higher altitude than they would by theoretically considering their size alone.
For instance, it can be found within the meteoroid data set that some members show
high-altitude infrasound, which is in line with previous studies for centimeter-sized bod-
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ies (Brown et al., 2007; Silber & Brown, 2014, and references therein). Thus, there is
already a shock wave at these altitudes. Even in those cases, this chapter shows that
the Tsien’s scale appropriately describes the flow regimes even for these high-altitude
events. Note that thus far no observational or modelling studies have resolved the intric-
acies associated with the formation of a shock wave in the MLT region for meteoroids
traveling at hypervelocity and in the rarefied flow conditions. Furthermore, at present
there are no numerical models that account for all meteor-associated phenomena (e.g.
ablation, radiation) in the rarefied flow conditions. Thus, this should be the focus of
future studies.

The analysis carried out by Popova et al. (2000) explores the flow regimes for a Le-
onid meteoroid with entry velocity of ~ 72 km/s. As stated before, the meteoroid
propagates under the free molecular flow conditions until the onset of intense evap-
oration at lower heights. Due to this mass loss, the vapour cloud (or hydrodynamic
shielding) forms gradually, and when the mean free path within the vapour cloud is
much smaller than the meteoroid radius (I, ~ 0.17), the screening acts more efficiently
and the meteoroid is no longer in the free molecular regime. The vapour cap is then
formed, and the meteoroid enters the transitional-flow regime between the free-flow and
the continuum-flow regimes. Note, however, that Popova et al. (2000) use the classical
scale and so [, ~ 0.17 represents the boundary between the transitional and slip-flow
regimes when Kn, is considered. Note also that the transition regime mentioned by
Popova et al. (2000) should really account for the slip-flow regime in the classical scale,
as it is derived from the use of the classical scale (0.01 < [,./r < 0.1).

Popova et al. (2000) additionally acknowledge the moment the vapour cloud becomes
optically thick, and so it hinders the release of the increasing energy in form of radiation
from the the vapour cloud. This moment occurs when the vapour temperature exceeds
4000 K, and it may have an effect in increasing the vapour pressure as described in the
Section 4.1.2 of this work, leading to the formation of a shock wave.

To put the current results in perspective, the data set under study is plot on an
adaptation of Figure 1 of Popova et al. (2000). This comparison is of interest as this
current study deals with the meteoroid flow regimes from an observational aspect and
upon the formation of the shock wave, while the work of Popova et al. (2000) provides
a numerical approach. This comparison is shown in Figure 19. This figure includes
the boundaries and flow regimes as described by Popova et al. (2000) for 1072 to 10
centimeter-sized Leonid meteoroids considering a dense vapour cloud in front of the
body. The altitude used to plot the data of this study is that at which the shock wave
is detected (the shock source height), whereas for the meteoroid size a mean value for
the estimated sizes (see Table 15) through various methodologies is chosen. Figures
19 (a,c) show the average meteoroid radius for the JVB, IE, and FM masses, while
Figures 19 (b,d) display the mean value for the infrasound linear and weak shock wave
period derived sizes. Note that since the altitude is a fixed value, the position of the
meteoroids in each panel of Figure 19 may only vary along the abscissa according to the
methodology used in the meteoroid radius derivation. The intense evaporation line, the
beginning of the vapour cloud formation (I, ~ 0.1r), the limit below which the vapour
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temperature (Ty/) exceeds 4000 K, and the boundary for the continuum-flow regime for
the Leonid meteoroid studied in Popova et al. (2000) are also plotted.

In order to provide a deeper insight into the results, different shapes and colours are
used in Figure 19 to indicate the flow regime of each meteoroid as derived in the current
study (Table 15), namely: blue circles illustrate that the meteoroid is in the transitional-
flow regime, orange triangles represent the slip-flow regime, and green squares represent
the continuum-flow regime. Since two Kn scales are under analysis, in the panels on the
left (Figure 19 (a,b)) the meteoroid flow regime results of this chapter as derived from
the use of the classical scale are plotted, while the panels on the right (Figure 19 (c,d))
illustrate the meteoroid regimes when the Tsien’s scale is considered. Note again that
the flow regime areas labelled in the plots are those obtained by Popova et al. (2000)
for their Leonid meteoroids, and so they do not represent the calculated flow regimes
for the meteoroid data set in use.

The first thing to be noted is that the presence of a shock wave indicates that the
meteoroids of the studied data set are located below the line of Ty, ~ 4000 K, which is
indeed the case. However, the existence of a shock wave changes the conditions in the
vapour cloud, and thus the meteoroid could reach the lower Kn earlier. Although the
division of flow regimes by Popova et al. (2000) does not directly apply to the data set
under study, it can serve as the basis for visualization. It can be seen that the continuum-
flow regime is not reached by nearly any of the meteoroids in the data set. Indeed, the
slip-flow regime is achieved at a wider range of heights. Another consideration that
should be noted is that the delimitation of the flow regimes by Popova et al. (2000)
applies to Leonid meteoroids with a roughly fixed entry velocity of 72 km/s, whereas
the meteoroid data set studied shows a range of entry velocities (13.5 - 71.2 km/s, as
shown in Table 14). However, the data set in use contains three meteoroids with entry
velocities close to 72 km/s, namely: 20060805, 20070125, and 20081107. Two of these,
20060805 and 20070125, show a Kn, that is on the boundary between the transitional
and slip-flow regimes (classic scale), and their position on Figure 19 (a) is closer to the
free molecular flow outlined by Popova et al. (2000). These two meteoroids are located
around 20 km below the free molecular flow delimitation line, thus supporting the state-
ment that the appearance of a shock wave is suggestive of the alteration of classically
defined meteor flow regimes.

Regarding the use of the mean meteoroid size, although it is not completely accurate,
it is still representative of the realistic scenario. Using either end member estimate of
the radius for a given meteoroid would move the position of the data point along the
x-axis (Figure 19) to the right or the left (note that the z-axis is in logarithmic scale).
The z-axis error bars in Figure 19 indicate the standard error from the mean values.
As stated before, the masses derived from the infrasound linear and weak shock periods
are very similar, and thus this error is small. However, the meteoroid sizes derived
using the JVB methodology show larger discrepancies when compared to the IE and
FM results; this causes the large error bars. If the JVB masses were disregarded in
the study, the meteoroid radii in the figure would be practically fixed. Nevertheless, as
the sizes of the meteoroids in the data set are well constrained and the flow regimes
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Figure 19: Adaptation of Figure 1 of Popova et al. (2000). The lines and regions are as in
Popova et al. (2000): the intense evaporation line (solid top line) and the continuum-flow
(solid bottom line) boundary for the Leonids (0.01 centimeter-sized meteoroids with entry
velocities around 72 km/s); the boundary that indicates the moment the mean free path (l,)
becomes 0.1 times the meteoroid radius (I, ~ 0.1r) or, conversely, the beginning of the slip-
flow regime when the classical scale is in use (dashdotted line); and the line below which the
vapour cloud temperature (73,) exceeds 4000 K (dotted line). The flow regime regions for
these Leonid meteoroids as derived by Popova et al. (2000) are labelled. The mean meteoroid
radii from the JVB, IE, and FM photometric masses are shown in panels (a) and (c). While
panels (b) and (d) plot the results for the mean meteoroid radii derived from the infrasound
methodologies (linear and weak shock periods). The flow regimes as derived from the two
scales analysed in this study are represented by data points with distinct colours and shapes.
Blue circles are used for meteoroids in the transitional-flow regimes. Orange triangles represent
those meteoroids in the slip-flow regime. Green squares indicate the continuum-flow regime.
The panels on the left (a, b) account for the flow regimes when the classical scale (CS) is
considered, whereas in the panels on the right (c, d), the meteoroid flow regimes are based
on the results using the Tsien’s scale (TS). Finally, the horizontal error bars represent the
standard error from the mean, and the altitude error as described in Table 14. Note that
some error bars are small and contained within the data points.
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are determined, these large error bars are useful to indicate the extent of uncertainty
that might be expected in these types of studies. It can be stated from Figure 19 that
the results derived from the infrasound linear and weak shock period radii are generally
within the size errors of the mean photometric radius (JVB, IE, and FM).

The formation of the hydrodynamic shielding and eventually the shock wave alters
the mean free path in the vicinity of the meteoroid and therefore the flow regime con-
ditions. This implies a dynamical scenario that could be difficult to track using a fixed
classification of the classical Knudsen scale. As per the results obtained in this chapter,
it can be suggested that the formation of the vapour cap (or hydrodynamic shielding)
should be reevaluated in the definition of the meteoroid flow regimes. In fact, the va-
pour cap plays an important role in the generation of the shock wave, and the extent
of this role should be the scope of more sophisticated models (yet to be developed) and
future studies. In these terms, the introduction of a classification scheme that accounts
for changes in the surrounding conditions, such as Tsien’s scale, seems more reliable.

4.4 CONCLUSIONS

This chapter has explored the utility of meteoroid infrasound to unravel new clues on
the atmospheric flight regime of centimeter-sized bodies. Coupled with optical obser-
vations, infrasound provides conclusive evidence of the existence of meteor-generated
shock wave at a given altitude. As the meteoroid penetrates deeper into the atmo-
spheric layers, the incoming flux of atmospheric particles increases, and the ablation
process starts. Sporadic gas molecular collisions become more regular, triggering an
intense vaporization process. This leads to the formation of a vapour cloud in front of
the meteoroid. Once the pressure of this cloud exceeds that of the surrounding atmo-
spheric gas, it expands, and a detached shock wave is formed in front of the meteoroid.
The acoustic by-product of the shock wave (infrasound) can be detected under certain
conditions from ground-based instruments. The use of that information has been im-
plemented here to reach the following conclusions:

1. Previous works based on infrasound analysis demonstrated that the infrasound
study could positively identify the earliest point at which it can be claimed that
a shock wave is present. Furthermore, those studies also suggest that the meteor
shock wave could form much earlier than predicted by classical methodologies. On
the other hand, despite the limited information provided, infrasound seems to be
a robust means to determine the flow regime of meteoroids. This study provides
the first observational verification of the Knudsen scale using information obtained
through infrasound for a data set of centimeter-sized meteoroids. This data set
represents the only well-documented and well-constrained set of such events to
date.

2. The results of this chapter are consistent with the use of a reference frame attached
to the meteoroid body, in contrast to the gas flow attached reference frame. Such
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an approach is not only more convenient but also more representative of realistic
conditions. Moreover, it has been shown that the flow regimes could be considered
within boundaries delimited as a function of several fluid dynamic dimensionless
parameters (i.e. Kn, Re, Ma). The results reinforce the theoretical approach that
claims that a scale based on the K'n and Re numbers illustrates the physics of the
problem more accurately. The differences between the flow regimes derived from
the theoretical and observational approaches have been discussed. While no strong
conclusion could be derived, as the formation height of the shock wave cannot
be determined yet, this study suggests that the shock wave for centimeter-sized
meteoroids is already formed in the slip-flow regime (or even the late transitional-
flow regime).

. This chapter also explored whether the use of information derived from different

meteoroid observation techniques could lead to similar results. In this sense, pho-
tometric measurements provide the robust means of estimating centimeter-sized
meteoroid masses (under the condition of negligible deceleration). While infra-
sound alone does not provide sufficient insight into meteoroid masses, it remains
an excellent tool in monitoring and detection of meteors. Moreover, infrasound
measurements, when coupled with other techniques, provide useful estimates in
meteor flow regimes and thus could serve as another mode of validation. This
chapter shows that simultaneous observations of meteors, using both infrasound
and photometric techniques, can provide relevant clues on the meteoroid flight
regimes and the energy deposition at the point of origin of the shock wave.

. This study confirms that the formation of a vapour cap shifts the flow regimes

upward and acknowledges the necessity of developing new and more sophisticated
models to describe the flow regimes of meteoroids encountering the Earth’s atmo-
sphere. These new models should also constrain and evaluate the impact on the
hydrodynamic shielding in those events where a strong ablation takes place. This
fact would eventually play a relevant role on the formation of the meteor-generated
shock wave and shift the flow regimes. Several questions remain open and shall be
the scope of future research: Once the maximum height at which the shock wave
can form is more accurately determined, would the flow regime vary by much?;
What is the most suitable flow regime scale?; Is there any use in combining the
information obtained using different reference frames (Kn vs Kn,)?. A natural
step toward further refinement would include numerical studies and determination
of how the dynamic changes in the hypervelocity flow field might affect the flow
regimes.
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Flow Conditions Upstream Flow Conditions Downstream

Shock Source  Error S.S. Sound Sound Atmospheric

1D Height Height | Ventry T Density  Speed Mach T Density Mach Speed \% Viscosity
20060419 54.4 1.1 14.2  255.1 6.461E-07 320.0 44.32 97651.9  3.867E-06  0.3785 6260.5 2369.4 0.0005
20060805 101.4 0.4 67.5 191.8 3.379E-10 277.5  243.32 | 2208143.7 2.026E-09 0.3780 29770.3 11252.6 0.0022
20061104 7 1.1 30.3 218.5 2.461E-08 296.1 102.18 443808.2  1.477E-07 0.3781 13346.5 5045.7 0.0010
20070125 102.7 0.5 71.2 181  3.396E-10 269.5 264.31 | 2458858.3 2.037E-09  0.3780 31415  11874.2 0.0023
20070727 85 1.5 26.3 165.6  8.244E-09 257.8  102.05 335505.5 4.946E-08 0.3781 11604.3 4387.1 0.0008
20071021 101.2 1.4 64.3 185.6 4.722E-10 272.9  235.59 2003159  2.832E-09 0.3780 28354.9 10717.6 0.0021
20080325 61.6 0.6 13.5 237.2  2.414E-07 308.6 43.75 88516.3  1.445E-06  0.3785 5960.5 2255.9 0.0004
20080511 94.6 0.4 23.5 188.5  1.418E-09 275.1 85.58 268631.1 8.502E-09 0.3781 10383.6 3926 0.0008
20080812 87.9 0.8 56.6 174.5  4.952E-09 264.6  213.87 | 1552152.8 2.970E-08 0.3780  24959.6 9434.4 0.0018
20081028 52.7 3.6 154 252.1 6.790E-07 318.1 48.41 115132 4.063E-06  0.3784 6797.8 2572.1 0.0005
20081102 85 0.5 30.1  209.7 7.222E-09 290.1 103.75 439121.2 4.329E-08 0.3781 13275.8 5019 0.0010
20081107 81.9 0.6 71.6 2144 1.137E-08 293.3  244.08 | 2483801.8 6.821E-08 0.3780 31573.9 11934.3 0.0023
20090428 70.9 1.1 21.2  217.7 7.448E-08 295.6 71.72 217940.1 4.466E-07 0.3782 9352.7 3536.8 0.0007
20090523 78.1 2.3 29.9 1944 2.772E-08 279.3 107.04 433293.2 1.661E-07 0.3780 13187.5 4985.5 0.0010
20090812 80.6 0.3 58.7 186.4 1.780E-08 273.5  214.61 | 1669465.6 1.068E-07 0.3780  25885.6 9784.4 0.0019
20090917 76.6 2.1 24.2  206.5 3.051E-08 287.9 84.06 283912.6  1.830E-07 0.3781 10674.9 4036.2 0.0008
20100421 86.3 0.8 459 190.7 6.602E-09 276.7 165.91 | 1020839.5 3.961E-08 0.3780 20241.8 7651.4 0.0015
20100429 93 1.9 47.7 186.3 2.019E-09 273.4 174.44 | 1102456.7 1.210E-08 0.3780 21035.4 7951.3 0.0015
20100530 92.7 2.4 29.3 171.7 1.973E-09 262.5 111.61 416063.9 1.183E-08 0.3780 12922.6 4885.3 0.0009
20110520 94.5 0.7 22.5 183.6 1.465E-09 271.5 82.89 245429.9  8.786E-09  0.3781 9925.1 3752.7 0.0007
20110630 87.7 0.5 29.8 161.4 5.042E-09 254.5  117.08 430369.9 3.025E-08 0.3780 13142.9 4968.5 0.0010
20110808 63.6 0.3 25.5  230.9 2.229E-07 304.4 83.76 315236.4 1.336E-06 0.3781  11248.3 4253 0.0008
20111005 77.8 4.2 28.5 208.7 2.276E-08 289.4 98.47 393697.5 1.365E-07 0.3781  12570.5 4752.4 0.0009
20111202 64 0.6 27.6  234.6  1.474E-07 306.9 89.94 369261.7 8.842E-07 0.3781 12174.1 4602.8 0.0009

Table 14: Shock wave analysis: shock source height and its error values derived from infrasound study; and gas flow conditions upstream and
downstream calculated using the Rankine-Hugoniot equations. Columns are organized as follows: (1) the meteoroid ID; (2-3) the source height of
the shock wave and the associated error in [km]; (4) the entry velocities (which are used to estimate the incoming gas flow velocity, as described in
the main text) in [km/s]; (5-8) the gas temperature [K], gas density [g/cm?], sound speed [km/s] and Mach number upstream, respectively; (9-14)
the downstream conditions in the following order: (9) gas temperature [K], (10) gas density [g/cm?], (11) Mach number, (12) sound speed [km/s],
(13) gas velocity [km] and (14) the gas dynamic viscosity [kg/(m-s)].
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TERMINAL HEIGHTS

5.1 INTRODUCTION

Retrieving the meteoroid trajectories in the atmosphere is of interest to researchers.
On the one hand, orbital parameters can be derived based on the impact time, met-
eor radiant and initial velocity allowing us to estimate their parental relationship with
parent bodies - asteroids and comets. On the other hand, a knowledge of physical para-
meters such as mass, velocity, deceleration or height at different points of the meteor
trajectory turns out to be very useful to locate a meteorite fall, or to predict the en-
ergy deposition either on the Earth atmosphere or surface. The temporal analysis of
the energy released during the meteoroid atmospheric path is additionally important
to provide a complete understanding on the ablation and other mass loss mechanisms
occurring along the flight.

