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Acronyms and Explanations

Theory of ablation

v velocity

t time (independent variable)
m mass

h height

I distance along the trajectory
z zenith distance

p air density

I' drag coefficient

A heat transfer coefficient

A shape factor

S head cross section

pa bulk density

¢ energy necessary for ablation of a unit mass
o ablation coefficient

K shape-density coefficient

M Mach number

Measurement of all-sky images

a azimuth

z zenith distance

u angular distance from the center of projection
b azimuth of projection

r distance of measured point from the center of projection



¥ local sideral time (at the station) of the meteor passage

© geographic latitude

¢’ geocentric latitude

A geographic longitude

R value of the geocentric radius vector at the zero height level
Qap convergence angel between two planes

L ecliptical longitude

B ecliptical latitude

L solar longitude

Atmospheric trajectory

N number of station where the fireball was photographed
hp beginning height

hp terminal height

L.y length of observed atmospheric trajectory

ZpE zenit distance of the radiant at the end point of the atmospheric trajec-
tory

Voo initial velocity

M,,... maximum absolute magnitude

m;, s initial photometric mass

Mo initial mass (dynamic or photometric or an estimate for modelling)
PE coefficient describing the empirical end height criterion

H),r height at maximum of the brightness

H7r height at the terminal flare

pyr dynamic pressure at maximum of the brightness

prr dynamic pressure at the terminal flare

AT, duration of the maximum flare

AT,y duration of the terminal flare

Radiant and orbital elements

a¢ right ascension of the geocentric radiant



0q declination of the geocentric radiant

V¢ geocentric velocity (without atmospheric drag)
a semimajor axis

e eccentricity

q perihelion distance

Q aphelion distance

w argument of perihelion

Q2 longitude of the ascending node

i inclination of the orbit with respect to the ecliptic plane
7 length of perihelion

P orbital period

Ao solar longitude

T, Tisserand’s parameter with respect to Jupiter (Jupiter’s semimajor axis
taken a; = 5.204267 AU)

Others

R coefficient of determination

deg degree

EN European Fireball Network

DN Desert Fireball Network (in Australia)

AFO Autonomous Fireball Observatory

IAU MDC International Astronomical Union Meteor Data Center

Explanations

Values of standard deviations for each entry are in the tables presented below
the entry. For higher clarity and readability of the tables the standard devia-
tions are not written in classical form but only in kind of shortcut.

An example: entry real meaning
1519% 15.1981 + 0.0011
2'13 2.15 £ 0.02
B 71+ 1.2

1.2
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Abstract

Centimeter-sized meteoroids cause bright meteors, called meteoric fireballs,
during their encounter with the Earth’s atmosphere. These fireballs can be ob-
served by all-sky photographic methods. In this thesis, bright meteors belong-
ing to major meteor streams are studied. All presented fireballs were recorded
during last few years by all-sky photographic cameras from the Czech part of
the European Fireball Network, Spain (Leonids 1999 campaign), and from the
Australian Desert Network. Physical properties in terms of different methods
(end height criterion, beginning heights, apparent ablation coefficient, frag-
mentation, dynamic pressure at the height of fragmentation or terminal flare),
very detailed light curves (periodic changes of brightness, afterglow, short-
lived flares, profiles) and heliocentric orbits are studied by individual showers.
Studied meteor showers are Orionids, Geminids, a-Capricornids, Southern ¢-
Aquariids, Leonids and Perseids and a comparison of their main properties was
performed. Also comparison with meteorite dropping fireballs was performed.
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Abstrakt

Meteoroidy velikosti nékolika centimetru zpusobuji pfi stfetu s atmosférou
Zemé jasné meteory, kterym se tika bolidy. Takové bolidy mohou byt po-
zorovany pomoci celooblohovych fotografickych metod. V této praci jsou stu-
dovéany jasné meteory prislusejici k hlavnim meteorickym rojum, které byly
vyfotografovany béhem poslednich nékolika let z ceské ¢asti Evropské boli-
dové sité, ze Spanélska pii pozorovéni Leonid v roce 1999 a nebo v Australii
pomoci poustni sité. U jednotlivych roju jsou na zdkladé ruznych metod stu-
dovény jejich fyzikdlni vlastnosti (koncové a pocatecni vysky, zdanlivy ablaéni
koeficient, fragmentace, dynamicky tlak v misté fragmentace ¢i v koncovém
vybuchu) detailni svételné kiivky (periodické zmény jasnosti, dosvit mete-
orické stopy, kratkotrvajici zjasnéni, celkové profily) a heliocentrické drahy.
Zarazené meteorické roje jsou Orionidy, Geminidy, a-Capricornidy, Jizni 6-
Aquaridy, Leonidy a Perseidy. Provedeno bylo srovnani jejich zakladnich
vlastnosti a také srovnani téchto vlastnosti s bolidy, u kterych je velka pravde-
podobnost padu meteoritu.
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Chapter 1

Introduction

Solid particles of the solar system are large enough to produce light during their
collision with the Earth’s atmosphere. The phenomenon is termed a meteor
and the particle a meteoroid. The smallest meteoroid size able to produce
meteor depends on its velocity. Size 0.01 mm can be taken as a rough limit. The
upper sizes of interplanetary bodies are offten limited to the largest meteoroids
recorded by scientific instruments as meteors in the Earth’s atmosphere, which
is about 10-m-size bodies.

Part of the meteoroid population is linked to comets as shower meteors
derived from cometary meteoroid stream. Another part is linked to asteroids
and some of these bodies we can study in our laboratories as meteorites. There
are only fourteen cases by now (September 24, 2009), when recovered meteorite
was observed by scientific instruments (or recorded by video camera) as meteor
and its heliocentric orbit was successfuly measured. Meteors not belonging
to any specific shower are called sporadic. Orbital motion of a meteoroid is
dominated by the gravity of the Sun perturbed by close approaches to bigger
bodies.

Majority of our knowledge on meteoroids comes from an extremely short
interval of their atmospheric penetration. The Earth’s atmosphere is actually
a large sensor of meteoroid impacts. The penetration through the atmosphere
may cause, for certain sizes and velocities of meteoroids, a luminous phe-
nomenon called a meteor, or if brighter, a meteoric fireball, eventually also a
bolide, which is used for detonating fireballs. Velocities of solar-system mete-
oroids at their encounter with the Earth’s atmosphere are within the following
limits: the lower one 11.2km/s (only gravity of the Earth), the upper one
72.8km/s (42.5 parabolic at Earth’s perihelion plus 30.3, which is the velocity
of the Earth at perihelion). The direction where the meteoroid comes from
is called the radiant. The ability to penetrate into the atmosphere depends
strongly on the meteoroid velocity. The mass loss due to ablation causes a
practical upper velocity limit of about 30 km/s (approximate value, terminal
mass also depends strongly on ablation coefficient) for the occurence of a me-
teorite fall (the terminal mass varies as about v % where v, is the initial
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velocity of the meteoroid before entering the atmosphere). Thus, at higher



velocities only a huge body can produce some small meteorite. The term abla-
tion has the meaning of mass loss of a meteoroid in any form and phase: solid
as fragments, fluid as droplets and loss of hot gas, which forms always the final
stage and is responsible for the observed meteor phenomena.

The chapters 1 and 2 of this thesis are collected from several articles, books
and papers, which are not cited directly in the text. Used sources in alphabet-
ical order are as follows: Borovicka et al. (1996); Borovicka (2006); Ceplecha
and McCrosky (1976); Ceplecha (1987); Ceplecha et al. (1993, 1998); Ceplecha
and Revelle (2005); Jenniskens (2006); Plavec (1956)

1.1 Meteor phenomenon

The penetration of a meteoroid into the Earth’s atmosphere at hypersonic
velocity give rise to 4 different phenomena, depending mostly on mass and
partly on velocity. In all four types of interaction, ions and free electrons
are produced during the atmospheric flight, an ionized column is formed, and
forwarding with the meteoroid velocity.

1.1.1 Meteors

Typical meteors seen by naked eye, recorded by television camera or by a tele-
scope, are caused by meteoroids larger than 0.01 mm. The exact size depends
on velocity. A zero magnitude meteor is caused by the body of 2-cm size at
a velocity 15km/s, of 1-cm size at 30km/s and of 0.5-cm size at 60 km/s for
vertical flight in all cases. Typical meteors are associated with meteoroid sizes
between 0.05 and 20 cm. Entering the denser part of the atmosphere they are
heated up very quickly and if the size is less than 0.5 mm, the body is heated
throughout. If the body size is greater than 0.5 mm, only a surface layer down
to a few tenths of millimeter is heated. Reaching about 2200 K, the meteoroid
material starts to sublimate from the surface and fills the surroundings of the
body by its hot vapors. Excited states of these vapors are gradually de-excited
by radiation. Meteor light consist mostly of radiation of descrete emission
spectral lines belonging to metals and mainly to iron. More than 90% of the
meteor light originates from radiation of single low-excited atoms of meteoroid
material (several eV, temperatures 3000 - 5000 K). After traveling a distance of
several kilometers up to few tens of kilometers, the meteor terminates its light,
because it has lost all of its mass. The meteoroid has not radically changed
its velocity, about of the order of some percent to a few tens of percent.

1.1.2 Fireballs, Bolides, Meteorite Falls

This type of meteoroid interaction with the atmosphere happens, when the size
of the body is larger than about 20 cm (for 15km/s and vertical flight). In this
case there is not enough time to ablate the entire meteoroid mass, before the
body slows down to a critical limit of about 3km/s. At such a small velocity



there is not enough energy to keep the surface temperature above 2200 K, so
the luminous phenomenon disappears. However, there is still some remnant
flying down with continuously lower velocity. The meteoroid starts to be cooled
on its surface. The thin melted layer on the meteoroid surface solidifies and
forms a crust, which is typical for meteorities. Meteoric fireball (it is fireball of
-8 mag or brighter) terminates its light due to small velocity of the meteoroid
remnant. The remnant (mass of about 10g and higher) falls down to the
Earth’s surface in a dark flight and its velocity approaches gradually the free
fall velocity, which is a velocity limit being approached by slowing down from
higher velocities. The dark flight lasts typically several minutes in contrast to
the luminous trajectory that lasts several seconds.

1.1.3 Explosive Impacts

The third type of meteoroid interaction with the atmosphere is a very rare
phenomenon due to the small probability of Earth’s encounter with a very
large body. If the body is larger than several meters and sufficiently strong,
the body hits the Earth’s surface at hypersonic velocity of the order of several
kilometers per second. The meteoroid vapors emit light down to the Earth’s
surface, where an explosive crater forms.

1.1.4 Meteoroid Dust Particles

The fourth type of encounter cannot be observed as a luminous phenomenon.
If the size of the meteoroid is less than several hundredths of a millimeter,
it is slowed down to less than a few kilometers per second very high in an
extremely rare atmosphere before its temperature can rise to the evaporation
point. Such a meteoroid dust particle sediments slowly and unchanged through
the atmosphere to reach the surface.

1.2 Atmospheric Penetration

Preheating is the first stage of the meteoroid penetration and is caused by the
impacting molecules of the individual constituents of the air gas at hights of
300 to 100km (depending on energy of encounter that depends on v3). The
surface temperature rises by the same rate as the ambient air density, i.e.,
proportionally to ef. The preheating lasts only seconds or tens of seconds. For
bodies larger than 1 mm the process is governed by heat conductivity, while
radiation transfer and internal compression are important for smaller bodies.
When the surface tension reaches the strength of the material, spallation starts.
For a homogenous solid stone of a centimeter size (or larger) coincides this with
heating to about 900 K. At altitudes up to 250km the dominant luminous
mechanism is sputtering and the subsequent collision cascade of metal atoms
and air molecules with the ambient environment.



(a) (b)
v (km/s) log 7 Type

<93 -12.75 I -4.60 < PE
9.3-12.5 -15.60 + 2.92logv II -5.256 < PE £ -4.60
12.5-17.0 -13.24 4+ 0.77logv IITA  -5.70 < PE < -5.25
17.0-27.0 -12.50 + 0.17logVv ITIB PE <-5.70

27.0-72.0  -13.69 + logv

Table 1.1: (a) The dependency of luminous efficiency, 7, in terms of c.g.s. units and
magnitude-based intensity, on the velocity based on observations of the artificial meteors
(Ayers et al., 1970). (b) The definition of the fireball groups according to the empirical end
height criterion (Ceplecha and McCrosky, 1976).

The next stage of atmospheric penetration of the meteoroid is ablation.
It starts as fragmentation or spallation at lower temperatures. After melting
becomes evaporation from the body and from its fragments. When evaporation
starts, temperatures are close to about 2500 K. Further increase in temperature
is then small because most of the kinetic energy is spent in the ablation process
itselves. The fragmentation process has not been well understood until recently
and mostly single-body theory has been used. Modifications of the single-
body theory due to gross-fragmentation process at discrete trajectory points
was succesfully applied to observations. Deceleration can compete with the
ablation in consuming kinetic energy only for larger bodies (the meteorite
dropping) and when they move lower down in the atmosphere. Reaching about
3km/s somewhere high above the surface and there are not enough hot gases
round the body to emit visible light but there still remains significant mass,
this mass continues to move without emitting light in dark flight, which is the
third stage of atmospheric penetration of the meteoroid.

During a dark flight there is not enough kinetic energy to either evaporate
or to provide heating. The body starts to cool exponentialy with time and
the solidification of the crust takes place. The crust is a black opaque glass,
which dark color is caused by sub-micrometer-sized inclusions of magnetite
(Fe304). Without wind and being decelerated to several hundreds of m/s very
soon, the body motion changes to vertical trajectory quite quickly and a free
fall follows with velocity decreasing proportionally to square root of the air
density. Different wind directions and speeds at different heights perturb the
trajectory and make the solution of the dark flight more complicated. The
biggest unknown in this problem is always the shape of the body, and thus
also the unknown aerodinamic lift. The atmospheric penetration ends with an
impact, the body has reached the surface. Impact velocities are 10 to 100 m/s
for 10 g to 10 kg terminal masses, respectively. The impact forms a small pit on
the surface, which is comparable to the size of the meteorite itself. If ablation
continues to the Earth’s surface, a much bigger impact crater is formed due to
sudden explosive release of the enormous kinetic energy.

According to ablation abilities, fireballs are divided into four types. Type I



has the lowest ability to ablate, the highest bulk density, and potential me-
teorites belong probably to ordinary chondrites of asteroidal origin. Type II
has a bit higher ability to ablate, a bit lower bulk density, and meteorites are
assumed to be carbonaceous chondrites. Type II fireballs are likely both of
asteroidal and of cometary origin. Type IIIA meteors are caused by fragile
bodies with high ablation and bulk density lower than the water. In general,
the most fragile and the weakest bodies cause type IIIB fireballs, which have
the highest known ablation coefficient and the lowest bulk density. Type IITA
and ITIB are considered to be of cometary origin.

This division is based on single-body theory (only fireballs with v, <
40km/s were used) with luminous efficiencies listed in Table 1.1(a). The
empirical end height criterion serves for determination of appropriate fireball
type and is expressed by the value of PE

PE = log pg + A log my + B log vy + C log(cos z2), (1.1)

where A = -0.42 + 0.05, B = 1.49 + 0.31, and C = -1.29 4+ 0.20. The air
density at the fireball terminal height, pg, is in gecm™, initial mass, my,, in
grams, initial velocity, v, in km/s, and zenith distance, z, in degrees. The
conversion key between the value of PE and the fireball type is in Table 1.1 (b).

1.3 Phenomena Connected with Meteors

1.3.1 Meteor Flares

The meteor flare is a sudden increase in meteor brightness usually by more
than one magnitude. It is typical for high velocity meteors. A flare at the
terminal point may be due to a real explosion and a terminal disintegration
into many small fragments. Two usual reasons for flares are sudden gross or
discrete fragmentation (in contrast to continuous fragmentation) or sudden
change in physical circumstances giving rise to more evaporation, excitation
and ionization.

1.3.2 Meteor Wakes

Meteor wake is a special term for radiation, which is emmited just behind
the meteoroid. The radiation surrounding the body is sometimes called head
radiation. Typical dimension of a wake is several hundreds of meters to several
kilometers behind the body and a typical duration is of order of several tenths
of second (usually less than 0.1 second). Depending on the origin we distinguish
two types of wakes: gaseous and particulate.

In the upper part of meteor trajectory a wake is formed by rarified non-
equilibrium gas that is quickly decelerated relatively to the meteoroid. Spectra
of gaseous wakes show lines of the same elements as in the head radiation, but
the excitation energy is significantly lower. Thermal equilibrium cannot be



used even as a first approximation for radiation of a gaseous wake. The domi-
nant characteristics for wake spectrum are intercombination lines,; it means the
lines with low excitation and small transition probability. These include Mg I
- multiplet 1, Ca I - multiplet 1 and Fe I - multiplets 1, 2, 3. Intercombination
lines have the lowest decay and are visible toward the end of the wake. Besides
them, low excitation lines (Na I - multiplet 1) are strong in the first part of
the wake.

At lower heights a wake is formed by tiny droplets and solid fragments
evaporating subsequently — the formation of fragments resembles a wake, and
thus this kind of phenomenon is called a particulate wake.

