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ABSTRACT

Meteors have long been studied to determine their origins, whether it be the initial
curiosity of “What is this bright light streaking across the sky?’, or where these chunks
of celestial rocks come from in our Solar system. Colour analysis of meteors has been
previously attempted with limited results. Differentiating meteors by colour alone
enables efficient automated surveys that help provide a link between meteoroids and
meteorites. Currently, there is promising, but limited knowledge regarding the spectra
of meteors, with several small studies performed. These studies are hampered by the
difficulties of gaining meteor spectra due to their serendipitous nature, and the nar-
row field of view of current spectrographic instruments. Using photometry, which
measures the brightness in a particular colour, to study these events leads to greater
accessibility, but a lower accuracy. This can be offset by the larger number of observa-
tions possible with a photometric setup. With access to the Desert Fireball Network’s
archival data, I have undertaken a pilot study to assess the viability of a large-scale study
of meteor colour to detect noticeable colour variations or consistent trends within
RGB observations. Through an initial study of the data, I found that colour-indices at
a fixed altitude of 75 km reveals a relationship between the colour-index and the ini-
tial velocity of an incoming fireball, which is congruent with previous literature. This
could allow colour to be used as a proxy for velocity if velocity data is unavailable, or
potentially allow shower associations to be proposed or confirmed from a single cam-
era observation. Given the small nature of this data set and the compact time frame in
which the data was observed, along with the annual nature of meteor showers, further
investigation with the complete DFN dataset is required to confirm if these results are

consistent throughout the complete data set.
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L4

This figure shows examples of photometric and spectroscopic spectra. Left:
The relative transmission can be seen for each filter [g,7,42,Y]. For each of
these filters, a single value is given and photometry calculations can be com-
puted. Figure courtesy of Abbott et al. (2018). Right: This is an example
spectrum from the SDSS data release 7, the exact candidate can be seen in
the legend in the top right. It can be easily seen that there could be far more
information immediately gleaned with the CIV, CIII, and MgII features
clearly visible. All the features seen on the spectrum would be absorbed into
one of the five filters seen in the left panel, resulting in the loss of specific
information about the target. For the purpose of this research the shape of
the bandpasses (individual filters) is not important, for further discussion

on this topic see: Kalmbach et al. (2020). Figure courtesy of Guo and Gu

From this figure alogarithmic layout of the Solar system can be seen. The as-
teroids mentioned previously (Itokawa, Ryugu, and Bennu) for which sam-
ples have been returned to Earth, orbit the Sun between Earth and Mars.
The main asteroid belt can be seen between Mars and Jupiter, approximately
3 astronomical units (au) from the Sun. Jovian and Neptunian Trojans can
be found orbiting in the same space that the planets from which they are
named inhabit, at ® 5 and = 30 au, respectively. Trans-Neptunian and
Edgeworth-Kuiper belt objects can be seen between 35 and 6o au, this in-
cludes several dwarf planets, such as Pluto. Voyager 1 and 2 are currently in
interstellar space (* 155 and 130 au respectively), having crossed into the He-
liosheath [turbulent layer where the solar wind stops and interstellar winds
start to take over] in December 2004 and August 2007, respectively. Both
probes are currently in the outer half of the yellow band, starting at ~ 85 au.
The Oort cloud, home to much of the Solar system’s cometary material is
not pictured in this image as it is thought to range from as close as 2000 au

and as far as 200,000 au (Morbidelli, 2005). Figure courtesy of Frohn (2017)
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2.1

2.2

2.3

2.4

2.5

Left: Billa Kalina DFN camera installation, complete with solar panel and
antenna. The sunshield of the DFN observatory can be seen camouflaged
into the horizon atop the ground-based stand. Fencing can be seen sur-
rounding the observatory to add extra protection (from livestock as several
cameras are in farming paddocks) or visibility/awareness depending on what
is necessary. Right: Billa Kalina DFN camera installation from the reverse
angle, which shows the battery and power converter underneath the solar
panel and the DFN observation housing on the stand. [Photos courtesy of
the DFN wiki, taken by Martin Cupak] . . . . ... ....... ... ..
These images are of a typical Global Fireball Observatory (GFO) rooftop
installation. Left: Camera housing internals. From top right in a clockwise
direction, you can see the camera, hard drive storage, PCBs, and video cam-
era. Right: Housing installation at Mt. Kent observatory, currently await-
ing network connection to start operations and collect data. [Photographs
takenby theauthor.] . ... ... ... . o o o oo
Left: DNis1203_o1 fireball observation from the Etadunna observatory on
3 December 2015. Here the de Bruijn sequence encoding is clearly visible
within the image as dashes. Right: DNis1212_03 fireball observation from
12 December 2015, again from the Etadunna observatory. This is the entire
frame using a fish-eye lens from a large fireball event. The de Bruijn encod-
ing is not as obvious as the adjacent image, this is because sensors have been
saturated by the brightness of the event. This means there is too much light
observed in that pixel, and it begins to bleed into the adjacent pixels causing
SIMEATS. & & & v v v v e e e e e e e e e e e e e e e e e
This figure shows an example of an image that suffers from meteorological
interference. Luckily the meteor observed was in a tile far enough away from

the Moon that it was still able to be analysed. The image was taken from the

Mundrabilla observatory in Western Australia, on the 19 of December 201s.

Here the plot on the left shows the two points in the x y space, while the
plot on the right shows these points represented in the Hough space. The
intersection of these lines in the Hough space (in the right-hand graph) cor-
responds to the line that passes through both of these points in the x y space

(the left-hand graph). Image borrowed from Lee (2020). . . . . . ... ..

25



2.6

Left: This is a visual representation of the SLLS method. The line of best
fit can be seen to pass through the middle of the points and would give
the trajectory of the meteor in its bright flight phase. Right: Shows how
the method of planes is used to construct the trajectory of the meteor in its
bright flight phase. A plane is drawn between the observing station and the
start and end points of the meteors bright flight phase. This is done from all
stations that observe the given meteor and the trajectory is calculated to be

theintersection of theplanes. . . . . . ... .. ... ... ..o ..

The left panel shows the apparent magnitude for the duration of the fire-
ball’s bright flight. The right panel shows a plot of the colour-indices. The
small gap in the centre of the colour-index plot is due to the saturation of
the green colour channel, which can be seen represented by crosses in the
left panel, indicating the sensor was saturated by the amount of light in that
colour band. This figure is produced from data gained from a fireball ob-
served on the 287 of December 2015, from the Wooleen observatory in West-
ern Australia. . . . ... L
This figure shows an example of all observations from a single event in one
graph. In the left panel, the apparent magnitude of the RGB colour chan-
nels can be seen. Each station is represented by a different marker, with five
in total for this event. Data from Mulgathing (circle), Ingomar (inverted tri-
angle), Baton (plus), Mount Barry (star), and William Creek (square) can
be seen, with the colours representing the colour channel of the data (red,
green, or blue). In the right panel, the available colour-indices can be seen
(B-R, B-G, and G-R), using the same markers for each observation. This
figure was produced with data gathered from the five observatories listed in

South Australia from a fireball on the 5? of November 2015. . . . . . . . .
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4.4

Shows the initial equatorial positions of available fireballs with the colour-
bars indicating the average colour-index (from left to right: B-R, B-G, and
G-R) of the entire bright flight phase. From Figure 4.3, it can be noted
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members are plotted as diamonds, while the crosses represent the sporadic
dataset. . . . . .. e
Shows the initial equatorial position of available fireballs which pass through
an altitude of 7skm, with the colourbar indicating the colour-index (from
left to right: B-R, B-G, and G-R) at this altitude. Fireballs with a colour-
index outside the colourbar range are represented by the extremity colours
of the associated colourbar. Figure ?? can be used as a reference to assist in
locating specific showers. As with Figure 4.3 shower members are plotted as

diamonds, while the crosses represent the sporadic dataset. . . . . . . . ..
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INTRODUCTION

THROUGHOUT history there have been countless descriptions of objects falling from
the heavens, some thought to be harbingers of death, destruction, and the end of days.
The great meteor storm of 1833, was described by some as the night ‘the stars descended
like snowfall to Earth’ (Thompson Sr., 2012). When it was in fact a Leonid shower
outburst, caused by a more compact, higher density debris field from a recent peri-
helion outgassing (Asher, 1999) of parent comet s5P/Tempel-Tuttle (Yeomans, 1981
Yeomansetal., 1996; Asher etal.,1999). Over the course of many cometary orbits, these
compact, high density debris fields distribute meteoroids throughout the orbital path
of the meteor stream, adding to or replenishing the stream for future passes through
Earth’s orbit. These shards of debris, not only result in stunning visual displays in the
Earth’s atmosphere, but some are strong enough and large enough that they make it

to the surface of Earth. It is these celestial shards that can be a stepping stone to un-



derstanding the conditions and processes undergone in the Solar system at the time of

formation.

While the observations of impacting celestial objects could be important for the sur-
vival of life on Earth, all but a handful of impactors in the lifetime of Earth have had
lictle, if any impact on the day-to-day life of its inhabitants. The majority of asteroidal
and cometary material fails to reach the surface of our planet (Love and Brownlee,
1993; Bland and Artemieva, 2006; Plane, 2012), which makes observing and studying
these falls an interesting and helpful field. The study of this fallen material can give
insights into the formation of planets and our Solar system from the earliest epochs

in our celestial backyard.

With the Earth’s growing population and rise of technology, recordings of fireball
sightings have become ever more common. However, whilst such sightings attest to
the frequency of such events worldwide, such solitary observations are often of lit-
tle use scientifically, beyond simply telling us that an event has happened in a certain
area. To learn more, a concerted program of observation is needed. Many different
disciplines assist in sifting through the wealth of knowledge that can be gained from a
meteorite. There is a vast amount of scientific disciplines involved in the study of me-
teoroids. The fields of geology, petrology, and biology allow information to be gained
from the meteorites found on the Earth’s surface (Jenniskens and Stenbaek-Nielsen,
2004; Weisberg et al., 2006; Hutchison, 2007; Osinski et al., 2020). Climatology and
chemistry help model spectra and flight patterns of meteors as they traverse the at-
mosphere (Trigo-Rodriguez, 2014; Sansom et al., 2015, 2017). While seismologists and
astronomers study the initial asteroids and comets as they orbit the Solar system as
well as the impacts of meteorites here on Earth and other planets, or moons' (Weis-

berg et al., 2006; Garcia et al., 2022). These disciplines and many others allow this

"Note that meteors that impact planets or moons without atmospheres should not be called meteors, but
justimpacts as they are not affected by an atmosphere and therefore always hit the surface (Tomko and Neslusan,
2023).



plethora of information to be recorded and analysed in the hope of unpacking the

origins of the Solar system and the tiny building blocks of its formation.

1.I METEOROIDS

1.I.1  NOMENCLATURE

The term “meteoroids” is a general catchall to describe small pieces of dust and debris
floating around the Solar system, smaller than the easily detectable objects from Earth
(such as asteroids, comets, dwarf planets, and planets; F1, 2017; Richardson, 2021).
Since the Solar system is littered with debris, our planet experiences a constant rain of
meteoroids as it moves in its orbit around the Sun. Meteoroids are smallish rocks that
may have originated from larger asteroids or comets, through collisions in the case of
asteroids or the natural ejection of cometary material as a comet orbits close to the
Sun. As meteoroids enter the Earth’s atmosphere (or that of any other planet) and
decelerate, they become visible due to a bright heating phenomenon and are renamed
meteors, more commonly known as shooting stars or fireballs (for the brightest ob-
servations). Should a meteor reach the Earth’s surface intact, then the fallen object is
termed a meteorite, which can be designated as either a fall or a find. Meteorites that
have been designated as falls, have associated data from their journey through the at-
mosphere, resulting in an expedition to aid in their recovery. Whereas, finds do not
have an associated fireball event and have been located in the environment in which
they fell (examples of both falls and finds can be found here; Grossman, 2005). Asare-
sult, finds have been exposed to terrestrial conditions and weathering for an unknown
period of time, increasing the likelihood that they have been significantly altered since
their arrival on our planet. For this reason, meteorites (falls) with known observations,
and whose recovery happened rapidly thereafter, are often considered to be of scien-

tific value, since they represent pristine samples of extraterrestrial objects.
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Figure 1.1: Final stages of ‘life’ for a meteoroid. It can be seen that as a meteoroid enters the
upper atmosphere it undergoes a preheating phase before ablation begins in the bright flight phase.
As the bright flight phase begins, the meteor will be categorised into one of the three categories on
the left (meteor, fireball, or bolide), depending on the resulting interaction between the meteoroid
and the atmosphere. If the meteor is not completely dissolved by the ablation process it enters a
dark flight phase, reaches the ground and is called a meteorite. This figure is used with permission
from Sansom (2016).



Most meteors are just called meteors, but some can be known by more specific names.
Depending on size and brightness, specific meteors can be classified as Brownlee par-
ticles, fireballs, or bolides. Brownlee particles (or micrometeorites) are dust particles
that enter the atmosphere and make it to the Earth’s surface intact (Ganapathy and
Brownlee, 1979). A fireball is a meteor that is visually brighter than Venus, which has
an apparent magnitude between -3 to -5 (depending on Venus’s phase and distance
from Earth; Redfern, 2020; Richardson, 2021), and bolide is a fireball that explodes
in the Earth’s atmosphere (Richardson, 2021). This explosion is caused by a process
known as ablation. The ablation process is the degradation of a meteor due to aero-
dynamic pressures caused by factors exerted on the meteor by the Earth’s atmosphere,
such as drag, heat, and pressure. In most cases, the ablation process will dissolve the in-
coming meteor. In a small fraction of cases ablation results in the meteor breaking up
mid-air, which greatly decreases the chances of finding the subsequent fractions (see
Figure 1.1 for a visual explanation). Brownlee particles do not undergo ablation, they
are too small and are slowed down by the Earth’s outer atmosphere prior to reaching
altitudes where high entry velocities would cause ablation (this is why they reach the

Earth’s surface intact; Ganapathy and Brownlee, 1979).