Despite ablation and drag processes associated with atmospheric entry of meteoroids
have been a subject of intensive study over the last century, little attention has been de-
voted to interpreting the observed fireball terminal height. This parameter indicates the
final point of the luminous part of the meteoroid trajectory. This is the point where a
fireball disintegrates, or for meteorite-droppers, the last point where luminous radiation
can be observed. This is a key parameter because it not only depends on the initial
mass, but also on the bulk physical properties of the meteoroids and hence on their
ability to ablate in the atmosphere. The terminal height also describes the amount of
deceleration experienced by the meteor, which in turn means the degree of penetration
into the atmosphere.

This chapter provides a different insighti into the way of calculating terminal heights
for either disintegrating meteoroids and meteorite falls. This will be done using the
scaling laws meteor modelling described in Chapter 2 and the accurate data sample
gathered by the Meteor Observation and Recover Project which includes a meteorite.

5.2 PREVIOUS STUDIES ON THE TERMINAL
HEIGHTS

Provided past limitations that techniques and methodologies set on the observation
and processing of meteor data, previous studies relied on the combination of observed
meteor flight parameters to derive further conclusions and reinforce previous hypothesis.
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Besides, all these studies relied on the Single Body Theory (see Chapter 2) which as-
sumes the values of some meteoroid flight parameters beforehand. An example of this
is the work of Ceplecha & McCrosky (1976) using the Prairie Network database. This
network operated in USA between 1963 and 1975 and registered more than 2,700 fire-
balls, one of them being the Lost City meteorite (McCrosky et al., 1971). The goal of
Ceplecha & McCrosky (1976) was to outline the means to distinguish between ordin-
ary and carbonaceous chondrites within the recorded fireballs. Their driving idea was
that carbonaceous chondrites are more fragile than ordinary chondrite. Consequently,
the former should, in principle, suffer larger rates of ablation and show higher ter-
minal heights, while the later may reach lower altitudes. As the ability of a meteoroid
to reach lower atmospheric layers do also depend on the entry angle, velocity and
shape, these should be also accounted for when a classification criterion is outlined.
Ceplecha & McCrosky (1976) derived an empirical criterion (Equation (25)) that estab-
lished a weighted relation (PE criterion) between the fireball terminal height and these
other flight properties of the fireball, namely: the air density at terminal height, p;
[g/cm?], the pre-atmospheric mass, M, [g], pre-atmospheric velocity, V. [km/s], and the
zenith distance of the meteor radiant, Zg [?].

PE =logpi+ Alog Me + B log Ve + C log (cos ZR) (25)

Where coefficients A, B and C are obtained by imposing a least square fit to 156 fire-
balls of the Prairie Network (McCrosky & Boeschenstein, 1965). Note that in Equation
(25) the terminal height is included through the air density at that point, p;. According
to this PE criterion, Ceplecha & McCrosky (1976) classified the Prairie Network fire-
balls into four different meteor groups.

All the parameters involved in the PE criterion express the atmospheric dynamic
behaviour of the meteor, and so Equation (25) does not include the bulk properties of the
impacting body. Indeed, there is extra information that can be directly extracted from
the meteor observation that could help to refine the classification provided by the PE
criterion. The ablation coefficient, o [s?- cm™2], and a geometrical coefficient depending
on the shape of the object, the drag coefficient and the bulk density, the shape-density
coefficient K [cm?- g2/ 3], are also determined from the trajectory when the observations
and the Single Body Theory equation are compared. Ceplecha & McCrosky (1976)
build up a secondary criterion comparing the average values (for all the observational
measurements) of these later parameters. This new criterion, called SD is expressed as:

SD =<logK > + <logo > (26)

The average numbers, < log K > and < log o >, are weighted by the ratio of the
deceleration to its formal rms error. Then, SD is a parameter that has little influence
from observational errors and it describes globally the physical changes that the meteor
suffers during its atmospheric flight (change in mass, surface, ablation, etc.). It is rel-
evant that the shape-density coefficient (K') is a function of the object’s shape and its
density, thus providing an indirect means of accounting for the meteor fragmentation.



5.2 PREVIOUS STUDIES ON THE TERMINAL HEIGHTS 95

This way, one of the Single Body Theory main weaknesses is partially overcome.

Ceplecha & McCrosky (1976) showed that both the PE and the SD criteria are the-
oretically related. Moreover, PE was initially intended to be empirical, but it can
be outlined using the Single Body Theory. As a final remark, Ceplecha & McCrosky
(1976) stated that SD depends on the second derivative of the observational measure-
ments and therefore it is less affected by observational errors than PE.Thus, reducing
the uncertainties of PE and becoming somehow supplementary. Note that these two
criteria (Equations (25) and (26)) turned out to be mathematically related when the
meteor initial mass could be considered small or the ablation was large. Additionally
Ceplecha & McCrosky (1976) also stated that the results obtained using the ablation
and shape-density coefficient values at the recorded last luminous point of the meteor
trajectory in Equation (26) instead of the average values seem to provide better results.

Previously to the work of Ceplecha & McCrosky (1976), Ceplecha (1967, 1968, 1988)
suggested a meteor classification that relied on the meteor beginning height and its
pre-atmospheric orbit. Ceplecha & McCrosky (1976) discussed a possible relationship
between both classifications but found that only objects with Taurid-like orbits could
be compared as they were available in both samples. This small sample of nine bodies
leads to a poor statistic so as to derive strong conclusions.

Few years later, Wetherill & Revelle (1981) suspected that a large number of ordin-
ary chondrite falls might be hidden within the Prairie Network database and not found
because of their small terminal masses. Wetherill & Revelle (1981) also discussed that
the commonly accepted low-bulk density values may relevantly affect the outcome in
meteoroid impact studies. Based on the previous work of Revelle & Rajan (1979) and
Revelle (1980), Wetherill & Revelle (1981) claimed that masses derived photometric-
ally could be ten times higher than real masses, whereas dynamic masses could be twice
smaller. Additionally, Wetherill & Revelle (1981) spotted that the cross-sectional area,
which is related to any possible fragmentation occurred during the atmospheric flight
(fragments flying very close to the main fragment increase the effective cross-sectional
area) could have been previously overestimated for the dataset. Implementing a cor-
rection to these values may increase the expected number of small ordinary chondrites
meteorite falls. Note though that the chances of an ordinary chondrite meteoroid to sur-
vive its atmospheric flight do also depend on its initial mass and entry geometry. Given
that bodies with different compositions were available in the Prairie Network database,
and these can show similar terminal heights, this parameter cannot be the only distinct-
ive parameter to characterize ordinary chondrites. Nonetheless, Wetherill & Revelle
(1981) assumed that chances of having other than ordinary chondrites with such ter-
minal heights within the studied sample were less than 16%.

As a further way of classification Wetherill & Revelle (1981) stated four criteria to dif-
ferentiate feasible ordinary chondrites within the Prairie Network sample. Among these
criteria Wetherill & Revelle (1981) highlighted the importance of the observed terminal
height and stated that any ordinary chondrite inside the sample shall behave, scaled up
to a certain point, alike the Lost City meteorite. This was otherwise expressed consider-
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ing that for any meteorite-producing fireballs the observed terminal height should agree
with the dynamic mass value obtained through the equations of the Single Body Theory,
as well as with that of Lost City fireball to within 1.5 km, when appropriately scaled
for mass, velocity, and entry angle. Note that Wetherill & Revelle (1981) required an
agreement between the observed and theoretical terminal heights as an indicator of
a good adjusted meteoroid atmospheric trajectory; this is, Wetherill & Revelle (1981)
showed similar deceleration, drag coefficient, ablation, etc. Wetherill & Revelle (1981)
stated that despite of the different methodologies applied, the final amount of ordinary
chondrite fireballs identified within the Prairie Network is similar to the previous work
of Ceplecha & McCrosky (1976).

Another work in this regard was carried out by Halliday et al. (1989a,b). They stud-
ied 44 fireballs recorded by the Meteor Observation and Recover Project (MORP) to
derive possible correlations between some observed flight parameters, i.e.: the initial ve-
locity, total light emitted by the fireball, initial and end masses, initial and end heights,
orbital elements etc. The correlations analysed were ultimately evaluated as strong,
moderate, weak or none. Despite of the observational errors (meteor trajectories not
fully observed, not clear sky, etc.), two strong correlations were derived: the mass lost
during the ablation versus the peak brightness, and the duration of the luminosity re-
corded versus the zenith distance of the radiant.

Here the terminal heights along with suitable approximations are obtained to a large
number of MORP fireballs, including suspected meteorite-producing events included
in the Table 6 by Halliday et al. (1996). To do so, the mathematical approach (see
Chapter 2) developed by Stulov et al. (1995), Stulov (1997) and Gritsevich & Stulov
(2007) that gathers the meteoroid flight unknown values into two new variables, «
(ballistic coefficient) and [ (mass loss parameter), is used; thus, mathematically in-
troducing the similar idea of parameters’ scaling as suggested by Wetherill & Revelle
(1981). The combination of these two new parameters allows the derivation of other
important parameters, such as pre-atmospheric and terminal mass values, ablation and
shape change coefficients, and the terminal height. Although a methodology to determ-
ine terminal height using this mathematical approach was previously implemented by
Gritsevich & Popelenskaya (2008), it was only limited to fully ablated fireballs and not
applied to a large dataset.

5.3 FORMULATION

The basic equations of motion of a meteor in the atmosphere require a concise know-
ledge about the body physical properties, such as the bulk density, shape, mass, etc.
These properties do change during the flight and they also depend on the observations
reliability and camera resolution. The usual way of tackling this problem relies on
using average values which are retrieved either from previous experience or from the
observations available from the astrometric reduction of each event (see Chapter 2).
Alternatively, a different approach is suggested. Instead of using the average values
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as input data, all unknowns can be gathered into dimensionless parameters, retriev-
able from the observations with the help of inverse techniques. As already outlined in
Chapter 2, the resulting analytical solution of the scaled meteoroid equations of motion
is:

m = exp[—(1-v*)B/(1 - p)] (27)
y = In2a+ 3 —InA, A= Ei(B) — Ei(pv?), (28)
Ei(z) = /xoo etdt (29)

Where m and v are the dimensionless values of the meteoroid mass and velocity re-
spectively, p is a constant, and a and  the dimensionless unknowns. As explained in
Gritsevich (2007, 2008b) a weighted least-squared method is applied to the observed
height and velocity values using Equation (28) to derive a and 5. While a manual assig-
nation of the weighted factors could be quite complicated, Gritsevich (2008b) suggests
that taking an exponential form of Equation (28) proves to perform better since the
height and velocity of a meteoroid decrease while it gets closer to the Earth’s surface.
Mathematically it means that instead of laying a direct comparison between y; (ob-
served) and y; (calculated) the comparison is made between e~ values. The obtained
results are then compared with the original data leading to a very good agreement (see
e.g., Gritsevich, 2008¢c). Then, Equation (28) turns into the following form:

aerp(—y) — Aexp(—p) =0 (30)

with A = Ei(3) — Ei(Bv?).

When the analytical expression (30) accurately adjusts the set of observed trajectory
(yi,v;) values then o and /3 are derived by minimizing the following expression:

Q(a, B) = Y (Filyi,vi, v, B))* (31)
i=1
where
Fi(yi, vicr, B) = 2aexp(—y;) — Ajexp(—f) (32)

At least 3 points along the trajectory (n > 3) are required to solve Equation (31). One
of such points should contain the initial velocity value, V., as it is needed for scaling.
It is also assumed that deceleration was noticeable during the luminous trail, i.e., there
are at least 2 other than the beginning points (k,j < n) along the trajectory such as
Vi < Vj < V. In principle, recent proliferation of meteor observational instruments
and methodologies makes it possible to fulfil this condition even for such small meteor-
oid particles as the Draconids (Borovicka et al., 2007; Kero et al., 2012; Ye et al., 2013;
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Vaubaillon et al., 2015). In ordinary cases, when equally reliable data are provided
along the observed trajectory (e.g., Halliday et al., 1996), it is more convenient to input
all available (h;, Vi) values. However, sometimes specific initial filters on observational
data may apply to correct inaccurate information. Indeed, although o and 8 derivation
only requires three observed (h;, V;) values, since o and  mainly describe the meteor
deceleration, and this is remarkably present in the last part of the luminous trajectory
of the meteoroid flight, it is highly recommendable to include (h,V') values of the part
where the main deceleration is present. This will generally decrease the error in the
results which, otherwise, may differ from the real behavior of the meteoroid. This is
particularly relevant for meteoroids that penetrate deeper into the atmosphere due to
the great amount of deceleration that they suffer.

This methodology does not directly account for any large meteoroid fragmentation
during its atmospheric flight. A way to overcome this issue consists of analyzing the
individual trajectories of the resulting fragments. This is in principle possible if the
height and velocity values of the meteoroid are accurately known at the instant the
fragmentation occurs. It shall however be done with care as there is a change of the
dynamical energy of the bodies involved. This is, the initial velocities of the fragments
at the height where the fragmentation occurs might be larger than the last velocity of
the parent meteoroid prior to fragmentation. Thus, a correction shall be imposed to the
initial velocities of the new fragments, and this correction might be different for each
fragment as the distribution of energy could not be equally distributed.

The exact solution of the problem (Equations (30) and (31)) will normally require
a computational implementation to provide the desired parameter values at each tra-
jectory point. Nonetheless, for certain problems, only the value of these parameters at
specific trajectory points is requested. This is, for instance the case of the beginning
and terminal trajectory points. It is notable then than Equations (30) and (31) admit
some simplifications that bring a more direct approach to these points. For quick met-
eors, one can neglect the deceleration and set the velocity as constant for the luminous
segment of the trajectory, then v = V' /V, = 1. In this case, a strong evaporation pro-
cess takes place so 8 becomes high (8 >> 1). This means that the meteoroid ablation
occurs rapidly in the absence of drag. For this situation, Stulov (1998, 2004) developed
an asymptotic solution:

v=1 m'™"=1-2aBeY, In2af <y < oo (33)

It should be noted that Equation (33) does not describe the drag process until the
point where m = 0. The meteor velocity begins to decrease in a certain vicinity of
this point. In order to account for this change in velocity it was proposed to combine
Equation (33) suitable for high § values with Equation (27) suitable for arbitrary
values (see Gritsevich, 2008¢, and references therein). Such substitution of Equation
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(27) into Equation (33) fully escapes the dependency on p and gives a direct height and
velocity relationship for high g values:

- (ln(l —2afe™Y
g

It is notable that, since a condition of changing velocity was applied in the derivation
of Equation (34), the Equation (34) is no longer applicable for constant-velocity met-
eors. Thus if condition v = V' /V, = 1 is strictly set then solely Equation (33) should
be considered.

) 1/2
+ 1> , In2af <y < oo (34)

In the opposite case, when /5 = 0, the analytical solution (27), (28) and (29) becomes
(Gritsevich, 2008c):

m=1, y=Ina—In(—1Inv) (35)

Meteoroids suffering no evaporation process at all 4 = 0 are not common, how-
ever [ could certainly very low at some cases. For such small g values (8 < 2),
Kulakov & Stulov (1992) and Stulov et al. (1995) suggested an asymptotic expression
which provides very good results:

y=Ina—In(—Inv)+0.838(1 —v) (36)

Now, the terminal height is the last point of the registered luminous path of the meteor
atmospheric trajectory (when ablation processes are over). For disintegrating fireballs
this point is reached when m = 0 (given that the fireball suffers little or no deceleration,
and so v remains constant) and it is calculated at the point where vy = V;/V,. Note that
the terminal velocity of a fireball is the velocity at its terminal height, and this velocity
is represented as V;. Thus, from the simplified solutions (33) and (34) of the analytical
expression (28) two approximation for the terminal heights are obtained. For the sake of
clarity in the following discussion the dimensional height values (h) for the mentioned
points will be used. Also, subscripts I, II, III, etc., will be assigned to indicate the
different ways of expressing the terminal height according to the simplifications made
in Equations (33) and (34) and so on. The resulting terminal height for fast meteors
(Equation (33)) will be called hereafter hy, and for the simplified solution where some
deceleration is considered (Equation (34)) it will be used subscript 11, hj;:

h] = h() Y = ho . ln(2aﬁ) (37)

_ o 203
hir =ho-yt = ho-ln ((1 - 65.(Ut2_1))) (38)
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Given Equations (37) and (38), it can be pointed out that, for fast meteors, where
deceleration is not accounted for, the terminal height (hy) is a function of the dimen-
sionless parameters o and 3. Although this simplification is not always true it can be
applied in some well-studied cases. Meteoroids do decelerate before disintegrating or
starting its dark flight when they are meteorite-droppers, therefore a second approxim-
ation is suggested for these terminal heights (h;). This new terminal height depends
on «, # and the terminal velocity.