1.3.3 Meteor Trains

There are three types of trains. The short-duration train is formed exclusively
by a green forbidden line of neutral atmospheric oxigen at 557.7 nm, and thus
it is sometimes called a green train. Green trains are typical for high-velocity
meteors of medium and low brightness. The green line appears with a short
delay after the passage of the meteoroid, reaches maximum intensity after
about 0.1 second and than gradually becomes weak. The typical height where
the line is brighest is 105 km and duration is less than 3 seconds.
Self-luminous persistent trains can be visible for tens of minutes after meteor
disappearance and are produced mostly by bright fireballs of high velocity.
These trains always form in the region of meteor maximum brightness (often at
the position of flare). At the time of formation, the train may be very bright,
but its brightness falls quickly within few seconds. In this afterglow phase,
the spectrum exhibits atomic lines of low excitation and with low transition
probability. Cooling of low-density non-equilibrium gas is in progress. Next
stage is called recombination phase. After initial fading, the brightness of
some lines stabilizes and a few even rises. This phase lasts several tens of
second and its spectrum is similar to that of the afterglow phase but lines
with higher excitation (up to 7eV) are also presented. The two brightest lines
are Mg I at 517nm and Na I at 589 nm. The spectrum can be explained
by atomic recombination that is more efficient at lower temperature, so the
intensity of recombination lines increases after the train has cooled. The last
stage is a continuum phase. It can lasts for several minutes (occasionally for
hours) has wide or narrow appearance and is fed by chemiluminescence of
iron oxide molecules (FeO) and sodium atoms (Na), which are catalysts in the
recombination reactions of oxigen atoms and ozone molecules. In the spectrum
there is line of Na I at 593 nm but most luminosity is produced by molecules.
Optical luminosity is driven by exotermic chemical reactions, the emission of
FeO, other metal oxides, NOy and OH is represented in the spectrum as well.
Reflection trains are similar in appearance to persistent trains, but they
are caused by reflection or scattering of sunlight on dust particles left in the
atmosphere after the meteoroid disruption. These trains are offten formed by
the explosion of bright bolide during the daytime or twilight and may last for



hours.

1.3.4 Meteor Sounds

Lots of acoustic reports from the observers of large fireballs have been quoted.
They are generally of two different types: hypersonic booms (heard one to sev-
eral minutes after the fireball) and electrophonic sounds (heard simultaneously
with the fireball).

Hypersonic booms are meteor sounds caused by meteoroid moving at a
speed v(h) at height h that is faster than the abiabatic phase speed of acous-
tical wave c4(h) and for cases where the mean free path of the neutral gas is
sufficiently smaller than the size of the meteoroid. The energy of this wave
propagates away from the source and is confined to a Mach cone whose half
angle is arcsin(cs(h)/v(h)). If terminal gross-fragmentation creates a point
source-like explosion, spherical wavefronts are generated.

Electrophonic sounds are defined as sounds produced by direct conversion
of electromagnetic radiation into audible sounds. If very bright fireball (say
-9 mag and brighter) penetrates deeply enough to reach so called transition
altitude where a continuum flow regime is commenced and turbulent plasma
trail is produced, then the geomagnetic field lines are twisted. During subse-
quent relaxation of these field lines back to an equilibrium state Extra Low
and Very Low Frequency (ELF/VLF) radio emissions are generated. These
radio emissions with frequency 1 — 10 kHz propagate through the atmosphere
and can be transduced into audible sounds by various electrically conducting
materials (metal or paper objects).

The ELF /VLF radiation can also be produced by expanding plasma during
major fragmentation or explosion that takes place above transition altitude.
For a short time of the order of a tenth of a second, the effective frontal area of
the fireball may fulfill continuum flow conditions and the ELF/VLF radiation
may be produced and transduced into a brief burst of electrophonic sound.
In general, electrophonic sounds may be produced also by events of strong
lightning, very bright aurora, earthquake and nuclear explosion.






Chapter 2

Theory

2.1 Ablation

The motion, ablation, and radiation of a single non-fragmenting body through
the atmosphere (gravity is neglected) can be represented by four differential
equations: the drag equation (2.1), the mass-loss equation (2.2), the luminous
equation (2.3), and the heigh equation (2.4), which is purely geometrical and
is written here for a spherical Earth’s surface. Masses determined from motion
and ablation of the body are sometimes called dynamical masses to distinguish
them from photometric masses, which are computed from a light curve.

C(l;t) = — FAp;Q/Bpm_1/3@2 (2.1)
dm AA —2/3 2/3,.3
an_ 22 2.2
7 oe P P (2.2)
2\ vidm
I=—7(14+ 2 )220 9.
T( +av2) 2 dt (23)
dh 11— A2
= = 2.4
it ~ h+Bj2" (24)
[~ Af2
- _ t 2.
T B2 cos z(t) (2.5)
Al+Bh+C=101*—-h? (2.6)

For a meteoroid at an arbitrary point of its linear trajectory, the notation
is as follows: v the velocity; t the time (independent variable); m the mass;
h the height; [ the distance along the trajectory; p the air density; z the
zenith distance; I' the drag coefficient; A the heat transfer coefficient; A =
Sm=2/3 s the shape factor; S the head cross section; pg the bulk density; &
the energy necessary for ablation of a unit mass; 7 the luminous efficiency; and
constant values A, B, C, which are given by the geometrical relation between
[ and h. The shape factor, A, and one constant describing the geometry have



the same notation, but in the following calculations the shape factor will be
replaced by the shape-density coefficient, K.

Two independent parameters of the problem can be expressed as the abla-
tion coefficient o (2.7) and the shape-density coefficient K (2.8).

A
K =TAp,;”"? (2.8)

2.1.1 Simplified Solution

Most of the photographically recorded meteoroids behaved according to the
single-body theory with constant ablation and shape-density coefficients. The
solution of this simplified problem can be described by following equations.
By keeping o and K constant we can derive some integrals of equations (2.1)
- (2.4):

M = Mo €XP (;O’[UZ — vgo]) : (2.9)

where m — my, and v — v, for t — —oo (outside the atmosphere). By
substitution (2.9) into (2.1) and integrating we obtain the velocity integral:

1 2K exp(tov?) T
Bi(tout) - Bi(zov?) = eXpl(gUU“) / B2+ hpdh 54
6 6 met ) \JA2/4+C+h2+ Bh
l
dl
t_ — J— .
=/~ (2.11)
lo
7’ (B/2 + h)pdh
Ei(lov:) — Bi(tov?) | \JA*/4+C+h>+ Bh 2.12)
Ei(gov) — Ei(50vg) 7 (B/2+ h)pdh '
i \JA2/4+C + 2+ Bh
h=—B/2+ /B4~ C+12— Al (2.13)
Ei(z) = / “ dr (2.14)
x

These integrals hold for any air density profile. Equations (2.11) and (2.12)
represent the complete solution of the problem of the single non-fragmenting
body with constant coefficients ¢ and K, and express the distance along the
trajectory and the height as function of time.

The problem contains four unknown parameters, ly, vy, Vs, 0, to be de-
termined from observations. We can make the problem linear by writing it
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for small increments of the parameters. The partial derivatives of (2.11) and
(2.12), with respect to all four unknown parameters, are explicit analitical ex-
pressions (2.16) - (2.19). This makes the computation convenient and speedy,
especially if we have some good estimates of the initial values of the parameters.
We proceed by writing the total differential according to changing parameters:

ol ol ol ol
lops — | = —Alg+ —A —Avy + —Ao. 2.1
' T T P T (2.15)
ol 1 1 T pdh
— —_= !9 Z a2 /
oly  voD 'Uexp(6a'u )h cosz+
0
I
1 1 di
+u?[Ei(Z0v,) = Bi(zov))|o(ho) / = (2.16)
0
%) l
o 202 1 o, [pdh [dl
— = — - — 2.17
81}0 v D eXp(GUUO)/cosz/U ( )
h lo
ol 202 1, pdh T pdh| rdl
Moo VoD eXp(Gm}OO) cosz / cosz| ) v? (2.18)
ho 0
/ ov2) pdh
80 oD exp cos z
ho 00
1 pdh 1 5 [ pdh
—exp(éavoo)/cosz —exp(gav >/cosz (2.19)
h h
The denominator D is given by
00 l
1 pdh 1 1 dl
D = 2exp(=ov® ’[Fi(zovl) — Ei(=ov] —. (22
exp(0ov )h os, TV IE(Gov) %(6000)]p(h)l e (2:20)
0 0

Also continuous fragmentation can be treated by this solution because of the
general definition of the ablation coefficient. If the body fragments suddenly
at a point, the solution is no longer valid, but we can easy generalized the
solution in this respect. When we have only one point of gross-fragmentation,
we integrate in two steps: before and after the fragmentation point, and thus
we have two aditional parameters.

ol ol ol ol

lops — 1 = —Alyg + —A —AUg1 + —A 2.21
b 8[0 0 8@0 UO (%ool Vool + 8 01 01+ ( )
ol ol
—A —A
811002 Vo2 + (90'2 o2
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Type  pd o K

gem™®  s?km™?  c.gs.
I 3.7 0.014 0.46
II 2.0 0.042 0.69
IIIA  0.75 0.10 1.33
IIIB  0.27 0.21 2.63

Table 2.1: Average values of 0 and K on assumption of 'A = 1.1

Six unknown increments of parameters to be determined from observations are
Avsy and Aoy (before fragmentation), Aly and Avg (at fragmentation), Avees
and Aoy (after fragmentation). Since the solution is again equivalent to keep-
ing K constant, the relative change of mass at the fragmentation point is a part
of the solution. The ratio of Km~/3 before and after the fragmentation point
determines my, the ratio of mass after and before the fragmentation point,
which is independent of the actual value of K. In case of more fragmentation
points, the solution is not so simple. Each aditional fragmentation point adds
four parameters, if the relative amount of fragmented mass and the positions
of fragmentation points are taken as unknown.

We recognize two different types of the values of o, K, and 7. If the
single-body equations are solved without taken the fragmentation into account,
the results are apparent values of the coefficients. On the other hand, if the
fragmentation process is incuded into computation, the intrinsic values of o, K,
and 7 are determined. The intrinsic values are the apparent values corrected
for the effects of fragmentation (either continuous or discrete at a point).

2.1.2 General Solution

General solution of the problem of meteoroid ablation is described by the
same set of equations (2.1) — (2.8) but is solved for ¢ = o(t) and K = K(t);
ablation and shape-density coefficients are functions of time to be determined
from observation. In this case, very precise observation is required. Standard
deviation for arbitrary measured point of the atmospheric trajectory have to
be of the order of 10 m.

From equations (2.1) and (2.2) we can eliminate mass, and thus we arrive
at:

ln— 3/avdv +1In poth (2.22)

Ko dt) ( dt)O’

where the term with integral is called the ablation term and the residual of
natural logarithms is called the deceleration term. If these two terms are
identical during the whole trajectory, then K is being constant.

Complete solution is now represented by equations (2.11) and (2.22). Simi-
lar numerical procedure as for the case with constant ¢ and K can be applied
to fit the computed distances along the trajectory to the observed distances,

12



except that the partial derivatives of (2.11) and (2.22) with respect to all un-
known parameters cannot be written in close form and have to be computed
numerically. If (2.22) would have been solved and velocity and deceleration
are known from observation, mass and ablation are given:

K3p3v6
dt
CZ;? = amvi;t}. (2.24)

It is necessary to say that o cannot be computed for the early part of the
trajectory, where velocities and decelerations are almost independent of o. For
this part of the trajectory only an average value of o (Table 2.1) corresponding
to the meteoroid type have to be used. This limitation has not much influence
on K during the early part of the trajectory, because o and K are there almost
independent. We only must assume K, the value of K at a point, where the
integration starts. Statistical average of K (Table 2.1) for the corresponding
meteoroid type is used.

2.2 Processing of all-sky images

The all-sky cameras capable of imaging the entire visible hemisphere in one
photograph are commonly used in meteor astronomy. We use stars as known
reference points. On each photograph we measure the rectangular coordinates
x, y and convert them to the celestial coordinates azimuth, a, and zenith
distance, z. The origin of the plate coordinates z, y is set near the center
of projection and the definition of the rectangular coordinates is given by the
x axis oriented toward the south and the y axis toward the west. On each
photograph we define the angular distance from the center of projection, u,
and the azimuth of projection, b. The u ranges from 0 to 90°, the b from 0
to 360° (the zero point of b is defined so that for the zenith is b = 180°). If
the center of projection were identical with zenith, u would be identical with
the zenith distance, z, and b would correspond to the astronomical azimuth, a.
In reality, the camera is never oriented precisely toward the zenith, and thus
the center of projection lies at a small zenith distance ¢ and azimuth F. The
relations between the astronomical coordinates and the plate coordinates are
set by these equations:

COS Z = COS U COS € — sinusine cos b, (2.25)
sinbsinu

i —F)=—""—"— 2.26

sin (a — F) = 222 (2.26)

b = ap — arctan (y — ) (2.27)
T — Xo

The point with coordinates xg, yy is the center of projection in the x, y
system and aq is the angle between the x axis and the direction to the south.
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The angular distance u can be written as a function of the distance from the
point [z, yo]. If projection would be axially symmetrical with respect to the
optical axis of objective and photographical film would be identical with the
focal plane of camera, then the distance ry from the center of projection is

ro = /(& —20)2 + (y — y0)*. (2.28)

In reality, projection is elliptical, this results to change of the scale depending
on the direction from the center of projection. The distance of measured point
[z, y] from the center of projection [xg, yo], 7, depends on the angle between
the z axis and the axis of ellipse, the important direction of the elliptical
projection. This angle is denoted by .

r=ro[l + Asin (o — F)] (2.29)
a = ap + arctan (y — yo> (2.30)
r — X

A a F are reduction constants to be determined together with ¢, E, zq, yo,
ap. Then the angular distance w is function of r (empirical formula 2.31) with
reduction constants V', S, D, P, () to be also determined.

uw=Vr+8(e” —1)+ P —1) (2.31)

Using additive formula to sin(a — F') we can exclude « from equations (2.29)
and (2.30) and write the formula for r

r=c [ —al+ - wl+ (2.32)
+ Ay — yo) cos (F — ag) — A(x — o) sin (F — a,)],

where C' is the global scale factor of projection.
The reduction constants can be devided into four groups according to their
physical meaning.

1. xg, Yo, ap - the plate constants. They define the rotation and shift of the
rectangular coordinate system on the film.

2. A, F, C - the camera constants. They define the position of the film
relative to the optical axis. A and F' express the inclination of the film
relative to the focal plane. C' is equal to unity when the center of the
plate lies at a standard distance from the lens (the nominal focal length).
Otherwise it differs a little from unity.

3.V, S, D, P, Q - the lens constants. They define the projection of the ob-
jective in dependency on the distance from the optical axis. The influence
of astronomical refraction is also included.

4. ¢, F - the station constants. They define the deviation of the camera
optical axis from the zenith. An apparent deviation may be also caused
by an incorrect timing.
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The lens constants and the constant C' are not independent and cannot be
computed simultaneously. This can be seen from the fact that both V and C
define the scale at the center of projection in the same way. Either C' is set to
unity and the lens constant are computed or the lens constant are fixed an C
is being determined.

2.3 Conversion of a, z to o, 6 and radiant

For conversion of azimuth and zenith distance into the right ascension, «, and
declination, d, we must know the local sideral time at the station, v, of the
fireball instant, and the geographic coordinates of the station, ¢, and A,.

All the computations are performed in geocentric coordinates. There is
need to convert geographic latitude, ¢, into geocentric latitude, ¢, and to
determine the value of the geocentric radius vector at the zero height level, R.

¢ = ¢ — 0.1924240867° sin 2 +
+0.000323122° sin 4¢ — 0.0000007235° sin 6¢ (2.33)

0 A A 2 1/2
1 —0.0133439554 sin” ¢ ) (2.34)

1 — 0.006694385096 sin? ¢

The rectangular geocentric system of coordinates is then given by the following
definition

R = (4068669.86

X = (R+ h)cos ¢ costd
Y = (R+ h)cos¢' sindd (2.35)
Z =(R+h)siny/,
where h is height above sea level. Any unit vector in direction of «, ¢ in the
same system of coordinates is
& = cosdcosa
n = cosdsina (2.36)
¢ = sind.
Enough points are measured on the fireball trail to determine the straight line
of the trajectory. Each point can be represented according to (2.36) as vector
(&, miy Ci), © = 1...k, where k is total number of measured points. These vectors
define the average plain I', which contains the average fireball trajectory and

the station where the fireball was photographed. If (a, b, ¢) is a unit vector
perpendicular to I', then

a&; +bn; +cG; = Ay, (2.37)

where A; = 0 in the ideal case of all measured points being exactly on the
meteor trail. In fact, A; are small values to be minimized by the choise of
unknown vector (a, b, c).

YA? = minimum (2.38)
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is the condition that gives a, b, c as

a’ = [&mi][niG] — [7712] [€:Gi]

v = [Emill6iG] — [512] 1G]

¢ = [&] 7] — [&mi] [&mi]

d =Va?+ b2 +c? (2.39)

a=d/d
b=t/d
c=d/d,

where symbol [| means X.

The geocentric position of the plain I' is derived from (2.36) and from the
geocentric position of the station, where the fireball was photographed, [Xj,
Yy, Zs):

a+bm+cC+d=0 (2.40)
d = —(aX, +bY; +cZ,). (2.41)

d is the distance of the plain I' from the Earth’s center.