1.I.2  T4xoNoamy

Meteoroids represent a vast sample of objects scattered throughout the Solar system,
despite being thought originally to come from a single dominant source (Jenniskens,
2006). The composition of individual meteorites is a reflection of their origin and
therefore can tell us a great deal about the Solar system’s formation and evolution,
along with the history of their parent bodies. The Solar system formed from a vast,
dense cloud of gas and dust. As this dust and gas began to collapse and form the Sun,
it left behind a small amount of material in the planetary plane which further differ-
entiated itself into the planets and other objects we currently see in the Solar system.

Asteroids and comets are the shards of debris left behind by the formation of the plan-



etary bodies and are the last remnants of this accretion process.

In a broad sense, there are two main types of meteorites; chondrites and achondrites,
with a third type that is a hybrid of both of these main types, primitive achondrites
(see Figure 1.2). Chondrites are said to be undifterentiated and likely originate from
collisions between asteroids that have not grown to a large enough size to possess a
molten core. These collisions result in smaller pieces fracturing off and being sent
on new trajectories. Achondrites are commonly referred to as differentiated, which
means that they are fragments of objects that grew to a sufficient size in their youth
(typically larger than a few hundred kilometres) to have a core temperature hot enough
to become molten. This allows denser material to sink to the centre, while less dense
material would rise to the surface, leading to a structure that can be found in the ter-

restrial planets, consisting of a core, mantle, and crust.

Achondrites are likely to have originated from these larger asteroids like Vesta (Binzel
and Xu, 1993; McCord etal., 1970), but some have been found to possess Martian (Mc-
Sween, 2001; Nyquist et al., 2001) or Lunar (Papike et al., 2018) origins. Such mete-
orites were likely produced by large impacts on those bodies, which have ejected mate-
rial intact into space, and sent them on a collision course with Earth (Jr. and Treiman,
2018; Papike, 2018). The third major type of meteorite can be classified as primitive
achondrites. These exhibit properties from both chondrites and achondrites, more
technically they possess the appearance of achondrites, but their chemical makeup

closely resembles that of chondrites (Weisberg et al., 2006).

The three types of meteorites mentioned previously are also known as the ‘order’in the
meteorite classification hierarchy, a visual representation of which can be seen in Fig-
ure1.2. In this hierarchy, the order of the meteorites is the highest tier of categorisation,
with each order being further categorised by class, clan, group, and subgroup. These
categories increase in specificity for each level, with each being more specific than the

last, with differing criteria used for chondrites and achondrites (Weisberg et al., 2006).



Meteorites are sometimes loosely classified into three broad categories; stones, irons,
and stony-irons. As seen in Figure 1.2, chondrites consist solely of stony meteorites,
which is consistent with their origins. Achondrites, by contrast, have examples of
all of these categories, with the primitive achondrites being composed of stones and
irons. The more specific group classifications (such as groups and subgroups) are
distinguished by chemical abundances and ratios (common refractory elements like
Vanadium, Chromium, Manganese, Osmium, and Iridium; Snead et al., 2019, and
the ratios of O-isotopes), petrology (formation conditions), and mineralogy (sizes and
shapes of chondrules; Weisberg et al., 2006). For chondrite classification, CI chon-
drites (seen in the row labeled group on the far left of Figure 1.2) possess the closest
chemical abundance to the Sun, and they are often used to group other chondrites
into their classes and clans. This is done by comparing the abundances of lithophile
elements. Lithophile elements are known to combine readily with oxygen, and would
typically be expected to remain close to a planet’s surface during the process of its
differentiation. For Carbonaceous chondrites, the refractory lithophile elements are
more abundant than in CI chondrites (refractory elements have a condensation tem-
perature between 1500-1700K). A more detailed discussion and history of meteorite
classification can be in Mittlefehldt (2003); Krotetal. (2013); Brearley and Jones (2019);
Mittlefehldt et al. (2019) and the references therein, as further discussion is outside the

scope of this thesis.

1.2 THE SPECTRA

The electromagnetic spectrum is one of the greatest tools in the tool belt of all as-
tronomical researchers. From radio waves (low energy, > 10™m long) being used
to discover the cosmic microwave background (CMB; Penzias and Wilson, 1965), to

gamma rays being used to aid in the study of pulsars, magnetars, and quasars(high en-
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Figure 1.2: The classification structure of meteorites, based upon research presented by Weisberg
et al. (2006). The hierarchy of this structure can be seen on the left of the figure, noting that
some groups are defined further into subgroups. It can be seen that chondrites consist of only stony
meteorites, which is indicative of the nature and history of their parent bodies. Primitive achondrites
consist of both stony and iron-type meteorites, while achondrites have examples of all three different
types in their classification system. Figure courtesy of Wikipedia/Tobias1984 (2012).

Group

ergy, 107"2m short; Hobbs et al., 2004). The human eye can only perceive a small frac-
tion of the total spectrum, known as the visible spectrum, which ranges approximately
from 400-700nm (4 —7 X 10~"m). Spectra can be used in a variety of ways including;
spectroscopy to find the chemical composition of sources, to using the Doppler shift

to find the line of sight velocity of stars or galaxies.

The two types of astronomical surveys are photometric and spectroscopic. Photo-
metric surveys like the Dark Energy Survey (DES; Abbott et al., 2018) take long ex-
posure images and give a flat field of view. From these images, each galaxy or star is
analysed using a specific set of filters which dependent on the type of survey, in the
case of DES, the filters; g, 7, 4, 2, Y (as seen in the left panel of Figure 1.3). In contrast, a
spectroscopic survey, like the Sloan Digital Sky Survey (SDSS; Eisenstein et al., 2001)
or the GALactic Archaeology with Hermes Survey (GALAH; Buder et al., 2021) will
take a full spectrum from each of the desired targets (an example of such a spectrum
can be seen in the right panel of Figure 1.3). For each of the filters in the photometric
survey (Figure 1.3 left) a single value is registered instead of the continuous values seen

in the spectroscopic counterpart (Figure 1.3 right).
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Figure 1.3: This figure shows examples of photometric and spectroscopic spectra. Left: The relative
transmission can be seen for each filter [g,r,i,z, Y]. For each of these filters, a single value is given and
photometry calculations can be computed. Figure courtesy of Abbott et al. (2018). Right: This is
an example spectrum from the SDSS data release 7, the exact candidate can be seen in the legend
in the top right. It can be easily seen that there could be far more information immediately gleaned
with the CIV, ClIl, and Mgll features clearly visible. All the features seen on the spectrum would be
absorbed into one of the five filters seen in the left panel, resulting in the loss of specific information
about the target. For the purpose of this research the shape of the bandpasses (individual filters) is
not important, for further discussion on this topic see: Kalmbach et al. (2020). Figure courtesy of
Guo and Gu (2014).

In large continent size camera networks, like DFN (Devillepoix et al., 2020) and FRIPON
(Colas, F. et al., 2020), it is not feasible to use spectroscopy as part of the data collec-
tion, due to the extra cost, power, and data processing needed (Howie, Paxman, Bland,
Towner, Cupak, Sansom and Devillepoix, 2017). These large systems use DSLR (dig-
ital single-lens reflex) cameras which possess a Bayer colour filter. The Bayer filter has
alternative columns and rows of red-green and blue-green sensors, this is to closely
match the process in the human eye (Bayer, 1976). This process is more similar to pho-
tometry, in that the magnitude from each sensor in the camera (RGB) can be thought
of as the magnitude in each filter measured and used to calculate the absolute magni-

tude of the meteor (see Section 2.1.2 for a more detailed discussion of this process).

As spectroscopy is not an option, the more intricate analysis of chemical abundances,
from such studies as Borovicka (1993) and Vojacek et al. (20154), among others, is not

possible. An analysis of meteor colour using RGB has been touched on previously,



by Moorhead and Kingery (2020). This was in conjunction with spectra data which
adds further ability to draw conclusions from the results. The results were inconclu-
sive, with most categories indistinguishable from one another, with only iron meteors
exhibiting categorisable differences. However, this does show the viability of using

only colour to analysis and categorise meteors.

1.2.1 SPECTRAL TAXONOMY

With the advancement of optical technology, it is becoming increasingly easy to gen-
erate and analyse spectra of asteroids, with telescopes such as the one found at the Vera
C. Rubin Observatory. Several attempts at classification of asteroids have been made,
most notably by Tholen (1984) and Bus (1999), both using principal component anal-

ysis to group asteroids based on colour-indices and the shape of their spectra.

Before Tholen (1984), attempts were made to classify asteroids using their spectra and
colours with limited success. This was mainly due to the smaller sample sizes avail-
able at the time, some smaller than so (Tholen, 1984). Tholen (1984) was the first
(and largest, at the time) study of its kind to use principal component analysis to clas-
sify asteroids. This initial classification consisted of 14 categories based on the shape
and slope of the spectra observed. Through the advancement in imaging and spec-
troscopy techniques Bus (1999) built upon this, and extended this to a 26 category
system, using 48 data points along the spectrum compared with 8 in the Tholen (1984)
system. Further attempts to extend and consolidate the Bus (1999) system have come
through DeMeo et al. (2009). DeMeo et al. (2009) did this by extending the studied
spectrum range into the infra-red. DeMeo et al. (2009) use a spectra range of 0.4s-
2.4sum, compared with 0.435-0.925#m and 0.34-1.04um for Bus (1999) and Tholen
(1984), respectively. This allowed for a potential recalibration of the Bus taxonomy to
the Bus DeMeo taxonomy system. DeMeo et al. (2009) proposes the elimination of

three and an addition of one to the 26 categories present in the Bus system, leaving the

I0



new system with 24 categories. A more in-depth discussion can be found in DeMeo

etal. (2009), with a summary of the categories and their features in Table s of that text.

While all of this is important for the classification of asteroids, monitoring population
numbers, and categorising locations, a much larger and more in-depth study would
need to be undertaken to marry up these distinct fields of study. This would involve
cross-matching of asteroids, comets, meteors and meteorites to make more detailed
conclusions or to calibrate any sort of classification system which could be used with
minimal success, as only a small proportion of asteroidal material would fit into all
of these categories (asteroid, meteor, and meteorite)*. This is also assuming that you
have the spectra of meteors as they are travelling through the atmosphere, which DFN
does not for various reasons, as outlined in Howie, Paxman, Bland, Towner, Cupak,

Sansom and Devillepoix (2017).

1.3 ALTERNATIVE METHODS

With a mass of more than 330,000 times that of the Earth (Mg), the Sun is by far
the largest object in the Solar system. In contrast, the total mass contained within the
planets and other small bodies in the Solar system (within a few tens of astronomical
units (au) of the Sun) is estimated at less than soo Mg (with the majority of this mass

residing in Jupiter, at ~ 318 Mg; Horner et al., 2020).

The total amount of mass contained in Solar system objects that have yet to be discov-
ered is much more uncertain, with estimates ranging between 2x10™* Mg, (Vladimirovna
Pitjeva and Petrovich Pitjev, 2015) and 6.6 x10* Mg (Mendis and Marconi, 1986). This
uncertainty is primarily driven by the diversity of opinions on the total mass contained

within the Opik-Oort cloud. This also takes into account the suggestions that there

2Discussed further in Section 1.4.
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may be undiscovered planet-mass objects lurking in the depths of the Solar system (e.g.
Brown et al., 2004; Trujillo and Sheppard, 2014; Volk and Malhotra, 2017; Lykawka

and Ito, 2023, among others.).

The majority of known asteroidal and cometary material can be found in reservoirs
such as the Asteroid belt, Jovian and Neptunian Trojans, trans-Neptunian objects (in-
cluding Edgeworth-Kuiper belt), and the Opik-Oort cloud (Carroll and Ostlie, 2007;
Horner et al., 2020). Horner et al. (2020) gives a more detailed and complete list of
the distribution and size of these populations and a visual of where these objects sit

within the Solar system can be seen in Figure 1.4.

This asteroidal and cometary material are remnants left behind from the creation of
the Solar system. Studying these objects could be key to further understanding the
constituents and processes that were occurring during the early part of the creation
of the Solar system. But how do we get a good look at them? Pointing a telescope at
them for days and weeks can only tell you so much information and cannot give all
the insights required to understand how, where, and when these objects were formed.
In reality, this is not a great use of telescope time, given the low reflective qualities
of these objects (both albedo and faintness). This type of study is becoming more
common with the advancement of telescopes such as the construction of the ground
based Vera C. Rubin Observatory (Siraj and Loeb, 2021, 2020; Jones et al., 2016), and
the launch of the space based observatory James Webb Space Telescope (JWST, Rigby
et al., 2022). These kinds of observations could help with the spectral classification of

asteroids, as mentioned in section 1.2.1.

This means there are two options moving forward on studying meteoric material. Ei-
ther, visiting these objects in space, via sample return missions, or finding and collect-
ing meteorites from the Earth’s surface. Efforts have successfully been made in landing
on, retrieving, and analysing cometary or asteroidal material in the past. The Japanese

Hayabusa spacecraft visited 25143 Itokawa (Yoshikawa et al., 2021), Hayabusaz visited
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162173 Ryugu (Sugita et al., 2020), and the OSTRIS-REx NASA mission visited 101955
Bennu and is currently returning to Earth (Dworkin and Osiris-Rex Team, 2017). All
of these missions come with a large price tag, but they also give a large amount of data
and experience for future endeavours as well as corroboration of knowledge gained
from Earth based collection missions. The downside to these missions is that they
are only looking at objects within a small volume of our inner Solar system. This is
because of the massive time and financial commitment involved in looking further
abroad. This can be easily realised when looking at the Voyager missions (NASA,
1981; McNutt et al., 2020), taking more than 10 years to pass by Neptune which is

only about 8o percent of the distance to the Edgeworth-Kuiper belt.