As it will be seen later the simplifications Ay and hj; will adjust better in the range of
validity of their assumptions. When these simplifications are used to study a large set
of observations with a notable variety of entry velocities and decelerations, the results
might not be accurate. In these cases, the original analytical solution of the problem,
Equation (28), shall be implemented. Nonetheless, there is another possibility. It is
possible to derive a simplified terminal height formulation via mathematical means.
Gritsevich et al. (2016) carried out a mathematical analysis so as to get a better per-
formance of hy; compared to the analytical solution of the problem. More specifically,
Gritsevich et al. (2016) obtained an approximation function that corrects Equation (38).
Their work accounted for the following premises:

1. Both, the analytical solution (28) and the simplified calculated height for decel-
erated meteors (Equation (38)) have no singularities and are monotonous on the
interval 0 < v < 1.

2. The « dependency is the same (through In «r) for both equations.

These facts allow the use of an approximation function which shall only affect para-
meter 3. It shall be remarked that this approximation function is thought to improve
accuracy in those cases where § > 3, otherwise the previous simplified solutions and
the asymptotic solution are, in principle, more reliable.

This function is ultimately adjusted to the range of meteoroid velocities values of
interest, this is v € [0.3,1). Moreover, this function works for fixed values of o and 3
but the error analysis carried out by Gritsevich et al. (2016) proves that it works more
efficiently for a range of 3 values (depending on the approximated function used). Note
that « is not strictly required in this analysis since Equations (28) and (38) can be ex-
pressed in terms of y — In 2a.. The approximation function suggested by Gritsevich et al.
(2016) is introduced through a shift on the g parameter where it is substituted by g — A
in Equation (38), and A represents the approximation function. Introducing this shift
on the expression (38) and comparing it to the analytical solution (28) it follows:

20(8-4) '\ _ A
o <1 —e(ﬁ—A)-(v2_1)> ~ lnoﬁ—ﬁ—lnE (39)

Gritsevich et al. (2016) describe how A is a function of both § and v, A = A(S,v),
resulting in a quite complex expression. In line with the simplified shape of the terminal
expression sought, instead of directly considering the full formulation of A = A(3,v)
two reliable simplifications of A are taken. Gritsevich et al. (2016) came out with two
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efficient simplifications for function A = A(S,v) for which the attached errors are well
constrained:

1. Ag =11
_ 2.5
2. A =10+ (10-0)- %

The error analysis performed when using Ap and A; in Equation (38) suggests that
the optimal performance of these approximations (given 20-30 meteor trajectory points
observed) occurs at § & 2.89 for Ap, and at 5 = 2.1 for A;. The average statistical devi-
ation for any derived parameters using Ag is 5 — 10% and 1 — 2% for A; (Gritsevich et al.,
2016).

The terminal height obtained using Ag, namely hyyy is:

1 — J(B—1.D)-(2—1) (40)

2 —1.1
hrrr = ho-1n ( (3 ) )
Figure 20 demonstrates the quality of the approximation of Equation (40). It shows
the comparison functions y(8,v) = y(«, 8,v) — In(2a), where y is the dimensionless
height (hi/hg, where i = I, II or I1I) taken according to Equations (37), (38) and
(40). The comparison made for different /5 values confirms that Equation (40) has better

accuracy than previously used Equation (38).

Using Aj, the terminal height expression for hry results:

(41)

by — oo <2a(5 —(1.0+ (1.0 —vy) - 2‘51))

| (L0 (L0—0) BD) (1)

One important note about Equations (40) and (41) is that they approximate the
analytical solution of the terminal height correcting a simplification for fast meteoroids.
Thus, it is expected that some inaccuracies may appear for some events. Nonetheless,
the goal of using Equations (40) and (41) is to keep a simple formulation capable of
constraining the number and extent of these inaccuracies.

5.4 RESULTS

The reliability of the simplified expressions for hy, hrr, hrrr and hpy is studied us-
ing the database of the Meteorite Observation and Recover Project in Canada, MORP
(1970-1985). As described by Halliday et al. (1978) the goal of this project was to gain
further knowledge on the origin and properties of fireballs and meteorites. The pro-
ject consisted of twelve observatories located mainly in the south of Canada while the
control headquarters were located at the campus of the University of Saskatchewan in
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Saskatoon. Each of the observatories had five cameras each of which covered 54° of azi-
muth near the horizon. Neighbor stations covered the part of the unrecorded azimuth
area. The cameras used photographic films (see more details in Halliday et al., 1978)
which gives an idea of the relative complexity compared to the current digitalization era.

MORP was able to register more than 1010 fireballs, including a meteorite-dropper.
MORP 285, known as Innisfree, was recorded on the 6 of February of 1977, and was
recovered twelve days later (Halliday et al., 1977, 1978, 1981). The accurate observa-
tions of the meteor phenomena allowed the derivation of its pre-atmospheric orbit (see
Table 10 in Chapter 3). Here, these data has been used to calculate the corresponding
terminal heights. This has been done using:

1. The v and § values previously obtained by Gritsevich (2009) for MORP data set.

2. The observed terminal height (h¢), the entry (V) and terminal velocity values (V;)
retrieved by Halliday et al. (1996) from MORP fireballs observations.

These calculated heights are finally compared to the fireballs observed terminal heights
(Halliday et al., 1996). The results of the calculations are shown in Table 16.

Additionally, Figure 21, Figure 22, Figure 23, and Figure 24 compare the calculated
terminal heights hr, hrr, hrrr and hpy to the observed terminal height h,,s respectively.
For reference the line h; = hy (where ¢ = [, 11, 111,0orIV) is plotted; this way a visual
understanding of the main differences is quickly provided. From these figures, it can be
appreciated that the range of terminal heights is approximately between 20 km and 80
km, thus combining meteoroids with moderate and high penetration skills.

As it will be discussed later, the differences between the observed terminal height h;
and the theoretical hy, hrr, hyrr and hpy do depend on the value of the 3 parameter.
Figure 25, Figure 26, and Figure 27 plot these differences for Ay, hrrr and hry between
the calculated and observed values against the g parameter. Note that no figure in this
regard has been included for hy; as it does not add extra information for the current
analysis.
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Figure 20: Graphical comparison of Equation (28) (dotted line), Equation (38) (dashdotted
line), and Equation (40) (continuous line) for the selected § values. Note that for real fireballs
the terminal velocity v; = V;/V, is usually higher than the one shown on the graphs (see
experimental V; and V. values given in Table 16), so only the range v; < v < 1 would be
applicable for practical purposes.
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Table 16: Terminal Heights

ID Ve Vi o B hy hrr hrrr hpy o g
18 lal 185 5.7 2413 1475 30.54 3273 29.65 26.09 27.6
123ld 163 87 3722 1.111 31.61 3592 33.29 30.72 32.6
138 169 9.5 3890 2.880 38.77 39.84 37.83 37.28 37.0
141 321 29.0 707.19 6.403 65.24 67.87 67.28 67.31 65.1
144 23.5 135 137.13  1.301 42.08 45.96 43.54 41.79 42.9
169 229 93 50.52 1.575 36.30 38.54 35.71 33.21 34.0
172ldl 125 81 13.13  3.379 32.12 33.20 31.52 31.25 31.2
177 158 87 77.63 1777 40.24 42.69 40.33 39.07 39.8
187 18.4 14.0 83.76 3.815 46.25 47.86 46.57 46.50 46.3
189 145 4.8 3447  0.757 28.32 33.42 30.02 21.95 27.9
192 21.0 14.6 94.01 2458 43.93 46.29 4459 44.24 44.4
1950 952 7.6 3522 1486 33.30 35.45 32.37 28.79 30.4
204 el 130 87 10.13  3.620 30.75 31.80 30.21 30.01 29.5
205 e 197 75 36.84  0.716 28.39 33.99 30.70 23.16 28.9
207l 179 65 2445  0.775 26.03 31.14 27.83 20.65 25.9
218 185 132  64.65 0.339 27.07 40.49 3853 34.49 37.9
219l 184 7.8 1251  2.060 28.23 29.69 27.11 2550 26.1
223 e 971 95 1833  1.809 30.03 31.67 28.84 26.45 27.1
225 21.2 100 75.92  0.706 33.47 39.64 36.64 30.91 35.4
229 12.3 6.1  43.73 4564 42.88 43.12 41.46 41.16 40.7
231l 279 117 5272 1371 35.61 3841 3552 32.61 34.2
232 35.0 29.8 434.10 0 ... ... 5658 ... 565
235 19.1 175 171.01 14.343 60.85 61.60 61.19 61.22 60.7
241 16.7 9.8 5027 0.878 32.08 38.00 3551 32.77 34.9
245 la 135 89  83.60 0478 31.37 41.68 39.44 35.57 39.0
26119 124 78 3913 1.084 31.80 37.04 34.79 33.09 34.4
268 1 19.1 157 3944  5.157 43.02 44.51 4354 43.55 42.9
276 4 235 65 1815 1.237 27.24 29.99 26.74 21.86 24.4
285 @bl 1454 27 825  1.700 23.87 25.41 2230 1853 19.8
287 234 105 40.85  1.750 35.53 37.57 34.91 33.03 34.6
288 1l 124 41 905  1.215 2213 25.09 21.93 17.54 20.2
209 @l 236 147 4836  1.042 33.03 38.41 36.12 34.28 35.7
300 21.5 10.2 202.36  2.071 48.20 49.80 47.33 45.99 46.2
301 36.1 244 693.65 0.662 48.85 57.42 55.30 52.92 55.6

Continued on next page
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ID Ve Vi o B hy hrr hrrr hpy o g
303l 141 82 4415  1.260 33.74 37.82 35.41 33.64 34.9
304 16.2 6.6 4817 2442 39.10 40.10 37.64 36.36 36.8
30700 210 38 1208 1.760 26.85 2829 2521 21.60 22.0
310 17.0 105 67.74  0.559 30.98 39.79 37.36 33.30 36.8
313l 167 102 13420 0432 34.03 44.33 41.83 36.14 41.1
314 146 9.3  159.93 0.118 26.00 45.27 42.83 20.25 42.1
331 133 7.0 37.94 0.598 27.32 34.81 31.98 26.29 31.1
340 29.1 25.6 1165.35 5.894 68.22 70.41 69.70 69.73 69.1
345l 174 106 4621  0.829 31.07 37.52 35.11 3248 34.3
346 157 85 21.81  1.997 31.98 33.99 31.67 30.56 31.0
364l 113 53 2034 0567 2247 29.84 26.77 19.22 254
384 21.1 121 47652 2.121 54.50 56.47 54.28 53.40 53.8
388 21.9 14.8 81.67 0542 32.10 41.88 39.74 36.72 39.4
390 19.7 16.7 95847 1.344 56.24 64.51 63.44 63.26 63.4
391 195 9.0 7246 1.323 37.63 40.75 37.96 35.30 36.9
410 31.0 27.3 901.17 2912 61.33 66.59 65.78 65.78 64.9
414 29.9 27.7 37526 12.707 65.61 66.90 66.49 66.53 66.5
419 24.7 162 329.97 0962 46.21 52.38 50.23 4852 49.8
425 17.6 123 4341  1.699 35.76 39.65 37.83 37.22 37.2
436 29.0 259 224.06 3.797 53.27 57.73 57.02 57.04 57.0
445 21.3 13.7 119.22 0.700 36.64 44.44 42.16 39.46 41.6
462 19.1 10.6 140.03 2.015 45.36 47.40 45.13 44.10 44.5
481 13.7 5.9 7770  1.046 36.45 40.43 37.44 33.43 35.8
486 332 264 624.60 1.059 51.46 59.57 58.16 57.65 53.1
503 (@1 148 105 2527  1.765 32.15 36.01 34.25 33.72 34.1
511060 181 98 4838  1.156 33.78 37.95 35.36 33.00 31.7
516 20.5 13.3 104.87 3.703 47.65 4854 46.92 46.70 46.3
518 155 87 7532 2391 4215 43.70 41.55 40.78 40.8
521 18.8 12.8 188.55 0.098 42.46 48.77 46.74 45.34 46.4
528 195 84 3725 1.525 33.89 36.33 33.54 31.11 324
529 185 102 3526 1779 34.60 37.05 34.69 33.43 34.0
536 12.9 9.3 61.78  3.332 43.11 44.72 4324 43.08 42.8
549 26.5 12.1 111.65 0.740 36.57 42.39 39.35 33.66 38.1
555 25.5 24.1 481.92 11.668 66.79 69.22 68.88 68.90 68.8
557 36.5 27.8 138.83 2.139 4573 49.47 48.00 47.75 47.9

Continued on next page
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Table 16: Terminal Heights (continued)

ID Ve Vi o B hr hir hrr hrv e
559 26.0 20.1 135.61 3.454 4899 51.04 49.76 49.68 49.6
561 16.0 11.7 154.14 2.817 4845 50.70 49.18 48.98 48.6

565 1@ 13.2 107 1257 4.913 3449 3595 34.93 3493 348
56719 234 81 101.02 1.560 41.19 43.28 40.32 37.33 38.7

7T 22.0 21.6 86.30 33.029 61.92 64.52 64.40 64.41 64.3
289 243 12.0 16795 1.549 4478 47.44 4483 4291 43.9
993 203 16.1 313.35 1.224 4756 54.78 53.38 52.95 53.1
998 179 11.1 118.26  1.471 41.90 45.61 43.41 4222 429
610 29.7 2577 38429 1.053 4794 5839 5742 5722 574
615 205 88  55.62 1.434 36.32 3898 36.15 33.49 34.9
626 (9 1350 10.0 3159 0.118 14.38 3557 33.74 22.76 33.5
628 289 21.6 600.34 1.850 55.17 59.35 5H7.78 57.41 57.6
635 355 185  96.63 1.883 42.22 44.32 4190 40.59 41.2
654 13.8 6.9  43.15 1.356 34.10 37.31 34.65 3240 33.8
661 309 175 21848 1.281 45.30 49.19 46.74 44.88 46.1
664 22.1 13.0 145.75  2.257 46.46 48.32 46.21 4547 458
669 [ 206 86  28.80 1.434 31.60 34.22 31.36 28.61 30.6

[

6724 137 100 2279  1.243 28.90 34.77 33.03 3229 327
[
[

683 4] 176 9.3  37.46 1.340  33.00 36.43 33.86 31.81 33.1
687 ld] 16.7 59 4283 0534 2737 3443 3097 19.27 28.9
702 28.7 19.9 306.92 0 o .. 4852 ... 482
708 15.7 10.8  63.51 1.727  38.60 42.29 40.42 39.79 40.1
715 31.7 279 14198 6.700 54.06 55.85 55.16 55.20 54.8
725 295 28.0 93.72 14.748 56.74 58.63 58.33 58.35 57.9
727 31.3 277 1160.73 2.100 60.80 68.00 67.20 67.17 67.2
741 31.9 285 370.61 3.764 56.81 61.32 60.61 60.63 60.6
751 189 89 4419 0377 25.10 3491 31.78 19.52 30.5
752 13.6 11.9  8.67 9.418 36.48 37.32 36.69 36.73 36.5
763 276 252 25430 4410 55.24 59.93 59.34 59.37 594
769 174 105  50.00 1.233 3447 38.84 36.52 34.88 36.0
771 ldl 171 7.8 4175 0.731 2944 3532 32.28 26.49 31.0
774 33.0 27.1 85.66 0994 36.78 45.99 44.74 44.32 44.7
776 13.1 10.0 33.21 0.497 4225 43.01 41.89 41.88 41.6
792 lal 173 7.7 3743  0.388 24.12 33.57 30.34 17.36 28.9
819 177 11.1 12390 1.034 39.71 45.18 4290 41.08 424