The fireball is photographed from at least two stations, and thus we have
several pairs of planes I'. Any pair of them, for example plane I'4, derived
from station A, and I'g, from station B, defines the fireball trajectory as their
intersection. If I"4 is described by a4, ba, c4 and I'g by normal unit vector
ap, bg, cg then a unit vector derived from the intersection of planes I', and
FB is

Er = (bacg — bpca)/s

nr = (apca —aacp)/s (2.42)
Cr = (aabp —apba)/s,
where s = [(bacg — bpca)? + (apca — aacp)? + (aabp — agba)?]/?. Vector

(&r, Mg, Cr) defines the radiant of the fireball and thanks to (2.36) we can
convert it into (ag, dg). If this point (ag, dr) is below the horizon, then it is
the antiradiant and the computation proceeds just by changing the sign of the
vector (&g, MR, Cr)-

The statistical weight of the intersection of plains I' 4 and I'g is proportional
to the angle between these two plains, Q 45, more accurately to sin® Q4. The
value of the angle Qp is given by normal unit vectors (a4, ba, ca) and (ap,
bB, CB)Z

cosQap = |CLAaB—|—bAbB+CACB|. (243)

2.4 Atmospheric Trajectory

Points of the fireball trajectory do not lie exactly in the plain I'"4, and thus
we are looking for perpendicular projection of these points onto the average
fireball trajectory defined by the intersection of plains I'4 and I'g.
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If n is the suffix of any measured point, then (&,, 7., ¢,) and the geocentric
position of station A define a staight line deviating a bit from the plain I'4.
We define the plain perpendicular to I'4 containing (&,, M, ¢,) and [X4, Ya,
Z 4. This plain is described by a normal unit vector (a,, by, ¢,) and distance
of this plain from the Earth’s center, d,,:

Ap = NnCa — Cnba

bn = Cuaa — &nca

cn = &ba — Muaa (2.44)
d, = — (anXA +b,Y4 + CnZA).

The intersection [X,,, Y,,, Z,| of this plain and the average fireball thajectory
is the point we are searching for. This point is the intersection of these three
plains

arl+ban+ca(+da=0
CLB£+bB77+CBC+dB =0 (245)
aé +b,m+c,(+d, =0

and the distance of this point from station A is
rn = [(Xn = Xa)? + (Yo = Ya)? + (Zn — Za)?]. (2.46)

The projection of this point onto the Earth’s surface can be computed by
solving (2.35), which yields ¢/, ¥, R+ h,. Since the projection of the point
[ Xy, Yo, Z,] using (2.35) is in the direction of radius vector and not vertical,
the following correction have to be done

n — nc+hn )
ey (R+ ha)

where @, is ¢!, corrected by means of (2.33).

Now we have geometry of the fireball in the atmosphere, but we are inter-
ested in dynamics as well. To determine distances along the trajectory, veloc-
ities and decelerations as functions of time, the positions of the time marks
have to be measured. The time marks are given by any timed occultation of
the moving fireball image by a rotating shutter. In case of all-sky camera,
the rotating shutter is placed very close to the focal plain, and the progressive
motion of the shutter combines with the motion of the fireball image, and thus
a correction is necessary. If we define the relative time, t,,, as zero at the first
measurable time mark (¢t = 0 for [ = {;) then

nSRASOn)
21 ’

_1
o f

where ngg is the number of rotating shutter arms, f is the number of rotations
of the shutter per second, and Ay, is an angle between the position of the

t (zn o (2.48)
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shutter at the occultation instant of time mark 1 and time mark n and is given
by

Ay, = arctan lwl — arctan [(ﬂﬁn—l‘c)}, (2.49)
(11 — ¥e) (Yn — Ye)

where x., y. are the rectangular coordinates of the axis of the rotating shutter,

x1, yp are the rectangular coordinates of the time mark 1 and x,, vy, of the

time mark n.

Now we have for each [, and h,, also corresponding ¢, and we can analyze
them as functions of time and determine velocities and decelerations at any
point of the fireball trajectory also as functions of time.

For further computation, initial velocity is one of critical parameters. Dif-
ferent procedures are applied to determine this parameter depending on quality
of actual data of [,, and h,,. If a meteor trajectory is not long enough (generally
for fast and fragile meteors), we calculate only mean velocity along the trajec-
tory. I, and h,, are fitted as linear functions of time then. For longer meteors,
which experience at least moderate deceleration, empirical interpolation for-
mulae for dependency of length and height on time is used. For the length the
formula has a form of [ = A+ Bt + C exp(Kt) and contstant values of A, B, C
and K are being determined from observation. The B coefficient has meaning
of initial velocity. If an atmospheric trajectory of a fireball is long enough, the
deceleration is presented, and the accuracy of measurement is high (standard
deviation generally less than 30 meters for arbitrary point of the trajectory),
we can apply procedure described in section 2.1.1 (page 10).

The method described above is based on intersection of planes. There
is another one method how to determine the atmospheric trajectory — the
method of skew lines. In this method, we aim rays (from at least two stations
of observation) at the measured points on the meteor atmospheric trajectory
and find the line, which is closest to all rays — residua are minimized. The
solution is the same as intersection of planes, but has higher accuracy for such
cases, where the convergence angle between the two planes is very small (say
less than 5°).

2.5 Fireball Orbit

The initial velocity, vs, radiant (a., d,), and time of meteor beginning define
the initial velocity vector, which is important to determine the fireball helio-
centric orbit. We start with the average observed values v, v and (., 9,). ©
is observed average velocity at the average point, [X,,, Y, Z,], which lies close
to a middle of the average fireball trajectory. The direction of v is same as the
direction of v,. Time of the event is determined either from visual observation
or computed from guided camera (nautical triangle) or derived from brightness
detector.

First, we correct the observed velocity vector v, «,., ¢, for the Earth’s rota-
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tion. The Earth’s rotation velocity, vg, in km/s is given by

2

D 7 /
- n n ) 2.
86164.O9<R + hy) cos ¢, (2.50)

VE
where (R, + h,,) is the radius vector to the average point and ¢/, its geocentric

latitude. The components of ¥ can be written in rectangular geocentric system
of coordinates (2.36) as

Uy = [0] gR
vy = [0l 7r (2.51)
Uy = |®| gRu

and thus the corrected velocity vector v, = (Vge, Uye, Vzc) 18

Uge = Uy — Vg COSQE
Uye = Uy — Vg sinag (2.52)

Vze = Uz,

where ag is the right ascension of the east point corresponding to latitude p,
and longitude )\, of the average point [X,, Y,, Z,].

The next step is the correction of v, for the no-atmosphere value by adding
the difference v,, — v. The direction of the vector is not changing. The no-
atmosphere value of v, is denoted v, and its absolute value is

Vooe = Ve + Vog — U (2.53)

and the absolute value of the geocentric velocity vector, vg, is in km/s given

by
1
797201.0 \?2
=2 - =] . 2.54
(Je (UOOC (Rn T hn)> ( )

The radiant («., d.) corrected for the Earth’s rotation can be determined from
the coordinates (2.52), which are transformed by (2.36). Then the zenith
distance from the observed ”geocentric” radiant, z., is computed from

coS z, = sin d,. sin ¢!, + cos d, cos ¢!, cos(V, — a.). (2.55)

The observed radiant is shifted, thanks to the gravity of the Earth, a bit
towards the observer’s zenith with respect to the geocentric radiant of the
fireball. The value of this shift, Az, is always positive and is called the zenith
attraction. If the geocentric trajectory of the meteoroid inside the Earth’s
sphere of activity (the gravity of the Earth is higher then the gravity of the Sun)
is a hyperbola and the atmospheric trajectory of the meteor is approximated
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by a line (a tangent of the hyperbola), then the zenith attraction, Az, is due
to geometrical properties of a hyperbola given by

A (& (&
(Vooe + V) tan < 22 ) = (Vooe — Vg) tan (Z) (2.56)

and the zenith distance of the geocentric radiant, zg, is then
26 = ze + Az (2.57)

Since the gravity of the Earth does not change the plane of the hyperbola of
the meteoriod trajectory, the azimuth of the geocentric radiant is not changing
as well. If a. is the azimuth of the radiant (., d.), which is corrected for the
Earth’s rotation, then the azimuth, aq, of the geocentric radiant is

ag = a. (2.58)

For the reduction of the photographic record the apparent coordinates of stars
were used, and thus the components of the geocentric radiant (ag, dg) are also
given in apparent system of coordinates and it is usual to convert them into
coordinates of the standard epoch J2000.0, which depends on precessional and
nutational constants and the time elapsed from the standard epoch.

Having vg, ag, dg, we can compute the heliocentric velocity vector, vy, Ly,
By, of the meteoroid in orbit at collision with the Earth. L is the ecliptical
longitude and B the ecliptical latitude. First we convert the apparent ag,
d¢ into ecliptical coordinates, Lg, Bg for the epoch of the closest beginning
of the year or the middle of the year. The heliocentric ecliptical system of
rectangular coordinates is defined as

X =r cosB cos L
Y =rcosBsinL (2.59)
Z =rsin B,

where r is the distance from the Sun. The position of the Earth in this system
is given by the solar longitude, L. The ecliptical longitude of the Earth is
Ls—180°. The ecliptical latitude is equal to zero. To determine the heliocentric
velocity of the meteoroid we have to know the velocity vector of the Earth in
its orbit, which is given by the time change of the solar longitude, L, the
time change of the Earth’s radius vector, r, and the ecliptical longitude of the
Earth’s apex, Lap. If V4p is the velocity of the Earth in AU per solar day and
t the time in solar days, then

dT 2 dL@ 2
Var = Kdt) * (dt)
s dr dL
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The components of the heliocentric velocity vector of the meteoroid are then

Vge = — Vg €08 Lg cos Bg + Vap cos Lap
Uiy = — Vg sin Lg cos Bg + Vap sin Lyp (2.62)
VHy — — Vg sin BG

and because we can write the components also in the system (2.59)

Vg, = Uy cos Ly cos By
Vpy = vy sin Ly cos By (2.63)

vy, = vy sin By,

we can determine the heliocentric radiant of the fireball, Ly, By, and the
heliocentric velocity, vy. Since Vyp is in AU per solar day and vg in km/s, a
conversion factor have to be applied.

v [km/s] = 1731.456829 v [AU /solar day] (2.64)

If we know vy in AU /solar day, the semimajor axis a can be directly determined
from low of conservation of energy

E*r

—_ 2.65
2k2 — rv%,’ (2.65)

a =

where k = 0.01720209895 is the Gaussian gravitational constant in AU-solar
day-solar mass units. The longitude of the ascending node, €2, depends on the
sign of By

for By >0, Q=1Lg

for By <0, Q= Lg—180°. (2.66)

The inclination of the orbit, 7, is determined from low of conservation of angular
momentum

1
V/Dcosi = % (rvpgsin Le — rvg, cos Lg)

. U, sin L
= —-— 2.67
V/psint ) or ( )
.. TURCOS L
Vpsini = k cos ()

The inclination is in the range from 0° to 180°, and thus if we determine tan:
from (2.67), then 7 is unambiguous. From (2.67) we also obtain the parameter
p. The eccentricity, e, and the true anomaly, v, can be then obtained from

VP

esinv = — ~— (v, cos Lg + vy, sin L)

k
ecosv =p/r — 1. (2.68)
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The argument of perihelion, w, depends on the sign of By

for By >0, w=180"°—v
for By <0, w=—v. (2.69)

If the semimajor axis is positive, the perihelion distance, ¢, and the aphelion
distance, ), can be computed from geometrical relations of an ellipse.

g=a(l—e)
Q=a(l+e) (2.70)

All the angular orbital elements have to be now converted into values of some
standard epoch, for example the standard epoch J2000.0.

2.6 Meteor Photometry

Startrails on the all-sky image are used for determination of meteor brightness.
Two different methods are used for this purpose: the width photometry and
the Fishscan photometry. The biggest trouble in both methods is the fact that
the fireball is often the brightest object on the image, and thus its brightness
has to be extrapolated and the standard deviations of fireball brightness may
exceed one stellar magnitude in some cases.

e Width Photometry

Measured widths of startrails are used for determination of visual bright-
ness of meteor on the basis of characteristic density curve. This curve
describes dependency of width of startrail on stellar magnitude. This
method gives good results for stars measured in the interval of zenith
distances from 0° to 70°. The process is as follows: catalogue stellar mag-
nitudes are transformed to panchromatic system of magnitudes (proper-
ties of used emulsion are taken into account), corrected for the zenith
distance influence (extinction coefficient and lenses effect), and velocity
of the image caused by daily motion (trailing velocity). The difference
of occultation by the rotating shutter (star images are occulted by the
shutter, but the fireball image is not) and the fireball trailing velocity
(known from measurement of the time marks) are taken into account for
determination of the fireball brightness.

e Fishscan Photometry
Fishscan photometry is the name for a recently implemented method that
uses the darkening of startrails on scanned negatives to determine the
characteristic density curve and meteor brightness. The FishScan soft-
ware, created by Dr. Jifi Borovicka, serves for this purpose. Before the
measurement, the image is corrected for decreasing sensitivity with the
distance from the center of projection (i.e. flat-fielded) using the factory
curve for the Zeiss Distagon lens. The measured darkening of a star trail
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is corrected for star trailing velocity (daily motion). Stars are measured
in wide interval of zenith distances and the actual extinction coefficient is
determined together with the characteristic curve. When converting me-
teor darkening into magnitudes, the difference due to occultation by the
rotating shutter (star images are occulted by the shutter, but the fireball
image is not) and the fireball trailing velocity are taken into account. The
Schwarzschild’s coefficient of 0.80 £ 0.05 is assumed.

2.7 Dark Flight and Impact

If a fireball penetrates very deep into the apmosphere and the computed ve-
locities and decelerations at the end of the luminous trajectory yield non-zero
mass of the body, a meteorite fall follows and we are interested in predicting
the impact point. A dark flight is a flight without emitting light. The last
measured velocity and deceleration at the terminal point, the position of the
terminal point and the direction of flight completely define the solution of this
problem. Main uncertainties are the unknown shape of the body, which is
assumed to be symmetrical, and the poor known wind field. The equations of
motion of non-ablating body are:

d 1

dflf)zl = - [TSpu(Vi 4+ v)) + 2w(v, sinp + vy cospsinag)]  (2.71)
h

dvh 1 .

e o [L'Spvvy, + g — 2w cos p(v; sinag + v, cos agr)] (2.72)

dv,, 1 .

pT [TSpu(V, + vg) + 2w (v sin ¢ — vy, cos g cosag)] , (2.73)

h

where v, the velocity of the meteoroid is composed of three perpendicular
components. The vertical plane containing the fireball trajectory contains
the horizontal component of the velocity, v;, which is higher than zero in the
direction of the meteoroid flight. The vertical plane containing the fireball
trajectory contains also the vertical component of the velocity, vy, which is
defined as dh/dt, and thus in the real problem of the meteoroid motion is
always smaller than zero. The third component of the velocity, v,, is horizontal
and perpendicular to the vertical plane containing the fireball trajectory and is
higher than zero to the right hand side viewing along the meteor motion. The
other symbols are: V; and V., the wind velocity components, their direction
is opposite to the meteoroid velocity components; I' the drag coefficient as
function of Mach number; S the ratio of meteoroid mass, m, and meteoroid
head cross section, s; p the air density; ¢ the geographic latitude; ar the
astronomical azimuth of the direction of the meteoroid flight (south ar = 0°,
west ag = 90°); w the angular velocity of the Earth’s rotation (27/86164) and
g the acceleration of gravity. The Coriolis-force terms can be ommited because
they are only small correction.
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M 4 3 2 15 1.2 1 08 06 04 02
(M) 0.580 0.618 0.632 0.596 00552 0.504 0.441 0.389 0.351 0.328

Table 2.2: Values of T'(M) for symetrical body

The solution of differential Equations (2.71) to (2.73) can be performed
numerically starting from the terminal point and going to lower heights until
the surface is reached. At each integration step (dh about 10m is of enough
precision) the velocity of the meteoroid is computed from:

02 =vp + (0 4+ V)2 + (v, + Vi) (2.74)

The initial values of v;, vy, v, are based on the value of the terminal velocity,
vr and zenit distance of the radiant at the terminal point, zg:

v = vrsin zg (2.75)
U = — U COS ZR (2.76)
v = 0. (2.77)

The initial value of I'S is given by the drag equation written for the terminal
point:

1 dv
(T'S)r = poe (dt)T’ (2.78)
where vy and (dv/dt)r are the velocity and deceleration at the terminal point
and pr air density at terminal height hp. (I'S)r implicitly contains the un-
known mass, shape, density and drag coefficient of the meteoroid. We change
" as a function of Mach number for a symetrical shape (Table 2.2) and assume
S constant.