Given the length of these missions, this immediately rules out crewed mission to re-
trieve samples. Even the current missions to inner Solar system locations, such as the
OSIRIS-REx mission with an expected return in 2023, have taken several years. This
is without having larger payloads and engines to accommodate the survival and return
of passengers. Such a mission would significantly increase not only the cost of the mis-
sion but also the time taken to achieve similar results. These complications lead to the
question of whether there are alternative strategies to find information in a timely and

cost effective manner.

Like all other objects in the Solar system, the Earth experiences meteoroid impacts.
Some of these impacts are large enough to disrupt an eco-system, but most are small
enough to not even leave a trace as they have traversed the atmosphere. Between these
two extremes fall the meteorites, these provide the ideal means by which scientists can
analyse primordial material from the Solar system’s youth. But what is the best way to
find these objects? The detection of meteors and subsequent locating and study of the
resulting meteorite has been a growing field of astronomical science since it began in
thelate 1930s (Whipple, 1938). Many camera networks have been established across sev-
eral countries to aid in this scientific pursuit. The Global Fireball Observatory (GFO)

collaboration (Devillepoix et al., 2020) and the Fireball Recovery and InterPlanetary
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Figure 1.4: From this figure a logarithmic layout of the Solar system can be seen. The asteroids mentioned previously (ltokawa, Ryugu, and
Bennu) for which samples have been returned to Earth, orbit the Sun between Earth and Mars. The main asteroid belt can be seen between

Mars and Jupiter, approximately 3 astronomical units (au) from the Sun. Jovian and Neptunian Trojans can be found orbiting in the same
space that the planets from which they are named inhabit, at ~ S and = 30 au, respectively. Trans-Neptunian and Edgeworth-Kuiper belt

objects can be seen between 35 and 60 au, this includes several dwarf planets, such as Pluto. Voyager 1 and 2 are currently in interstellar

space (~ 155 and 130 au respectively), having crossed into the Heliosheath [turbulent layer where the solar wind stops and interstellar winds

start to take over] in December 2004 and August 2007, respectively. Both probes are currently in the outer half of the yellow band, starting at
~ 85 au. The Oort cloud, home to much of the Solar system’s cometary material is not pictured in this image as it is thought to range from

as close as 2000 au and as far as 200,000 au (Morbidelli, 2005). Figure courtesy of Frohn (2017)



Observation Network (FRIPON) science project (Colas, F. et al., 2020) are two of the

biggest endeavours to track and recover meteorites in current times.

The GFO includes networks from Argentina, Australia, Canada, Morocco, the King-
dom of Saudi Arabia, Oman, the United Kingdom, and the United States of America,
with over 9o cameras, covering ~ 5 x 10°km? (Devillepoix et al., 2020). The majority
of these cameras can be found in the Australian outback, which, because of the vast ar-
eas of unpopulated space in the interior of the country, is the perfect location to track
and recover meteorites. Known as the Desert Fireball Network (DFN), the branches
of this network extend across five of the eight states and territories in Australia (Dev-
illepoix et al., 2020). The FRIPON science project includes 150 cameras and 25 radio
receivers, the majority of which exist in France and neighbouring countries, with 22

countries in total participating, covering = 1.5 X 10°km? (Colas, F. et al., 2020).

1.4 LIMITATIONS

Alotisknown about the composition of asteroids from spectral analysis seen in Tholen
(1984); Bus (1999); DeMeo et al. (2009) along with others who have continued and
built upon this work. A far smaller amount is known about the spectra of meteors
(see: Borovicka et al. (2005); Vojacek et al. (20156), among others), due to the diffi-
culty of taking meteor spectra. The most reliable way to gain high resolution spectra
of meteors is to position a spectrometer directly facing the radiant of a known meteor
shower (Ceplecha et al., 1998). This is due to the narrow field of view of such instru-

ments.
Due to the restrictions and design challenges of the DFN, spectroscopic analysis of

meteors is not an option, this is discussed further in Howie, Paxman, Bland, Towner,

Cupak, Sansom and Devillepoix (2017). Instead, the colour channels of DSLR cam-
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eras are used as a sort of photometric analysis, or very low resolution spectra. A total
amount of flux for a particular channel (in this case R, G, or B) is found and the colour
in each channel is analysed. The flux received from the target sums together and con-
tributes to the total flux found in each channel. This type of analysis eliminates the
ability to identify the ratios or individual constituents present in a meteors spectra.
However, this method can still offer potential insights into the bulk properties present
in different individual meteors, as seen by results presented in Moorhead and Kingery

(2020) or potentially meteor streams.

Ideally, it would be possible to determine the composition and shower association of
a given meteor based solely on its colour, velocity, and potentially the time of year at
which it was observed. However, to reach this level of accuracy, we would first need to
have gathered a large amount of prior information on meteors in general, from many
years of observations. Theoretically, with enough background information, a classifi-
cation system could be possible — but it is obvious, at the moment, that we are a long
way from having enough data to manage this. To truly understand the complexities
involved, I outline below the major pieces of information needed to create a classifica-
tion system capable of predicting the composition and shower association of a given

meteotr.

To create the models that would be needed for this hypothetical future classification
system you would need to observe a meteor in the bright flight phase and gain the
spectroscopic and photometric fall data. This becomes problematic given that col-
laborations tend to focus on either photometric or spectroscopic measurements, not
both. This is due to the different challenges associated with each measurement type.
You would then need to be able to recover the meteorite mostly intact. This is to con-
firm the composition and compare the colours seen in the bright flight phase. This
is difficult as most meteorite samples originate from a sporadic origin, meaning they
do not have an associated shower. This is because shower material is typically from

weaker cometary material, which does not often survive the dynamic pressures that it
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is exposed to upon entry.

From this data, you would need to be able to discern the orbital information, to bet-
ter understand potential parent bodies and/or points of origin in the Solar system of
this particular meteoroid. However, due to the highly chaotic nature of orbital evo-
lution and orbital dynamics, there are limits to the long-term dynamical history of
pre-atmospheric orbits able to be determined. Lastly, pre-existing knowledge of the
parent body would need to be accurate. However, many meteor shower origins are
still currently under debate, and some studies can only offer ‘best guesses’ with the
currently available information. Finally, having amassed all of this data and informa-
tion you would be able to build a repository associating key features with variations
in colour allowing composition and shower associations to be suggested from colour

and velocity.

This is an amount of information that is unattainable with current techniques and
technology, even for the most complete meteorites in worldwide collections. Only
about 50 of the ~70,000 meteorites possess pre-atmospheric orbital data (Grossman,
2005; Meier, 2017). To further complicate this, natural variation within the spectrum
of meteors from the same shower adds an extra layer of difficulty to this situation.
An example of this can be seen in Vojacek et al. (20156), with two meteors from the
same shower possessing vastly different spectrum. Spectra from meteors could also
be different from year to year, as solar radiation has been known to deplete popula-
tions of their more volatile chemicals (Trigo-Rodriguez and Llorca, 2007; éapek and
Borovicka, 2009). This too would alter the spectrum measured from meteors as they

traverse the atmosphere on a year to year basis.

The work presented in this thesis hopes to bridge to the gap in the knowledge found
in this area of research. Due to the difficulties in gaining meteor spectra, it is hoped
that a photometric equivalent, in this case, colour analysis, can be used with a large

enough data set to assist and further categorise meteors. Variations in RGB colour
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could be used to:

1. more efficiently differentiate between known shower members and sporadic me-

teors,

2. identify meteors that share a common origin but have been moved onto orbits
greatly different to their siblings (potential shower members, that have strayed

from their orbital path and consequently been designated as sporadic),

3. tighten constraints on a meteor’s physical parameters, allowing shower associ-
ations to be considered or potentially confirmed from single camera observa-

tions.

LS VELOCITY RELATION

It has been well established by several studies (e.g. Ceplecha, 1959; Davis, 1963; Haj-
dukova, 1967, among others), that there is a relationship between meteor brightness
and colour-index. Jacchia (1957), tried to take this one step further, by analysing the
colour-index in relation to meteor velocity. The colour-index of these meteors was
measured in a much different way due to the cost and availability of colour photograph-
ing equipment. Using a special film which was sensitive to blue light, and naked eye
observations, Jacchia (1957) was able to construct a colour-index comparable to the
modern B-V (blue - visual) colour-index. From the data collected, 315 meteors were
analysed by first splitting the meteors into velocity groups (slow, <22 km/s: medium,
22<v<40 km/s; fast, >40 km/s), then, binning the meteors by colour-index and count-
ing the number in the resulting bins. Through this process, Jacchia (1957) concluded

there was no association between colour-index and meteor velocity.

Hajdukova (1974) instead proposed that the conclusion reached in Jacchia (1957) was
incorrect as they did not take into account the opposing directions of the dependen-
cies of velocity and brightness on the colour of a meteor. Using the same sample,

Hajdukova (1974) was able to show after correcting for this error, that meteor colour
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is dependent upon the velocity of the incoming meteor. Figure 4 of Hajdukova (1974)
shows this correlation. The paper finds, meteors with a lower velocity are bluer at a
rate between 12 and 16 mmag per km/s. Meaning that over the range of velocities pre-
sented in Hajdukova (1974), from ~ 14 to ~ 70 km/s, the magnitude should differ by

between 0.672 to 0.896 magnitudes.

With the advancement and greater cost-eftectiveness of photographic equipment, the
DEN has been able to make large strides in capturing large numbers of fireballs in
colour on film. This means through analysis, discussed further and in more detail
in Chapter 2, several different colour-indices of incoming fireballs can be calculated.
Given this advancement in photographic equipment the colour-indices calculated in
this work are different to the ones used in Jacchia (1957) and Hajdukova (1974), or
others of the time. This means we must use the most similar to be able to effectively
compare this work with previous literature (see Section 2.1.2 in the next chapter for a

discussion).
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DESERT FIREBALL NETWORK
SETUP

A. S. Herschel was the first to study meteor spectra in the 1860’s (early history of me-
teors discussed in; Millman, 1937). Since this time efforts have been made to continue
and build upon this work. The Desert Fireball Network (DFN; Devillepoix et al.,
2020) and the Fireball Recovery and InterPlanetary Observation Network (FRIPON;
Colas, F. et al., 2020) are two of the collaborations to study these phenomena, with
DFN being the only network currently to record in full colour. In this chapter, I

present an overview of the DFN and describe how the data is collected and processed.
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Figure 2.1: Left: Billa Kalina DFN camera installation, complete with solar panel and antenna. The
sunshield of the DFN observatory can be seen camouflaged into the horizon atop the ground-based
stand. Fencing can be seen surrounding the observatory to add extra protection (from livestock as
several cameras are in farming paddocks) or visibility/awareness depending on what is necessary.
Right: Billa Kalina DFN camera installation from the reverse angle, which shows the battery and
power converter underneath the solar panel and the DFN observation housing on the stand. [Photos
courtesy of the DFN wiki, taken by Martin Cupak]

2.1 THE HARDWARE AND DATA STRUCTURE

The development of a camera network in Australia faces unique challenges, with cam-
eras located in regions that are extremely remote, and subject to extreme weather con-
ditions. As a result, the design of the network has been shaped by the nature of the
Australian environment. Most of the space in the center of Australia is unpopulated,
which makes it perfect for setting up cameras to watch the night sky uninterrupted by
light pollution. The first issue encountered with this large expanse of space is the iso-
lation, and therefore the observatories must operate with as little oversight as possible,
in other words, they must be autonomous. This autonomy was achieved after several
iterations, along with ensuring the cameras are robust enough to survive in the harsh
Australian outback. The current iteration of the camera can be seen in Figure 2.1,
with a rooftop installation example also seen in Figure 2.2 right. A complete overview
of this process can be seen in Howie, Paxman, Bland, Towner, Cupak, Sansom and
Devillepoix (2017), which describes the system currently in use and how it evolved to

overcome the specific design requirements.

In the left panel of Figure 2.2, the interior of a typical GFO installation can be seen and
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noted that the entire housing is quite compact. Inside, there is a Nikon D810 DSLR
camera with a Samyang 8mm 3.sF fish-eye CS II lens. The lens has been modified to
include a specifically designed liquid crystal (LC) shutter which is modulated with a
de Bruijn sequence to encode the fireball timing into the image (see Section 2.1.1 for a
more in-depth explanation). This is accompanied by a Watec WAT-902H2 CCIR UL-
TIMATE video camera (or equivalent), which records minute-long snippets of video
to complement the still images and generate light curve information for observed fire-

balls (Devillepoix et al., 2018).

The camera takes a 25 second long exposure image every 30 seconds, this image is then
subjected to the analysis described in section 2.r.1. Every 15 minutes one of these im-
ages is analysed further to ensure hard drive space is not being wasted due to inclement
weather. This step counts the visible stars in the frame and compares them to the ex-
pected number. If these are found to not meet the specified threshold, imaging is
stopped and the ability to resume observations is reassessed 15 minutes later (Howie,

Paxman, Bland, Towner, Cupak, Sansom and Devillepoix, 2017).