Continued on next page
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ID Ve Vi o B hy hrr hrrr hpy o g
823 25.0 19.4 32.61  4.927 41.33 42.42 4128 41.27 40.0
829 28.9 151 359.02 0.869 46.08 51.51 48.76 45.10 47.7
835 242 82  66.13 2474 41.46 4231 39.77 38.25 384
840 23.6 6.1 2235 1.766 31.28 32.81 29.81 26.73 27.7
843 36.5 33.7 642.92 4526 62.07 67.22 66.69 66.72 66.6
844l 149 98 2389 1.694 31.46 3491 3292 32.12 32.6
852 159 4.6 2127 2541 3353 3426 31.69 30.06 29.9
857 185 12.0 6252  1.224 36.02 40.87 38.74 37.43 38.3
860 23.3 17.6 33046 0.283 37.46 52.98 51.25 47.67 51.1
861 13.3 7.2 4982 2720 40.11 41.24 39.14 38.47 38.6
865 26.5 18.1 258.85 0.564 40.65 50.29 48.20 45.44 47.8
868 27.8 25.6 1234.31 9.416 71.99 73.94 7347 7351 73.4
871 23.9 202 134.32 0 . ... AT8T ... 478
872l 148 58 1234 0631 19.66 2598 22.68 14.15 20.8
873 16.5 14.8 927.96 5.170 65.65 68.89 68.24 6827 68.0
878 155 14.1 5870 1512 37.08 47.62 46.96 46.93 46.9
883 26.1 8.8 9553 2115 42.97 44.16 41.45 39.50 40.1
884l 124 83 2637 2569 3515 37.13 35.35 34.97 34.9
886 13.8 74  55.66 0 ... ... 3318 ... 320
888 el 255 9.0 31.85 1.171 30.87 34.06 30.92 26.57 29.2
892 28.9 6.2 3277 1514 32.92 34.84 31.65 27.45 289
901 32.6 27.3 636.32 0422 4501 60.28 59.10 58.13 59.0
902 29.6 224 447.06 2.547 55.35 58.29 56.85 56.65 56.7
920 16.7 127 31885 4.052 56.26 57.69 56.42 56.36 56.3
921 28.1 224 1077.86 8.721 70.47 70.77 69.96 69.99 69.3
925 @1 264 42 4287  1.503 34.79 36.67 33.42 28.70 29.8
929 35.0 30.1 342.27 2.944 5448 5895 58.03 58.01 53.0
930 lel 134 95 3875 1.052 3151 37.94 36.06 34.98 35.6
933 154 111 4380 1779 36.15 40.12 38.41 37.93 38.0
937 lal 179 64  40.19 0.881 30.50 34.96 31.69 25.49 29.8
947 24.9 24.0 77147 32917 77.58 7831 78.13 78.14 77.9
966 31.3 27.8 1384.16 0.604 53.14 68.34 67.51 67.23 67.5
967 30.0 15.0 239.38 0 ... 4309 ... 419
977 lal 233 94 3090 1.065 29.98 33.76 30.69 26.43 29.4
984 36.2 26.1 128.24 0 43.00 42.7

Continued on next page
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Table 16: Terminal Heights (continued)

ID Ve Vi o B hr hir hrr hrv e
995 28.9 26.0 240.98 4700 55.31 59.07 5842 5H8.45 bHRIY
996 26.9 14.1 59.56 2.133 39.65 41.36 39.04 3797 384

1010 184 10.1  71.58 1.378 37.84 41.28 38.79 36.98 38.1
1011 37.6 36.6 546.56 24.155 7290 75.26 75.10 75.11 75.0

The table columns are organized as follows: (1) The ID name of the fireball; (2) the
Ve which is the velocity of the body when it enters the atmosphere; (3) the terminal
velocity observed, Vi; (4) «; (5) 85 (6) hr; (7) hrr; (8) hrrr; (9) hry; (10) the observed
terminal heights h;. Velocities are expressed in [km/s], and heights in [km)].

Notes:

[aJProbable meteorite fall according to Halliday et al. (1996).

I This calculation corresponds to the Innisfree meteorite and it is based on the data
from Halliday et al. (1981), see Gritsevich (2008c). The total mass of the recovered In-
nisfree L5 meteorite was 4.58 kg (Halliday et al., 1981).The estimated pre-atmospheric
mass of the Innisfree meteoroid was around 35 kg (Ceplecha & Revelle, 2005; Gritsevich,
2008c). Pre-atmospheric data about the Innisfree meteoroid can be found in Table 10
of Chapter 3.
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Figure 21: Representation of derived terminal heights using Equation (37), h; versus the
observed terminal height, h;. Line indicating h;y = h; is also plotted.
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Figure 22: Representation of derived terminal heights using Equation (38), hy; versus the
observed terminal height, h;. Line indicating h;; = h; is also plotted.
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Figure 23: Representation of derived terminal heights using Equation (40), hrr; versus the
observed terminal height, h;. Line indicating h;r; = h; is also plotted.
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Figure 24: Representation of derived terminal heights using Equation (41), hry versus the
observed terminal height, h;. Line indicating hjy = h; is also plotted.
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Figure 26: Mass-loss parameter () against hyr; — hy. The vertical line indicates § = 3.
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Figure 27: Mass-loss parameter () against hyy — hy. The vertical line indicates § = 3.
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5.5 DISCUSSION

The results offered in the previous section clearly show that each of the four terminal
height formulations described achieve a different level of accuracy. According to the res-
ults in Table 16, differences between observational and analytical terminal height values
generally improved from hy to hy7, and from hjr to hrrr. It can be stated from Figure
21 that h; tends to underestimate the observational values. The standard deviation is
o = 4.11 km which is a bit higher than the typical error for MORP observational heights
(around 2 km, see Halliday, 1988). This result implies that the method proposed by
Gritsevich & Popelenskaya (2008) cannot be extended to be applicable for decelerated
fireballs without further modification, though it is usable to derive parameters of small
meteoroids with constant velocity (Popelenskaya, 2010). This is, Equation (37) should
lead to good results when [ values are high. In Figure 25 it can be noticed that for
£ > 5 the differences between derived and observed terminal heights are small. Note
that, this equation does not take into account the decrease in velocity close to the ter-
minal point of the trajectory.

As it can be seen in Figure 22, though differences between derived and observed
terminal heights (hy7, hy) have decreased, there is still a wide spread in the results. De-
viations are larger for low [ values and moderate for medium and large [ values.This
time the standard deviation of the results is ¢ = 1.52 km which is well within the
observational error. Besides, Figure 22 also illustrates that a global linear tendency
can be found. This indicates that this terminal height formulation, A;7, may provide a
reasonable first-order approximation to observations.

The modification made by introducing the proposed approximation by Gritsevich et al.
(2016) in the formulation leads to higher accuracy. As displayed in Figure 23 the agree-
ment between the calculated hry; and the observational terminal heights is very good.
Now, the standard deviation becomes o = 0.75 km. Despite the fact that observations
could carry different kind of errors: bad astrometric measurements, incomplete record-
ing of the luminous trajectory of the meteor, blurring effects, etc., the analytical values
deviate little from the observed ones. This could be explained if acknowledging that
the observations of MORP are indeed quite accurate and that the hjr; approximations
seems to work very good with the sample used, which even allows to derive terminal
heights in those few cases where 5 values are null.

Though the mathematical approximation achieved with Equation (40) provides a
global good adjustment, it can be noticed on Figure 23 that the best fit for hyy is for
those fireballs that terminate at higher altitudes. This result is expected since fireballs
which survive ablation reach lower atmospheric layers, and they have, on average, lower
values of mass loss parameter 5. Since the approximation Ay is supposed to show a
better performance for higher values of the mass-loss parameter, these differences were
expected to appear. Note that hyjy is the result of a simplification made on the analytic
solution of the equations of motion. Thus, despite including the mathematical modific-
ation suggested by Gritsevich et al. (2016) it may still be appreciated a residual error
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due to the original simplification assumed.

Finally, results for hyy are plotted on Figure 24. Once again, there exists a lack of
correlation between the observed and calculated terminal heights for low height values
(low g values). Note that now the differences between the calculated and the observed
terminal heights are negative. The explanation can be found in § values. As it has
been discussed, these approximations are thought to work efficiently for g > 3, and
its accuracy should only be considered for that range of results. Graphically, Figure
26, and Figure 27 show the relationship between the mass-loss parameter, and hj;r
and hjy respectively. The sudden change in accuracy is quite clear at the right side
of the dashed line indicating 5 = 3. Lower [ values show different levels of terminal
height accuracy. It is important to recall here that the mathematical functions derived
by Gritsevich et al. (2016) reaches its highest accuracy close to § =~ 2.89 for Ay and
to 0 ~ 2.1 for A;. This is clearly in line with what Figure 26, and Figure 27 show,
and shall help choosing between hy, hrr, hrrr and hpy when a case-by-case meteoroid
analysis is carried out.

Additionally, it is quite interesting to note that, for the MORP database, the use
of hyrr leads to better global results (including those fireballs with § < 3) than hjy;
conversely, hry shows better adjustment when only meteors with g > 3 are considered.
The global results for hry are biased by five cases at very low  values; hence, avoiding
the contribution of these events to the global accuracy the adjustment enhances dra-
matically.

According to the previous results it can be stated that the general accuracy im-
proves when using hyrr and hjy. Despite the mathematical formulation introduced by
Gritsevich et al. (2016) aims to solve accuracy problems for high 5 values, here it has
been explored its applicability for events that show low [ values. Further study should
be addressed but up to now it has been proved that the use of Ay enhances the global
accuracy of Equation (38). This is partially because this solution improves the accur-
acy at moderated [ values, which may include some of the meteoroids that are able to
penetrate to lower heights.

The formulation of Equations (37), (38), (40) and (41) require either two or three in-
put parameters («, 3, vy = V;/V.) which can be directly derived from the observations.
Sometimes the final part of the trajectory could not be visible or even recorded and
thus the terminal velocity may require further assumptions, but the derivation of v and
[ only needs three observed (h, V) points, one of which should be the entry point (the
entry velocity). Using these three points it is possible to obtain the remaining (h,V)
trajectory points from the adjusted fireball trajectory (see Whipple & Jacchie, 1957).
Though the terminal point of the trajectory would not be exactly determined using this
adjustment, a combination of this adjustment with other methodologies and/or hypo-
theses shall lead to a good estimation. Consequently, the dimensionless methodology
allows the calculation of the terminal height accounting for either two (« and () para-
meters for hy, or three («, 8 and V) parameters for hry, hyrr and hyy.
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Regarding the entry velocity (V¢), which is required to obtain « and 3, and to scale
the velocity values, in principle it is possible to consider it as another unknown and
derive it along with o and ( values as discussed by Gritsevich (2009). Future study will
be done on this subject in order to improve the methodology.

It is also notable, that Equations (37), (38), (40) and (41) outline the meteoroid height
as a function of time. Thus, the ability of predicting a terminal height may be directly
linked with the forecast of a total duration of the meteor phase (Moreno-Ibénez et al.,
2015a, 2017a). This can create a new scope to a new class of problems, such as, for
example, insights into the determination of luminous efficiency based on meteor dur-
ation and calculation of critical kinetic energy needed to produce luminosity. In the
future, several other tightly related problems may be considered, including a possibility
of determining the initial meteor height or deriving parameters o and [ without the
beginning part of a meteor trail. Furthermore, it is possible to tackle the inverse prob-
lem. There are still large amount of archived data and many new meteor registrations
for which the recorded deceleration was not significant, and/or it is in the order of the
observational errors. For these cases observed terminal heights will be crucial in setting
margins on possible o and [ values based on Equation (37). Some initial steps in solving
this problem were taken in Popelenskaya (2010).

Moreover, even for obviously decelerated and well-studied cases, such as Innisfree
meteorite (fireball No. 285 in Table 16), published terminal heights may differ depend-
ing on a taken data-reduction approach (e.g. 21 km in Halliday et al., 1981; 19.8 km
in Halliday et al., 1996) and, therefore, any additional theoretical constrains on the ter-
minal height and fireball duration may be very helpful.

Undoubtedly, the estimation of the terminal height has a strong impact on planetary
defense applications. Large objects that might release large amount of energy at low
heights and/or may become meteorite-droppers can penetrate below 40 km, with an
average terminal height of 29 km. As it can be derived from Figure 22, Figure 23, and
Figure 24 the approach presented in this chapter tends to overestimate the terminal
heights for bodies reaching heights below 40 km. Hence, the approximations Ay, hyry
and hry shall be taken with care when planetary awareness tactics are to be applied.
Note thought that the general solution described by Equation (28) is as accurate as the
observations available and it only require some computational outline. In addition, the
combination of o and  parameters could provide relevant clues on impact hazard (see
Gritsevich et al., 2012).

Finally, the results obtained prove the validity of using scaling laws and dimension-
less variables in meteor science problems. Particularly, it has been proved that this
methodology accurately retrieves one important meteor flight parameter (the terminal
height) for most members of a large data set.
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5.5.1 The PE criterion

It is interesting to analyse if the current approach could override the PE criterion intro-
duced by Ceplecha & McCrosky (1976) and reviewed in the Section 5.1 of this chapter.
The PE criterion has been proved to be useful to provide a first reliable approximation
on the type of meteor body that has been observed. This criterion basically provides and
estimation of the terminal heights for fast meteors by means of the atmospheric density
at that height. By introducing scale laws and dimensionless variables the derivation of
coefficients A, B, C coefficients of the PE criterion is replaced by the derivation of «
and (3 (only two parameters). Moreover, by definition, o and /5 gather all the unknowns.
Note that V. is also required to be known from the observations in the PE criterion.
In principle, a depends on the pre-atmospheric cross-section-to-mass ratio (the ratio
which can be easy converted into dependency on bulk density, pre-atmospheric mass
and shape coefficient) and trajectory slope v related to Zr. The mass-loss parameter
is proportional to pre-atmospheric velocity in power of 2 and inversely proportional to
the effective destruction enthalpy. Thus, it is obvious that a similar set of physical
parameters affecting the degree of deepening of meteoroids in the Earth’s atmosphere
are accounted for in both the PE criterion and a combination of o and 3 parameters.

Although Equation (25) is an empirical approximation, the PE criterion as described
by Ceplecha & McCrosky (1976) can be derived from the Single Body theory basic
equations. Thus any other mathematical approach that branches from these equations
shall lead to the same PE formulation. Using the Single Body Teory equations and
assuming no terminal mass (M; = 0), an isothermal atmosphere p/pg = exp(—h/hy),
and a negligible average meteoroid deceleration (< V? >= V2), Ceplecha & McCrosky
(1976) got:

—log pr = logo +log K — 0.33 - log M, + 2 -log Ve — log cos(Zg) + const.  (42)

In Equation (42) the nomenclature used in this chapter is applied, and Zp is the
zenith distance of the meteoroid radiant (trajectory angle to the vertical), o is the
meteoroid ablation, and K is the shape-density factor. Note that Equation (42) is
indeed the relationship between the PE and SD parameters (see Ceplecha & McCrosky,
1976). Now, if the dimensionless parameters « and /3 are adequately combined it results:

cq po-ho-Se-(1—p)-cp-V2 _
4-Me-siny-cq- H*
ca-po-ho-Se-(1—p)-0-V?
=1 43
og( 4- M, - siny (43)

log(a - B) = 10g<

Where:
1. From Levin (1956, 1961): S/S. = (M /M, )"

2. The shape-factor A = S/ (Volume)?/3
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3. The shape-density factor K = A- ¢4 p?/3, where p is the meteoroid bulk density.

4. The slope between the trajectory and the horizon at each time « is related to Zp
as cosZAp = siny

Including these definitions into Equation (43), it follows that:

= (44)

log(a- 8) = log (const.~K~a~(1—u)-V62)

Me(l_”) ccosZp - M(#=2/3)
2
=logo +log K + 2log V., —logcosZr — (1 — p) log Mg — (. — §) log M + const.

Equations (42) and (44) are quite similar. There are however some differences. The
shape parameter p is present at those terms accounting for the mass. As already ex-
plained in Chapter 2, 0 < u < 2/3. Nonetheless Bouquet et al. (2014) discussed that
most meteors show p = 2/3. In this latter case, the term depending on M could be
removed or considered negligible, and log M, would be multiplied by 0.33. Additionally,
there is no terminal height related term in Equation (44). This is because up to this
point only the combination of o and [ have been accounted for. The link between
these two parameters and the terminal heights has been outlined in the Section 5.3 of
this chapter. Consequently, the relationship between p; and log(« - ) could be more
complex than the formulation offered by the PE criterion. Note that o and 3 gather
most of the meteoroid flight parameters as described by the Single Body Theory basic
equations, and their values are obtained once the particularities of each meteoroid tra-
jectory are included in the study. These particularities vary with the observations and
assumptions considered at each event. Thus Equation (44) outlines a general formu-
lation where simplifications and further assumptions could be made according to the
event under analysis.

Following the assumptions made by Ceplecha & McCrosky (1976) (namely: no meteor
deceleration, meteoroid final disintegration and isothermal atmosphere), the resulting
scenario is that of h; in Equation (37):

hr  Inp _logpe

log po

= In(2af) = = log(2a8) = —log pr = log(2a83) —log po (45)

ho  Inpg
And then using Equation (44):

—log py = logo + log K + 2log Ve — log cosZr — 0.33log M, + const. (46)

It results that Equations (42) and (46) are exactly the same. While coefficients A, B,
and C in Ceplecha & McCrosky (1976) are derived via a least squares adjustment to
156 meteor trajectories obtained by the Prairie Network, their theoretical approach was
based on the assumptions that lead to the current h; formulation. Hence, if as discussed
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hr does not provide a good adjustment to the observed terminal heights, the PE criterion
suffers from similar inaccuracies. Moreover, since it has been proved that it is possible
to derive the PE criterion from a combination of two dimensionless parameters that
are directly retrieved from observations, it can be stated that Equation (44) provides a
more general classification criterion. This new approach relies on the observations and
does not need any approximation for unknown parameters nor an specific atmospheric
model (Lyytinen & Gritsevich, 2016), thus avoiding any model bias.