The wind direction and velocity is given from aeronomic data and we usually
take the closest values in location and time. From aerological measurement we
can at each integration step determine:

T=T("°C)+273.15
p = 3.483676 x 10~*P/T (2.79)
¢ = 0.0200468V'T,
where T is the absolute temperature, P the air pressure in hectopascals, p the
air density in g/cm? and ¢ the velocity of sound in km/s. The wind direction
is given by geodetic azimuth, ay, from where the wind blows (northern wind
ay = 0°, eastern wind ay = 90°). If V is the total wind velocity we can
compute its components:
Vi, =V cos(ay —ag) (2.80)
V. = Vsin (ay — ag).
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We are also interested in the total length of the dark flight. L denotes the
component in the direction of the flight, L, the component perpendicular to
the flight (positive to the right hand side viewing along the meteor flight).
Both these components are located in the zero level height of geoid. If hp is
the terminal height and h, the height of the surface we can write:

hr
L= /ﬂdh (2.81)
Up,
hr
@:/ﬁm
Up,

If the components of the geographic coordinates along the flight are denoted

by suffix I/, the components perpendicular to the flight (positive to the right
hand side) by suffix x, then we can for each step of the integration write:

a, = ap + 90°
Cosap
do; = dL
TR h)]
[ sinag
d\ = |———F7—"— 2.82
: | (R+ h)cos gp] (2.82)
[ cosa,
dp, = dL,
v _m+”
[ cosa,
ANy = | —=——F—| dL,
| (R+ h)cos gp]
and the total change of geographic coordinates:
dp = dpr + dpy (2.83)
dX\ = d\ + d),.
The instantenous azimuth and zenith distance of the radiant is given by:
a = ap + arctan (Ux) (2.84)
Uy
<uf + vg> 2
z = arctan | ——5— .
Uh

The numerical solution starts in the terminal height hr above the point
given by geographic coordinates ¢ and Ap, using the terminal velocity vp
and the value of (I'S)7. We then proceed step by step using the aeronomical
data and tabulated function I'(AM) (Table 2.2). Thus for each height h we can
compute vy, vy, Uy, v, L, L;, ¢, A\, ag and zr. We continue until the height is
equal to the height of the surface, h,. The standard deviations of all measured
values yield the standard deviation of these computed quantities and define
so-called impact area.
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Chapter 3

Results

Very efficient and precise method how to record atmospheric interaction of
larger meteoroids is the multi-station photographic observation of fireballs by
fireball networks. During the short moment of ablation of meteoroids we can
determine their atmospheric trajectories, orbits, light curves and basic physical
properties. One of the most advanced operational fireball network is the Czech
part of the European Fireball Network (EN), where each station is equipped
with the newest generation camera, modern and sophisticated completely Au-
tonomous Fireball Observatory(AFO) (Spurny et al., 2007). The AFO imaging
system consists of a Zeiss Distagon fish-eye objective (f/3.5, f = 30 mm) and
a large-format sheet film (9 x 12 cm emulsion ILFORD FP4 125 with panchro-
matic spectral sensitivity approximately between 360 and 650 nm). All AFOs
are equipped with a rotating shutter close to the focal plane to determine fire-
ball velocity. At present, 11 stations are operated almost uniformly deployed
across the territory of the Czech Republic and 2 in cooperating countries (Aus-
tria and Slovakia). Usual precision of any individual point on the luminous
atmospheric trajectory for fireballs up to approximately 200 km distance from
the stations is about 10 - 15 meters. This precision is proportionally decreasing
with the distance of fireball from stations. In some ideal cases it is possible to
reliably determine fireballs at a distance of about 500 km from the territory.
It enables us to observe fireballs over large part of Central Europe. As well
as direct fireball imaging each AFO also includes an all-sky brightness sensor
(radiometer) with sampling rate of 500 measurements per second. Therefore,
along with the accurate time of fireball passage and its duration, we also obtain
a very detailed light curve. These sensors work reliably even under a cloudy
sky, so we have basic information about fireball luminosity and its very ap-
proximate location even without photographic records. Also radiometers with
sampling rate of 1200 measurements per second, but with less sensitivity, are
placed on two Czech stations.

Further photographic network equipped with AFOs is Australian Desert
Network (DN). This network is in operation from December 2005 and at
present there are four stations. Since the AFO was designed to work in con-
ditions of central Europe few modification were performed. Resulting Desert
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Fireball Observatory (DFO) is weather resistant, sealed against dust, equipped
by solar shield, and designed to use minimal electrical power.

In this thesis, atmospheric, photometric and orbital results for 98 fireballs
from six different meteor showers, which corresponds to six different parent
objects, are presented (20 Leonids without orbital data). The fireballs were
observed from Central Europe, Spain, and also from Southern Australia. All
the results are based on photoghaphic observation by precise all-sky lenses and
also light curves with high time resolution are available for lots of the fireballs.
Appropriate visual observations are also mentioned.

The aim of the thesis is to determine main physical properties of major me-
teor showers in terms of different methods like end height criterion, beginning
heights, apparent ablation coefficient, fragmentation, and dynamic pressure at
the height of fragmentation or terminal flare. Also events like periodic changes
of brightness, afterglow, short-lived flares, and general profiles are studied on
the basis of very detailed light curves and heliocentric orbits for individual
showers are presented.

3.1 Orionids

The Orionid meteor shower is a relatively strong and stable regular annual
shower with a peak visual hourly rate of 15 — 30 meteors and broad maximum
generally occurring on October 20 — 23. The parent is comet 1P /Halley, now in
an orbit passing a far +0.151 AU from Earth (Jenniskens, 2006). The last re-
turn of parent comet 1P /Halley caused a renewed interest in the study of both
streams originating from this comet, i.e. Orionids and 7-Aquariids. Most the-
oretical works and modeling attempts (McIntosh and Hajduk, 1983; Hughes,
1987; Mclntosh and Jones, 1988; Wu and Williams, 1993) as well as increas-
ing number of meteor observations mostly by visual amateur observers date
around this return. However no enhanced Orionid activity was observed and
it was concluded that enhanced rates are not connected with the parent comet
returns (Porubcan et al., 1991) but are due to isolated particle concentrations
not necessarily in the comet’s vicinity. The latest outbursts were observed in
1993 (Rendtel and Betlem, 1993), 2006 and 2007 (Spurny and Shrbeny, 2008).

Emel’Yanenko (2001) in his theoretical work explains enhanced and short-
term activity of a shower with a libration of a meteoroid stream, and for
Orionids he presents three sets of parameters that describe three possible res-
onant zones for this shower (Table 3.1). These librating particles create a
resonance substream. The 2006 Orionid activity was caused according to Sato
and Watanabe (2007) by the dust trails formed by meteoroids ejected from
1P/Halley in years 1265 BC, 1197 BC and 910 BC and trapped in the 1:6
mean motion resonance with Jupiter. The exceptional activity of 2006 Ori-
onids Rendtel (2007) is also ascribed to the meteoroids from a resonant zone
with the most favorable resonance the 1:6 with Jupiter. Rendtel (2007) also
mentions the decrease of the population index, . During the maximum of the
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activity the value of r was 1.6 but the long-term average is 2.3 - 2.9. This
fact confirms that the meteors observed during the Orionid 2006 maximum
deviated significantly from the average Orionid meteors and on average are
significantly brighter. A similar effect was observed during the 1993 Orionid
outburst (Jenniskens, 1995).

Majority of this section is published in Spurny and Shrbeny (2008).

3.1.1 Observation

During four nights from October 20 a total of 48 bright Orionids were recorded
— the 2006 Orionid enhanced activity. During this time the observation was
strongly affected by unstable weather conditions. The entire data set includes
multi-station photographic fireballs and those recorded photographically only
from one station, some that were too short (only the brightest flare) to make
it possible to compute the trajectory or to determine the velocity, and others
that were recorded only by brightness sensors due to a cloudy sky. Only 10
recorded fireballs were long and bright enough to be recorded photographically
from more than one station so that it was possible to determine precisely all
important parameters describing their atmospheric trajectories, heliocentric
orbits and basic physical properties.

Atmospheric trajectories the Orionid fireballs presented here were deter-
mined from all available images (Table 3.2). Because Orionid meteors are very
fast, their atmospheric trajectories are often very short (last two columns in
Table 3.2). This can decrease the precision in determination of other criti-
cal parameters. However, in all cases the fireballs listed in Table 3.2 were
recorded from more than 2 stations of the Czech Fireball Network, which
highly increases reliability of presented data. The only exception being ORI06
that was recorded from only 2 stations.

3.1.2 Atmospheric behavior

The results on atmospheric trajectories are collected in Tables 3.2 - 3.4. The
time of meteor beginning, beginning and end heights, length and duration of
observed atmospheric trajectory are presented in Table 3.2. The beginning
heights range from 100 to 114 km and the terminal heights from 78 to 90 km
corresponding to a range of the observed trajectory lengths from 15 to 40 km.

i afAU] A a[AU]

1:6 17.19 1.0
1:5  15.22 0.9
1:4  13.12 0.8

Table 3.1: Parameters of principal resonance zone near orbit of the Orionid meteor shower
(Emel’Yanenko, 2001). a is the semimajor axis at the center of the j’:;j resonance, Aa is the
width of the resonance zone.
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Table 3.2: Atmospheric trajectories of the 2006 and 2007 Orionids. H is the height above
sea level, Lps is the length of observed trajectory. The subscript "B” denotes values at the
beginning point of the atmospheric trajectory, the subscript "E” at the end point. N is the
number of stations where the fireball was photographed. The fireballs from the filament are
denoted by asterisk. Standard deviations for each entry are shown below.

Meteor N Date Time Hp Hg Lobs Duration

No. (UT) (km) (km) (km) (s)

Year | 2006 |

ORIO1* 3 21.10. 0:36:13 | 105.58 85.34  30.02 0.27
1 1

ORIO2* 4 21.10. 0:50:44 | 104.27 90.25  20.68 0.30
2 2

ORIO3™ 8 21.10. 0:57:58 | 108.92  85.30  34.06 0.47
2 2

ORIO4™ 5 21.10. 1:46:13 | 100.74 81.97 23.71 0.33
2 2

ORIO5™ 6 21.10. 1:50:42 | 108.17 78.10  39.03 0.54
1 1

ORIO6™ 2 21.10. 2:01:45 | 101.81 89.37  15.01 0.20
1 1

ORIOT™ 4 21.10. 2:35:48 110.82 86.39 30.17 0.41
1 1

ORIO08 3 21.10.  23:52:10 | 106.86 88.23  30.25 0.33
1 1

ORI09 3 22.10. 2:01:29 114.26 77.82 40.48 0.39
1 1

ORI10 4 22.10.  22:55:46 | 108.03 87.46  40.63 0.28
4 2

Year | 2007 |

ORI11 2 22.10. 1:23:04 98.92 80.10 24.68 0.38
1 1

ORI12 3 22.10. 3:04:55 | 104.27 87.48  19.70 0.28
1 1

ORI13 2 22.10. 3:29:04 | 106.20 85.06  25.65 0.34
1 1

Physical data of these fireballs are presented in Tables 3.3 and 3.4. Zenith
distances for the end point, initial velocities (mean measured velocity without
deceleration), maximum absolute photographic magnitudes, initial photomet-
ric masses, PE coefficients that describe the empirical end height criterion and
fireball types according to the classification of Ceplecha and McCrosky (1976)
are shown in Table 3.3.

The rotating shutter hides one half of the meteor trail (except for guided
cameras) so in some of cases the short-term flares are not visible in the pho-
tographs at all. These flares are obvious in the light curves from the AFO
brightness sensors. This is well documented in Figures 3.3 and 3.4 showing
the photographic images and radiometric light curves for all 10 2006 Orionid
fireballs listed in Tables. From known durations of the fireballs and their ap-
proximate light curve profile, both derived from the photographic records and
from durations of the AFQ’s light curves, we can derive instantaneous heights
of flares for each fireball in the atmosphere. Values of these quantities (if vis-
ible in the light curve) are presented in Table 3.4. Since the overlap of the
light curves is approximate, the heights listed are rounded-off to kilometers.
The duration of the flares varies from several tens of milliseconds (near the
mid part of the trajectory) to only several milliseconds in terminal flares. A

30



Table 3.3: Physical data on the 2006 and 2007 Orionid fireballs. ZDg is the zenit distance
of the radiant at the end point of the atmospheric trajectory, vo, is the initial velocity,
M4 is the maximum absolute magnitude, m;, ¢ is the initial photometric mass, PE is the
coefficient that describes the empirical end height criterion and designates the type of fireball
(Ceplecha and McCrosky, 1976). The fireballs from the filament are denoted by asterisk.
Standard deviations for each entry are shown below.

Meteor ZDg Voo Miaz Mgy f PE Type

No. (deg)  (km/s) (8)

Year [ 2006

ORIOL™ 47.7 67.6 -5.1 0.5 -5.10 II/IITA
4 5

ORIO2* 46.75 67.7 -8.4 6 -5.93 11IB

10 2

ORIO3™ 45.56 67.7 -6.0 3 -5.44 IITA
4 3

ORI04™ 37.73 67.82 -10.0 40 -5.73 I1IB

12 13

ORIO5™ 38.68 67.80 -8.2 7 -5.13 II/IITA
1 11

ORIO6™ 36.95 67.6 -3.0 0.1 -5.20 II/IITA
5 5

ORIOT7* 34.85 67.63 -7.9 3 -5.61 IITA /IIIB
1 14

ORIO8 52.55 67.8 -6.0 2 -5.48 IITA
5 2

ORI09 36.03 67.4 -8.3 10 -5.19 II/IITA
4 2

ORI10 59.7 67.5 -6.9 4 -5.47 IITA
2 3

Year [ 2007

ORI11 40.53 67.5 -9.3 13 -5.37 IITA
8 6

ORI12 34.25 67.32 -6.8 1.3 -5.55 IITA
3 13

ORI13 35.0 67.31 -10.7 58 -6.05 11IB
2 3

Table 3.4: Heights and durations of the flares and dynamic pressures for the 2006 and 2007
Orionids. Hjysp is the height at maximum of the brightness and Hpp is the height at the
terminal flare. ppsp is the dynamic pressure at maximum of the brightness and prp is the
dynamic pressure at the terminal flare. AT, ¢ and AT}y are durations of the maximum and
the terminal flares. Duration of the flare presented here is the full width at half maximum.
The fireballs from the filament are denoted by asterisk.

Meteor Hyvr Hrp PMF PTF ATpy ATy
No. (km) (km) (MPa) (MPa) (ms)  (ms)
Year [ 2006

ORIO1* 94 85 0.007 0.033 45 6
ORIO2* 94 - 0.007 - 65 -
ORIO3* 91 85 0.012 0.033 80 10
ORIO4* 89 82 0.017 0.055 60 13
ORIO5* 85 78 0.033 0.110 65 5
ORIO6* - 89 - 0.016 - 7
ORIOT7* 87 - 0.023 - 19 -
ORIO8 - 88 - 0.020 - 8
ORI09 81 78 0.065 0.105 15 9
ORI10 90 87 0.013 0.022 40 12
Year [ 2007

ORI11 - 80 - 0.074 - 5
ORI12 - 88 - 0.019 - 19
ORI13 - 88 - 0.019 - 34
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typical Orionid light curve has a broader maximum and one much shorter very
pronounced terminal flare. From such type of light curve we can infer that the
material of the Orionid meteoroids easily disintegrates first into bigger parti-
cles which gradually ablate and create a longer middle peak and near the end
of its trajectory the remaining part of the initial meteoroid completely disinte-
grates into a large amount of very small particles which ablate and evaporate
very quickly. From the values listed in Tables 3.3 and 3.4 it is evident that all
13 presented Orionid meteoroids consist of very weak and fragile material that
is usually assumed to be of cometary origin which corresponds with known
parent body — comet 1P /Halley.

3.1.3 Radiant and orbit

Geocentric radiant positions and orbital elements for all 13 Orionid fireballs
are tabulated in Table 3.5. All values are given in the J2000.0 equinox. The
fireballs are arranged according to date and time of occurrence, which is given
by increasing values of the ascending node. It is evident that the first seven
fireballs which were recorded in only 2-hour interval on October 215 all have
very similar values. Therefore the conclusion is that these meteoroids belonged
to one very compact filament which slightly differs from a regular background
Orionids (Lindblad and Porubéan, 1999; de Lignie and Betlem, 1999).

The compactness of geocentric radiants of fireballs belonging to this new
filament is shown in Figure 3.1 along with the mean geocentric radiant value,
the 3 Orionids recorded during two following nights (ORIO8 — ORI10), the 3
Orionids recorded in 2007 (ORI11 — ORI13), and the mean radiant positions
determined by Lindblad and Porubcan (1999) from TAU MDC photographic
data and by de Lignie and Betlem (1999) from DMS video data. Mean orbital
elements for the 2006 filament, mean orbit from Lindblad and Porubcan (1999)
and values of the parent comet are also listed in Table 3.5. Although the
differences are not too significant in the statistical sense we can still find some
distinctions. The radiant position of the 2006 filament is systematically shifted
by about 0.1 or 0.6 degrees (depending on source of data) to higher right
ascensions and 0.2 degrees to lower declinations. Also some orbital elements
are slightly different: the filament meteoroids have about 0.01 — 0.03 AU larger
perihelion distances and about 0.3 — 0.6 degrees smaller inclinations. As shown
in Table 3.5 and Figure 3.1 some characteristics of the 3 Orionids recorded
during the two following nights in 2006 differ from the filament. However, this
difference is not so obvious as to completely exclude the possibility that these
meteoroids could belong to the filament (it would need statistically larger set
of data).

The mean heliocentric orbit of the Orionid 2006 filament has semimajor
axis a = 14.8 AU, eccentricity e = 0.959, inclination i = 163.71°, perihelion
distance q = 0.603 AU and argument of perihelion w = 78.7°. According to
Emel’Yanenko (2001) (see Table 3.1) it is probable that particles from this
filament were in the 1:5 resonance with Jupiter. From detailed analysis of
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Table 3.5: Radiants and orbital elements (J2000.0) of the 2006 and 2007 Orionid fireballs.
(ag, d¢) is the geocentric radiant, Vg is geocentric mean velocity without atmospheric drag
(not mesurable on our records) and T is Tisserand’s parameter. Data for the filament and
TAU MDC (Lindblad and Porub¢an, 1999) are mean values. Data for the parent comet are
for epoch 1986-02-19 and are taken from Jenniskens (2006). The fireballs from the filament
are denoted by asterisk. Standard deviations for each entry are shown below.