2.1.1 1HE AUTOMATIC DETECTION OF FIREBALLS

Atits simplest, a digital camera consists of a lens and a detector. The lens collects light
from the field of view (FOV) and focuses it onto the detector, which results in an im-
age. DSLR cameras are slightly more complex as they can have interchangeable lenses,
which allows for difterent FOVs for different situations. Whilst lenses themselves pos-
sess circular apertures, the detector, where the image is projected inside the camera, is
rectangular. This results in rectangular images, with the central region of the overall
FOV being sampled. For the DFN cameras, a lens with a wide FOV (a fish eye lens) is
used, which allows the camera to capture almost the entire sky in every image. A cir-
cular image is produced (as seen in Figure 2.3) and displayed on the rectangular sensor

with minimal cropping (only at the top and bottom). Typically, the cameras will be
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Figure 2.2: These images are of a typical Global Fireball Observatory (GFO) rooftop installation.
Left: Camera housing internals. From top right in a clockwise direction, you can see the camera,
hard drive storage, PCBs, and video camera. Right: Housing installation at Mt. Kent observatory,
currently awaiting network connection to start operations and collect data. [Photographs taken by
the author.]

oriented such that the areas lost are due north and due south, meaning the long axis

of the detector is oriented in an east-west direction.

Once the initial image is acquired, the automated analysis begins. First, the image is
split into tiles, which are examined for differences between the current and the previ-
ous image. A difference is deemed to exist if the values of many pixels in the tile have
changed by an amount greater than a certain threshold limit. The tile is discarded from
the rest of the process if this limit is not met, along with tiles that are overly saturated,
such as those containing the Moon, an example of this can be seen in Figure 2.4. To
ensure minimal false positives in this process, a Gaussian blur is applied to images with
differences, and the process is then repeated. This process smooths the differences over

multiple pixels, essentially blurring the original images to aid in the removal of false

23



Figure 2.3: Left: DN151203_01 fireball observation from the Etadunna observatory on 3 December
2015. Here the de Bruijn sequence encoding is clearly visible within the image as dashes. Right:
DN151212_03 fireball observation from 12 December 2015, again from the Etadunna observatory.
This is the entire frame using a fish-eye lens from a large fireball event. The de Bruijn encoding is
not as obvious as the adjacent image, this is because sensors have been saturated by the brightness
of the event. This means there is too much light observed in that pixel, and it begins to bleed into
the adjacent pixels causing smears.

positives caused by fast-moving stars close to the celestial equator.

The tiles that remain must then be analysed for the fireball streak. This is done using a
Hough transform, which checks for straight lines within the image (Duda and Hart,
1972). Figure 2.3 clearly shows the meteor trail as a curve, which is primarily due to the
shape of the fish-eye lens. Locally, however, the dashes of the meteor trail are seen as
straight lines. The Hough transform works by scanning each image, pixel by pixel to
see if lines are formed with other nearby pixels. These lines are found in the Hough
space, which uses a different set of co-ordinates from the conventional x y co-ordinate
space. This allows for an alternative representation of the same points. Each pointin
the x y space corresponds to a line in the Hough space which represents the gradient
and y-intercept of every possible straight line that passes through that point in the x
y space. If you transform multiple points from the x y space to the Hough space, the
intersection of these lines in the Hough space represents the straight line that passes

through these points in the x y space. Figure 2.5 shows this concept in a visual manner.
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Figure 2.4: This figure shows an example of an image that suffers from meteorological interference.
Luckily the meteor observed was in a tile far enough away from the Moon that it was still able to be
analysed. The image was taken from the Mundrabilla observatory in Western Australia, on the 19?
of December 2015.

Itis important to be able to find lines in the image, as the fireball will appear as a series
of dashes (small straightlines), due to theliquid crystal shutter that encodes the timing
of the fireball within the stationary image. The shutter flickers in a set pattern through-
out the exposure time, which allows timing and velocity data to be determined from
each image (Howie, Paxman, Bland, Towner, Cupak, Sansom and Devillepoix, 2017).
The flickering of the shutter cuts the fireball trail into a series of dashes. This partic-
ular pattern of dashes is known as a de Bruijn sequence. The sequence was chosen
to encode the fireball timing information directly into the image, thereby removing
the need for a secondary system for absolute timing (Howie, Paxman, Bland, Towner,
Sansom and Devillepoix, 2017). The de Bruijn sequence is the shortest possible cyclic

sequence to include all permutations of a subsequence of a specified length for a given
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Figure 2.5: Here the plot on the left shows the two points in the x y space, while the plot on
the right shows these points represented in the Hough space. The intersection of these lines in the
Hough space (in the right-hand graph) corresponds to the line that passes through both of these

points in the x y space (the left-hand graph). Image borrowed from Lee (2020).

alphabet (Flye Sainte-Marie, 1894; de Bruijn, 1946). For example, if our alphabet has

two elements {4, b}, and our subsequence length is three, one of the possible de Bruijn

sequences would be, “aaabbbab”. This sequence contains the eight possible subse-

quences of length three (aaa, aab, abb, bbb, bba, bab, aba, baa). As the sequence has

a cyclic nature the last two sequences can be made by taking elements from both the

end and the start of the whole sequence (see Equation 2.1 below for a visualisation).
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A probabilistic Hough transform (Duda and Hart, 1972) is then employed to identify

these line segments as part of a larger line that stretches across the image. This type of
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Hough transform is used to cut down on computational needs, as it is less resource
intensive. This method does require a binary image which can be achieved by running
the image through the Otsu algorithm (Otsu, 1979). The Otsu algorithm classifies the
image into a binary image, by classifying each pixel as either being in the foreground
or the background. Astronomical images are ideally suited to this type of analysis as
they are bright light sources with dark backgrounds, giving a clear distinction between

these two sets of data.

Finally, to minimise false positives a series of physical parameters are checked. The
brightness of pixels is analysed to ensure the variations are consistent and peaking to-
ward the center, along the length of the line. If it is found that the line peaks toward
the ends, it is likely to mean multiple stars in close proximity are the cause. The co-
ordinates of the line are checked, which will remove slow-moving or stationary objects
that have been ‘mistaken’ for lines by the Hough transform. In reality, they are multi-
ple stars close together in the case of stationary points or objects like satellites or planes
for slow-moving ones. If too many lines, over 10,000, are found in the tile being anal-

ysed it can be discarded, due to these lines being the edges of clouds.

2.1.2 COLOUR EXTRACTION

The DFN uses an oft-the-shelf camera and lens system in their observatories. Section
2.1explains that the fish-eye lens has been modified with an LC shutter which has been
specifically designed to encode timing into the image. The total exposure time of each
image is 25 seconds, this is called the duty cycle, and it is broken up into both open

and closed portions of the LC shutter. The duty cycle fraction,

D’ ’o

= TO’ (2,.2.)
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is used in the flux calculations. In this equation, 77 is the time that the LC shutter is
open, and 7Y is the total exposure time of each image. Note that when the LC shutter
is closed it is not perfect, which means that there is a small portion of light transmitted
through the shutter when closed. However, in practice, this can be thought of as zero.

In theory, this is known as the transmittance ratio and is represented by

_fo
_Jo,

0

E (2.3)
where /7 is the flux on the sensor when the LC shutter is closed, and /] is the flux when
the LC shutter is open. Jp, the electron count, can be used to find the total flux when

the LC shutter is open (f), and this can be calculated using:

fi- “
O To(DL+E(1- DY)

(2.4)

which reduces to,
Iy

ﬁ:nwy

(2.5)

From this, the apparent magnitude of the objects using the instrument (mf)”“ ) can be

found and used for, firstly calibration of the observatories, and secondly the magni-

tude of the fireballs themselves. The instrument magnitude can be found using,
mp = mo + 2.5 log(f7) + kX, (2.6)

where 7, is the apparent magnitude of a catalog star, £ is an extinction coefficient that
depends on the colour channel (R, G, or B), and Xj is the airmass between the meteor
and the observatory. This equation describes the apparent magnitude of a chosen
star through the observatory and can be used to calibrate the observatory to find the
apparent and absolute magnitude of a fireball. Using this calibration equation, the

apparent magnitude of the meteor can be found with:

ms = mgt — 2.5 log(f7) — kX, (2.7)
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where Xy and k are the same as in the previous equation, and ﬁr is the amount of flux
for a de Bruijn sequence dash, defined by

I
= . 2.8
=7 (25)

Here /7 is the electron count normalised by the exposure time, and T} is the length of
the box that encapsulates the de Bruijn sequence dash. A further and more in-depth

explanation of this as well as accompanying images can be found in Devillepoix (2018).

The Bayer colour filter construction (Bayer, 1976) leads to the fact that there are two
times as many green sensors as red or blue ones. This means that naturally, the camera
is more sensitive in the green colour channel, whereas the red and blue channels suffer
from low signal to noise in some cases. The green colour channel is sufficient to per-
form the trajectory and orbital calculations used in the DFN database. However, this

does mean that colour-indices can not be calculated for the affected observations.

As mentioned in Section 1.5, the colour-indices can be used to create a velocity rela-
tion, which if successtul could allow for meteor shower association to be suggested or
confirmed from single camera observations. Jacchia (1957) and Hajdukova (1974) used
photographic and naked eye observations to construct the colour-index used in their
study, which is most comparable to a B-V colour-index with more modern equip-
ment. Given that the Bayer colour filter is constructed to closely mimic the human
eye, the colour-index most analogous to the data in this study is B-G. B-R and G-R
are also computed, but present a different relationship and are not able to be com-

pared to any previous results found in the literature.
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2.1.3 FIREBALL TRAJECTORY DETERMINATION

If a fireball is identified from one of the images, there are a few reliable methods to
predict where meteorites may be found if one were to survive the ablation process and
impact the ground. Ceplecha (1987) proposed one of the first methods of determin-
ing fireball trajectories using the method of planes, which involved using line-of-sight
measurements and the position of at least two observing stations. Borovicka (1990)
offered a different method with the straight-line least-squares (SLLS) method, which
resulted in smaller residuals if the initial measurements were of high enough quality

for the use of the method.

The SLLS method essentially works the same as linear or multiple regression, it finds
the best fit flight path of the meteor. It uses the observations from all cameras and finds
the trajectory that best suits the data. This differs from the method of planes, where
the observatory and the start and end point of the fireball construct a plane and the
trajectory is found to be the intersection of these planes. These methods use trigono-
metric and geometrical means to estimate the flight path of the fireball and then are
extrapolated in either direction and used in conjunction with other key parameters
to gain insights into the possible fall location or orbital path. Figure 2.6 gives a basic
visual representation of the two methods, with the SLLS method of the left and the

method of planes on the right.

As the quality of the observations and the equipment used to record them has in-
creased, it has become possible to use more complex statistical methods in order to
analyse these events with increasing accuracy. While the SLLS method is still widely
used (Devillepoix et al., 2018), other methods such as the particle filter (Sansom et al.,
2017) and the extended Kalman filter (Sansom et al., 2015) are being used to great effect.
These three methods are used in conjunction to better map dark flight, give orbital in-

formation, and provide tighter constraints on possible search areas.
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Comparison of Straight Line Least Squares and Method of Planes
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Figure 2.6: Left: This is a visual representation of the SLLS method. The line of best fit can be
seen to pass through the middle of the points and would give the trajectory of the meteor in its
bright flight phase. Right: Shows how the method of planes is used to construct the trajectory of
the meteor in its bright flight phase. A plane is drawn between the observing station and the start
and end points of the meteors bright flight phase. This is done from all stations that observe the
given meteor and the trajectory is calculated to be the intersection of the planes.

These extrapolations of fall locations or orbital paths are important for different rea-
sons. Accurate fall locations allow for tighter constraints on possible search areas. This
is increasingly important given the distances and terrain needed to be traversed in Aus-
tralia in efforts to recover meteorites. To help combat this, and minimise search time,
camera drones have been tested and used in conjunction with machine learning algo-
rithms. These tests have already achieved promising results to aid in the search for me-
teorites (Anderson et al., 2019; Citron et al., 2021), with the recent recovery of the first
meteorite using this method (Anderson et al., 2022). Knowing the orbital trajectories
of meteors helps in defining the population estimations and their origins (Nakamura
etal.,, 2011). This information could be used in the future to help assess possible targets
for asteroid mining or likely origins of future large Earth impactors (Vernazza et al.,

2008).
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PAPER 1 - COLOUR ANALYSIS OF
METEORS USING THE DESERT
FIREBALL NETWORK

3.1 SUBMITTED PAPER

This is the first paper in my Masters project, Todd et al. (2023). This work presents
a pilot study using RGB colour of fireballs, which will later be used on the complete
Desert Fireball (DFN) dataset. This paper was submitted on February 28, 2023 to The
Monthly Notices of the Royal Astronomical Society. This paper was submitted un-
der my publishing name Christopher J. Todd., which I have chosen to be more unique
than my surname (Johnson) and I will be continuing to publish under this name for

future works.
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Before the submission of this work, I received feedback from the reviewer, resulting
in changes to the paper and consequently my thesis. These have been implemented
in the paper and throughout the thesis. The paper is currently being vetted by my co-

authors and will be re-submitted on or before the 14 of April 2023.

3.2  ABSTRACT

In this work, we present an analysis of the colours of fireballs observed by the Desert
Fireball Network (DFN) in November and December 2015. We determine a set of
colour-indices for each observed fireball in the dataset and use the resulting data to
perform a comparative study between the different meteor showers and sporadic me-
teors represented in the data. From the data presented in this preliminary study, we
find a relationship between the initial velocity of an incoming fireball and the colour-
index at an altitude of 75 km, which matches previous literature values. Previous stud-
ies have suggested that meteors become bluer at slower velocities. In this work, we see
signs of a similar trend, though the statistical significance of the result is limited due
to our low sample size. The study also found a disconnect between the closely related
Northern and Southern Taurids which will need further investigation to explain com-
pletely. The result of this pilot study can be used to better define a velocity, colour-
index relation which could be used to classify fireballs into showers from single camera

observations where trajectory and orbit data can not be calculated.
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ABSTRACT

In this work, we present an analysis of the colours of fireballs observed by the Desert Fireball Network (DFN) in November
and December 2015. We determine a set of colour-indices for each observed fireball in the dataset and use the resulting data to
perform a comparative study between the different meteor showers and sporadic meteors represented in the data. From the data
presented in this preliminary study, we find a relationship between the initial velocity of an incoming fireball and the colour-index
at an altitude of 75 km, which matches previous literature values. Previous studies have suggested that meteors become bluer at
slower velocities. In this work, we see signs of a similar trend, though the statistical significance of the result is limited due to
our low sample size. The study also found a disconnect between the closely related Northern and Southern Taurids which will
need further investigation to explain completely. The result of this pilot study can be used to better define a velocity, colour-index
relation which could be used to classify fireballs into showers from single camera observations where trajectory and orbit data
can not be calculated.