5.6 CONCLUSIONS AND OUTLOOK

The study carried out in this chapter has proved that it is possible to accurately
calculate the terminal heights of meteoroids only accounting for two parameters. This
was possible thanks to the introduction of the scaling laws and dimensionless variables
(Stulov et al., 1995; Stulov, 1997; Gritsevich, 2007).This methodology had only been
tested on several fully ablated fireballs with large 3 values by Gritsevich & Popelenskaya
(2008). It was then interesting to determine whether this new mathematical approach
works equally accurately with fully ablated fireballs and meteorite-producing ones, and
whether any additional modification could be applied to improve the accuracy and
extend the applicability range for the proposed methodology. The results shown in this
chapter are summarized in the following points:

1. Several simplifications of the terminal height formulation have been verified us-
ing an accurate data sample from the Meteor Observation and Recovery Project.
The use of Equation (37) that neglects meteor deceleration and is applicable to
fast bodies shows a standard deviation of ¢ = 4.11 km which seems to be high.
However, if a modification is introduced to account for some degree of decelera-
tion (Equation (38)) a linear tendency is found, and the global accuracy improves
notably (o = 1.52 km). This is the motivation to find a better adjustment. By
applying a newly suggested mathematical approximation function Equations (40)
and (41) provide different levels of improved adjustment. While Equation (40)
leads to 0 = 0.75 km, Equation (41) show some discrepancies at low 3 values.
This unexpected discrepancy of of hry can be explained due to five cases with low
[ values. However, in this case, the adjustment using the approximated function
Ap is more precise for values of § > 3 (see Figure 27). This is in agreement
with the results discussed in Gritsevich et al. (2016). Mathematically, these au-
thors concluded that close to 5 & 2.89 for Ag and at § ~ 2.1 for A; (provided
v € [0.3,1)) the difference between Equation (38)) and the resulting expression
using approximated functions is optimized. This statement has been tested with
a large amount of real cases in this chapter, supporting the analytical study.

2. The discrepancies between observed and calculated terminal heights found at low
[ values shall be studied in more detail. Typically, meteorite-droppers show low
[ values, which mean low ablation and thus, higher chances of survival. In other
words, tough bodies (such as ordinary chondrites) may be affected by this er-
ror. While these discrepancies could be due to simplifications arising from the
analytical solution, the mathematical modification introduced by means of the
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approximation function Ag is able to correct the global accuracy of the results
for the sample under study. The local deviation at low (§ are of particular relev-
ance for any planetary defense study. At low [ values the suggested calculated
terminal heights have lower values than observed values. This would mean that
any prediction about the atmospheric penetration of fireballs based on hyr or hyry
would indicate higher values that the observed ones. On the contrary, the values
suggested by hry would be lower than the real recordings. Note that given er-
rors attached to the observations (i.e., atmospheric conditions, whole trajectory
recording, resolution of the camera, etc.), this subject should be studied in more
detail.

. It is worth noticing that a good estimation of terminal heights opens new fields of
studies. First, it is possible to forecast terminal heights when the last part of the
fireball trajectory has not been recorded, which happens quite often. The more
number of recorded points, the better the accuracy (a and § do strongly depend on
the deceleration, and this is better described with an increasing number of (h, V)
trajectory observations), but it is still possible to obtain o and  with only three
recorded points. Depending on each event this may have little influence on their
derivation. This is quite advantageous if we consider a fast meteoroid because, no
more parameters are required (see Equation (37)). On the contrary, for decelerated
bodies with high 8 values, the missing (h,V) at the end of the trajectory could
be adjusted based on the rest of the trajectory data (Whipple & Jacchie, 1957).
Thus, as discussed in this chapter, V; (the terminal velocity) could be obtained
(provided some assumptions or extra data from other observational techniques)
for most of the registered fireballs and hjj; or hry could be derived.

Secondly, it is also notable, that meteor height may be expressed as a function
of time. Thus, the ability of predicting terminal heights may be directly linked
with the forecast of a total duration of meteor phase. This leads to a new class of
problems, such as, for example, insights into determination of luminous efficiency
based on meteor duration and calculation of critical kinetic energy needed to
produce luminosity.

. Direct comparison between hjr;r and hjy could be used for other purposes. The
results presented here correspond only to one fireball network. It is still difficult to
conclude whether hyyr or hyy would provide better general results for other fireball
network data. It could be interesting to find out whether hj;; is able to absorb
better the widespread in results for different 3 values. According to MORP results,
hrrr achieves a better global accuracy. This is in part due to the five cases that
bias the global accuracy achieved with hry. Nonetheless, it seems that terminal
heights of fireballs showing moderate [ values are more accurately determined
using hrrr. Resolving whether better global results are obtained either with Ayry
or hyy might be quite useful in two senses, to detect and avoid systematic errors
in database recordings, and to derive fast accurate results for large sets of data.

. The dimensionless methodology is able to describe in a simple way the phys-
ical event. Given the difficulties of deriving the exact values for some physical
properties (i.e. bulk density, shape, etc.) from the observation, the reduction of
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unknowns achieved with this methodology could be used as a powerful tool to
pursue a classification based on « and [ parameters (see Gritsevich et al., 2012).
In some cases it could be quite convenient to use hyrr or hyy and (8 to charac-
terize different events instead of using a combination of a and . Particularly,
members of meteor showers (generally carbonaceous chondrites) can be classified
using these two parameters, given the excellent behavior of hjr; or hyy for high
a and (3 values.

For significantly decelerated bolides and a few well-studied cases, such as the
Innisfree meteorite, the published terminal heights may differ depending on the
data-reduction approach used (e.g. 21 km in Halliday et al., 1981; 19,8 km in
Halliday et al., 1996). This not only affects the accuracy between calculated and
observed terminal heights for any individual fireball, but also the global accuracy
obtained for larger databases as studied here. Nonetheless, this could be taken as
an opportunity. The current approach could set constraints on terminal heights
and fireball flight duration values, which may help to put adequate restrictions
verification guidelines on the recorded values.

The PE criterion outlined by Ceplecha & McCrosky (1976) can be derived using
the current formulation. The mathematical definition of ov depends on the ratio of
pre-atmospheric cross-section to pre-atmospheric mass (a ratio easily convertible
to bulk density, pre-atmospheric mass and shape coefficient, all of these para-
meters are used in the PE criterion), and on the trajectory slope v related to
Z R of the PE criterion. Respectively, the mass-loss parameter is proportional to
pre-atmospheric velocity with a power of two and inversely proportional to the
effective destruction enthalpy. It has been proved that the PE criterion corres-
ponds to the mathematical expression of A; and thus it can be applied under the
same assumptions: no meteor deceleration, homogeneous loss of mass (1 = 2/3),
meteoroid final disintegration and isothermal atmosphere. However, here it has
been demonstrated that a more general formulation of the PE criterion which does
not need these assumptions can be outlined combining only a and  parameters.
Furthermore, this result reinforces the validity of the current approach to study
the atmospheric flight of meteoroids.

Future studies shall envision the calculation of terminal height to be useful when
the lower part of the trajectory was not instrumentally registered (e.g. limited field
of view of the camera, shadowing of fireball trail by other objects, weather con-
ditions, detection of meteoroids using radar techniques with limited observation
beam etc.). It also brings critical knowledge into the problem when one needs
to predict how long will be a total duration of the luminous flight or at which
height a fireball produced by a meteoroid with given properties would terminate.
Based on the current results the recommendation is to use of Equation (40) also
to solve inverse problem when terminal height and velocity are available from the
observations, and parameters a and [ need to be derived.



IMPLICATION OF THE
RESULTS IN THE IMPACT
HAZARD

6.1 INTRODUCTION

The work carried out in previous chapters for meteoroids with estimated radii between
1 to 10 cm is essential to understand the atmospheric behaviour of larger bodies. Despite
that the energy release per unit of time and the possible meteorite impact consequences
are different between centimeter-sized and tens-of-meters sized bodies, meteoroids in
both ranges of sizes experience similar physical phenomena during their atmospheric
passage. The goal of this chapter is to extrapolate the discussion held in previous
chapters to larger meteoroids and small asteroids. Note that, according to the IAU,
asteroids can be as small as 1 meter in diameter, and so this terminology is assumed
here (see also Chapter 1 for definitions).

6.2 IMPACTS OF LARGE METEOROIDS

The data set of Ursid meteoroids with radii between 1 to 3 cm studied in Chapter 3 is
an evidence of the meteoroid orbital evolution under the complexity of celestial mechan-
ics and the effects of non-gravitational forces. A better understanding of these processes
allows to constrain orbital meteoroid swarm evolution models (Trigo-Rodriguez, 2000;
Trigo-Rodriguez et al., 2005; Vaubaillon et al., 2005a,b; Téth et al., 2011). Besides, the
study of meteor showers is essential to gain understanding in the aggregation processes
that took place in the formation of their progenitors (Trigo-Rodriguez & Llorca, 2006).
Ultimately, this will contribute to shed more light on the mechanisms that lead to
cometary break-ups and mass loss, and even reveal the presence of extinguished comets
within the current NEO population (Jenniskens, 1998, 2006; Trigo-Rodriguez et al.,
2004a, 2007; Madiedo et al., 2013b). As stated by Jenniskens (2006) the study of meteor
showers may also announce the orbital change of their parent comet, and thus announce
a future impact of that larger body. Moreover, meteoroid swarms that cause meteor
showers could pose a risk on satellites either by direct impact, or by high energetic
plumes that may electrically charge the spacecraft and create overcurrents that can
affect critical satellite systems (Jenniskens, 2006). Finally, asteroids with slightly lar-
ger sizes (up to 100 m) are subjected to the same gravitational and non-gravitational
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effects in similar quantities than centimeter-sized bodies (Bottke et al., 2000). Hence,
the study of meteor showers and their parent meteoroid swarms is a suitable approach
to understand the orbital evolution of larger meteoroids.

While the Earth atmosphere is efficient in disintegrating small meteoroids, larger met-
eoroids can survive the atmospheric passage. Centimeter-sized meteoroids reach the top
of the atmosphere at hypersonic velocities with energies (Ej = 1/2- M, - V.2) between
1072 to 1076 kilotons. Most of this energy is deposited at high altitudes, mainly in the
mesosphere and lower thermosphere (or MLT) region of the atmosphere, as it was proved
in Silber et al. (2015) and revisited in Chapter 4, where the hazard to the local popula-
tion is negligible. Even though centimeter-sized meteoroids can ablate till an altitude
of around 20 km (see the terminal heights in Chapter 5, Table 16), these bodies usually
experience fragmentation and disruption into smaller fragments that rarely provoke air-
bursts (defined as a detonation in the air that yields an explosive load comparable to or
greater than a weapon of war). When these bodies survive the atmospheric passage, the
remaining meteorites deposit their remainig energy on the ground, where their ability
to create a small hole does not pose a serious damage. For instance, regarding the short
list of the recovered meteorites for which the atmospheric flight was observed (see Table
10 in Chapter 3), it can be noticed that half of them had a pre-ablation meteoroid
radius between 10 to 50 cm. Table 17 compiles the values of density, entry mass and
approximated radius (assuming a sphere shape) of those events of listed in Table 10 in
Chapter 3 that have a pre-entry size of 10 to 50 cm in radius. The values shown in
Table 17 bring to discussion two points. On the one hand, most of these meteoroids
have an estimated bulk density of 3500 kg/m?, which is the value used in Chapter 4 to
derive the flow regimes. Thus, the density assumption taken in that study is also valid
for centimeter-size meteorite-droppers. On the other, there are several cases (i.e. Bun-
burra Rockhole, Mason Gully, or Grimsby) that are close to the 1 - 10 cm meteoroid size
and are in line with the size range of the data set studied in Chapter 4. However, while
meteorite-droppers usually suffer fragmentation, the analysis of Chapter 4 was made for
high altitudes shock wave detections, close to the initial formation of the shock wave,
where abrupt deceleration or fragmentation are uncommon. Indeed, the data set chosen
complies with these facts. Although these phenomena shall be taken into account when
revealing the meteoroid flight regime and the onset of the shock wave, the inclusion
of fragmentation when dealing with the meteoroid flight regimes is complex and there
is not much work done in this regard (for a brief review see e.g. Silber et al., 2018b).
Basically, for large fragments the shock wave of individual fragments can play an effect
on other’s fragments shock waves which still remains to be studied. For meteoroids in
the range of millimeters and centimeters the initial shock wave could even disappear
after the fragmentation. The reduced size of the resulting fragments may suffer a lower
ablation intensity, the flow regime could change, and the generation of a shock wave in
the MLT region can be compromised (Silber et al., 2018b). It is therefore important to
revisit the effect of fragmentation on the identification of the meteoroid flow regimes and
the generation of the shock wave (Moreno-Ibanez et al., 2018). Unfortunately, given the
sporadic nature of these events and the recent implementation of infrasound techniques
within the fireball networks, the information compiled in databases is still poor and
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Meteoroid Density Entry Mass Radius Reference
Pribram 3700 1300 43.8 1], [2]
Lost City 3730 163+5 21.940.2 1], [3]
Innisfree 3500 35£2 13.440.3 1], [3]
Moréavka 3590 15004500 46.4+5.2 [4]
Neuschwanstein 3490 300£100 27.4+3.0 [5], [6]
Villalbeto

de la Pena 3420 5504150 33.7+3.1 (7], [8]
Bunburra

Rockhole 2700 224+0.3 12.5+0.1 [9]
Maribo 2100 1500 55.5 [10]
Jesenice 3400 170£80 22.943.6 [11]
Grimsby 3370 33+16 13.3+2.1 [12]
Mason Gully 3320 14 10.0  [10], [13]
Kirzevci 3500 50+25 15.1+2.5 [14]
Novato 3400 80£35 17.8£2.6 [15]
Dingle Dell 3450 81.6 17.8 [16]
Annama 3500 472 31.840.2 [17], [18]

Table 17: Radius of the instrumentally observed centimeter-sized meteorite falls (in [cm]).
The densities are given in [kg/m?3] and masses in [kg]; these values are taken from the
references in the last column: [1] Gritsevich (2008c); [2]Borovicka & Kalenda (2003); [3]
Ceplecha & Revelle (2005); [4] Borovicka et al. (2003); [5] Gritsevich & Stulov (2008); [6]
Spurny et al. (2003); [7] Llorca et al. (2005); [8] Trigo-Rodriguez et al. (2006); [9] Spurny et al.
(2012); [10] Borovicka et al. (2015a); [11] Spurny et al. (2010); [12] Brown et al. (2011);
[13] Dyl et al. (2016); [14] Borovicka et al. (2015b); [15] Jenniskens et al. (2014); [16]
Devillepoix et al. (2018); [17] Kohout et al. (2015); [18] Kohout et al. (2016).

could hinder the derivation of strong conclusions.

Terminal heights were calculated in Chapter 5 avoiding the necessity of assuming
or approximating the value of a set of unknown meteoroid properties and flight para-
meters, thus reducing the attached uncertainty. While the formulation outlined in
Chapter 5 does not include fragmentation, the implementation of fragmentation in the
formulation is possible if further work to adjust the change in the momentum of the
disrupted fragments is carried out. Centimeter-size meteoroids suffer minor fragmenta-
tion during its flight and the main meteoroid does not experience an abrupt change in
its momentum. It is at the end of their atmospheric luminous path (where the terminal
height is defined) that they can either disintegrate or experience a larger fragmentation,
thus allowing the inclusion of fragmentation in the equations of motion. In any other
situation, when there is a soft variation of the meteoroid momentum during fragment-
ation, the methodology outlined in Chapter 5 allows a straight-forward determination
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Meteorite Ve Vi Ut o B hops hr hir hrrr hpy Ref.
Pribram 20.89 20.46 0.98 834 13.64 44.80 38.86 44.96 44.82 44.83  [1]
Lost City 1420 340 0.24 11.11 1.16 19.90 23.27 26.19 22.83 17.06 [1]
Innisfree 1454 270 0.19 825 1.70 19.80 23.87 25.41 2230 1853 [1]
Neuschwan. 20.95 240 0.11 392 257 16.04 21.50 22.09 19.42 17.20 [1]

Bunburra

Rockhole 13.31  5.68 0.43 2523 1.3 29.59 31.12 33.53 30.74 28.29 2]
Annama 24.20 - - 825 1.70 21.80 23.87 - - - (3]
Dingle Dell 1544 3.24 0.21 928 142 19.12 2341 2555 2229 17.63 [4]

Table 18: Entry velocity [km/s|, terminal velocity [km/s], dimensionless velocity (Ve/V:), «
and [ parameters, observed terminal height [km] and the four derived terminal heights [km]
as described in Chapter 5 for some instrumentally observed meteorite falls with sizes within
a centimeter range. The last column indicates the references from which o and 5 were ob-
tained: [1] Gritsevich (2008c); [2] Sansom et al. (2015); [3] Trigo-Rodriguez et al. (2015); [4]
Devillepoix et al. (2018).

of the terminal heights. To further explore this statement the terminal height of those
meteoroids shown in Table 17 for which the o and [ values were elsewhere derived are
calculated. The same formulation outlined in Chapter 5 is used. The calculated and
the observed terminal heights for 7 meteorites are shown in Table 18. Note though that
as the terminal velocity of Annama meteorite is not available, only hy is derived.