Meteor ag Yl Va a e q w Q i Ty
No. (deg)  (deg) (km/s) | (AU) (AU)  (deg) (deg) (deg)
Year [ 2006 [
ORIO1* 94.98 15.58 66.7 13.8 0.96  0.600 79.2  27.38605 163.8  -0.53
2 4 6 9.4 3 10 1.9 2 2
ORIO02* 95.19 15.56 66.8 14.4  0.958 0.606 78.4  27.39710 163.87  -0.56
16 3 3 4.8 14 6 9 2 10
ORIO3* 95.17 15.46 66.8 13.8 0.956  0.605 78.6  27.40109 163.64 -0.54
2 5 3 4.6 14 5 9 2 11
ORI04* 95.24 15.54 66.90 16.2  0.962  0.608 78.1  27.43440 163.9  -0.60
25 9 13 3.8 9 6 7 2 2
ORIO5* 95.04 15.48 66.88 17.3  0.965 0.604 78.5  27.43752 163.66  -0.62
1 1 11 2.9 6 2 4 1 3
ORIO6* 94.98 15.45 66.7 14.2 0.96  0.599 79.3  27.44516 163.54  -0.54
6 4 5 8.6 2 9 1.6 1 14
ORIOT* 95.10  15.440 66.72 13.7 0.956  0.601 79.0  27.46867 163.56  -0.53
2 13 15 2.5 8 3 5 1 4
ORIO8 95.84 16.25 66.9 15.7  0.962  0.595 79.6  28.35028 165.26  -0.59
3 6 2 4.4 10 4 7 2 14
ORI09 95.41 15.53 66.5 13.9 0.958 0.582 81.3  28.43983 163.57  -0.52
3 4 2 3.5 10 4 7 1 9
ORI10 96.43 15.90 66.6 14.3 0.96 0.584 81.0  29.30975 164.5  -0.54
6 20 3 6.3 2 6 1.2 5 4
filament 95.10 15.50 66.79 14.8  0.959  0.603 78.7 27.42 163.71  -0.57
10 6 9 1.4 3 3 4 3 14
IAU MDC 95.2 15.8 66.52 14.4 0.961 0.576 81.9 28.4 164.0 -0.52
2.6 7 1.16 8.6 57 39 5.2 3.4 1.3
Year | 2007 |
ORI11 95.38 15.59 66.6 13 0.96  0.589 81  28.15740 163.8  -0.45
4 9 6 10 3 11 2 3 2
ORI12 95.69 15.19 66.38 11 0.944 0.593 80.4  28.22783 163.0 -0.44
3 3 13 1 6 2 5 1 7
ORI13 95.6 15.6 66.42 11 0.947 0.588 80.9  28.24443 163.7  -0.42
2 2 3 1 5 5 5 6 5
1P /Halley 66.79 | 17.94 0.967 0.587  80.446 28.671 164.715  -0.62

visual observations of the 2006 outburst as well as another Orionid outbursts
observed in 20" century, Rendtel (2007) suggested that these outbursts could
be caused by particles from the 1:6 resonance. Similarly Sato and Watanabe
(2007) ascribe the 2006 Orionid activity to particles from the 1:6 mean mo-
tion resonance with Jupiter. However there are no arguments from the study
presented here to decide which value is unambiguously correct. Although all
presented values are determined with high precision and reliability, it is well
known that the least-precise value is the semimajor axis (i.e. also period),
which is strongly affected by the uncertainty of entry velocity that is objec-
tively difficult to determine with sufficient precision. It is caused by the fact
that Orionids are very fast meteors and their atmospheric trajectories are rel-
atively short. Therefore it will certainly need further study to decide this
discrepancy.
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Figure 3.1: Geocentric radiants of the 2006 and 2007 Orionid fireballs (J2000.0). The
radiants are normalised to the node 27.42°, with a radiant drift of 0.70 dRA/Dsol and 0.11
dDec/Dsol. Mean radiant of filament is computed from meteors ORIO1 to ORIO7. R1 is the
radiant position according to de Lignie and Betlem (1999) and R2 according to Lindblad
and Porubé¢an (1999), both normalised to the node 27.42°.

3.1.4 2007 Orionids

The weather conditions in 2007 were even worse than in 2006, and thus only
data from the night 21/22.10. are available. It means only three multi-station
Orionid fireballs. Their heliocentric orbits (Table 3.2) are similar to the 2006
filament, but with a bit smaller semimajor axis and higher argument of perihe-
lion. These three Orionid fireballs were photographed around solar longitude
208.21° and their geocentric radiants correspond to that of the 2006 filament
(Figure 3.1). Also the light curves of the 2007 Orionids agree with the 2006
Orionids and terminal flares occured in the same height range. ORI12 and
ORI13 have a duration of terminal flares higher than meteors in 2006, which
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Figure 3.2: Linear dependency of inclination of heliocentric orbit on declination of geocentric
radiant for the 2006 and the 2007 Orionid fireballs (J2000.0). Fireballs recorded in 2006
are denoted by crosses, the 2007 Orionids by cyrcles. R? is the coefficient of determination
describing accuracy of the fit.

means that these meteoroids did not fragment into such small particles. De-
spite the differences in semimajor axis and argument of perihelion it is likely
that these three Orionids also belonged to the same filament as the previous

year.
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Figure 3.3: Light curves from AFQO’s brightness sensors and images of the 2006 Orionid

fireballs from all-sky cameras.

MF means the position of the maximum brightness, TF
the position of the terminal flare (see Table 3.4). The images from fixed cameras display
startrails and interruptions of the meteors caused by a rotating shutter (15 breaks/second).

The guided images were taken by a guided all-sky camera at Ondiejov Observatory and
show the entire fireball trails. All fireballs flew from left to right in the images.
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Figure 3.4: Light curves from AFQ’s brightness sensors and images of the 2006 and the 2007
Orionid fireballs from all-sky cameras. MF means the position of the maximum brightness,
TF the position of the terminal flare (see Table 3.4). The images from fixed cameras display
startrails and interruptions of the meteors caused by a rotating shutter (15 breaks/second).
All fireballs flew from left to right in the images.
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3.2 Geminids

The Geminids, reaching the peak activity on December 14, are one of the
strongest annual meteor showers, with one of the shortest orbital period (1.6
years) and one of the shortest perihelion distance (0.14 AU). The maximum
activity occurs at Ay = 262.16 + 0.04 deg (J2000) (Rendtel, 2004). The par-
ent body of the Geminid stream is 3200 Pheathon (Whipple, 1983; Fox et
al., 1984) discovered in 1983 using Infrared Astronomy Satellite (IRAS). 3200
Pheathon is possibly degassed nucleus of responsible comet (Fox et al., 1984).
Frequent exposure to the intense solar radiation near perihelion (0.14 AU) heats
the Geminids to approximately 800 K and may lead to a loss of volatiles and
produce materials more similar to the crust of a comet than to its interior,
perhaps even more similar to asteroidal stony matter (Wetherill, 1986). This
correlates well with the finding that the bulk density p = 2.9 + 0.6 g/cm?,
derived from photographic images of 8 Geminids using quasi-continuous frag-
mentation model (Babadzhanov, 2002). Also (Ceplecha and McCrosky, 1992)
gives for the most suitable PN Geminid fireball the bulk density 3 - 4 g/cm?
(using gross-fragmentation model, at the point of fragmentation p = 3.9 +
1.2g/cm?). The bulk density of the Geminids is the highest among the other
major streams.

Geminids sometimes show high-frequency (up to several hundreds Hz) pul-
sations of brightness. According to the data of Astapovich (1958), bright
flickering Geminids were photographed at the Harward observatory (USA) in
1933 and 1934. The pulsations of brightness were observed for 6 of the 12
Geminid fireballs photographed according to the Meteoroid Observation and
Recovery Program (MORP) of Canada (Halliday, 1988). Only 3 of the 11
Geminids photographed at the Institute of Astrophysics, Tajik Academy of
Sciences (Dushanbe, Tajikistan) show high-frequency pulsations of brightness
of more than 100 Hz. The flickering starts suddenly, approximately from the
middle of a meteor trajectory and remains steady down to its end. Thus the
frequency of flickering increases in the process of penetration of the meteoroid
into the atmosphere, and the amplitude of flickering remains practically nearly
constant during the whole visible path. The observed flickering of Geminids
cannot be explained by meteoroid rotation gained in the Earth’s atmosphere
(Babadzhanov and Konovalova, 2004).

On the other hand, Beech (2002) presented a procedure, which enables to
derive the age of the Geminid stream from rotation of Geminid meteoroids.
The idea is based on non-isotropic photon scattering interaction of the mete-
oroids with the solar radiation field (Paddack, 1969) and for three Geminids
leads to the age 2000 — 4000 years. Beech et al. (2003) published one Geminid
fireball with initial rotation rate of some 6 Hz based on distinct flickering effect.
From this rate he estimated that the meteoroid was ejected from the parent
body 3200 Phaethon some 2500 £ 500 years ago. To first order approxima-
tion, the flickering amplitude vary as Am = 2.5log(a/b) (Beech, 2001), where a
and b are semi-major and semi-minor axes of assumed spinning ellipsoidal pro-
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Table 3.6: Atmospheric trajectories of the 2006 Geminids. H is the height above sea level,
Lops is the length of observed trajectory. The subscript ”B” denotes values at the beginning
point of the atmospheric trajectory, the subscript "E” at the end point. N is the number of
stations where the fireball was photographed. Standard deviations for each entry are shown
below.

Meteor N Date Time Hp Hg Lobs Duration
No. WD) | (m)  (km)  (km) ()
GEMO1 5 14.12. 4:57:27 | 98.44  46.63  73.85 1.79
GEMO02 6 14.12.  16:53:45 93.3; 78.83;) 93.86 2.59
GEMO03 2 14.12. 19:42:18 86.2§ 81.9; 8.23 0.21
GEMO04 2 14.12. 19:59:17 81.12 60.22 39.28 1.1
GEMO05 2 14.12. 22:21:14 88.2? 71.548L 19.68 0.53
GEMO06 2 14.12. 22:33:09 82.2(% 67.3411 18.00 0.47
GEMO7 2 14.12.  22:53:44 84.4(1) 55.83 33.23 0.93
GEMO08 7 14.12. 23:06:22 90.7} 44.4} 48.68 1.49
GEMO09 2 15.12. 0:32:28 88.02 48.63 41.27 1.20
GEM10 2 15.12. 0:51:28 86.6; 80.4; 6.22 0.13
GEM11 3 15.12. 1:12:24 93.45 46.9411 48.80 1.41
GEM12 3 15.12. 1:26:59 90.5} 61.2; 30.77 0.87
GEM13 3 15.12. 4:15:01 88.6(15 62.3} 33.82 0.93
1 2

file. Geminid fireballs studied by Babadzhanov and Konovalova (1987) showed
large 0.5 to 0.75 magnitude flickering variations (based on photographic ob-
servation) that indicate the axes ratio of the order of 1.6 to 2.0 respectively.
Beech et al. (2003) interprets fireball flickering in terms of rotational modula-
tion of the ablation process. If the Geminid meteoroids are spun-up through
non-isotropic photon scattering interactions with the solar radiation field, the
found age of the meteoroids is consistent with ejection times in the order of
1000 to 4000 years.

According to modelling, the Earth will continue to intersect the Geminid
meteoroid stream until about AD 2100 (Hunt et al., 1985) with the peak of
ZHR about 190 around AD 2050. There is no evidence that the meteoroids
are trapped in an orbital resonance with the terrestrial planets, but meteoroids
scatter widely and most are in between the 7:1 and 8:1 mean-motion resonance
with Jupiter (Jenniskens, 2006).

3.2.1 Observation and light curves

During the night 13/14.12. 2006, one multi-station Geminid fireball was ob-
served and in the following night another twelve. GEMO1 was visually ob-
served by P. Svadlenka (online database, 2000) who described its green colour
and breakup in the end part of the trajectory. Second fireball, GEMO02 was
visually observed by J. Mikulecky (online database, 2000) who documented its
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Table 3.7: Physical data on the 2006 Geminid fireballs. ZDpg is the zenit distance of the
radiant at the end point of the atmospheric trajectory, v, is the initial velocity, M, . is the
maximum absolute magnitude, m;,s is the initial photometric mass, PE is the coefficient
that describes the empirical end height criterion and designates the type of fireball (Ceplecha
and McCrosky, 1976). Standard deviations for each entry are shown below.

Meteor ZDg Voo Miaz My f PE Type
No. (deg)  (km/s) (2)
GEMO01 45.69 35.44 -8.7 490 -4.37 I
1 2
GEMO02 81.504 35.75 -5.5 20 -4.85 II
13 6
GEMO03 58.5 35.5 -4.3 2.2 -5.38 IITA
3 2
GEMO04 57.9 36.43 -9.0 420 -4.93 11
5 22
GEMO05 32.08 36.2 -3.5 1.7 -4.89 11
10 2
GEMO06 34.4 35.6 -4.6 4.4 -4.79 11
4 2
GEMO07 30.81 36.15 -5.6 10 -4.27 I
5 9
GEMO08 25.5 35.6 -12.6 11000 | -4.94 11
1 1
GEMO09 17.0 35.79 -7.6 100 -4.36 I
2 4
GEM10 17.08 35.7 -3.3 0.7 -5.40 IITA
08 1.1
GEM11 17.89 35.84 -6.3 21 -3.98 I
01 5
GEM12 18.08 36.55 -5.1 7.8 -4.58 1/11
01 6
GEM13 38.88 36.20 -5.3 12 -4.62 I1/1
04 5

significantly nonzero angular size. Good light curves, in respect of s/n ratio,
are available for meteors 01, 02, 08, 09, 11 and 12 that were either bright
enough or not so far from a station with brightness detector. Three curves
present periodic changes of brightness in the first half of the meteors. No ex-
pressive terminal flares were observed, only GEM02, GEM09 and GEM13 had
a small outburst at the end of the trajectory.

GEMO1 shows in its light curve cyclic changes of brightness with exponen-
tialy increasing frequency (Figure 3.5). Initial value of the frequency, it means
at the point where the signal is higher enough then the noise, is approximately
26 Hz. At that time, the meteoric body was at the height of 76 km and was
observed 0.8s by this time. Cyclic change of brightness is observeable only
0.3s, then the light curve become complicated — full of short increases and
decreases of brightness. The last observed frequency at the height of 68 km
is about 55Hz. Exponential increase in frequency is function of time, f =
A(ePt-1)+fy (Capek, 2008, the thesis), where A and B are constants and f; is
an initial frequency. For GEMO1 the fit leads to A = 0.22 and B = 4.69s7!.
When we extrapolate into time t = 0 we get frequency fy = 16.82Hz, for t =
1.8s (terminal point) about 1000 Hz, but these values were not observed.

The constant values of A, B and f, are based on the least square fit of
theoretical function (Capek, 2008, the thesis) for spinning—up of a meteoroid
due to the windmill effect (Paddack, 1969). If a meteoroid is approximated by
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Table 3.8: Dynamic pressures and apparent ablation coefficients of the 2006 Geminid fire-
balls. pmae. and pyy are dynamic pressures at maximum brightness and at terminal flare,
respectively. Rpmq. and hyy are appropriate heights. o are apparent ablation coeflicients
derived using gross-fragmentation model (Ceplecha et al., 1993). Since the listed heights are
based on the light curves from AFO’s, the accuracy is about 0.5 km.

Meteor | hmaw  hef Pmax Dif o

No. (km) (km) (MPa) (MPa) (s?km~2)
GEMO1 58 0.402 0.0102 4 0.0008
GEMO02 83 79 0.013 0.025
GEMO03 84 0.011
GEMO04 69 0.106
GEMO05 75 0.047
GEMO06 71 0.083
GEMO7 63 0.224 0.023 £ 0.002
GEMO08 56 0.535 0.024 £ 0.002
GEMO09 55.5 50 0.507 0.589 0.0177 £ 0.0006
GEM10 82.5 0.014
GEM11 60.5 0.318 0.0202 £ 0.0007
GEM12 68 0.116 0.016 £ 0.003
GEM13 76 63 0.040 0.195 0.042 + 0.002

windmill, which rotation axis is parallel to the direction of flight, the gravity
is neglected, velocity, v, and zenith distance of the radiant, z, are constant
and exponential low of the air density is used, then constant B is equal to
b*vk cosz, where b is the air density gradient. When we apply appropriate
values derived for GEMO1 (b = 0.14km™!), B is equal to 3.41s7'. We can
then use this value of B and find only A and f;. The initial frequency, fo,
would then be 9.68 Hz and at the terminal point about 510 Hz. A comparison
of the fits is in Figure 3.6.