Key words: meteorites, meteors, meteoroids — comets: general — planets and satellites: general — catalogues — methods:
observational — techniques: photometric

1 INTRODUCTION debris streams cause the many meteor showers that occur through
the course of the year (see Ceplecha et al. 1998; Jenniskens 2006).
As the debris that causes a given meteor shower are roughly on the
same orbit as one another, the resulting meteors appear to radiate
outwards from the same patch of the sky, known as the radiant. If
a meteor is observed that can not be associated with any known
shower, it is designated as a ‘sporadic’ (Ceplecha et al. 1998).

Our Solar system contains a vast amount of debris, left behind
from the formation of the system. That debris spans a vast range
of sizes, from innumerable small dust grains to asteroids, cometary
nuclei, and even dwarf planets'. The smallest pieces of debris are
by far the most common, and are widely referred to collectively as
‘meteoroids’. These range in size from microscopic dust grains (also
known as Brownlee particles, e.g. Ganapathy & Brownlee 1979) up
to objects one metre in diameter (with larger objects considered to
be either asteroids or comets; e.g. Rubin & Grossman 2010). The
Earth is bombarded with between five and 250 metric tons of cosmic
debris per day (Love & Brownlee 1993; Bland & Artemieva 2006;
Plane 2012), where the largest can be observed to produce meteors,
fireballs (meteors brighter than an apparent magnitude of -4), and
bolides (fireballs that explode during flight; e.g. Campbell-Brown
etal. 2013).

Modelling has suggested that between ~80-95% of sporadic
meteors have a cometary origin, with the majority having been
produced by Jupiter family comets and then having sufficiently
dispersed such that any connection between a specific meteoroid and
particular comet can no longer be made (e.g. Nesvorny et al. 2010;
Soja et al. 2019, among others). This indicates that the majority
of both sporadic and shower meteors are composed of cometary
material. However, when one considers the largest objects to impact
the Earth’s atmosphere, this is not the case. For fireballs bright
enough to potentially drop meteorites, it is established that the great
majority are asteroidal in origin (Shober et al. 2021). This ties in
with our current knowledge of the impact threat posed by even
larger objects — with most sources in agreement that the majority of
the impact threat to the Earth comes from the Near-Earth Asteroid
population, rather than the short- and long-period comets (DeMeo
& Binzel 2008; Belton et al. 2011; Mainzer et al. 2011).

Meteoroids are produced through a number of different mechanisms.
Some are created as a result of collisions between objects in the
asteroid belt, whilst others are shed by cometary activity (e.g.
Carlson et al. 2003). As the Earth moves through its orbit, it often
crosses trails of debris laid down by asteroids and comets. These

* E-mail: ul141791 @usg.edu.au As a result, the majority of particles bombarding our planet
1 A detailed description of the Solar system as a whole is beyond the scope daily will go essentially unnoticed, being made up of dust particles

of this work - but we direct the interested reader to Horner et al. (2020) and smaller than 100um (Ocafia 2017). Meteoroids of at least mm to
references therein.
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cm-sized scale are required to produce fireball events, and it is
these events that we study in this work. As such, our data likely
straddle the turning point at which asteroidal material begins
to dominate over that of a cometary origin - with the brightest
fireballs being almost exclusively sporadic events of asteroidal origin.

The meteoroids we observe will still include objects with
both asteroidal and cometary origins. The majority of meteor
streams are thought to have cometary origins,2. As such are
very unlikely to drop a meteorite, due to the friable nature of
cometary material. Sporadic meteors do not possess known shower
associations, which gives the potential they are of asteroidal origin
and therefore more likely to drop a meteorite (e.g. Devillepoix et al.
2018; Jenniskens et al. 2019; Sansom et al. 2020; Anderson et al.
2022), if a large enough meteoroid enters the atmosphere.

An existing method by which the cometary or asteroidal ori-
gin of a given object can be estimated is through the calculation
of the Tisserand parameter of the object’s orbit, with respect to
Jupiter (Ty). In simple terms, a value for 7; greater than three
typically indicates that the orbit of the object in question moves
either exclusively interior to or exterior to that of Jupiter (Radau
1896; Murray & Dermott 2000). This distinction has, in the past,
proven a useful general method by which cometary and asteroidal
objects can be distinguished on the basis of their orbital elements
alone, and has even been the basis of proposed classification systems
for Solar system small bodies (e.g. Kresdk 1972; Levison & Duncan
1994; Horner et al. 2003).

Exceptions to the rule do occur3, and it should be noted that
Ty is only approximately conserved during encounters with Jupiter
— so if a small body’s orbit is perturbed by another planet, or
experiences orbital modification through non-gravitational forces,
that would cause 7y to change (numerous examples of which can be
seen in e.g. Horner et al. (2004a,b)). As such, Ty primarily serves as
a useful tool by which one can obtain a first estimate of the nature
of a given object, but is not sufficient in and of itself to constrain
the origin and history of a given Solar system body. Indeed, Shober
et al. (2021) found that a significant fraction of meteors observed
using the DFN that were clearly members of known meteor showers
with cometary parents moved on orbits with 7y > 3, which would
normally suggest an asteroidal origin for that debris. As such, it
seems particularly challenging to use the value of 7; alone to
constrain the origin of meteoric material observed with the DFN,
although the Tisserand parameter nonetheless remains a useful tool
for grouping objects that display similar orbital/dynamical behaviour.

Asteroids and comets, the parents of these meteor streams,
are themselves the remnants of the planet formation process.
They are key to studying how our planetary system formed
and evolved to its current state. The ability to study samples of

2 Examples include the Quadrantids (parent comet likely 96P/Machholz; e.g.
Mclntosh 1990; Jenniskens 2004; Ye & Jenniskens 2022), the Leonids (parent
comet 55P/Tempel-Tuttle; e.g. Yeomans 1981; Yeomans et al. 1996; Asher
et al. 1999), and the Perseids (parent comet 109P/Swift-Tuttle; e.g. Marsden
1973; Wu & Williams 1993; Williams & Wu 1994)

3 Such as comet 2P/Encke, which is dynamically decoupled from Jupiter,
and hence has Ty greater than three; the Jovian Trojans (many of which have
T less than three), and icy bodies like comet 29P/Schwassmann-Wachmann
and the Centaurs, which orbit entirely in trans-Jovian space and thus again
have Ty greater than three.
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those objects in the lab is therefore extremely valuable, allowing
us to gain far more information on their history than can be
obtained from distant observations alone (see e.g. Ceplecha et al.
1998; Carlson et al. 2003; Horner et al. 2020, and references therein).

Sampling asteroids directly is, however, an expensive endeav-
our, relying on sample return missions (e.g. JAXA’s Hayabusa and
Hayabusa2 missions, and NASA’s OSIRIS-REx; Yoshikawa et al.
2021; Sugita et al. 2020; Dworkin & Osiris-Rex Team 2017). The
best information we can gather for the vast majority of asteroids and
comets comes from observations of their reflectance spectra, whose
features and shapes are determined by their surface geochemistry
(e.g. Tholen 1984; Bus 1999; DeMeo et al. 2009).

Meteorites offer a direct solution to this problem. If we are
able to link meteorites to their parent bodies, we can gain significant
insights into the geochemistry of distant asteroids. However, even
with a reliable orbit, the chaotic nature of the solar system makes it
difficult to unambiguously link a sample to a unique parent body. Of
the ~70,000 meteorites that are currently held in collections around
the Earth, pre-atmospheric orbits are only available for ~50 (e.g.
Grossman 2005; Meier 2017). Beyond a physical sample, we may
study the spectra of meteors as they transit through the atmosphere.
Historically, this too has proven challenging, since high resolution
spectrometers usually have very narrow fields of view. This results
in the capture of meteor spectra being highly serendipitous events.
Borovicka et al. (2005) classified 97 meteors using their spectra,
with 64% having pre-atmospheric orbits available to discuss parent
body origins. Sporadic meteor spectra are rarer and less predictable
than the members of the major meteor showers, especially those
that would lead to fireball and meteorite-dropping events. In order
to obtain a large sample of such events, it is necessary to deploy
detectors on a continental or planetary scale, to maximise the
amount of the Earth’s atmosphere being observed at any given time,
and therefore increase the odds of such events being observed and
recorded.

Whilst measurements of the spectra of meteors and fireballs
are particularly valuable, it is currently not feasible to deploy high-
resolution spectroscopic equipment on all-sky cameras distributed
on a continental scale. Fortunately, an alternative to high-resolution
spectrometry is to simply look at the Red/Green/Blue colour of a
meteor in an optical image (photometry). In essence, such photo-
metric observations yield a quasi low-resolution spectrum of the
observed event. These kinds of observations require much simpler
equipment and serve as a cheaper and easier method of observing
these phenomena. Although such observations lack the precision of
spectrometry, this disadvantage can be partly overcome by the vastly
larger amounts of data that can be observed, collected and reduced.
Photometry of RGB images extracts a value for each colour channel
(in this case, one for each of the red (R), green (G), and blue (B)
sensors) in the Bayer colour filter of a DSLR camera. The resulting
RGB colour can be used to help the simple classification system
already in place, thanks to studies done with spectra. Investigating
whether colour variations in RGB observations produce noticeable
differences or consistent trends, for meteors in a given shower, could
enable:

(i) more efficient differentiation between sporadic meteors and
members of known showers,

(ii) the identification of meteors that share a common origin to
members of known showers, but that now move on orbits markedly
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different to their siblings (that would otherwise be identified as ‘spo-
radic’ meteors). Or, new meteor showers from meteors that have been
categorised as sporadic due to their low observation rate,

(iii) tighter constraints on a meteor’s physical parameters, allow-
ing for shower associations to be considered or potentially confirmed
from single camera observations, though the use of a velocity rela-
tion.

The use of colour to categorise meteors has been touched on
previously, most notably by Moorhead & Kingery (2020). Using
data from Vojacek et al. (2015) and the classification system
laid out by Borovicka et al. (2005), Moorhead & Kingery (2020)
were able to simulate meteors seen by RGB colour filters to
show that iron-type meteors were both bluer and less red than
others in the same dataset (higher B-R colour-index). Due to
the small nature of the dataset in question, no further con-
clusions were able to be drawn. However, this demonstrates the
potential of using RGB colour to categorise meteors into a taxonomy.

Hajdukova (1974) went one step further, and investigated the
dependence of meteor colour on a variety of factors. At the time,
only black and white photographs were available, but the authors
built upon work by Jacchia (1957), in which the colour-index
was based on the combination of naked-eye and photographic
observations of individual meteors. Since the photographic film
used was markedly more blue-sensitive than the human eye, they
obtained a colour index by calculating the photographic and
naked-eye magnitudes, subtracting one from the other — giving
a value that is broadly analogous to modern B-V measurements.
Hajdukova (1974) concluded that the colour-index of a meteor
‘increases’ with increasing velocity at a rate of between 12 and 16
mmag per km/s*. In other words, they found that slower meteors
were bluer than their faster counterparts. In this work, we make use
of colour-indices calculated from modern RGB images, noting that
the colour-index developed by Hajdukova (1974) is most directly
comparable to the calculations of B-G colour-index used in this study.

The specific use of RGB colour as a means to categorise me-
teors or fireballs has not been attempted on large scales as there has
not previously been enough RGB data. The Desert Fireball Network
has more than 50 cameras across Australia and has expanded to
form the Global Fireball Observatory (GFO) with ~100 cameras
across seven countries, spanning six continents (Devillepoix et al.
2020). The GFO are one of few camera networks to observe in
colour, putting them in the unique position of having large data
volumes from the planet-scale detector for these objects. As such, in
this work, we describe the results of a pilot study using observations
of fireballs from November and December of 2015, in which we
analyse the RGB colour-indices of DFN fireballs over Australia
(southern hemisphere). This data encompasses fireballs from the
Taurid and the Geminid meteor showers, along with many minor
showers and sporadic events (full list in Table 1). We compare
fireball colour indices and the physical parameters calculated for
each event (see e.g. Sansom et al. 2015, 2017; Howie et al. 2017;
Towner et al. 2020, for more details).

4 It's worth noting that ‘increasing’ in this case actually refers to a fainter
meteor, due to the inverse nature of magnitude measurements.
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2 DFN DATA COLLECTION

The Desert Fireball Network (DFN) is a series of automated
observatories specifically designed to detect and make precise
observations of fireballs from multiple locations, in order to
triangulate the potential region in which any resulting meteorite
might fall. To date, more than fifty of these stations have been
deployed across several states in Australia, the majority of which
are in the Western and South Australian outback (Devillepoix et al.
2020). This provides a large coverage of the night sky for maximal
opportunities to observe fireball trajectories. The Australian outback
is uniquely suited for fireball observation and meteorite recovery,
with vast areas void of population and therefore light pollution, and
barren mono-tonal terrain for optimal meteorite search and recovery.