The first thing to be noted from the results in Table 18 is that, in spite of experien-
cing fragmentation, the terminal height for these bodies can be correctly retrieved using
the approach of Chapter 5. This is relevant, as previous studies (Moreno-Ibéfiez et al.,
2015a, 2017b) proved the validity of using scaling laws and dimensionless variables to de-
rive the terminal height for meteorites on a one case-basis (Innisfree fall, Halliday et al.,
1981). Now it has been proved that a similar level of accuracy as that obtained in
Chapter 5 can be obtained for centimeter-sized meteorite-droppers. Moreover, the
methodology can be applied to meteoroids with a pre-atmospheric diameter close to
a meter (the pre-atmospheric radius of Pribram is around 44 cm) that suffer fragment-
ation (see Gritsevich, 2008c). This fact also proves that if the meteoroid atmospheric
trajectory can be accurately observed and the change of momentum due to fragmenta-
tion constrained, then the derivation of o, § and the terminal height is accurate. Note
that the change in the fragments’ momentum when they disrupt depends on the height
at which it occurs, the size of the fragments, the vapour-pressure produced when volat-
iles are released during break-up, and the resulting flight configuration (see Gritsevich,
2008c). This is for example the case of Pribram meteor (see Table 18). Its large § value
indicates that the intensity of the meteoroid ablation was large during its meteor phase.
Ablation is intrinsically related to mass-loss, and this can be experienced in several ways.
As for the Pribram meteoroid, the estimated mass of most of the 17 fragments observed
during its meteor phase (Ceplecha, 1961) were three orders of magnitude smaller than
the main fragment (Gritsevich, 2008c¢), thus not altering by much the momentum of the
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larger fragment and increasing the mass-loss and consequently the value of 5.

Secondly, it seems that the value of hyy achieves the best accuracy for all the events
displayed in Table 18. Note that, even though only h; was derived for the Annama
meteorite, this value only diverges 2 km from the observed one (which is well within
the standard deviation for hj estimated in Chapter 5, ¢ = 4.11 km). Annama was
a daylight fall which usually require more effort to be correctly analysed since the as-
trometric study (see Chapter 2) cannot be based on background stars. Hence, the use
of a mathematical approach using scaling laws and dimensionless variables could be a
reliable complement to retrieve further information in these situations.

The o« parameter for the events posted in Table 18 is generally low; only excep-
tion made for Bunburra Rockhole. Similarly, the g values are small with the already
mentioned difference of Pribram meteorite. As discussed by Gritsevich et al. (2012)
meteorite-droppers are located in a well constrained area in a Ina — In 8 diagram. The
diagram accounting for the meteorites listed in Table 18 is shown in Chapter 2, Figure 6.
From that figure it comes quite straightforward that meteor showers (i.e., Northern and
Southern Taurids) are allocated in a separated area of the diagram, and thus the use
of @ and [ can serve as fireball classification. This has been demonstrated mathematic-
ally in Chapter 5 through the reformulation of the PE criterion (Ceplecha & McCrosky,
1976) using a logarithmic combination of a and 3. Also, as suggested in Chapter 5,
the combination of 3 and the calculated terminal heights could be of use to understand
possible bias in meteor databases.

It was also discussed in Chapter 5 that the Equations (37) ,(38), (40) and (41) could
be used to derive the duration of the meteoroid atmospheric time till it reaches its
terminal height if only a limited part of the luminous trajectory is detected. This in-
formation allows the adjustment of photometric light curves and can be of interest to
describe the amount of energy per unit of time released by the body during its flight.
A combination of this information, along with the presence of the shock wave, and the
knowledge of the flow regimes’ evolution of a given meteoroid can be helpful to under-
stand the energy released per unit of time during the fireball flight.

Finally, the ability of a meteoroid to survive the atmospheric passage is related to the
aerodynamical load it can stand (Trigo-Rodriguez & Llorca, 2006, 2007; Popova et al.,
2011) and its flight configuration. The increasing air density that the meteoroid en-
counters along its descending path increases the load on the meteoroid according with
p- V2 (Trigo-Rodriguez & Llorca, 2006, 2007; Popova et al., 2011). Provided that the
meteoroid often exhibits a heterogeneous composition, fragile aggregate structure, high
porosity, and some spin, loading forces act differently and promote the meteoroid frag-
mentation. Thus, the rotating meteoroid could delay fragmentation if the increasing
aerodynamic load acts in a more favourable way. Flow regimes, shock waves and ter-
minal heights can also be useful to gain a deeper insight into the meteoroid bulk strength
and its macroporosity (e.g. Revelle, 2002). For instance, the stresses suffered by the met-
eoroid could be better estimated if the flow regime and the gas density in the shock layer
(if a shock wave is already generated at the first fragmentation point) are known. Also,
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as mentioned above, the terminal heights could be useful to outline the amount of energy
released by the body at a certain point. The more clues obtained for the meteoroid bulk
strength, its macroporosity and the orbit mechanics of a meteoroid, the better is the
understanding of the physical processes and evolution paths that meteoroids may have
experienced since their accretion (Blum et al., 2006; Trigo-Rodriguez & Blum, 2009a).
This ultimately is of relevance to outline and implement planetary defense tactics for
larger bodies.

6.3 EXTRAPOLATION TO METER-SIZED AS-
TEROIDS

The study of centimeter-sized meteoroids is essential to understand the underlying
physics of small asteroids. While the formers do encounter the Earth more often, the
later have proved to be a source of damage to the Earth in two ways: either by a direct
surface impact (resulting in a crater) or releasing most of its energy at low atmospheric
altitudes.

6.3.1 Past hazardous events

The last century was quite relevant in terms of meteoroid impact hazard caused by
meteoroids with diameters in the tens-of-meters range. Three large bodies encountered
the Earth during their orbits and the consequences were notable. Tunguska in 1908 pro-
voked a great devastation over a forest area of about 2150 km? in Russia (Chyba et al.,
1993; Vasilyev, 1998), and local inhabitants felt an Earthquake that was lately estim-
ated to range within 4.5 to 5 on the Ritcher scale (Chyba et al., 1993; Vasilyev, 1998).
The estimated energy released in the atmosphere was around 10 to 50 Mt TNT (1 kT
TNT = 4.185 x 10'2? J), and the airburst was able to bend down forest trees over an
area of around 100 km? (Chyba et al., 1993; Vasilyev, 1998). Probably all the meteoroid
was disintegrated in the airburst as no resulting meteorite was found. The radius of the
meteoroid was initially constrained to be about 20 - 30 meters (Chyba et al., 1993), and
has been recently revisited using more accurate entry models (Boslough et al., 2015) to
around 40 m.

One century later, on September 15", 2007, the local population of the Carancas vil-
lage (near the Lake Titikaka in the border between Peru and Bolivia) spotted the atmo-
spheric passage of another hazardous body (Le Pichon et al., 2008; Tancredi et al., 2009;
Kenkmann et al., 2009). This time several fragments corresponding to a H4-5 chon-
drite meteorite were recovered from the walls of the resulting crater (Le Pichon et al.,
2008; Tancredi et al., 2009; Kenkmann et al., 2009). The diameter of the crater dia-
meter had a mean value of 13.5 meters and a depth of 5 meters (Le Pichon et al., 2008;
Tancredi et al., 2009). The study of the crater dimensions and soil composition lead to a
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very constrained meteoroid velocity entry values, entry angles, and energy release. The
general conclusion delimits an entry angle of 60 degrees, the entry velocity lower than
16 km/s, the meteoroid initial diameter around 2 meters, and the energy deposition in
the atmosphere around 1 to 3 tonnes TNT (Le Pichon et al., 2008; Brown et al., 2008;
Tancredi et al., 2009; Kenkmann et al., 2009). Carancas was an homogenous mono-
lithic meteoroid with a likely strength larger than 20 MPa, which is higher than any
other meteoroid observed (Borovicka & Spurny, 2008; Popova et al., 2011). Hence, the
Carancas event clearly showed that the meteoroid strength shall be studied individually
for each event (Borovicka & Spurny, 2008).

More recently, (February 15", 2013) over the Russian region of Chelyabinsk, an-
other hazardous meteoroid was reported. The sonic boom associated with Chelyab-
insk caused serious damage in the surrounding building glassware (Brown et al., 2013b;
Popova et al., 2013). Note that this event took place only six years later than Carancas.
However this time, thanks to the dashcams that most Russian population have installed
in their vehicles for security reasons, there was a wealth of well reported observations
that eventually allowed to accurately retrieve the meteor trajectory (see Borovicka et al.,
2013a; Brown et al., 2013b; Popova et al., 2013). Furthermore, this was the first time
that important fragmentation was observed for meteoroids in this size. This meteor-
oid was an LL5 chondrite, had an entry velocity of 19.03 km/s, an entry angle of
18.5 degrees, and the atmosphere energy deposition estimated using infrasonic, seis-
mic and satellite data resulted in approximately 500 kt TNT (Borovicka et al., 2013a;
Brown et al., 2013b; Popova et al., 2013). The only crater found was a 9 meters hole
in ice, and was produced by the largest meteorite recovered from the bottom of the
lake. Chelyabinsk suffered a lot of fragmentation and thus, a wide variety of meteorites
with various masses were recovered. Chelyabinsk was 19 meters in diameter, and the
total mass recovered was around 2 tonnes (Popova et al., 2013). The main hazard of
Chelyabinsk was associated with the shock wave that broke roofs, doors and windows
causing more than one thousand of injured people (Tapia & Trigo-Rodriguez, 2017).

6.3.2 Potential hazard

Although the number of historical registered events is low, it is evident that early
detection and follow-up of bodies of tens-of-meters in diameter, together with the study
of the mechanical properties of their rock-forming minerals (Moyano-Cambero et al.,
2017) is crucial to understand the risk and develop adequate planetary protection tac-
tics. The astrometric follow-up of PHAs is of key relevance to understand some key
physical parameters of these bodies; more details can be found in the contributions
made by our group, i.e.: Trigo-Rodriguez et al. (2008), Trigo-Rodriguez et al. (2010),
and Moreno-Ibanez et al. (2015b). The current level of completeness of the size distri-
bution in observational programs is such that nowadays the new discoveries are mostly
limited to detect bodies with absolute magnitudes well below +16 (Pravec et al., 2012).
Basically focusing on small asteroids which are difficult to be detected due the unfa-
vourable combination of the distance, absolute magnitude and albedo, and thus mak-
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ing the detection of NEAs with tens-of-meters diameters complicated (Binzel et al.,
2004). Indeed, only in few cases a NEA impact was predicted beforehand i.e., 2008
TCs (Jenniskens et al., 2009); 2014AA (de la Fuente Marcos et al., 2016); or the re-
cent 2018 LA (de la Fuente Marcos & de la Fuente Marcos, 2018)). In the rest of cases
(Carancas, Tunguska or Chelyabinsk) the approach of the body happened without
previous warning. However, the impact from undetected objects could be more cata-
strophic. And example in this regard was the close Earth approach of the 660 m in
diameter NEO 2015 TBi45, whose closest orbital point to Earth was only 0.1 lunar
distances from Earth, and was discovered only twenty days before the close approxim-
ation (Miller et al., 2017). Although this object was catalogued as a NEA, its large
orbit eccentricity (e = 0.866) and inclination (i = 39.7°) suggest that it could be an ex-
tinct comet (Trigo-Rodriguez & Williams, 2017). Indeed, the number of detected Near
Earth Comets (NECs) is roughly 107, whereas the number of NEAs is way larger, 18617
(JPL website: https://cneos.jpl.nasa.gov). NECs are usually few kilometer in diameter
TNOs that decay to inner orbits after close planetary encounters and perihelion pas-
sages (Jewitt, 2008). Given their cometary nature (weakly bounded conglomerates icy
grains; Britt et al., 2002), these objects can fragment and create orbital related com-
plex of objects (i.e., 2P /Encke, Spurny et al., 2017b). The main disruption mechanisms
are probably an increasing spin of the comet or collisions with asteroids and meteor-
oids (Jenniskens et al., 2007). The range of sizes in the resulting complex of disrupted
fragments goes from dust particles to few kilometers in diameter objects. The comet-
ary complex objects can eventually become more compact (Binzel et al., 2004), thus
hindering its localization. In this line, the close encounter of NEO 2015 TBy45 brings to
discussion the current weaknesses in terms of planetary defense and detection of large
dark objects with high encounter velocities (this is, with high eccentric orbits). As sug-
gested by Trigo-Rodriguez & Williams (2017), some recent events (such as Damocloids,
Madiedo et al., 2013c) could set evidence of the existence of high eccentric comets with
high mechanical strengths. Besides, comets with high inclinations (and thus subjected
to a lower number of orbital collisions) may not be as fragile as previously assumed
(Jones & Williams, 2008). This fact shall be taking into consideration in future NEO
surveying projects.

In order to partially address the difficulties in the prompt detection of threatening
bodies the use of statistical approaches is implemented. For instance, D’Abramo et al.
(2001) suggested to use a re-detection ratio which considers that every NEA is equally
easy to be discovered given the impossibility of determining their exact population and
their accurate location. Boslough et al. (2015) derived a completion curve (a curve that
shows how frequent an impact from a meteoroid with a determined size is) using this re-
detection parameter, the absolute magnitude of the NEA, and the limiting magnitude
of a simulated survey involving 100, 000 synthetic NEA orbits. These results were also
calibrated and compared against previous completion curves. This curve shows for ex-
ample that Chelyabinsk-like events take place every 50 years, and suggests that the
disruption of rubble piles (bodies that result from the weak gravitational link between
several boulders) or even detachment of large boulders in high spin asteroids, partic-
ularly during close approaches with Earth, could play a role in increasing the impact
rate for bodies of few tens of meters in diameter (Trigo-Rodriguez & Williams, 2017).
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Indeed, according to Michel et al. (2001, 2002), most NEAs are rubble piles that can
ultimately be split easily under gravitational events and collisions, and thus give birth
to smaller asteroids. Given that up to date most of the identified PHOs are PHAs,
which usually originate in the MAB and are subjected to frequent collisions, it is expec-
ted that most of the meter-size bodies originated in larger objects show low strength
properties like for example fragile carbonaceous chondrites or fractured ordinary chon-
drites (Trigo-Rodriguez & Blum, 2009a,b; Popova et al., 2011; Moyano-Cambero et al.,
2017). Note that most catalogued NEAs are related to an ordinary chondrite composi-
tion (Pravec et al., 2012).

Although as stated by Boslough et al. (2015), large NEOs represent a tiny fraction of
the population but the large threat in terms of the ratio of impact probability to dam-
age consequences. The consequences of their encounter could generate blasts which are
able to devastate large areas as exemplified by Tunguska (Boslough et al., 2015). The
effectiveness of asteroids in the size of tens-of-meters to deposit energy at an optimum
height where the devastation power is higher, depends basically on the zenith angle,
the entry velocity, and the strength properties of the body (exemplified by the Tagish
Lake bolide; Brown et al., 2002b). This is, they can reach the troposphere at hyper-
sonic velocities, releasing an enormous energy at low altitude. For instance, Chelyabinsk
had a low bulk strength value that fostered its fragmentation (Popova et al., 2013) and
alleviated the amount of energy deposited at low heights. This is the most common
output that explains the relative absence of craters of few hundred meters in diameter
(Bland & Artemieva, 2003). Also, the damage caused by Chelyabinsk could have been
worst if the zenith angle would have been higher (Boslough et al., 2015). The effect
of fragmentation is essential to understand the mechanism, amount, and the altitude
of energy release. Depending on the fragmentation suffered, the resulting fragments
could maintain their flight close to the main fragment and fly behind the same shock
wave, thus keeping the energetic profile of the initial shock wave (Silber et al., 2018b).
However, more complex scenario could take place.

The airbursts that meter-sized bodies could create at low atmospheric heights can
reach energy levels of several Mt TNT, as it was the case of Tunguska (Chyba et al.,
1993; Vasilyev, 1998). While small asteroids could reach the surface and create a crater,
the hazardous consequences of such impacts are far less important compared to the air-
burst. Furthermore, as stated by Boslough & Crawford (2008), the asteroids with sizes
from few to hundreds-of-meters in diameter will continue releasing energy after their at-
mospheric disintegration. Due to their downwards momentum, the descending cascade
of energy will still propagate downwards and reach lower atmospheric altitudes (or even
the surface, explaining some tektite fields with no associated crater) thus enhancing the
heat transportation to the surface and their destructive power. The set of hydrocode
simulations carried out by Boslough & Crawford (2008) also revealed that, unlike war
weapons, low-altitude airbursts generate upward ballistic plumes. The formation of a
shock wave creates a low-density region at the rear side of the meteoroid (Silber et al.,
2018b) through which the expanding hot gas jet is able to propagate and reach back
higher atmospheric altitudes. Boslough et al. (2015) explains that this effect, called
plume, can be appreciated at altitudes of 300 km. At these heights the human presence
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is increasing with time. For instance, the International Space Station (ISS) orbits at
around 400 km, and private space travel companies are now offering space tourism trips
between sub-orbital heights and the ISS. Hence, plumes require further study since they
can become a potential threat to humans.