Next Geminids with cyclic change of brightness are GEM08 and GEM11.
GEMO8 have not got the change of frequency of change of brightness well de-
fined. Only four cycles with frequencies 32, 25, 25 and 28 Hz between heights
of 62 and 59km are recognizable. In comparison to this, GEM11 have got
unambiguous exponentialy increasing trend of change of frequency of change
of brightness (Figure 3.6). The first observed frequency at the height of 93 km
has value 14 Hz, the last one at 73km 119 Hz. The rate of increase of frequency
is similar to GEMO1, the coefficient B is equal to 3.10s7!. A = 39.92 and f;
= 0 (the best solution of the least squere fit is for f; = -4 Hz — an unreal solu-
tion), which would mean zero initial rotation and the terminal frequency about
3000 Hz. Nevertheless, when we apply appropriate values of b, v and cos z de-
rived for this fireball (b = 0.16km™1), B is equal to 4.87s~!. This assumption
gives rise to the initial frequency 10.18 Hz and the terminal frequency of order
of 10* Hz. A comparison of the fits is in Figure 3.6.

According to Beech (2002) it is possible to derive the age of the Gemi-
nid stream from rotation of Geminid meteoroids. The idea is based on non-
isotropic photon scattering interaction of the meteoroids with the solar radi-
ation field (Paddack, 1969). The derived ages of the meteoroids are directly
related to the albedo, A, radiation efficiency term, Q, and the meteoroid bulk
density, p. For computation of the age of GEM01 and GEM11 by means of
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Figure 3.5: Light curves from AFQ’s brightness sensors that show cyclic change of brightness
of the 2006 Geminids.

the windmill effect, the following values were used: A = 0.25, Q = 0.5 (Beech,
2002) and approximate average p = 3500kg/m?* (Ceplecha and McCrosky,
1992; Babadzhanov, 2002). By using values in Tables 3.7 and 3.9 (meteoroids
approximated by homogenous square), derived age of GEMO1 is 2400 years
and of GEM11 650 years. If we use A = 0.5, Q = 0.5 (Misconi, 1993) and A




60 ' : ‘ 120 —
METO01 MET11
1 T,=4'57"28.0 UT +1
o = 45728, / 1 T,=1"12724'UT

- f=f+ A1) f=fy+ A(eBt-1) +,
80— ----
L A=3992 A=1234
B=310 B=487
f,=0 fy=10.18

R*=0.964 R!=0.952

A=022 A=108 n
1 B=469 B=34l
1,=1682 f,=9.68

R*=0.932 R*=0.930

Frequency f (Hz)
H]
|

40

0.8 0.9 1.0 1.1 0.0 0.1 0.2 0.3 0.4 0.5
Time (s) Time (s)

Figure 3.6: Exponential course of change of frequency of change of brightness that was
observed in the light curves of the 2006 Geminids. The dashed line is the least square fit
when all three parameters are fitted, the solid line is the least square fit when only A and fj
are fitted (B derived from the observation — see text). R? is the coefficient of determination
describing accuracy of the fit.

= 0.1, Q = 1 (Olsson-Steel, 1987) as border values, the age of GEMO1 is 1200
— 3000 years and of GEM11 300 — 800 years.

3.2.2 Atmospheric behavior

Significant deceleration (example in Figure 3.7) was observed for all four type I
Geminids and three type /11 or II fireballs GEM08, GEM12 and GEM13. The
apparent ablation coefficient, thanks to gross-fragmentation model (Ceplecha
et al., 1993), was possible to determine (Table 3.8). Its mean value for the type
Lis oyypes = 0.018 £ 0.005s? /km?. GEM13, border type II/1, was decelerated
not so effectively and the fit has small accuracy, nevertheless its apparent
ablation coefficient was determined and its value differs significantly from that
of type I Geminids. On the other side, type II meteor GEMOS8 and border type
I/IT GEM12, which experienced higher deceleration, have apparent ablation
coefficient similar to that of type I. Thus the apparent ablation coefficient for
all the Geminids, except GEM13, has mean value o = 0.019 £ 0.005s?/km?.

Beginning heights for faint video Geminids are according to Koten et al.
(2004) mass-independent with mean value about 101 km. At the first sight,
when we plot this dependency only for Geminids, this is not evident (Table
3.7). Only when we plot the dependency for all studied showers (chapter 3.7),
approximate mass-independency appeares. Mean beginning height is 88.6 +
4.8km. Terminal heights then decrease with increasing initial masses. No
dependency between beginning height and distance from the nearest station
was found for the 2006 Geminids.

An idea that Geminids changed their physical properties due to the close
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Figure 3.7: Observed deceleration and gross-fragmentation fit for the 2006 Geminids GEMO1,
GEMO07, GEM09 and GEM11.

approach to the Sun and are similar to solid asteroidal bodies more than to
weak and fragile cometary ones (Wetherill, 1986) can be, most probably, con-
firmed based on their atmospheric behaviour. In presented set of 13 Geminids,
six are of type II, five of type I, and two of type IITA (soft cometary mate-
rial) (Table 3.7). The two IIIA meteors are GEM03 and GEM10 and have
the shortest atmospheric trajectory among studied Geminids. This fact could
decrease the precision in determination of their PE parameters, which are less
convincing therefor.

3.2.3 Radiant and orbit

According to IAU MDC web pages the radiant position is 113.8°, 32.4°. On
the basis of five of the most reliable fireballs from the second night (02, 07, 11,
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Table 3.9: Radiants and orbital elements (J2000.0) of the 2006 Geminid fireballs. (ag, dg)
is the geocentric radiant, Vg is geocentric mean velocity without atmospheric drag (not
mesurable on our records) and T is Tisserand’s parameter. Also mean orbit from all the
13 fireballs (V¢ is determined only from the most accurate fireballs — see text) and data for
the parent body for epoch 2005-08-18 taken from Jenniskens (2006) are presented. Standard
deviations for each entry are shown below.

Meteor ag [Je] Va a e q w Q i Ty
No. (deg) (deg)  (km/s) | (AU) (AU) (deg) (deg) (deg)

GEMO1 113.31 31.80 33.87 1.309 0.8909 0.1428 324.54  261.95583 21.87  4.40
1 1 2 2 3 2 2 1 4

GEMO02 114.068  32.145 33.98 1.314 0.8908 0.1436 324.39  262.46194 22.91 4.38
9 9 7 6 8 4 1 1 9

GEMO03 114.4 32.3 33.5 1.27 0.884 0.147 324.3 262.68099 22.8 4.52
4 3 2 2 3 4 6 7 7

GEMO04 113.0 31.7 34.4 1.41 0.897 0.146 323.3  262.59278 21.6  4.12
6 5 2 4 3 6 1.0 12 1.1

GEMO05 114.15 32.01 34.3 1.35 0.895 0.142 324.3  262.69330 23.0 4.27
12 10 2 2 3 2 2 3 3

GEMO06 114.7 32.1 33.6 1.27 0.886 0.144 324.7  262.70168 22.7  4.52
5 4 2 3 3 4 7 8 8

GEMOT7 114.17 32.09 34.24 1.345 0.894 0.1428 324.21 262.71619 23.05 4.28
6 5 9 8 1 8 10 2 15

GEMO08 114.61 31.6 33.7 1.27 0.889 0.141 325.1 262.72501 22.0 4.52
3 2 2 1 2 2 2 4 4

GEMO09 113.4 32.2 34.01 1.37  0.8901 0.151 323.0 262.78586 22.2  4.23
2 2 5 1 8 2 3 4 3

GEM10 114.26 31.65 33.9 1.31 0.89 0.143 324.5 262.79925 21.9 4.40
12 8 1.1 9 1 8 4 15 1.4

GEM11 114.23 32.13 34.09 1.336  0.8916  0.1448 324.05  262.81415 22.90 4.32
1 1 5 4 6 4 2 1 7

GEM12 113.976  32.071 34.83 1.416  0.9006  0.1408 323.96  262.82451 23.50 4.09
7 10 7 6 8 5 2 1 9

GEM13 114.43 32.04 34.66 1.381 0.8987 0.1398 324.35 262.94322 23.55 4.18
6 3 5 6 6 6 9 1 11

mean 34.1 1.33 0.892 0.144 324.2 262.7 22.6 4.33
orbit 4 5 5 3 6 2 6

3200 Phaethon 33.92 | 1.271 0.890 0.140  325.246 262.495 24.186  4.51

12 and 13), the radiant position is 113.5 + 0.2deg, 32.20 + 0.03deg (Figure
3.8). Values of radiant position and geocentric velocity are listed in Table 3.9
and well correspond to long-term values. Mean geocentric velocity vg = 34.1
+ 0.4km/s is determined from all 13 fireballs.

Orbital elements of the 2006 Geminids are listed in Table 3.9. All heliocen-
tric orbits have semimajor axes larger or equal to that of the parent body 3200
Phaeton, but the perihelion distances and eccentricities are almost identical. It
indicates that meteoroids were released from the parent body near perihelion
into outer part of its orbit. The same manner of ejection of Geminids also was
mentioned by Jenniskens (2006) (Figure 3.9). Mean orbit determined from all
13 fireballs has elements a = 1.33 £+ 0.05AU, e = 0.892 + 0.005, q = 0.144
+ 0.003AU, w = 324.2 + 0.6deg, 2 = 262.7 + 0.2deg, i = 22.6 £+ 0.6deg.
When we do not include GEMO1 the resulting node remains the same (262.73
+ 0.12deg). The mean orbit agree with mean orbit based on 38 photographic
orbits from IAU MDC published by Gajdos and Porubc¢an (2004).
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by bold cross.
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Figure 3.9: Dependency of length of perihelion on orbital period of the 2006 Geminids. The
dashed line is taken from Jenniskens (2006).

46



PO T T T T T

GEMO1 - st. 10 Polom
7 T,=4"57"28.0° UT r

Intensity (Arbitrary units)

T

7 GEMO2 - st. 2 KunZak r
T,=16"53"44.5 UT

Intensity (Arbitrary units)
s
2
|
T

30000 — L
20000 ; »
10000 —- »
0 T T T 7 LI
X X 0. .2 K . .

0 : u - - - : :

2
Time (s)

. . ; I s .

12
Time (s)

250 P R R B P B
1 GEMO7-st. 11 Pfimda r < GEMOS - st. 2 Kunzak r
o To=22'53m43UT L T, =23"06"22° UT
1200 — =
Z 150 —| r z 1 [
£ £
] 1 FlE soo-] -
g g
£ 100 — Ll g
] I H 1 [
400 — ~
s L
Il i
B T T T T T T " T 1 o y T T T T T T
0.0 04 0.8 1.6 2.0 24

. . I s I . s I .

Time (s)

2000 L I L I L L 1 L
J GEM09=st 14 Eervendhora L GEMI1 - st. 14 Cervens hora L
e T,= 112724 UT

wo  Ty=0'32m27.5UT L g L

z 300 z 1200 — =
£ £
< <

£ 200 £ 500 -
] g

a = o L

100 400 — -

0 0 T T T T T T T T =
0.0 04 0.8 2 1.6 2.0

Time [s]

Figure 3.10: Light curves from AFO’s brightness sensors and images of the 2006 Geminid
fireballs from all-sky cameras. The images from fixed cameras display startrails and inter-
ruptions of the meteors caused by a rotating shutter (15 breaks/second). All fireballs flew
from left to right in the images.
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3.3 «a-Capricornids

The a-Capricornid meteor shower is a typical representative of ecliptical show-
ers, being rich in bright meteors (Dubietis and Artl, 2004). For the first time,
it was mentioned in 1871 by N. de Konkoly in Hungary, who determined the
radiant at o = 307° and § = -4° (Kronk, 1987). The a-Capricornids are active
in the period July 19 until August 18 (A\s = 116°-146°) with the maximum
around August 1 (at Ay = 128°). The position of the radiant is given by o =
306.2 + 0.538 (Ag - 128.0) and 6 = -8.4 + 0.243 (A - 128.0). There is the
twin shower of a-Capricornids in the daytime on January 20 (Ao = 299°), it is
only a few days wide with o = 306°, 6 = -30° and v, = 22 km/s (Jenniskens,
2006).

The parent body is 169P/NEAT (Jenniskens, 2006). Next probable parent
body may be 45P/Honda-Mrkos-Pajdusakova, for the first time proposed by
Wright (1956), which is together with the a-Capricornids under large effects
of perturbations of Jupiter. Other suggested parent objects are 72P /Denning-
Fujikawa, 141P/Machholz 2, Comet 1457 L1 and minor planets (2101) Adonis
and (9162) 1987 OA (Hasegawa, 2001). On the basis of study of dynamics
of meteor streams (gravitational action exclusively) Neslusan (1999) proposed
14P /Wolf and D/1892 T1 as another probable parent bodies.

3.3.1 Observation and atmospheric behavior

In 2006, between July 28 and August 3 (in the period only 2 stations op-
erated), five a-Capricornid fireballs were recorded by the Australian Desert
Network. According to their atmospheric behavior, all these meteors belong
to the weakest component of interplanetary matter. Based on their atmo-
spheric trajectories and PE criterion, four of them belong to the type IIIB,
CAPO02 is a border type IITA/IIIB. Except CAP05, which has flare in the mid-
dle of its trajectory, all other meteors have expressive terminal flare (Figure
3.12). Heights of these flares are in the range from 76 to 79 km for type IIIB.

Table 3.10: Atmospheric trajectories of the 2006 «-Capricornids. H is the height above sea
level, Lyps is the length of observed trajectory. The subscript ”B” denotes values at the
beginning point of the atmospheric trajectory, the subscript "E” at the end point. N is the
number of stations where the fireball was photographed. Standard deviations for each entry
are shown below.

Meteor N Date Time Hp Hg Lobs Duration
No. (UT) (km) (km) (km) (s)
CAPO1 2 28.7. 14:18:08 | 95.80 77.02 21.01 0.76
CAPO2 2 28.7. 15:46:10 774;2 65.2} 12.98 0.52
CAPO3 2 29.7. 12:09:26 84.03 79.53 6.50 0.24
CAPO04 2 29.7. 16:37:22 928? 74.1(2) 20.70 0.81
CAPO5 2 3.8. 12:40:45 92‘4; 79.8; 16.59 0.57
1 2
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Table 3.11: Physical data on the 2006 a-Capricornid fireballs. ZDg is the zenit distance of
the radiant at the end point of the atmospheric trajectory, v, is the initial velocity, M,,,qz is
the maximum absolute magnitude, m;,, s is the initial photometric mass, PE is the coefficient
that describes the empirical end height criterion and designates the type of fireball (Ceplecha
and McCrosky, 1976). Standard deviations for each entry are shown below.

Meteor ZDg Voo Miazx Mgy, s PE Type
No. (deg)  (km/s) (2)

CAPO1 26.69 24.63 -6.4 21 -5.89 I1IB
CAPO2 22.8 24.? -9.5 330 -5.68 IIIA/B
CAPO3 46.; 24.63 -8.2 66 -6.14 II1B
CAPO4 25.3;L 25.33 -8.4 120 -5.99 I1IB
CAPO5 418 25.42l -8.6 130 -6.34 II1B

3 3

That corresponds to the range of mass from 20 to 120g. Dynamic pressure,
where the terminal explosion of the meteoroids occures, ranges from 0.013 to
0.025 MPa. The IITA/IIIB type CAP02 has its terminal flare at 65.2 km corre-
sponding to dynamic pressure 0.110 MPa (its first flare was at 73km). CAP05
lost majority of its initial mass during the central flare, but as we can see at
the enlargement of the all-sky image (Figure 3.12), small remnant exploded
in inexpressive terminal flare at the height of 79.8km (pressure 0.012 MPa).
This results in the fact that all noted meteoroids are very similar to each other
in their composition and course of ablation. No conclusive deceleration was

observed among these fireballs, a suggestion of deceleration is in the end of
CAPO04.

3.3.2 Light curves

Some similarities also are evident in course of some light curves. CAP02 and
CAPO3 have almost the same course of radiation, even if they belong to differ-
ent fireball types, have different initial masses and inclination to the surface.
The heights of their first flares differ by 10km and terminal flares by 15 km.
For the first sight diverse light curve of CAP05 has almost the same course
being compared to this pair. Heights of flares correspond to heights of flares of
CAPO3, both have similar inclination to the surface and first flares differ from
one another by only 1km. Very similar flares has also CAP04 - wider first one
and narrow terminal - but with some bursts in addition in between of them.
From the light curves we can conclude that these weak and fragile cometary
meteoroids disintegrated in the Earth’s atmosphere firstly into bigger pieces
and in the end of their trajectory to high number of smaller pieces, which
ablated and evaporated very quickly. The only one exception is CAP01, which
increased its luminosity gradually without bursts until narrow terminal flare.
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Table 3.12: Radiants and orbital elements (J2000.0) of the 2006 «a-Capricornid fireballs.
(ag, 0¢g) is the geocentric radiant, Vg is geocentric mean velocity without atmospheric
drag (not mesurable on our records) and T is Tisserand’s parameter. The mean orbit and
data for the parent comet for epoch 2005-09-18 taken from Jenniskens (2006) are presented.
Standard deviations for each entry are shown below.