Each DFN observatory is equipped with an RGB (red, green,
and blue) DSLR (Digital Single Lens Reflex) camera with a fish-eye
lens (see Howie et al. 2017, for details), which takes long-exposure
images of the sky all night, every night, whenever the observatory
has clear skies (e.g. Figure 1). When a fireball is observed in
this manner, it is automatically detected by specifically designed
software (described in Towner et al. 2020). The data obtained by
every camera that sighted the fireball is then reduced (as described in
Devillepoix et al. 2018). This allows the DEN to constrain the orbital
origins of a meteoroid, with physical and entry parameters computed
in alignment with Sansom et al. (2017, 2019) and Jansen-Sturgeon
et al. (2019).

Each DFN camera continuously takes 25 second exposure all-sky
images every 30 seconds in RGB. Each image is encoded by a
liquid crystal (LC) shutter, which allows precise timing and velocity
information to be extracted from each image. To extract the data we
must consider three main things:

(i) The camera is equipped with a Bayer array which has twice
the number of green sensors as individual red or blue sensors. This
means that a different scaling factor must be applied to the data from
the red and blue sensors to gain the true apparent magnitude of the
fireball from the image in those colours.

(ii) The total exposure of the frame is 25 seconds, however, this is
offset by the LC shutter. Correction factors must be added for these
effects.

(iii) The fish-eye lens distorts the image as it takes in a whole sky
view. This means that more of the sky is concentrated on less of the
sensor pixels as you move toward the outer edges of the image. This
also means that light from stars and other bright objects needs to
travel through more atmosphere toward the edge of the image and
therefore more light is scattered and they appear less bright.

A more in-depth discussion of these points can be found in Dev-
illepoix (2018). To gain magnitude measurements from an image,
firstly, calibration is performed using background stars to obtain an
instrument magnitude (apparent magnitude of a known background
star when viewed through the instrument). This measurement is
different for each colour band. The instrument magnitude, along
with the correction factors (for each colour band), can then be used
to sum the incoming flux from a fireball (for each dash in the de
Bruijn sequence’, and calculate the apparent magnitude of the fire-
ball at each point along its bright flight trajectory Devillepoix (2018).

Due to the nature of the Bayer array, not all channels (RGB)

5 A visual example of the de Bruijn sequence can be seen in Figure 1.
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Figure 1. This figure shows four examples of fireball colour images, taken from the Etadunna (DN151212-03), Barton (DN151105-01, data also in Figure 2),
Mundrabilla (DN151219-01), and Ingomar (DN151217-01) observatories in a clockwise direction from the top left. The Etadunna observation in the top left
was the longest duration fireball in the study at just under 13 seconds. The top right and bottom left panels show typical fireballs observed, with the bottom left
appearing bluer. The bottom right image gives an example of why the method described in Towner et al. (2020) is necessary to eliminate unwanted objects in

the image.

can be extracted from each image due to having low signal-to-noise.
This results in some images only having data in the green channel,
which is enough to perform trajectory analysis but will exclude
them from this colour investigation study. Due to the long exposure,
the saturation of certain pixels can become an issue within the
images. This usually happens with a full Moon (seen in the bottom
right panel of Figure 1) or other ground-based anomalies (street
and car headlights). Such images are processed and handled
accordingly with the onboard computing packages (Towner et al.
2020). However, this does become an issue with some of the brighter
fireballs as the camera has a limiting magnitude of about my = —8.
The impact of this limiting magnitude can be seen in the top left
panel of Figure 1, where the sequences of dashes appear to overlap
and bleed into adjacent pixels.

3 DATASET AND ANALYSIS

The Desert Fireball Network (DFN) possesses large amounts of
archival data on fireball observations from various locations around
Australia. For this study, data from November and December of
2015 has been used, which includes data from several major showers
(Northern and Southern Taurids, and Geminids), many members of
minor showers (see Table 1), as well as many sporadic observations

MNRAS 000, 1-11 (2023)

(see Table 1 for a full list of showers represented in the dataset, and
the number of fireballs observed for each). Of the 229 events in
the study period, 68 of the events had to be discarded due to either
being too faint, or obscured by meteorological interference of bright
moonlight (the effect of the Moon can be seen in the bottom right
panel of Figure 1). After these events were removed, we were left
with a sample of 161 unique events (383 observations) for which the
data was of high enough quality to allow more detailed analysis.

An example of a fireball event that was observed from multiple
DEFN locations can be seen in Figure 2. This figure shows, in the
left panel, the apparent magnitude data from five observations from
the Mulgathing, Ingomar, Barton, Mount Barry, and William Creek
observatories (The raw image from the Barton observatory can be
seen in the top right panel of Figure 1). Saturated data points can be
seen as crosses of the same colour as the filter in which they were
recorded. Four of the five observations yield data from all three
colour channels (RGB), with the observation from the Barton DFN
camera only providing usable data from the green channel. Note that
due to the differences in range and seeing conditions, the apparent
magnitudes vary between cameras, but the trend is consistent
overall. Figure 2 shows the same data as a series of colour-indices
against time. It can be seen that, although the observed apparent
magnitude of the fireball varied significantly between observations
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Figure 2. This figure shows an example of the processed apparent magnitude and colour-index data for one fireball event, from the 5/ of November 2015,
possessing multiple observations from different DFN stations (top right panel of Fig 1). In the left panel, we find the apparent magnitude of the RGB colour
channels for each station; Mulgathing, Ingomar, Barton, Mount Barry, and William Creek. The saturated data point can be seen as crosses and encompasses
data from the Barton and Mulgathing stations. In the right panel, the available colour-indices can be seen. No colour-index data from the Barton observation
can be seen as there was only data from the green filter available. It can also be noted that the G-R and the B-G results are sparse throughout the centre of the

observation time as the Mulgathing green filter became saturated.

from different cameras (due to factors including the weather, and
the distance from the camera to the fireball), and over time from any
given station, the colour-indices remain relatively constant between
observatories and through the flight of the fireball.

When calculating the average colour-index for each colour
channel we remove the first and last 10 percent of the data collected.
This is to avoid low signal to noise sections (beginning and end)
of the fireball. From the triangulated data, other parameters can be
calculated, such as entry radiant and initial velocity. These are used
to determine the likelihood of an event being linked to a specific
meteor shower (discussion of such parameters and mechanisms are
beyond the scope of this work, see Kasuga & Jewitt 2019, for further
information). It must be noted, that when analysing color-index
values based on apparent or absolute stellar magnitudes, that smaller
(more negative) numbers are a stronger signal (brighter). For
example, a negative B-R value would be more blue than a positive
B-R value. We have added labels to our results plots to help with
interpretation.

4 RESULTS AND DISCUSSION

Figure 3 shows the suite of fireball radiants observed, where fireballs
are designated members of a shower based on their radiant. Sporadic
fireballs in this sample show random scattering. This particular
sample of data does introduce a couple of small biases, due to
the position of the cameras in the Southern Hemisphere, and the
time of year when the observations were recorded (November and
December 2015). This puts constraints on the extent of radiants
that can be observed (lower-left quadrant of Figure 3). The time of
observations introduces a velocity trend with Right Ascension (top
left panel of Figure 4). This can be explained by the rotation of
the Earth, with incoming fireballs appearing slower in the evening
(catching up to Earth) and faster in the morning (head on collisions).
The future inclusion of data from all months of the year would help
to mitigate these bias for the sporadic dataset, with a given RA and
Declination location being found in the morning and evening sky at
different times of the year.

Lower initial velocities allow the meteors to penetrate deeper
into the atmosphere before ablation begins, and, coupled with entry
angle, can lead to a longer bright flight phase (which can be seen to
match the trend in the lower right panel of Figure 4). The duration of
a fireball, its velocity, and the penetration heights will all influence
the colour of the event, regardless of shower/sporadic origin. As
velocities are inherently linked to shower origin, colour variations
linked to velocity differences may enable shower identification from
colours. However, in using colour to infer properties of asteroid
parent bodies, determining unique shower characteristics will
require decoupling these effects.

Figure 4 and Table 1 show the distribution of physical pa-
rameters of the events seen within the observing period of November
and December 2015. Figure 4 shows how the initial height and
velocity can be clustered by shower (Whipple & EI-Din Hamid
1952; Whipple 1983). The top two panels of Figure 4 show how
events from the same stream possess similar initial parameters
with constrained ranges compared to the sporadic events, whilst
the bottom panels show the bright flight time of each fireball
against the initial height of the bright flight phase. The bottom left
panel differentiates the meteor showers by colour and marker style,
whereas in the bottom right panel, the colour is representative of the
initial velocity of the bright flight phase of the fireball. Straight away
we can see that there is a correlation between flight time and initial
height. But also that shower material rarely begins ablating below
80 km altitude or have flight limes longer than 2 seconds. Table 1
summarises the averages and ranges of these physical parameters
across showers with multiple observations.

A significant amount of research has been conducted on the origins
of meteor showers (Whipple & El-Din Hamid 1952; Whipple 1983).
With common orbital parameters (calculated from triangulated
radiant data), each member associated with a particular shower will
present with similar fireball parameters, such as initial velocities and
subsequently initial ablation heights (such similarities can be seen
in Figure 4). Their common bulk material strengths will result in
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Positions of Incoming Fireballs
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Figure 3. Shows the incoming fireball positions in equatorial co-ordinates, indicating where they started their bright flight phase in the atmosphere. Throughout
this paper, this figure can be used as a reference to locate the radiant position of the showers represented in this study. If a shower has more than one observation,
it can easily be seen that they cluster together as expected. While sporadic fireballs can be seen scattered across the figure.

Table 1. Summary of the physical parameters observed for sporadic fireballs and each shower group, given as the calculated average and standard deviation to
indicate variance in the data for each group (the standard deviation is not given for showers with single observations).

Shower Events Initial Values Flight Time
Velocity Angle Height (sec)
(mis) (deg) m)
Sporadic 61 28,500 + 15,800 47+ 16 84,200 + 13,500 1.78 + 1.66
Southern Taurids 65 30,400 + 1,800 39+8 90,300 + 4,000 1.24 £ 048
Geminids 8 35,900 + 900 28+3 92,200 =+ 3,300 1.30 £ 0.61
Northern Taurids 7 28,700 + 9,400 33+7 88,800 + 3500 1.87 +£0.37
e Velids 6 43,400 + 700 55+13 89,800 + 2,400 0.60 +0.13
sigma Hydrids 5 60,100 + 600 39+ 12 103,200 + 2,100 0.77 £ 0.20
December Monocerotids 3 43,100 + 800 36+ 11 99,200 + 2,600 0.82 £ 0.27
Leonids 1 71,800 22 105,700 0.56
omicron Eridanids 1 28,800 48 79,800 0.57
December mu Hydrids 1 65,400 40 109,500 0.49
Volantids 1 32,500 49 87,300 1.02
December Canis Majorids 1 44,000 56 94,500 0.54
rho Puppids 1 58,600 63 105,000 0.39

similar durability or fragmentation profiles and flight times.

To investigate further, the colour-indices (B-R, B-G, and G-R) are
calculated for each of the observed fireballs where each colour band
could be extracted above noise levels. The results can be seen in
Figure 5 and in Figure 6 where the colour-indices for a fireball at an
altitude of 75 km is plotted. Figures 5 and 6, and Table 2 display
the average colour-indices for the fireballs with available data. From
Table 2, the number of events plotted for each shower can be seen in
brackets throughout the table.

MNRAS 000, 1-11 (2023)

When looking into individual shower characteristics, there is
a small divergence in the average colour-indices between showers,
though only the Northern Taurid fireballs (2 events; right column
Figure 5) appear to be more green and less red (overlapping
uncertainties). The centre and left panels show that the Sigma
Hydrids may be more blue (less red and green) than all other
streams (with more than one data point). These results indicate that
the Northern Taurid meteor stream may be showing a difference
in composition between it and other meteor streams. With the
majority of results overlapping within error, a Welch’s t-test test
was used to determine the significance of these results. This test,

39




The Fireballs of Late 2015 7

Equatorial Position of Fireballs

T T T T
45 ~. - —
20
L x x
15 x by x x =
Y x 4% NPT
i i ey % X % \\
150° 20 % 200 L 00° 270 x an ao* o 00° 270° 10
ol M ” N A , |
{ x
\ BLI B /
n 0 x % X %
15 x o 4 x . J
*
300 " x
. . x x
~ ) % x % ~ % o
a5t T T Ny T
T * x % * _— T X K * _
50 e X e 0 —— *e—
75° -75"
10000 20000 30000 40000 SO000 60000 70000 B0DOO 50000 7000 80000 <0000 100000 110000
Indtial Velocity (mish Initial Height (m]
80000
116000 * x 116600
o, ® sigma Hydrids
oa . ¥ Souther Taurids 20000
x oy % sparadic .
100000 xe. " oix Geminids 100000 wa Voax
x -~ W Leonids. x
"y ¥ ) 60000
<o " ®  December Monocerotids g i
- v - A u
T O R M & omicron Eriganids g o MR H
= 90000 S ® e velids = 90000 A R 50000 =
) 4 December mu Hydrids & f’ > £
£ v v Northem Taurids z2 v §
E v ® “lantids B x v x 40000 2
2 v v b= ]
£ soooo ATXEN 4 December Canis Majorids £ soooo | % u®X ¥ =
" & tho Puppids x x . ® =
30000
b ¥ ‘ *® Xk ® X x
% Xx e x 3% xx
70000 70000 !}
X x . % x x | 20000
»
x
10000
0 2 4 H a 10 o 2 4 [ [ 10
Flight Time {s) Flight Time (s)

Figure 4. Shows an overview of some interesting physical parameters associated with each fireball and conclusions can be drawn more broadly of each meteor
shower. The top panels show the incoming positions of fireballs with the colourbars indicating the initial velocity (m/s) on the left and the initial height (m)
on the right, as the fireballs enter their bright flight phases. The sporadic fireballs are represented by the crosses, while shower members are represented by
diamonds, Figure 3 can be used as a reference to indicate the appropriate shower. The two bottom panels show the bright flight time (sec) vs. the initial height
(m) of the fireballs as they enter their bright flight phase. The bottom left panel shows this by differentiating meteor showers by marker style and colour, while
the bottom right panel delineates the meteor showers by marker style with the colour representing the initial velocity (m/s) of the bright flight phase.