The combination of the collision probability and expected energy deposition at low
atmospheric altitudes serves to outline the two main current hazard predicting scales.
On the one hand, the Torino scale (Binzel, 2000) is generally used to illustrate the ci-
vilian population about the associated risk of a detected object. However, among other
limitations, it does not progressively re-evaluate the hazardous level of a NEO as the
uncertainty associated with its size is reduced (i.e., the body approaches the Earth and
new measurements can be carried out). Besides, the scale is not continuous and similar
objects can have very different classification ranks. On the other hand, the Palermo
scale (Chesley et al., 2002) includes an extra parameter to evaluate the hazard. The
background hazard is a normalization of the potential risk of an object over all the re-
gistered associated risks of other potentially hazardous objects detected in the meantime
of the impact of the studied object. The classification is therefore based on previous
and future statistics for similar objects. This is, it claims whether the threatening of
the studied object is lower, equal or higher than the rest of registered objects threats
before the date of the studied object’s impact. Unlike the Torino scale, the Palermo
scale is continuous, as it states the potential risk posed by a body considering the risk
level of the background hazard. All in all, these scales are useful to provide an impact
prediction in terms of quality, and they serve to concern about the likelihood and level of
an eventual impact, but they fail to quantify the potential damage that might be caused.

6.3.3 Application of the previous work on meteoroid hazard

While future implementation of planetary defense tactics will allow orbital tracking
of large meteoroids and meter-sized asteroids before collision with Earth, the current
sporadic nature of events like Chelyabinsk reduces the chances to obtain an accurate
atmospheric flight instrumental observation. In any case, the impact hazard challenge
comes from the aleatory (and unexpected) nature of the projectiles. This will ultimately
derive in difficulties to accurately determine their heliocentric orbit. For instance, as
discussed in Chapter 3, the study of the orbital evolution of these challenging bodies,
and their effects requires a precise knowledge of the pre-atmospheric flight parameters,
especially the velocity. Although the calculation of the meteoroid entry velocity has
been addressed by previous studies (see Ceplecha et al., 1998; Gural, 2012; Egal et al.,
2017), more work must be done in this regard. The expanded use of meteoroid clones
to map possible orbital trajectories helps solving this issue. However, constraints in the
numerical models (i.e., not inclusion of non-gravitational effects) do not allow further
accuracy. The validation of the preliminary parental association and orbital evolution
models, as done in Chapter 3, is constantly needed to solve the yet remaining questions
in celestial mechanics and to validate simulation assumptions.



6.3 EXTRAPOLATION TO METER-SIZED ASTEROIDS 131

In the same way that ablation provides centimeter-sized meteoroids with an hydro-
dynamical shielding so does it to meter-sized asteroids. Similarly, the flow regime at
which the shock wave is formed is not clear. The ability of these bodies to reach
low atmospheric altitudes at hypersonic velocities allows them to release most of its
energy at lower heights where the meteoroid and its disrupted fragments are under
continuum-flow conditions. Note that according to Equation (23) in Chapter 4, if the
same flight conditions are considered, the larger the meteoroid radius, the smaller Kn,
and thus the faster is achieved the continuum flow regime. The radius of Chelyabinsk
is around 10 meters, which is 3 orders of magnitude larger than the average radius of
the data set used in Chapter 4. Consequently (assuming equal flight conditions), the
flight flow regime of Chelyabinsk at the highest height the initial shock wave was ob-
served (90 km, according to Popova et al., 2013) is the continuum-flow regime. This is
so using both, the classical and Tsien’s scales. Indeed, the inclusion of the fragmenta-
tion and collateral effects (change in velocity, shape and direction, ablation rate, etc.),
creates a complex scenario that may require on the one hand understanding the com-
plete set of physical events occurring at very short timescales, and on the other, the
use of simulation tools (e.g., hydrocodes) capable of reaching such level of resolution
(Silber et al., 2018b). Reciprocally, determining the height at which the shock wave
forms shall provide relevant feedback to understand the fragmentation mechanisms, the
energy released per unit of time, and the flow regime at which it happens. For instance,
as discussed by Popova et al. (2013), the mutual separation distance of the disrupted
fragments of Chelyabinsk was long enough so as to let them decelerate sufficiently be-
fore reaching lower atmospheric heights, and also short enough to host them under the
same shock wave. This way, for favourable meteoroid orbital configurations, planetary
defense tactics could envision to fragment the threatening body before it impacts the
Earth. Moreover, as previously discussed, understanding the generation of the meteor-
oid shock wave and its flight regimes is a valuable help to unravel the meteoroid and
its parent’s bulk properties. This is obviously a very relevant input when selecting the
most adequate planetary defense or impact mitigation techniques to implement on a
given impact scenario. A summary of current planetary defense techniques is outlined
in Capozzi (2018).

The cascade of intense fragmentations that meter-sized projectiles can suffer can be
hard to follow with instrumental observations (see for example Borovicka et al., 2013b;
Popova et al., 2013; Gritsevich et al., 2014). The pre-atmospheric meteoroid splits into
several fragments that follow a normal distribution of sizes (Gritsevich, 2008c) with
different momentum and flight directions. These new bits can break apart into new
fragments with new velocities and trajectory vectors, and so on. Due to this, the de-
termination of the terminal height for any of these sub-fragments using the formulation
of Chapter 5 requires an accurate registration of momentum and trajectory direction
variations. Future improvements of this mathematical approach should at least ease
the analysis for certain well-constraint fragmentation models (see Chapter 1 for a brief
discussion), and reproduce the atmospheric energy release rate (note that the formula-
tion of the terminal heights calculated is time dependent) and the combination of entry
velocity and slope required to provoke certain level of damage to the Earth population
(via either by a direct impact or an energetic blast wave). In addition, the PE criterion
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was envisioned to understand the nature of fireballs subjected to no large fragmenta-
tion that deposit their energy at high altitudes, and to discuss their ability to penetrate
into the lower atmosphere (Ceplecha & McCrosky, 1976). According to the previous
discussion, for meter-sized bodies this criterion could be only applicable in certain frag-
mentation scenarios. However, as per Chapter 5 , the new PE criterion outlined could
be used as long as the values of a and 3 are accurately derived. This fact expands the
range of applicable events that can be added to this classification. Regarding meteor-
oids penetrating at lower altitudes, Boslough & Crawford (2008) outlined a two-type
low altitude airburst classification that acknowledges the limiting meteoroid size that
can hit the Earth surface. Thus, assessing the risks and damage that these penetrating
bodies could cause. Type 1 accounts for Tunguska-like events, and Type 2 for bigger
bodies able to melt Earth surface silicates that suffer a quick quenching right afterwards
to form glasses (i.e., the Libyan Desert Glass). The new PE criterion could be used to
expand this classification and reach a higher level of discrimination.

In terms of impact hazard simulations, there exist several asteroid impact simula-
tion applications and programs freely available in internet. Their purpose is to allow
any eager user to estimate the consequences that an impact of meter-sized meteoroids
like Chelyabinsk or Tunguska can cause. The different characteristics of these simulators
along with the simulation of a test case (Chelyabinsk) is discussed in Moreno-Ibénez et al.
(2016). The results suggest that despite of being very interesting tools for science dif-
fusion they need notable improvements prior to become powerful tools for scientific
analysis. This brings into discussion the need to develop reliable software tools that
allow the estimation of the impact hazard of different bodies, flight configurations and
impacting sites. This task can be quite challenging given that fragmentation and energy
release conditions require the evolution pattern of a set of variables. Furthermore, the
new phenomena identified (e.g., ballistic plumes, downward jets, and large-scale vortices)
shall be better adjusted in hydrocodes and included into impact risk awareness tactics
(Silber et al., 2018b). The work carried out in this thesis provides suitable informa-
tion and mathematical tools that shall be taken into consideration to undertake these
developments. Some possible utilities could be: the use of scaling laws and dimension-
less variables to reduce the uncertainty in mathematical models (Moreno-Ibéanez et al.,
2016); the exploration of the relationship between shock waves and fragmentation to
help introducing and refining efficiency factors in meteor flight models and to understand
the evolution of the atmospheric energy release per unit of time; the implementation of
meteoroid clones to sample the measurement uncertainties; etc.

6.4 CONCLUSIONS

The work carried out provides relevant understanding about the physics behind the
entry of meter-sized bodies in the terrestrial atmosphere. In this chapter the focus was
set in understanding the implications and lessons learnt concerning impact hazard. The
main conclusions of the discussion held in this chapter are:
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. The study of bolides produced by more frequent centimeter-sized bodies is funda-
mental to constrain the impact hazard associated with meter-sized PHAs. Recent
impact rate estimations indicate that these small asteroids produce much frequent
hazard that previously known.

. To gain insight on meter-sized events means to have new clues to validate cur-
rent analysis models (e.g. atmospheric flight, ablation, energy release and impact
consequences) and assumptions.

. As stated by Bottke et al. (2000), the orbits of asteroids with sizes up to 100
m suffer the same gravitational and non-gravitational effects in similar quantities.
This fact implies that a better comprehension of the orbital evolution of meteoroid
swarms produced by cometary material detachment, catastrophic disruption of
NEAs, or by detachment during close approaches can be fundamental to predict
the impacts of larger bodies.

. Meteor showers can also state the presence of extinct comets in the NEO pop-
ulation as it is well exemplified by the discovery of 2015 TBy45. The study of
meteoroids associated to these PHAs can provide clues about the strength and
composition properties of these challenging bodies.

. Concerning their ability to penetrate deep into the atmosphere, most meteoroids
have structural defects caused by their collisional histories (e.g. Chelyabinsk) that
shall be accounted for, but others are monolithic and high-strength materials that
can excavate craters and pose in risk human beings (e.g. Carancas). In view of
that, our modelling efforts should be addressed to study the ability of meteoroids
to reach low altitudes as a function of the different degrees of fragmentation that
the bolide experiences during its atmospheric flight.

. Once a meteoroid or small asteroid is fractured in the atmosphere, the fragments
could continue their flight under different flow regimes and change the surrounding
conditions that promote the generation of a shock wave or compromise the exist-
ence of an already existing one. Moreover, it is unknown how the shock waves of
the fragments may interact with one another. Consequently, the formation, con-
figuration and evolution of the shock wave when there is fragmentation requires
further study.

. The inclusion of fragmentation in the meteor dynamic equations is complex and
generally it is done assuming well constrained scenarios. For the mathematical for-
mulation used in this thesis, the calculation of the terminal heights accepts certain
degree of fragmentation. Indeed, for approximately half of the current meteorite-
droppers (with few-centimeters sizes) for which the meteorite was recovered and
the atmospheric trajectory observed, the terminal heights were accurately derived.
Thus, as long as « and [ parameters can be accurately retrieved the terminal
height can be calculated and the PE criterion implemented. This opens the doors
to new impact hazard classifications and simulation scenarios.

. The ability of a meteoroid to release energy is related to its terminal height and
to the flow regime. While centimeter-sized meteoroid release most of their energy
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at high altitudes and mainly in the MLT region. Asteroids in the range of tens-
of meters reach lower altitudes were the energy release could occur in the form
of an airbursts (e.g. Tunguska). Although some of these latter meteoroids may
reach the ground at high velocities and therefore create a crater, the low-altitude
airburst and the phenomenology associated are more hazardous.

The methodologies carried out and the results obtained in the previous chapters of
this thesis are valuable information that shall be considered for planetary defense
assessment and improvement of current numerical models such as hydrocodes.



CONCLUSIONS AND FUTURE
WORK

The main goal of this thesis has been to provide a deeper understanding on the phys-
ical and dynamical properties of large meteoroids disrupted from asteroids and comets
during and before their ablation in the Earth’s atmosphere. These bodies may pose a
serious hazard to Earth and so this study tries to unravel relevant clues that help im-
plementing planetary defense tactics and mitigation actions. For instance, the highest
hazard source are those meteoroids that yield large quantities of energy at low atmo-
spheric altitudes. Although these bodies may disintegrate at that point, the kinetic
momentum is able to transport most of the energy downwards to the Earth’s surface in
different ways (i.e, shock, thermal waves, radiation, etc.) that will devastate large areas.
The work presented in previous chapters provides a multidisciplinary approach to the
analysis of the Earth’s impact of meteoroids with radii between 1- 10 cm. These bodies
can be quite limited source of danger, but the analysis implemented have demonstrated
the necessity of modelling and understanding these bodies to assess the risks and effects
of the impact of larger hazardous bodies. The results outlined in these chapters can also
be of interest to different scientific communities such as (but not limited to) astronomy,
aeronomy, shock physics, meteor science, and near-Earth object (NEO) research.

In summary, the most relevant conclusions of this thesis are:

1. The prevention of future hazardous meteoroid impacts starts by understanding
the dynamic evolution of the impactor, and their bulk physical properties. The
gravitational and non-gravitational effects that cause changes in the orbital evolu-
tion of meteoroids also makes it difficult to identify and track their parent bodies.
Since these dynamic processes affect meteoroids with a range of diameters between
1 cm to 100 m in a comparable way, the study of meteor showers can be used to
obtain additional information about the nature and evolution of larger bodies. In
addition, the study of meteor showers could inform about the existence or the
return of hazardous comets, or provide clues on the presence of extinct/dormant
comets in the NEO population which can be large, compact, and impact at high
velocities (due to their high eccentricity). Also, this knowledge is useful to build
up a catalogue of possible hazardous bodies, their bulk physical properties and
their impact consequences. The observation and orbital analysis of the extraordin-
ary and periodical Ursid meteor shower outburst (Chapter 3), that occurs when
its parent comet (8P/Tuttle) is at its aphelion, is an illustrative example of the
orbital dynamics complexity and the interest of understanding the orbital evolu-
tion of meteoroid streams. In this case, those meteoroid trailets detached from
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the comet 620 years ago, are able to dynamically evolve to a different fixed orbit
than that of the 8P /Tuttle.

Those meteoroids detached from asteroids that reach the Earth can be used to ob-
tain more information about their NEAs parents. Indeed, if the pre-atmospheric
orbit of an impacting meteoroid can be accurately retrieved, it is possible to or-
bitally link it to a NEA and so to constraint the orbit dynamics of this latter
body. However, the orbital behaviour of NEAs changes rapidly in the short-term,
thus making it complicated to accurately predict their position. This implies that
identifying a parental relationship between a meteoroid and a NEA requires both
the accurate determination of the meteor sky radiant and the entry velocity to
obtain a very accurate heliocentric orbit. Also, the observational uncertainties in
the observation of NEAs shall be acknowledged. The reduction of the uncertainty
in the meteoroid entry velocity has been the goal of previous studies, however,
more work must be done in this regard. In this sense, future work on the for-
mulation used in Chapter 5 will allow the simultaneous derivation of the entry
velocity along with a and 8 parameters from the meteor trajectory observations.
In Chapter 3 a set of meteoroid clones to map possible uncertainties when obtain-
ing the meteoroid pre-atmospheric orbit, along with a dissimilarity criterion have
been used to state a likely relationship between the meteorite Annama and the
NEA 2014UR116. Note that although numerical clones are required to claim such
parental relationships, many times these are not used. The lessons learnt on celes-
tial mechanics are particularly relevant for bodies like Chelyabinsk as, they help
gaining understanding in the delivery mechanisms (i.e., resonances after collisions)
that put these meteoroids into the Earth’s path.

Studies of meteoroids entering the Earth’s atmosphere offer insight into the char-
acteristics of these objects, as well as the conditions under which they produce
shock waves. Despite recent advancements in meteor science, the classically de-
rived flow regimes of meteoroids in the centimeter size range have never been
validated against a well-constrained observational data set. Validation and better
characterization of the flow regimes associated with bright meteors are essential
for further considerations of the onset of shock waves produced by these objects
in the upper atmosphere, as well as for developing new atmospheric flight models,
the examination of ablation processes assumptions, and the improvements of the
studies derived from meteor observations. A key result of this thesis is that the
shock wave of centimeter-sized meteoroids might be already formed under slip-flow
conditions (or even during the late transitional-flow regime). It is also presented
that the formation of an hydrodynamic shielding has an effect on the Knudsen
number calculation and that a classical approach shall be disregarded in favour of
a formulation that accounts for viscosity effects and where the reference frame is
attached to the meteoroid’s surface.

. Infrasound is a way to detect the entry of large meteoroids in the Earth’s atmo-

sphere, or detecting large blasts associated with their disruptions. Coupled with
other techniques it enhances the monitoring and detection of meteors and per-
forms as a reliable tool to validate meteor flow regimes. The use of infrasound
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data is indeed essential to detect the existence of the shock wave, which is of
valuable interest to derive the meteoroid mass or the energy released. Given that
the shock wave is a consequence of the energy deposited by the meteoroid, further
association with the meteoroid flow regimes can reveal other relevant clues on the
meteoroid flight parameters that are required to deposit this energy. However, the
infrasound technique still requires more development and improvement to provide
alone sufficient insight into these parameters.