Meteor ag da Vo a e q w Q i T
No. (deg) (deg) (km/s) | (AU) (AU) (deg) (deg)  (deg)
CAPOl | 305.54 -8.14 21.85 2.15  0.729 0.582 270.8  125.29347 8.14  3.29
5 5 9 2 3 1 1 3 5
CAPO02 304.4 -9.3 21.4 2.20 0.726 0.601 268  125.35248 7.2 3.25
8 7 2 10 10 9 1 37 5
CAPO03 304.8 -8.3 22.05 2.40 0.751 0.598 267.6 126.16414 8.0 3.06
3 6 10 6 5 4 6 26 5
CAP0O4 305.48 -9.49 22.95 2.68 0.782 0.5837 268.20 126.34243 7.42 2.89
4 4 5 2 2 7 7 2 3
CAPO05 307.8 -8.3 22.3 2.83 0.783 0.614 264.2 130.96793 7.5 2.75
3 3 4 17 14 4 5 13 2
mean 22.1 2.45 0.75 0.596 268 127 7.65 3.02
orbit 6 30 3 13 2 2 40
169P /NEAT 22.21 ‘ 2.603 0.768 0.605 265.952 128.784 7.622 2.90
Ao = 128°
7.0 l | ‘ |
3’:2 Mean geocentric radiant
(a, 3) = (306.2°, -8.4°)
=15 — - - - Theoretical radiant motion — —
Jenniskens (2006)
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Figure 3.11: Geocentric radiants of the 2006 a-Capricornids for solar longitude 128°. The
dashed line is the radiant motion according to Jenniskens (2006) — radiant for A = 128° is
identical to the mean observed one.
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Figure 3.12: Light curves from AFO’s brightness sensors and images of the 2006 a-
Capricornid fireballs from all-sky cameras. The images from fixed cameras display star-
trails and interruptions of the meteors caused by a rotating shutter (15 breaks/second). All
fireballs flew from left to right in the images.

3.3.3 Radiant and orbit

The 2006 a-Capricornids radiated from not very compact geocentric radiant
(Figure 3.11) with o = 306.2 & 0.5 deg and § = -8.4 + 0.7 deg and with mean
geocentric velocity vg = 22.1 £ 0.6 km/s. Position of the radiant is calculated
for the solar longitude 128°. Heliocentric orbits have very different arguments
of perihelion — the different orbital ellipses turn in the space took place, likely
due to Jupiter gravitational action (mean aphelion is 4.3 AU). Different are
also semimajor axes and eccentricities that increase with solar longitude. Mean
orbit isa = 2.5+ 0.3AU, e = 0.75 + 0.03, q = 0.60 + 0.01 AU, w = 268 + 2
and i = 7.7 + 0.4deg (Table 3.12).

52



3.4 Southern /-Aquariids

The Southern d-Aquariid (SDA) meteor shower, member of the Machholz com-
plex, is an annual shower with a peak visual hourly rate of 15 - 20 meteors
(Zvolankova, 1992; McBeath, 2005) and a maximum generally occurring on
July 28. SDA were detected for the first time as a minor shower in 1849 by
Julius Schmidt (Jenniskens, 2006) and the activity of this shower was recorded
first in 1870 by Captain G. L. Tupman (Tupman, 1873). From precise photo-
graphic records Jopek et al. (1999) have found 11 SDA meteors and determined
elongated mean heliocentric orbit with extremely low value of perihelion dis-
tance, ¢ = 0.08 AU (Neslusan and Welch (2001) determined q = 0.09 + 0.02
AU), and geocentric velocity 41 km/s.

The perihelion distance increases with increasing node by +0.0041 AU/° and
eccentricity decreases (-0.0017/°) for a constant semimajor axis. The argument
of perihelion increases by +0.29°/° and the inclination decreases by -0.25°/°,
but is less correlated. SDA have a relatively narrow dispersion in declination
and a distinct decrease in speed as a function of right ascension (Jenniskens,
2006). From precisely reduced photographic meteors Jacchia et al. (1967)
have found that SDA are efficiently decelerated in the Earth’s atmosphere.
The position of the radiant is given by a = 341.6 + 0.73 (A\g - 125.6) and § =
-15.9 4+ 0.26 (A - 125.6) (IAU MDC web pages).

3.4.1 Observation and atmospheric behavior

In 2006, between July 29 and August 4 (in the period only 2 stations operated),
three Southern d-Aquariid fireballs were recorded by the Australian Desert
Network. Observed fireballs belong to bodies of probable soft asteroidal or solid
cometary origin. On the basis of atmospheric trajectories and PE criterion
belong SDAO1 and SDAO02 to type II, SDAO3 is IITA. According to definition,
SDAO01 is not valid fireball at all. Its absolute brightnes in the maximum is only
-3 mag and photographic trajectory is only 9 km long, though all its parameters
were determined reliably. SDAO1 and SDAO2 have the same height of the
beginning 88.3km and also "flary-like” course of light curve. That indicates

Table 3.13: Atmospheric trajectories of the 2006 Southern J-Aquariids. H is the height
above sea level, Ly, is the length of observed trajectory. The subscript ”B” denotes values
at the beginning point of the atmospheric trajectory, the subscript "E” at the end point.
N is the number of stations where the fireball was photographed. Standard deviations for
each entry are shown below.

Meteor N Date Time Hp Hg Lops Duration
No. (UT) (km) (km) (km) (s)
SDAO1 2 29.7. 16:23:08 | 88.33  79.95 8.70 0.19
SDAO02 2 1.8. 17:23:34 88.2; 62.6} 26.76 0.62
SDA03 2 4.8. 17:38:27 84‘323 56.2(1) 29.48 0.71

2 3
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Table 3.14: Physical data on the 2006 Southern J-Aquariid fireballs. ZDpg is the zenit
distance of the radiant at the end point of the atmospheric trajectory, vs, is the initial
velocity, My,qe is the maximum absolute magnitude, m;, s is the initial photometric mass,
PE is the coefficient that describes the empirical end height criterion and designates the type
of fireball (Ceplecha and McCrosky, 1976). Standard deviations for each entry are shown
below.

Meteor ZDg Voo  Mmaz  Ming PE Type

No. (deg)  (km/s) (8)

SDAO1 22.5 43.7 -3.0 0.25 -4.95 II

SDAO02 16.3; 42.;1 -9.3 78 -4.93 1T

SDA03 17é 41; -13.3 5000 -5.37 IITA
2 2

very similar composition of these meteoroids, which also confirms the fact that
terminal heights, inclinations to the surface and initial velocities and masses
differ from one another in the way, that their combination of PE criterion leads
to the same result (Table 3.14).

3.4.2 Light curves

Light curves show that course of radiation differ between type II and IIIA fire-
balls (Figure 3.17). SDA02 (type II) has gradual increase of brightness, about
maximum, some short flares occure and towards the end fades. Maximum
lies approximately in 3/4 of the trajectory, which corresponds to single-body
model without deceleration. Completely different is the light curve of SDAO03.
Its initial mass was about 5kg and course of the light curve is something like
mirrored single-body profile. Directly at the beginning of the trajectory rapid

20000 L L L

i Radiation of persistent train of SDA03 -
T,=17"38"27 UT

1 + exponencial fit I ~ et L
A=-9.07

Intensity (Arbitrary units)

0.9 1.0 1.1 1.2 1.3 1.4 1.5
Time (s)

Figure 3.13: Exponential dependency of intensity on time for the 2006 Southern d-Aquariid
persistent train of SDA03. Absolute brightness of the train in time t = 1s is -4 to -5 mag.
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Table 3.15: Radiants and orbital elements (J2000.0) of the 2006 Southern §-Aquariid fire-
balls. (ag, dg) is the geocentric radiant, V¢ is geocentric mean velocity without atmospheric
drag (not mesurable on our records) and T is Tisserand’s parameter. Also mean orbit from
all the 3 fireballs and data for the Marsden Sungrazers for epoch 2004 taken from Jenniskens
(2006) are presented. Standard deviations for each entry are shown below.

Meteor ag [ Ye] Ve a e q w Q i Ty

No. (deg)  (deg) (km/s) | (AU) (AU) (deg) (deg)  (deg)

SDAO1 339.4 -15.73 42.3 3.3 0.981 0.063 153.4 306.32687 27.7 1.85
2 6 4 3 2 2 3 5 9

SDA02 341.37  -16.10 41.4 3.29 0.9752  0.0816 149.61  309.23646 27.7 1.89
6 6 2 14 14 11 14 2 4

SDAO03 343.3 -15.1 39.9 2.79  0.9661 0.095 147.7  312.11714 24.0 221
2 2 2 11 16 2 4 4 6

mean 41.2 3.1 0.974 0.08 150 309 26 1.99

orbit 1.2 3 8 2 3 3 2

Marsden Sungrazers 43.00 ‘ 3.265 0.985 0.048 156.881 303.268 26.94 1.84

increase of brightness takes place and after reaching the maximum fades out
very slowly. The maximum is at the height of 76 km and in the light curve
occures in 1/5 but on the image in 1/3 of the trajectory, which means that
after the meteor disappearance, fading train stayed for about 0.3s. According
to the height, which it appeared in, likely it was an afterglow phase of per-
sistent train. The decrease of its brightness can be described as exponential
dependency of intensity on time I ~ e, where A = -9.07 (Figure 3.13). After
the meteor disappearance the absolute brightness of the train was -4 to -5 mag,
its total observed duration was 0.8 s and maximum absolute brightness about
-10.7mag (when we extrapolate into the time of the maximum of the light
curve). The break-up of the meteoroid started at the height of 79 km, which
corresponds to dynamic pressure 0.040 MPa and the beginning of the train,
in the maximum of brightness at 76 km the pressure was 0.065 MPa. These
two values of pressure define the strenght of the material. Total length of the
train (from photograph) was about 20km and bottom limit of the train was
at about 65km. Very probably this fireball produced also particulate wake,
which consisted of small particles released from the meteoroid during the frag-
mentation in the beginning of its atmospheric trajectory. Maybe the observed
length of the train (here ascribed to the persistent train) was partly caused by
the wake.

SDAO02 has in the part of maximum of its light curve very similar train —
wide and diffuse. A wake or train were likely presented here, but the train
disappeared (became faint) before the end of the fireball, and thus course of
its brightness can not be determined from the AFQO’s light curve. On the basis
of photograph from station Kybo, where three breaks are merged, this train
was at heights from 72 to 68 km and its length was about 5km.

3.4.3 Radiant and orbit

Elements of heliocentric orbits of Southern §-Aquariids are dependent on each
other. It is necessary to say that all presented dependencies are based only on
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Figure 3.14: Linear dependency of geocentric velocity on right ascension of geocentric radiant
for the 2006 Southern §-Aquariids. R? is the coefficient of determination describing accuracy
of the fit.
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Figure 3.15: Linear dependency of right ascension of geocentric radiant on ascending node
for the 2006 Southern §-Aquariids. R? is the coefficient of determination describing accuracy
of the fit.

three orbits, nevertheless, all the fits are very accurate (see individual Figures).
The argument of perihelion decreases (-1.04°/°) as a linear function of node,
contrary to the dependency presented by Jenniskens (2006). Other dependen-
cys agree. The perihelion distance increas with increasing node by 0.0057 AU /°
and eccentricity changes by -0.0026 /°. Next dependency expreses geocentric
velocity that decrease with increasing right ascension of geocentric radiant by
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Figure 3.16: Geocentric radiants of the 2006 Southern §-Aquariids for solar longitude 125.6°.
The dashed line is radiant motion according to the TAU MDC web pages. Radiant for A\ =
125.6° is outside the limits of the graph and its position is v = 341.6°, § = -15.9°.

0.61kms~!/° (Figure 3.14). Change of declination of the radiant with ascend-
ing node is not evident but linear progress of right ascension is (Figure 3.15)
and differs from that presented on the IAU MDC web pages. From measure-
ments of these three fireballs holds ag = 339.42 + 0.67(A\g — 125.6), while the
IAU MDC web pages give ag = 341.60 + 0.73(\s - 125.6) and §g = -15.90 +
0.26(Ag - 125.6), which corresponds to the radiant a = 341.6°, 6 = -15.9° for
solar longitude 125.6°. Mean value of the observed geocentric radiant (Figure
3.16) is a = 338.7 £ 0.2deg, § = -16.6 £ 0.6 deg (radiant motion taken from
TAU MDC web pages) and geocentric velocity is function of node. Mean values
of both radiants differ by 3°.

Mean values of individual elements give the mean orbit with a = 3.1 &+
0.3AU, e =0.974 + 0.008, ¢ = 0.08 £ 0.02 AU, w = 150 4+ 3deg and i = 26 +
2deg. Due to time dependency it seems to be better to present equations of
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individual elements as functions of solar longitude or longitude of the ascending
node.

e = 0.975 - 0.0026(£2 — 305.6)

q = 0.062 + 0.0057(2 — 305.6) it corresponds to a = - = 2.5AU
w = 152.9 ~ 1.04(Q — 305.6)

v = 41.89 — 0.41(Q - 305.6)

ag = 339.42 + 0.67(Q — 305.6)
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Figure 3.17: Light curves from AFOQO’s brightness sensors and images of the 2006 Southern
0-Aquariid fireballs from all-sky cameras. The images from fixed cameras display startrails
and interruptions of the meteors caused by a rotating shutter (15 breaks/second). Both
fireballs flew from left to right in the images.
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3.5 Leonids

Leonids have one of the most variable activities among major meteor showers.
The maximum of their activity occurs around November 18. Their activity
increases approximately every 33 years with the return of their parent comet
55 P /Tempel-Tuttle to perihelion. The stream consist of a ribbon-like cloud of
particles spread along the comet’s orbit, which is called the Leonid Filament,
and of smaller dust trails released from the comet in past returns. The Filament
is the result of accumulation of debris in orbital resonances over the past
1000 years (Asher et al., 1999; Jenniskens and Betlem, 2000); dust trails are
responsible for occasional meteor storms. The last return of the comet to
perihelion occurred in February 1998, and in the following several years, meteor
outbursts with a Zenithal Hourly Rate (ZHR) of hundreds to thousands of
meteors were observed (annual Leonids have ZHR about 13). Over the last
decade or so, the Earth encountered the following dust trails: in 1998 the 1333
dust trail (the Fireball Night on November 16/17 was according to Asher et
al. (1999) caused by the 1333 dust trail, according to Jenniskens (2006) rather
by the Filament); in 1999 the 1899 and 1866 trails; in 2000 the 1932, 1733 and
1866 trails; in 2001 the 1767 and 1699 trails; in 2002 the 1767 and 1866 trails;
and in 2006 the 1932 trail (McNaught and Asher, 1999a).

Bright Leonid fireballs often leave persistent trains visible few minutes after
the fireball passage (Jenniskens, 2006).

Majority of this section is published in Shrbeny and Spurny (2009).

3.5.1 Observation and light curves

In 1999, 2000, 2001, 2002, and 2006 the Earth’s orbit intersected a few young
dust trails, and the Leonid Filament. Multi-station fireballs were photographed
in 1999 during two nights (15/16 and 18/19) in the Czech part of the EN,
and two nights (17/18 and 18/19) in Spain (stations Punto Alto and Casa
Nueva) by the same imaging system during the Dutch-Czech Leonid expedi-
tion. 13 double-station Leonids were photographed during the night of Novem-
ber 17/18, which covered the encounter with the 1899 dust trail. The year 2000
was adversely affected by weather, which resulted in no multi-station fireballs
from the Czech part of the EN. In 2001, fireballs were photographed over
two nights (14/15 and 17/18) in the Czech part of the EN. Two multi-station
Leonids were recorded during the first night, and 20 fireballs during the second
night. 2002 also was affected by bad weather conditions, and 10 multi-station
fireballs were recorded above a small part of the Czech network during the
night of November 18/19. Five multi-station Leonids were photographed in
2006 on November 15/16, 17/18 and 18/19.

Altogether, 54 fireballs were long and bright enough to be recorded photo-
graphically from more than one station, so that we can precisely determine all
important parameters describing their atmospheric trajectories and basic phys-
ical properties. Unfortunately, only 34 fireballs have a precise time of passage,
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Figure 3.18: Positions of individual dust trails (black ellipses — not real sizes) in years as
presented by McNaught and Asher (1999a). Vertical axes express distance rp — rg, where
rp is heliocentric distance of the dust trail’s descending node and rg heliocentric distance
of the Earth at the same longitude, both in AU. Solar longitudes are expressed in J2000.0.
Gray dots are positions of observed fireballs.
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and thus only 34 heliocentric orbits could be reliably computed. All presented
Leonid fireballs were measured and processed using our standard procedures
(Borovicka et al., 1996; Ceplecha, 1987). The Fishscan software, created by
Dr. Jiti Borovicka, serves for positional and photometric measuring of fireballs
on scanned copies of films. Therefore, all presented Leonid fireballs, besides
precise atmospheric trajectories, also have precise Fishscan photometry.

3.5.2 Dust trails or Filament

Positions of dust trails (black ellipses — not real sizes), as published by Mec-
Naught and Asher (1999a), and positions of observed fireballs (gray dots, solar
longitude corresponding to the time of the fireball passage) are plotted in Fig-
ure 3.18. The vertical axes express the distance rp — rg, where rp is the helio-
centric distance of the dust trail’s descending node, and rg is the heliocentric
distance of the Earth at the same longitude, both in AU. Solar longitudes are
expressed in J2000.0.

According to positions of dust trails in 1999, observed meteor rates (Jen-
niskens, 2006), and times of individual meteors (Tables 3.16, 3.17 and 3.18),
LEOO02 to LEO14 most likely belong to the 1899 dust trail, and LEO15 to
LEO17 probably belong to the 1866 trail, where activity lasted until a solar
longitude of 236.4°, when the Filament began to be more dominant (Jen-
niskens, 2006). LEOO1 belongs to the Filament. In 2001 it is hard to decide
between trail or Filament. Meteors recorded on November 18 can belong to
the 1767 dust trail, but its activity started approximately at Ao = 235.9° (de
la Pena et al., 2008; Gural et al., 2004; Jenniskens, 2006) and observed fireballs
LEO20 to LEO39 correspond to A\g between 235.71° and 235.89°. LEO18 and
LEO19 most likely belong to the Filament. Leonids recorded in 2002 most
likely belong (according to Figure 3.18 and observed meteor rates (Jenniskens,
2006)) to the 1800 or 1833 dust trails, however, this year was also affected
by bad weather and only atmospheric trajectories are known. LEO54, pho-
tographed in 2006, probably belongs to the 1932 dust trail; the others most
likely belong to the Filament.