Table 2. Average colour-indices of each shower over the fireballs entire bright flight phase and for each shower at 75 km above the Earth from the data plotted in
Figures 5 and 6. The December Monocerotid, omicron Eridanid, and rho Puppid showers were not included as they did not have the colour-index data to plot.
The first three columns of data (Average Colour-Index Value) have the number of events plotted in the Events column in brackets, while the last three columns of
data (Average Colour-Index at 75 km) show the number of events plotted in brackets within the columns. Showers with only one event plotted have no variance
quoted, except for the Northern Taurids, where data was available for two of the seven events in the G-R colour-index. No events from the Leonids, December
mu Hydrids, or December Canis Majorids passed through an altitude of 75km while in the bright flight phase.

Shower Events Average Colour-Index Value Average Colour-Index at 75km

G-R B-G B-R G-R B-G B-R
Sporadic 61(30) -0.09+0.58 041=+0.78 0.35 +0.45 0.39+0.76 (9) -0.07+0.98(9) 0.31 +0.45(12)
Southern Taurids 65(23) 0.11+0.58  0.17 £0.67 0.29 £ 0.35 -0.17+031(7)  0.54+040(7)  0.30+0.23(9)
Geminids 8(7) -0.17+£0.60  0.53 +0.89 0.36 + 0.55 -058£023(3) 090+036(3)  0.32x0.14(3)
Northern Taurids 7(1) -1.40 £ 0.25 4.96 3.05 -0.80 4.60 3.80
e Velids 6(4) -0.09 £0.27  0.25+0.37 0.16 £ 0.14 -046+0.17(3) 056+0.16(3)  0.10+0.11(3)
sigma Hydrids 503) 0.09£029 -0.08+0.23  0.005 + 0.059 -0.29 0.13 -0.16
Leonids 1(1) -0.16 0.57 0.41 - N/A -
December mu Hydrids 1(1) 0.26 -0.05 0.20 - N/A -
Volantids 1(1) -2.59 2.98 -0.15 -1.63 1.66 0.03
December Canis Majorids 1(1) 0.04 -0.09 -0.11 - N/A -

with the accompanying p-value, found that there was minimal to no to account for multiple comparisons®.

significance in these results. A Bonferroni correction was employed

6 P-values, Bonferroni corrections and the family-wise error rate can all be
found in Table 1 and accompanying caption of the Appendix (5).
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Figure 5. Shows the initial velocity (m/s) vs. the colour-indices (from left to right; B-R, B-G, and G-R). Both the top and bottom rows are displaying the same
information, with the top row being the individual observations of each fireball in the shower and the second row being the average of each of the showers with
standard deviations. Showers with only one observation are omitted from the bottom row as to not miss represent the data. Grouping of showers by velocity can
easily be seen in the top row of panels, while the second row of panels better shows the difference between the average colour-index of each shower.

Within just the Taurid shower members, Figure 5 shows that
the average value of the Southern (pale blue circles) and Northern
(purple diamonds) Taurids are quite separate from each other.
This is surprising given that these two showers share a radiant
and are considered related, originally thought to be from the same
parent body (Whipple & EI-Din Hamid 1952), but more likely
originating from a larger meteor complex (Devillepoix et al. 2021).
This could account for differences in compositions, with these two
showers originating from different parts of the same stream. Another
potential explanation for this variance is the differences in the
trajectory properties of these showers, where the slightly different
entry velocities and radiants could be the dominant signal in the
brightness of a fireball, compared to the geochemical properties of
the meteoroids themselves.

In order to remove the effects of imaging biases due to the
range of the fireball, we also plot the colour-indices when the
fireball was at a height of 75 km. Not all fireballs pass through
the 75 km plane and so fewer observations are available. The top
row in each of Figures 5 and 6 show the variation in colour-index
for shower material vs. sporadics. Although Figure 5 shows very
little clustering, Figure 6 shows that sporadic events are capable
of being significantly less green overall (high G-R, Low B-G, no
preference in B-R). This could be an indicator of asteroidal material
origins vs. cometary shower material, which would be of significant
importance, as such differentiation is traditionally made based on
strength profiles of a body (Kikwaya et al. 2011). However, this trend

MNRAS 000, 1-11 (2023)

is far more likely related to the velocity of the incoming fireball. The
right column (G-R) of Figure 6 does support a trend with velocity,
with fireballs slower than 20 km/s appearing far less green than their
faster counterparts. This trend is seen faintly in the left column of
this figure, but not apparent in the central column.

To further understand this, we plot the initial velocity of the
fireballs in question at an altitude of 75 km against the colour-index
measured at this time with a line of best fit through the data in
Figure 7, with the shaded regions indicating the 95% confidence
interval. The central panel of Figure 7 shows a similar dependence
on velocity to that seen in Figure 4 of Hajdukova (1974), which
indicates that, the lower the initial velocity of an incoming meteor,
the bluer it becomes. Our fireball data seems to mirror this result
for the B-G colour-index, which is the most comparable to the
colour-index calculated in Hajdukova (1974). Hajdukova (1974)
found that a meteor becomes bluer at a rate of 12-16 mmag per
km/s for decreasing initial velocity. Our data indicates a rate of 23
+ 11 mmag per km/s. This value agrees with the trend suggested in
literature within error, however, the error found is large enough that
it degrades the statistical significance. Further investigation, with
the complete data set is needed to more completely understand the
relationship between colour-index and initial velocity. This could
potentially be achieved by looking at the colour-index at different
altitudes or looking at the absolute magnitude of the fireballs as
opposed to the apparent magnitude. Initially, studying the fireballs
at a set height was to attempt to remove potential bias due to the
varying seeing distances through the atmosphere (caused by the
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Figure 6. As in Figure 5 this figure shows the initial velocity (m/s) vs. the colour-indices (from left to right; B-R, B-G, and G-R), at a height of 75 km. It can be
seen that not all fireballs pass through the 75 km plane and therefore there are fewer observations available. The data shows that sporadics are capable of being
greener (lower G-R, and higher B-G) when compared with material from shower origins.

different observatory locations). This substitution of apparent for
absolute magnitude would allow an analysis of a larger data set, not
imposing the limit of fireballs that pass through a set altitude.

The left (B-R) and right (G-R) panels of Figure 7 indicate
trends in the opposite direction, showing slower fireballs are redder
in both the B-R, and G-R colour-indices at an altitude of 75 km
at a rate of 17 = 7 and 40 + 5 mmag per km/s, respectively. From
Borovicka et al. (2005); Vojacek et al. (2015), it can be seen that the
vast majority of contributions in the red band are from atmospheric
effects due to the fireball ionising gases during the ablation process.
This is potentially due to the longer time spent in the ablation phase,
evidence for which can be seen in the bottom right panel of Figure 4.
Again further analysis of a larger data set, and at varying altitudes,
or with absolute magnitudes would be needed to gauge a stronger
correlation between velocity and colour-index.

Further investigation is needed to confirm these findings. In addition,
as meteor showers are a yearly occurrence this result may be due to
a yearly bias not currently accounted for in this dataset. The dataset
used in this study is a small sample of the total dataset available from
the DFN, where data range from 2015 to present. This indicates
that further analysis with a vastly larger dataset would be of benefit.
This would allow a deeper investigation into each of the showers
mentioned in this work on a year by year basis, as well as many
other meteor streams visible to the Southern Hemisphere.

5 CONCLUSIONS

The Solar system’s small bodies are a vital source of information
about the origin and evolution of our planetary system. The Desert
Fireball Network (DFN) observes the fireball events when debris
and small bodies come through our atmosphere. Using their RGB
images, photometry is explored as a low-cost alternative to a
spectrometer, aiming to identify clustering of meteoroids from the
same parent body.

This work makes use of a subset of data from the DFN,
recorded in November and December 2015, to perform a pilot
study of the RGB colours of 161 fireballs observed in that time.
In doing so, we examine the similarities and differences between
fireballs that are members of known meteor showers and the general
sporadic background. This is intended as a preliminary study, to lay
the groundwork for a larger more in-depth study utilising the entire
DFN dataset.

When looking at colour-indices for fireballs at a comparable
altitude of 75 km, we see that a velocity relation appears which
matches a previous relationship found in Hajdukova (1974). This
relationship indicates that slower fireballs appear bluer in the B-G
colour-index, which is most comparable to the analogous B-V
colour-index defined in Jacchia (1957) and used in Hajdukova
(1974). This relationship could be used in the future as a proxy
when velocity data is not available for an event or for when an event
is only witnessed by a single camera. Further detrending needs to be
performed to understand if these observations are the result of bias
or a classifying feature of fireballs.

MNRAS 000, 1-11 (2023)
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Figure 7. This figure shows the relationship between the velocity of the incoming fireball and the colour-indices (B-R, B-G, and G-R, from left to right), with
the shaded regions of the plots being the 95% confidence interval. The central panel, which is our closest match to the B-V analogue calculated in Hajdukova
(1974), can be seen to closely match the results found in the literature of 12—16 mmag per km/s. From the data in the central panel it can be found that fireballs
become bluer at a rate of 23 + 11 mmag per km/s for decreasing initial velocity. Both the left (B-R) and right (G-R) panels show that a lower initial velocity is
the cause of a redder fireball, at a rate of 17 + 7 and 40 + 5 mmag per km/s, respectively.

Our data reveals a tendency for the Southern Taurids to appear sig-
nificantly less green and more red compared to the Northern Taurid
members, despite being thought to share a common origin (Whipple
& EI-Din Hamid 1952). This incompatibility would indicate that
there is a difference between these two Taurid streams. Given the
small sample size of the Northern Taurids in this pilot study, this is
likely to be an outlier. Nevertheless, it warrants further investigation .

This study demonstrates the potential of the data obtained by
the DFN as a resource for investigating the similarities and
differences between different meteor showers, but, like the work
of Moorhead & Kingery (2020), is limited by the relatively small
dataset used. In future work, we intend to expand this pilot study to
cover data from all months of the calendar year, and from all years
over which the DFN has been active.

In addition to directly comparing individual meteor showers
using the entire dataset, we also intend to perform year-to-year
comparisons for individual showers. The expanded dataset will also
allow us to continue the investigation into the apparent differences in
the Northern and Southern Taurids, sporadic and shower members,
and any differences between ‘standard’ and ‘swarm’ years.
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Table 1. These are the p-values from the Welch’s t-test’s performed on the data represented in Figure 5. The Bonferroni correction was calculated to be 0.005
for the B-R and B-G colour-indices, and 0.003 for the G-R colour-index. The difference in these corrections is due to the availability of extra data in the G-R
colour-index of the Northern Taurid stream. The use of the Bonferroni correction allows the family-wise error rate to remain constant, otherwise, a higher false
positive rate would be introduced throughout the sample. It can be seen from this table that there are only two instances of a difference in means passing a
Welch’s t-test, seen bolded in the sigma Hydrids column (and in the same row).

Shower S. Taurids Sporadic Geminids e Velids sigma Hydrids N. Taurid
BR BG GR BR BG GR BR BG GR BR BG GR B-R B-G GR G-R

Southern Taurids 1.0 1.0 1.0 06 024 023 077 038 033 027 077 033 0.004 029 093 0.06
Sporadic 06 024 023 1.0 1.0 1.0 09 077 077 0.3 056 098 0.001 0.06 0.5 0.79
Geminids 0.77 038 0.33 096 077 0.77 1.0 1.0 1.0 043 052 0.8 0.17 0.16 045 0.03
Norhtern Taurids nan nan  0.06 nan nan  0.08 nan nan  0.03  nan nan  0.06 nan nan  0.03 1.0
e Velids 027 077 0.33 0.13 055 098 043 052 0.8 1.0 1.0 1.0 0.16 027 052 0.06
sigma Hydrids 0.004 029 093 0.001 006 05 017 016 045 0.16 027 052 1.0 1.0 1.0 0.35

MNRAS 000, 1-11 (2023)
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3.3 ASSOCIATED PRESENTATIONS

3.3.1 SEPTEMBER 2022, AUSTRALIAN SPACE RESEARCH CONFERENCE - ORAL PRESENTA-

TION

Title: The Colour of Falling Rocks

Authors: Johnson, Chris; Sansom, Ellie; Horner, Jonti; Devillepoix, Hadrien; Towner,
Martin; Wright, Duncan; Carter, Brad

Abstract:

Since 2005 the Desert Fireball Network (DFN) has been collecting data on meteors
that have appeared throughout the Australian sky. This study aims to further under-
stand and improve the classification of meteors and meteorites using fireball data taken
by cameras in the DFN. Currently, little work has been carried out into the classifica-
tion of meteors based primarily on their colours. The DFN offers one of the largest
catalogs of meteor photometric colour, magnitudes, and trajectory information in the
world, which makes the DFN an unparalleled resource. This study has allowed the
curation of information from multiple sources and further analysis to be undertaken.
From preliminary results, it appears that the Southern Taurid meteor shower may be
both more red and less green in visual appearance when compared to other showers.
Overall, this has proved to be an interesting new avenue for the classification of meteor

showers, and we plan to investigate further through our access to more data from the
wider DFN collaboration.
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ANALYSIS AND DISCUSSION

4.1 UNDERSTANDING THE DATA

To understand how the data is collected and analysed, I was given access to some
archival data from November and December of 2015, featuring fireballs from sev-
eral larger meteor streams (Northern and Southern Taurids, Geminids, and Leonids),
along with many minor streams (see Table 1 of the Todd et al. (2023) in Chapter 3 for
tull list), and a large proportion of sporadic fireballs. The data consisted of 229 sepa-
rate events, most witnessed by multiple cameras, totaling 597 individual observations.
This has allowed 383 observations from 161 events to be analysed with the full suite of
the Desert Fireball Network (DFN) analysis packages. The observations which failed
the preliminary data quality tests were a result of various timing issues. These issues
could stem from a lack of data, due to smaller fireballs (either fainter or shorter dura-
tion), weather, or other visual obstructions, like the Moon (which causes saturation

of the sensors, e.g. seen in Figure 2.4).