. The analysis of the flow regimes in larger bodies that experience intense fragment-
ation is not straight-forward. Disrupted fragments could change their velocity,
shape and trajectory, thus changing the flight flow regime conditions. Whether
the pre-fragmentation shock wave will remain, or the formation of separated shock
waves will interact somehow between them do still require more study. Possible
future expansions of the work carried out in Chapter 4 could envision the ana-
lysis of the flow regimes for centimeter-sized meteorite-droppers that show well-
understood fragmentation patterns. Chapter 4 also focuses on meteoroids in the
centimeter size that release most of their energy at high altitudes, mainly in the
MLT region, where the flow regimes are less understood. However, meter-sized
bodies are capable of reaching lower altitudes at hypersonic velocities where they
deposit most of their energy. Moreover, these bodies yield high energy levels
through an intense airburst. If disintegrated in the airburst, the high kinetic
momentum propagates the released energy downwards to the surface where their
destructive power is higher than crater-forming events. The study carried out in
this work can set the basis for a new scope of approaches to deal with the yet
remaining open questions in this regard.

. Another valuable outcome of this thesis is that the mathematical formulation
used allows to make predictions concerning the terminal heights of large bolides.
For meteoroids with diameters in the centimeter to meter size it is possible to
accurately determine their terminal height (the last point of their luminous tra-
jectory). This height is important, as it determines the ability of a meteoroid
to penetrate to deeper altitudes, outlines its rate of energy deposition, and can
constrain the critical kinetic energy to produce luminosity. Here, the implement-
ation of a recently developed mathematical formulation results in the accurate
derivation of the terminal heights of centimeter-sized fireballs (Chapter 5), and
tens-of-centimeters to one-meter sized (in diameter) meteorite-droppers (Chapter
6). The results obtained for meteorite-droppers demonstrates that the current
formulation can be applied to accurately calculate the terminal heights even if the
meteoroid experiences fragmentation. Furthermore, this thesis acknowledges that
the terminal heights can be obtained if only a reduced set of points is observed at
the beginning of the meteoroid atmospheric flight. Hence, the knowledge of the ac-
curate terminal height is also interesting to refine data derived from observations,
and to complete missing trajectory information.

. The renewed PE criterion outlined in Chapter 5 could help to assess the level of
hazard associated with a meter-sized meteoroid. As seen in Chapter 5, this cri-
terion can be constrained in most cases to a dependency on o and 3 parameters.
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CONCLUSIONS AND FUTURE WORK

Previous studies on this subject showed that a meteoroid classification consider-
ing the combined values of a and  parameters can describe the type of event in
hand. Here, a deeper exploration of the combination of o and 3 yields a broader
and more general formulation of the PE criterion (commonly used to set such a
classification). While previously the PE criterion was envisioned to provide an em-
pirical classification of fireballs that experienced little fragmentation, the renewed
PE criterion could be implemented to meteorite-droppers. Future work will be set
on analysing how this renewed formulation of the PE criterion could contribute
to enhance meteoroid impact hazard scales and planetary defense assessment.

Finally, the technological update of observational instrumentation is based on
the prospective research focus. The results obtained in Chapters 3, 4, and 5
are valuable information to the planetary science community which may request
new devices’” designs for their observations. In terms of impact hazard simulation
tools, current hydrocodes have been determinant to gain insight into the impact
phenomenology and the meteoroid energy release at different altitudes. These
hydrocodes focus, however, on a specific item of the impact. Currently there
is no simulator able to outline the complete impact scenario and it is expected
that the outcome of this thesis will become valuable input for improving such
simulators. It is also worth mention that the mathematical approach used in this
thesis can be implemented under different atmospheric density profiles, hence, it
can be potentially applied to study impact hazard in other planets under future
exploration, like e.g. Mars.



APPENDIX

139






LIST OF SYMBOLS

Symbol Definition

a Constant.

A Shape factor of meteoroid.

Ae Pre-entry shape factor of meteoroid.

Ao Simplification function used for the terminal height calculation.

Ay Simplification function used for the terminal height calculation.

b Constant.

c Constant.

cd Drag coefficient.

cp Heat-transfer coefficient.

Cp Specific heat coefficient at constant pressure.

Cs Local speed of sound.

Cy Specific heat coefficient at constant volume.

d Meteoroid diameter.

D Distance between two meteor trajectory points.

Dy Dissimilarity criterion of Jenniskens (2008).

Dgy Dissimilarity criterion of Southworth & Hawkins (1963).

E Energy.

Ey Kinetic energy.

g Earth gravity constant.

h Height.

he Observed entry height of the meteor.

hy Radiant altitude of the meteor.

hy Observed terminal height of the meteor.

hr First approximation of the calculated terminal height of the meteor.
hrr Second approximation of the calculated terminal height of the meteor.
hrrr Third approximation of the calculated terminal height of the meteor.
hry Fourth approximation of the calculated terminal height of the meteor.
ho Scale height.

H* Effective destruction enthalpy.

I Radiation efficiency.

Continued on next page
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Symbol Definition

k Boltzmann constant.

- also, a constant used to adjust trajectory information to an exponential
curve.

K Shape-density parameter.

Kn Knudsen number.

Kn, Knudsen number referred to the meteoroid surface.

[ Mean free path of the gas molecules.

Ly Mean free path within the hydrodynamic shielding.

L Small distance increments along the meteor atmospheric trajectory.

- also, the characteristic length scale of the body immersed in the gas.

m Dimensionless meteoroid mass.

Mg Mass of a meteor atom.

M Meteoroid mass.

- also, molar mass of the gas.

M, Pre-entry meteoroid mass.

My fra Mass derived from infrasound information.

M, Absolute visual magnitude.

Ma Mach number.

ng Measurement inaccuracies at a time (t) in a stochastic process.

Q Angle between the two planes that contain the meteor trajectory and
the observing station.

r Radius of the meteoroid.

- also, meteor population index.

R Universal constant of the gases.

Re Reynolds number.

Ry Blast (or characteristic) radius.

S Dimensionless middle section area of meteoroid.

Se Dimensionless pre-entry middle section area of meteoroid.

S Middle section area of meteoroid.

Se Pre-entry middle section area of meteoroid.

t Time.

- also, characteristic flow time.

T Temperature in the shock layer.

Tw Temperature of the meteoroid surface.

Ty Temperature in the vapour cloud in front of the meteoroid.

To Temperature of the ambient air.

v Dimensionless meteoroid velocity.

Continued on next page
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Symbol Definition
- also, the velocity of a fluid.
v Dimensionless meteoroid velocity at the terminal height.
- also, inherent noise at a time (t) in a stochastic process.
Vv Meteoroid velocity.
Ve Pre-entry meteoroid velocity.
% Average velocity of the vaporized molecules.
Vy Geocentric velocity of the meteoroid.
Vi, Heliocentric velocity of the meteoroid.
Vi Meteoroid velocity at the terminal height.
Tt State vector at a given time (t) in a stochastic process.
Ut Previous state of the system at a time (t) in a stochastic process.
Y Dimensionless meteoroid height.
Yt The observed state vector at a given time (t) in a stochastic process.
ZR Zenith distance of the meteor radiant.

Greek Symbols
« Ballistic coefficient
o Number of electrons that are created per unit of distance of the meteor

path.
ay Right ascension of the meteor radiant.
0 Thickness of the boundary layer.
dg Declination of the meteor radiant.
6] Mass loss parameter.
6/ Ionization coefficient.
y Slope between horizon and the meteor trajectory.
- also, the specific heat ratio.
K Shape factor.
Shape-change coefficient.

- also, dynamic viscosity coefficient.
v Intermolecular collision rate.
p Gas density.
£0 Gas density at sea level.
Pm Meteoroid bulk density.
Pt Gas density at the terminal height.
o Ablation coefficient.
- also, the Stefan-Boltzmann constant.
T Characteristic time in a fluid.

Continued on next page
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Symbol Definition

- also, the luminous efficiency factor.
Orbital Elements

a Semimajor axis.

e Eccentricity.

1 Inclination.

Q Longitude of the ascending node.

w Argument of periapsis.

M Mean anomaly at the epoch.

T Tisserand parameter.

Vg Secular resonance with Saturn.

Ao Solar longitude.
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Ablation: is a mass-loss process that bodies entering the atmosphere experience due
to the increasing air density.

Airburst: is a detonation in the air that yields an explosive load comparable to or
greater than a weapon of war.

Asteroid: is a small and often irregularly shaped celestial body. An asteroid shall
be larger than a meteoroid, it must not behave as a comet, and must not comply with
the definitions of planets and dwarf planets coined in the IAU 2006 General Assembly.

Asteroid Absolute Magnitude, H: is the visual magnitude that an observer would
record if the asteroid is placed 1 AU away, 1 AU from the Sun, and at a zero-phase angle.

Astronomical Units: is the average distance between the Earth and the Sun, which
is 149,597,870,700 m (~150 million kilometers).

Background Hazard: is a normalization of the potential risk of an object over all
the registered associated risks of other potentially hazardous objects detected before
the impact of the studied object.

Bolide: is a meteor whose brightness magnitude reaches or overcomes that of Venus
(—4). It can also be referred as fireballs.

Boundary Layer: is the fluid layer in the vicinity of a body’s surface where the
viscosity effects are significant.

Carbonaceous Chondrite: is a type of stony chondritic (this is, that contains
chondrules) meteorite that is usually characterized by particularly high abundances in
carbon and water. Some of the most primitive recovered meteorites are of this type. Car-

bonaceous chondrites are divided into 8 groups: CB, CH, CI, CK, CM, CO, CR and CV.

Centaurs: are small bodies orbiting the Sun between Jupiter and Neptune. These
objects can cross the orbits of the giant planets.

Comet: is a body made of rock, organic compounds and ice, being typically kilometer-
sized and orbiting the Sun.
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Crater: is the resulting hole on an icy or solid terrain caused by a meteorite impact.

Dark Flight: is the last leg of the meteoroid atmospheric flight. It occurs when the
ablation is over, and there is no related emission of light.

Filament: is the cometary material that was detached from its parent comet so long
ago that gravitational and non-gravitational effects have effectively distributed it along
the orbit, or an evolved one, of the parent comet.

Fireball: is a meteor whose brightness magnitude reaches or overcomes that of Venus
(—4). Tt can also be referred as bolide.

Fireball Network: is a group of stations that are arranged under the same ac-
quisition and reduction software and procedures, and are usually ruled by the same
organization. They often comply with the same institutional requirements.

Flow Regime: is a classification used in fluid dynamics to outline the state of a
fluid and the physical and mathematical approach to be implemented related studies in
that state.

Halley Type Comet, HTC: is a comet with an orbital period smaller than 250
years, usually between 20 and 200 years. These comets are thought to be originated in
the Oort Cloud and are controlled by the gravitational influence of Jupiter.

Hydrodynamic shielding: is a local increase of the air density in the front face of a
meteoroid that impacts the Earth at hypersonic velocities. The incoming air flux that a
meteoroid encounters either removes or ionize the meteoroid surface particles at a high
rate, and so these particles have not enough time to move away from the surface, thus
increasing the local density and hindering further high-energy impacts of air molecules.

International Astronomical Union, IAU: is a scientific entity born in 1919 de-
voted to promoting and safeguarding the science of astronomy in all its aspects through
international cooperation.

Infrasound: is a low-frequency (< 20 Hz) sound lying below the human hearing
range and above the natural oscillation frequency of the atmosphere.

Interplanetary Dust or Zodiacal Dust: is finely divided solid matter, with
particle sizes in general smaller than meteoroids, moving in, or coming from, inter-
planetary space.

Jupiter Family Comet, JFC: is a short period comet controlled by the gravita-
tional influence of Jupiter. These comets are originated in the Kuiper Belt.
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Kirkwood gap: is a regions within the mean asteroid belt where the density of
asteroid is lower, probably depleted by the effect of gravitational resonances.

Knudsen Number, Kn: is a fluid dynamics dimensionless number that compares
the molecular mean free path of the fluid to a characteristic size. When there is an
object immersed in the gas the characteristic size corresponds to one size of the object.

Kuiper Belt: is a disk-like region between 30 and 55 UA (beyond Neptune) that
consists of small icy bodies.

Long Period Comet: is a comet with an orbital period greater than 200 years.
These comets are thought to be originated in the Oort Cloud.

Mach Number, Ma: is a fluid dynamics dimensionless parameter that compares
the velocity of an object immersed in a fluid to the local sound speed in the fluid.

Mean Asteroid Belt, M AB: is one region of the Solar System where the density of
asteroids orbiting the Sun is larger. It is located between 2 and 4 AU, this is, between
Mars and Jupiter.

Mean Motion Resonance: is an orbital resonance where the ratio of the orbital
periods of two bodies is a small integer.

Meteor: is the bright phenomenon associated with the atmospheric passage of a
meteoroid through the Earth atmosphere.

Meteor Shower: is the sudden increase of meteor events occurring during a period
of time and apparently radiating from the same point in the sky.

Meteor Shower Outburst: is defined as a notable increase in the annual meteor
shower activity.

Meteorite: is a meteoroid that survived the atmospheric passage and reaches the
Earth’s surface.

Meteorite-dropper: refers to those superbolides that may be followed by a meteor-
ite fall.

Meteoroid: is a solid natural object of a size roughly between 30 micrometers and
1 meter moving in, or coming from, interplanetary space.

Micrometeorite: is that interplanetary dust that may survive to atmospheric de-
celeration with partial or no surface melting at all and can be deposited on the Earth’s
surface.
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Near Earth Asteroid, NEA: refer to those NEOs which are asteroids.
Near Earth Comet, NEC: refer to those NEOs which are comets.

Near Earth Object, NEO: are comets and asteroids that orbit in the near-Earth
environment, this is with perihelion distances below 1.3 AU.

Oort Cloud: is a theoretical spherical distribution of mainly icy debris that is loc-
ated in the edge of the solar system. Between 5,000 and 100,000 AU. The bodies within
this cloud are, in average, as separated one to another as the Earth is to Jupiter.

Orbital Resonance: is the mutual periodical gravitational influence of two or more
celestial bodies.

Ordinary Chondrites: is the major (therefore the classification of ordinary) class
of chondritic meteorites that are characterized by a high abundance of chondrules. Or-
dinary chondrites are divided into three different groups: H, L. and LL.

Plume: is a hot gas jet able to reach back to higher atmospheric altitudes from
where the energetic event took place.

Population Index, r: is a factor that indicates how many times bigger is the meteor
population of a magnitude regarding the population with a lower magnitude.

Potential Hazardous Asteroid, PHA: refers to those PHOs which are asteroids.

Potential Hazardous Object, PHO: are those NEOs that can approach hazard-
ously to Earth and thus become a potential threat. Their minimum orbit intersection
distance (MOID) shall be of 0.05 AU or less and show an absolute magnitude (H) of
22.0 or less.

Reynold Number, Re: is a fluid dynamics dimensionless parameter that compares
the convective forces to the viscous forces in a fluid.

Rubble Pile: a celestial body (generally an asteroid) that consists of several large
rocky chunks linked gravitationally.

Secular Resonance: is the orbital resonance where the precession of two bodies is
synchronized.

Shock layer: is the gas region between the shock wave and the meteoroid surface.

Shock wave: is a singularity created in the atmosphere by supersonic or hypersonic
flying objects. As the object moves through the atmosphere, the air molecules have no
time to adapt to the incoming object. The result is a discontinuity region that creates
a jump in the air pressure, temperature and density values at both sides of the discon-
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tinuity.

Short Period Comet: is a comet with an orbital period smaller than 200 years.
These comets are thought to be originated in the Kuiper Belt.

Stream: is a group of meteoroids with similar orbits and common origin.

Superbolide: is a very bright fireballs which is generally able to get to much lower
altitudes and can emit a continuous very bright light, at mid-way between the luminos-
ity of the Moon and the Sun (absolute magnitude —16 or brighter).

Swarm: is a group of meteoroids resulting from the breakup of a larger particle.

Tektite: is a gravel-sized natural glass formed on the ground due to the local high
temperatures reached due to a meteorite impact or a low-atmospheric airburst.

Tisserand Parameter: is a value calculated from the comparison of the orbital
semi-major axis, eccentricity and inclination of a large perturbing celestial body (i.e.,
a planet) and a smaller body. It is generally used to state close encounters with solar
planets.

Trailet: is a group dust trails that remain undistorted over long orbital times.

Trans-Neptunian Object, TNNO: are those celestial bodies that orbit the Sun bey-
ond the orbit of Neptune.

Visible Magnitude, My : is the measure of the brightness of an object in the vis-
ible range (between 390 and 700 nanometers) as it was observed from a distance of 10
parsecs (32.6 light-years) with interstellar particle’s light extinction.

Yarkovsky Effect: is the thermal unbalance that occurs between two faces of a ce-
lestial rotating body. The Sun radiation absorbed in one face of the body is then slowly
emitted at a different time rate by each face due to the differential Sun incidence on
the different meteoroid faces (the body’s self-thermal radiation shall be also considered
here). This effect causes long-term orbit variations to meteoroids and small asteroids
(between 10 cm to 10 km in diameter).

Yarkovsky - O’Keefe - Radzievskii — Paddack, YORP: is a derived effect of the
Yarkovskt effect. The radiation (either self-thermal radiation or sun radiation) emitted
by each face of the celestial body might differ in terms of magnitude and direction, thus
creating a slight torque. Among other consequences, in the very long-term such torques
could speed up the body cause fragmentation, and also change the rotation pole of the

body.
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Zenith Hourly Rate, ZHR: is the number of meteors that would be observed un-
der good observing conditions in one hour if the radiant was at the zenith.
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