47



DN151228_01_Wooleen Magnitude and Colour-Indices Comparison
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Figure 4.1: The left panel shows the apparent magnitude for the duration of the fireball's bright
flight. The right panel shows a plot of the colour-indices. The small gap in the centre of the colour-
index plot is due to the saturation of the green colour channel, which can be seen represented by
crosses in the left panel, indicating the sensor was saturated by the amount of light in that colour
band. This figure is produced from data gained from a fireball observed on the 28" of December
2015, from the Wooleen observatory in Western Australia.

With access to the DEN software package (freely available on GitHub') and histor-
ical data, I have been able to gain an understanding of the code, which has allowed
me to combine the data in a more complete catalog. Previously, the triangulation data
and the visual data were in different files, which I have consolidated into one, to aid in
future analysis. I have also made adjustments to the data files to allow easier access to
key values for further analysis, such as peak magnitudes in each colour channel and the
timing of these occurrences. I have constructed a side-by-side plot of apparent mag-
nitude and the colour-indices to help with comparisons of different events (example

seen in Figure 4.1).

As the next step of this analysis process, I have combined the observations from the
different cameras for each event to have a singular overall plot of fireball apparent mag-
nitude and colour-indices over time. This can be seen in Figure 4.2, with data gath-

ered from five observatories in South Australia; Mulgathing, Ingomar, Baton, Mount

'https://github.com/desertfireballnetwork
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Figure 4.2: This figure shows an example of all observations from a single event in one graph. In
the left panel, the apparent magnitude of the RGB colour channels can be seen. Each station is
represented by a different marker, with five in total for this event. Data from Mulgathing (circle),
Ingomar (inverted triangle), Baton (plus), Mount Barry (star), and William Creek (square) can be
seen, with the colours representing the colour channel of the data (red, green, or blue). In the right
panel, the available colour-indices can be seen (B-R, B-G, and G-R), using the same markers for
each observation. This figure was produced with data gathered from the five observatories listed in
South Australia from a fireball on the 57 of November 2015.

Barry, and William Creek. No colour-indices could be calculated from the data gained
from the Barton observatory (in Figure 4.2), as only the green channel possessed a high
enough signal-to-noise ratio. The left panel demonstrates the vast differences in ap-
parent magnitude caused by local weather and observing distance. It can also be seen
that despite these differences in apparent magnitude, the colour-indices mesh together
nicely, as seen in the right panel of Figure 4.2. This demonstrates the invariant nature
of colour-indices and therefore their comparability despite being measured from dif-

ferent locations under different conditions.

4.2 COLOUR-INDICES

Classifying fireballs via their initial velocity or height of the bright flight phase, or their
radiants is not the aim of this study, merely an interesting and important cross-check

to identify potential special cases. To further this investigation I calculated the colour-
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indices (B-R, B-G, and G-R) for the observed fireballs and the average values for each
shower. For a more in-depth discussion, see the associated Figure 5 and Table 1 of my
paper, Todd et al. (2023), in Chapter 3 of this text (also including the table in the ap-
pendix).

In an attempt to remove some effects of imaging bias due to range (distance from the
observatory to the fireball), I investigated the colour-indices at a fixed height. I chose
an altitude of 75 km as it has the most amount of viable fireballs passing through it.
Figure 6 and Table 2 in my paper (see Chapter 3) show this. Figures 4.3 and 4.4 were
plotted to assess if any insights could be gained about the color-indices from shower
groupings in equatorial co-ordinates. Similarities are seen in members of the same
shower, however, these figures serve more to highlight outliers rather than gaining
any new information. Perhaps with more events in the data, these figures will be of
more assistance. They do still show that the sporadic fireballs within the sample are
more variable than shower members, which is further confirmed upon viewing the
data in Table 2 of my paper (see Chapter 3). In particular the last three columns, with
the variance of the sporadic colour-indices being more than double that of showers in

SOme Ccases.

Figure 6 in my paper (see Chapter 3) indicates a trend between colour-index and initial
velocity. To investigate this further I plotted the initial velocity vs. the colour-index
with a line of best fit, see Figure 7 of my paper. Figures 5 and 6 from my paper pro-
duce interesting results, however, the significance of these results must be viewed with
tentative success given the variance seen in the data (plotted in Figures 5 and 6, and
stated in Tables 1 and 2 of my paper). The variance could be due to the low sample
size, which would improve with the addition of the complete data set observed by the
DEN. The DFN has been observing the Australian skies since 2015. The dataset I have
been granted access to is only for a two month period between November and Decem-
ber 2015. The complete DFN data set is approximately ten times this size and would

further investigations into these trends found in this sample.
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Or perhaps these differences are attributed to the differing trajectory properties of
these showers. The trajectory properties (velocity, angle, etc.) of a meteor are seen
to be the dominant signal received from a fireball, compared with the geochemical
properties of the meteors themselves. The results found in this pilot study suffer from
a small sample size, which reduces the statistical significance of the emerging trends
found. A larger sample size will allow for further investigation, increasing the statisti-

cal significance of the current result, and open new avenues of investigation.
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Equatorial Positions with Colour-Indices
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Figure 4.3: Shows the initial equatorial positions of available fireballs with the colourbars indicating the average colour-index (from left to
right: B-R, B-G, and G-R) of the entire bright flight phase. From Figure 4.3, it can be noted that some fireballs fall outside of the quoted
range, these instances are represented as the colours at the extremities of the colourbars. Figure ?? can be used as a reference to assist in
locating specific showers. In this figure shower members are plotted as diamonds, while the crosses represent the sporadic data set.



Equatorial Positions with Colour-Indices at 75km
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Figure 4.4: Shows the initial equatorial position of available fireballs which pass through an altitude of 75km, with the colourbar indicating the
colour-index (from left to right: B-R, B-G, and G-R) at this altitude. Fireballs with a colour-index outside the colourbar range are represented
by the extremity colours of the associated colourbar. Figure ?? can be used as a reference to assist in locating specific showers. As with Figure

4.3 shower members are plotted as diamonds, while the crosses represent the sporadic data set.



QUEENSLAND NETWORK
DEPLOYMENT AND
CONCLUSIONS

5.1 EASTERN NETWORK UPDATE

The Desert Fireball Network (DFN) began mass deployment of observatories in 2014,
currently, there are more than so observatories across Australia (Devillepoix et al.,
2020). As a secondary part of my project, I was tasked with setting up the North-
Eastern division of the DFN. Excellent progress has been made, with the deployment
of one additional DFN camera at Mt Kent Observatory, and plans to install a second

in Glen Aplin in the coming months.

A photograph of the installation at the Mount Kent Observatory can be seen in the
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right panel of Figure 2.2 in Section 2.1. This particular setup is rooftop mounted, with
main power connection, as opposed to the traditional setup seen in Figure 2.1 which
is completely autonomous. The rooftop setup was chosen over the traditional setup
for geographical reasons and cost efficiency. The Mount Kent Observatory is already
home to many ground-based telescopes used for other astronomical research at USQ
and other universities. The site was chosen for ease of access for both installation and
upkeep purposes. The camera is currently operational, however, it has not been con-

nected to the rest of the DFN as it is pending I'T approval.

The second site currently chosen is a private property in Glen Aplin, whose owner
has agreed to house a completely autonomous setup (like the one seen in Figure 2.1 of
Section 2.1). It will sit in a paddock alongside another privately owned telescope. This
site was chosen to allow maximum coverage for the expansion of the network, as well
as ease of access for both installation and upkeep purposes. The site is located approx-
imately 1ookm south of the Mount Kent observatory. This distance between the two
observatories sits well within the 150km limit of camera spacing, whilst still being far
enough away to gain maximal coverage. The camera for this installation is currently
awaiting final setup and site installation owing to several organisational factors and
time constraints. It is hoped that these issues can be resolved soon. It is looking likely

that this site will be operational within the next few months weather permitting.

5.2 CONCLUSIONS

There is a vast menagerie of information locked away in the Solar system’s small bod-
ies, which may hold clues to the origins and evolution of the planetary systems found
within. In an ideal world, we would be able to visit large numbers of those objects,
collect samples, and return them to the Earth for laboratory study. However, such
sample-return missions are hugely expensive, and only return relatively small amounts
of material to Earth. Fortunately, the Solar system provides us with a natural delivery

mechanism for fragments of asteroids and comets - the constant flux of material en-
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tering Earth’s atmosphere, producing meteors and fireballs, and sometimes dropping

meteorites.

The Desert Fireball Network (DFN) was set up to catalogue this activity, and to allow
researchers to quickly locate and recover any meteorites that fall in the regions cov-
ered by the network’s all-sky cameras. By observing fireballs from multiple locations
simultaneously, it allows researchers to triangulate the paths of their flight through
the atmosphere, and to predict the locations at which any resultant debris will fall to
Earth. In the process, the DFN gathers a vast amount of data in the form of all-sky
images, leading to it recording an ever-growing dataset of observational data for fire-

balls in the sky above Australia.

In this study I make use of a subset of data from the DFN, recorded in November and
December 2015, to undertake a detailed pilot study to establish if RGB (red, green,
and blue) colour of fireballs could be used to aid in the classification of meteors. It
was shown by Moorhead and Kingery (2020) that the measurement of RGB colour
alone could be used to loosely classify iron-type meteors. The ability to classify mete-
ors by colour alone is a relatively inexpensive and easy way to gain information on the
composition and nature of fragments of larger objects. This allows us to learn about
the properties of the meteoroid’s parent bodies, taking advantage of observations of
notoriously serendipitous events. Such observations could potentially be used to dif-
ferentiate between sporadic and shower meteors, allow the identification of meteors
that appear to share a common origin, and provide tighter constraints on the physical

parameters of the meteoroids and their parent bodies from single observations.

Hajdukova (1974) found the emergence of a trend between colour-index and velocity.
Their data indicated that slower meteors appear bluer in the B-V colour-index defined
in Jacchia (1957). This colour-index is most comparable to the B-G colour-index de-
fined in my work. This relationship between colour-index and velocity could allow for

shower associations to be proposed or confirmed from fireball events only witnessed
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by single cameras.

The data in this study yielded observations of 229 unique fireball events across the
network, with 161 of them possessing RGB data. During the time span of data collec-
tion, a number of major and minor meteor showers are active, and the dataset used
here contains representatives of several showers, including the Northern and South-
ern Taurids and the Geminids. Section 4.1 discusses this and explains the steps made to
organise the data, by combining observations from the same event and plotting these
results (Figures 4.1 and 4.2). Section 4.1 and my paper in Chapter 3 also discuss the

physical parameters that allow for shower determination.

Section 4.2 discusses the calculation of the colour-indices. Figure s in my paper (seen
in Chapter 3) reveals the tendency for Southern Taurids to be overall less green (high
G-R, low B-G) than other meteor showers and the sporadics in this dataset. Upon
further investigation, it was found that this result lacks statistical significance, poten-
tially due to the small size of the data set. It is hoped that with access to the complete
DEFN archival dataset this could be investigated further, as it could enable differenti-
ation between the Southern Taurids and other showers. This figure also shows that
the Northern and Southern Taurids appear disjoint from one another, despite being
thought to originate from the same parent body (Whipple and El-Din Hamid, 1952).
Given the singular observation from the Northern Taurids in the sample, this could

likely be an outlier, however, it warrants further investigation.

Figure 6 of my paper (seen in Chapter 3) shows that sporadic fireballs are capable of be-
ing significantly less green (high G-R, low B-G), compared with known shower mem-
bers. This is thought to be linked to the velocity of an incoming fireball, which can
be seen in Figure 7 of my paper. This figure shows that the B-G colour-index becomes
bluer with decreasing incoming velocity at a rate of 23 + 1 mmag per km/s. This agrees
with results found in Hajdukova (1974). Itis hoped that the large error can be resolved
with access to the complete DFN dataset. Both B-R and G-R show trends indicating
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slower fireballs appear redder at a rate of 17 + 7 and 40 + s mmag per km/s, respectively.
This is potentially due to the extended period of time in the ablation phase, allowing
more ionisation of gases around the fireball as it traverses the atmosphere. If a reliable
velocity relation can be established it could allow colour to be used as a proxy when
velocity data is unavailable. This could also potentially allow shower associations to
be proposed or confirmed through single camera observations when trajectory data is

unavailable.

These conclusions must be investigated further as the sample size of the data is not
large enough to be certain, however, it does demonstrate the potential for using colour
variations to establish trends within the data. In the next steps of this project, I plan
to expand the current data set to include the complete set of archival data in the DFN
archives. The DFN archival data set is approximately ten times large than the one pre-

sented in this work and will allow the continuation of this study.

The expanded dataset will allow me to remove some of the bias associated with the ob-
servation location of the fireballs, with data from the entire year which encompasses
the shifting Right Ascension and Declination throughout the year. It will allow me
to compare individual showers from year-to-year, and investigate any differences be-
tween ‘standard’ and ‘swarm’ years of known showers. In addition, it will allow me to
continue the investigation into the use of colour as a proxy for velocity, the apparent
differences between the Northern and Southern Taurids, and if colour could be an

indicator for asteroidal (sporadic) vs. cometary (showers) material.
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