3.5.3 Heights of atmospheric trajectories

All important parameters describing atmospheric trajectories are presented
in Tables 3.16, 3.17, 3.18, 3.19 and 3.20. A very interesting result is the non-
dependence of beginning heights on the initial photometric mass (Figure 3.19).
The observed Leonid fireballs fulfill the same condition: beginning height, hp,
is equal to 111 4+ 5km for the range of photometric masses from 0.5x107*
to 2.1x10%g . The determination of the photometric masses depends very
strongly on the luminous efficiency, 7, which is very difficult to derive for such
fast meteors like the Leonids. For a mean initial velocity of 71.2km/s a value
for log 7 = -11.84 (c.g.s. units with I = 1 for 0 stellar magnitude) was used
(Ceplecha and McCrosky, 1976), which corresponds to 2.2% of the total kinetic
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Figure 3.19: Dependencies of beginning and terminal height on initial photometric mass.
The gray dashed line is the dependency for heights corresponding to the maximum dynamic
pressure that was reached without fragmentation (more details in section 3.5.4).

energy of mass loss. If we used an alternative value for 7 from ReVelle and
Ceplecha (2001), which is dependent not only on velocity but also on mass,
initial velocity, and bolide type (according to PE), we would derive an average
value of 0.2%. This would lead to higher initial masses for the presented
fireballs, but for consistency of the determination of the PE coefficient for all
the fireballs in this paper we decided to keep the value of 2.2%. Other authors
show an increasing dependency of beginning height on initial mass, but data
are based on video observations (Jenniskens et al., 2008; Koten et al., 2004),
or small cameras (Betlem et al., 2000), covering only a part of the sky and
capable of detecting fainter meteors.

In our case the dependency is caused by the equipment used. The limiting
apparent visual magnitude, which the meteor has to reach to be recorded on
film by our all-sky camera, is about 0™ to —2™ (depends on angular velocity
and observing conditions), and thus lower than the brightness of the actual
beginning of the event. If we assume that all Leonids reach this limiting
magnitude at some specific height, h;,,,, then the fact that they are observed
from different distances and with different slopes to the vertical would result
in the spread of observed beginning heights around hy;,,,. This is exactly the
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Table 3.16: Atmospheric trajectories of the 1999 Leonid fireballs with known time of meteor
passage. H is the height above sea level, Lys is the length of observed trajectory. The
subscript "B” denotes values at the beginning of the atmospheric trajectory, the subscript
"E” at the end point. N is the number of stations where the fireball was photographed.
Values of individual entries are given with an accuracy of one or two last digits.

Meteor N Date Time Hp Hg Lobs Duration
No. (UT) (km) (km) (km) (s)
Year | 1999 |

LEOO1 4 16.11.  4:46:23 | 111.50 90.26  24.16 0.34
LEOO02 2 18.11. 1:54:18 118.0; 99.22 36.81 0.52
LEOO03 2 18.11.  2:08:14 110.7é 97.7; 25.95 0.37
LEO04 2 18.11. 2:19:27 115.82 95.52 37.51 0.53
LEOO05 2 18.11. 2:22:13 113.7é 97.1} 31.07 0.44
LEOO06 2 18.11.  2:22:48 113.18 101.4(5) 21.20 0.30
LEOO07 2 18.11. 2:37:29 115.22 90.03 42.92 0.61
LEOO08 2 18.11.  2:39:30 119.42 96.5121 38.12 0.54
LEO09 2 18.11. 3:04:35 110.62 92.23 28.02 0.40
LEO10 2 18.11.  3:07:30 108.6?1 88.02 31.67 0.46
LEO11 2 18.11.  3:09:55 112.0? 92.22 29.48 0.42
LEO12 2 18.11. 3:25:27 109.4§ 88.33 29.55 0.42
LEO13 2 18.11.  3:46:48 108.0(15 89.5&1) 24.84 0.35
LEO14 2 18.11. 3:48:51 110.6? 93.1; 22.62 0.32
LEO15 2 19.11.  1:09:55 104.0; 90.8; 41.38 0.59
LEO16 3 19.11. 1:20:22 115.03 90.8:; 41.65 0.58
LEO17 2 19.11. 2:07:32 111.7? 92.9; 27.14 0.38

4 2

observed dependency (Figure 3.19). It means that there exists a height hy,
(equal to 111 + 5km), where all Leonids reach an absolute magnitude of
approximately —2™.

Dependencies among initial photometric mass and the terminal height (black
line), and the height of the maximum dynamic pressure (see explanation in
section 3.5.4) (dashed gray line), are plotted in Figure 3.19. Both dependen-
cies are decreasing functions of mass, which means that real terminal heights
were not observed, but heights close to them. These fast cometary meteors
often fragment at the end of the atmospheric trajectory into small particles
that ablate very quickly, so the decrease of brightness is then faster than at
the beginning of the meteor (this also holds for single-body solutions without
fragmentation). The dependency of the maximum dynamic pressure shows
that small meteoroids probably do not fragment and reach maximum dynamic
pressure at their terminal height.
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Table 3.17: Atmospheric trajectories of the 2001, and 2006 Leonid fireballs with known
time of meteor passage. H is the height above sea level, L,ys is the length of observed
trajectory. The subscript ”B” denotes values at the beginning of the atmospheric trajectory,
the subscript "E” at the end point. N is the number of stations where the fireball was
photographed. Values of individual entries are given with an accuracy of one or two last
digits.

Meteor N Date Time Hp Hg Lobs Duration
No. (UT) (km) (km) (km) (s)
Year [ 2001 [

LEO18 3 15.11. 1:32:30 115.86 80.86  59.69 0.76
LEO19 5 15.11. 2:46:30 1147; 82.53 42.20 0.60
LEO20 3 18.11. 0:29:37 111423 84.1§ 58.58 0.57
LEO21 4 18.11. 1:20:37 114.1; 83.1? 54.88 0.60
LEO22 5 18.11. 1:42:32 111.4$ 86.3; 38.78 0.32
LEO23 4 18.11. 1:58:23 11745‘51 83.93 49.86 0.47
LEO24 2 18.11. 1:59:34 108.3? 87.9(13 30.06 0.28
LEO25 5 18.11. 2:04:16 111403 70.93 58.00 0.56
LEO26 4 18.11. 2:58:18 111‘73 85.3; 34.59 0.27
LEO27 3 18.11. 3:19:00 119.42 74.52 56.31 0.67
LEO28 2 18.11. 3:33:28 109.0$ 88.052) 26.02 0.35
LEO29 4 18.11. 4:09:27 111.73 94.23 20.61 0.27

1 1

Year [ 2006 [

LEO50 7 16.11. 0:56:07 117.52 85.99 58.05 0.81
LEO51 5 16.11. 3:46:21 98432 81.1é 19.52 0.25
LEO52 3 17.11.  23:58:30 106.32 90.7? 41.59 0.57
LEO53 2 18.11. 1:40:00 106.9411 95.6; 17.82 0.24
LEO54 2 19.11. 4:23:34 10991 89.0(13 24.38 0.33

2 2

3.5.4 Dynamic pressures and PE coefficients

The dependency of dynamic pressure (p=pv?) on initial photometric mass
is shown in Figure 3.20. The dynamic pressures are determined at heights
corresponding either to maximum pressure along the atmospheric trajectory
(meteors with smooth light curves without flares) or at the first flare (often
corresponds to the terminal flare). These flares likely correspond to a frag-
mentation and thus to the approximate strength of the material. The values
of these dynamic pressures are listed in Tables 3.19 and 3.20. Initial velocities
were used to determine the dynamic pressures because the presented Leonids
did not decelerate. There are only two exceptions - LEO02 and LEO04. These
two Leonids, with a small inclination to the Earth’s surface, likely experienced
moderate deceleration, unfortunately not enough to determine a solution for
the atmospheric motion (among others the ablation coefficient) using the gross-
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Table 3.18: Atmospheric trajectories of the 2001 and 2002 Leonid fireballs with unknown
time of meteor passage. Given time is an estimate based on approximate radiant position.
H is the height above sea level, Ly, is the length of observed trajectory. The subscript ”B”
denotes values at the beginning of the atmospheric trajectory, the subscript "E” at the end
point. N is the number of stations where the fireball was photographed. Values of individual
entries are given with an accuracy of one or two last digits.

Meteor N Date Time Hp Hp Lobs Duration Ye] Vg
No. (UT) (km) (km) (km) (s) (deg) (km/s)
Year [ 2001 l ‘
LEO30 3 18.11. 2:08 107.27  90.47  23.90 0.27 21.62 70.62
2 2 10 16
LEO31 4 18.11. 2:21 113.37 80.29  50.09 0.40 20.4 69.2
8 8 7 3
LEO32 3 18.11. 2:49 105.74 90.19 20.60 0.27 21.6 67.4
2 3 2 5
LEO33 3 18.11. 3:17 113.05 92.80 25.44 0.33 21.83 69.8
1 1 5 2
LEO34 2 18.11. 3:37 104.64 86.5 21.98 0.27 21.5 66.5
12 3 9 6
LEO35 2 18.11. 4:09 116.22 94.39  25.78 0.29 21.68 70.2
2 2 9 7
LEO36 3 18.11. 4:22 110.39 81.88 32.18 0.33 21.9 73.0
3 3 5 5
LEO37 3 18.11. 4:26 104.48 81.95 25.96 0.33 21.03 70.23
1 1 4 12
LEO38 2 18.11. 4:34 104.49 91.04 15.37 0.11 21.75 70.4
3 3 13 3
LEO39 4 18.11. 4:40 114.52 81.57 37.60 0.33 21.5 71.4
4 4 1.3 6
Year [ 2002 [ [
LEO40 2 19.11. 2:02 106.2 89.39 23.40 0.13 25 69.4
1.1 6 5 2
LEO41 2 19.11. 2:17 116.16 94.61 30.34 0.20 21.71 70.43
3 2 16 14
LEO42 2 19.11. 2:42 115.41 77.46 49.33 0.61 21.57 70.62
1 1 2 8
LEO43 2 19.11. 2:46 108.50 86.52 28.23 0.41 21.51 70.63
2 1 6 4
LEO44 2 19.11. 3:07 111.07 89.62  27.00 0.20 22.3 70.6
5 4 2 3
LEO45 2 19.11. 3:14 105.23 85.09 25.07 0.22 20.6 70.2
6 10 4 2
LEO46 2 19.11. 3:18 101.97 83.00 23.49 0.20 21.2 73.8
10 10 4 8
LEOA47 3 19.11. 3:25 109.34 83.12 32.28 0.29 21.9 70.3
3 3 4 2
LEO48 2 19.11. 3:43 104.84 94.71 11.96 0.17 20.62 69.4
1 1 14 5
LEO49 2 19.11. 4:03 116.49 86.45 35.18 0.29 21.1 70.93
7 4 2 13

fragmentation model of Ceplecha et al. (1993). The model requires precisely
measured values of heights and lengths for as many points as possible along the
trajectory and a deceleration within the precision of these data. In the case of
the fireballs described here, only a few final velocity points with deceleration
were available. Spurny et al. (2000) published one Leonid fireball recorded in
1998, which fulfilled these conditions. The fireball was more than 150 km long
and with a small inclination to the Earth’s surface.

The approximate increase of dynamic pressure with mass is the result of the
dependency of the dashed line in Figure 3.19 (increasing mass means decreasing
height and thus also increasing dynamic pressure). Most of the Leonids did not
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Figure 3.20: Dependency of dynamic pres- Figure 3.21: Dependency of dynamic pres-

sure (explanation in section 3.5.4), p, on ini- sure (explanation in section 3.5.4), p, on

tial photometric mass, m;,f, for the 1999, initial photometric mass, m;,, for individ-

2001, 2002, and 2006 Leonids. ual types of the light curve (explanation in
section 3.3.2).

survive pressures higher than 0.02 MPa, which corresponds to their assumed
cometary origin and fragility. The dependency of dynamic pressure on initial
photometric mass, according to the type of the light curve (more details in
the next section), is shown in Figure 3.21. The fact that Leonids are fragile
cometary meteors is confirmed also by their PE coefficients (Tables 3.19 and
3.20). PE coefficients describe the empirical end height criterion that divides
fireballs into four groups according to ablation abilities. The value of PE is a
function of air density at the fireball terminal height, pg, initial photometric
mass, M;,s (with luminous efficiency according to Ceplecha and McCrosky
(1976)), initial velocity, v, and zenith distance of the radiant at the fireball
beginning, z (PE = log(pgr) + A log(ma) + B log(vs) + C log(cos z)). On the
basis of values of the PE coefficients (Ceplecha and McCrosky, 1976), more
than one half of the Leonids discussed in the present work belong to the weakest
type I1IB of the interplanetary matter; more than one third to type IITA, and
only less than 10% to type II (only LEO20 and LEO42 were long and bright
enough to safely say that they are type II; no type II fireball had a terminal
flare).

3.5.5 Light curves

In general, there are three types of light curves observed for the Leonids. The
first type shows only one dominant flare near the end of a visual trajectory
(from 3/4 to 9/10), after which the final fading portion of the light curve is
very steep. This sudden end of the luminous trajectory is typical for bright
fireballs of the PE type I1IB (the same type of light curve was observed for the
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1998 Leonids (Spurny et al., 2000)). The second type shows quite symmetric
shape, smooth course of brightness without flares, and looks like a light curve
of a single-body model of a meteor. This light curve is typical for faint Leonid
meteors and was observed for all the Leonids of November 17/18 in 1999,
which belonged most likely to the 1899 dust trail. The third type, observed
only for two Leonids, shows two humps of comparable brightness and duration.
Members of this group are LEO15 (probably belongs to the 1866 dust trail)
and LEO25 (maybe the 1767 dust trail), whose terminal flare corresponds to
the highest observed dynamic pressure for the presented Leonids (0.194 MPa).
An assignment of the presented Leonids to appropriate types of light curves is
shown in the last column of Tabels 3.19 and 3.20.

Two Leonids of the first type of the light curve, LEO42 and LEO43, did
not terminate their luminous trajectory right after the dominant flare, but
continued down to lower heights and their end is similar to that of the second
type. Also few Leonids of the second type exhibited additional events in their
light curves. Five of them (LEO07, LEO12, LEO17, LEO21, LEO54) had
a significant terminal flare (for example LEO21, Figure 3.26); and four of
them (LEO22, LEO26, LEO41, LEO49) had the flare at the maximum of the
theoretical single-body light curve profile. LEO15, belonging to the third type,
had a flare only at the second hump, while LEO25 had a flare at the first hump
and showed a significant terminal flare. The first and the second type have the
same relative frequency among observed light curves, approximately 48%, the
rest of the Leonids, approximately 4%, belong to the third type.

Bright Leonid fireballs often leave persistent trains visible for several min-
utes after the passage of the fireball (Jenniskens, 2006). For two of the pre-
sented fireballs, documented visual observations are available, both connected
to observation of a persistent train. On November 18 2001, LEO27 was ob-
served by M. Kro¢il (online database, 2000), who described it as a blue-white
event that left a train visible by the naked eye for 5 to 10 minutes. This fireball
was also recorded by Ondrejov’s radiometer, with a time resolution of 1200 Hz
(Spurny et al., 2001). According to photographic records, the fireball lasted for
about 0.7s but the radiometric data show an event lasting for 1.1s, suggesting
a decrease in brightness consistent with a persistent train. As we can see in
Figure 3.22, the decrease of intensity is an exponential function of time I ~ e,
where A = -4.69. After the disappearance of the meteor, the absolute bright-
ness of the train was about -8.5 mag, lasting for 0.5s, and disappearing when
it reached -6 mag (the limiting sensitivity of the detector). Most likely this was
an afterglow phase of the persistent train, which was formed during expressive
outburst at the end of the atmospheric trajectory, where the body fragmented
into a large number of small particles that gradually ablated. Intensive in-
creasing of the brightness started after 0.25s of the trajectory, at a height
of about 100km (and a dynamic pressure of 0.003 MPa). The second visual
fireball designated LEO54 on November 19 2006 was observed by M. Gembec
(online database, 2000). He described a long-lasting train left by the fireball.
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Figure 3.22: Exponential courses of decrease of brightness of the Leonids LEO18, LEO27 and
LEO51. LEO18 and LEO27 were recorded by Ondriejov’s radiometer with a time resolution
of 1200 Hz; and LEO51 by AFQ’s brightness sensor with a sampling rate of 500 measurements
per second.

The persistant train had a slightly ciliated appearance, and described a shape
similar to a capital letter V. This fireball was not bright enough (-7.4 mag)
to cause a wake, or a train observable either on images or by radiometers.
However, an having initial mass of 3.6 g and speed of 71.4km/s (E; = 9MJ),
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Table 3.19: Physical data on the 1999 and 2006 Leonid fireballs. ZD is the zenith distance
of the radiant at the end point of the atmospheric trajectory, vs, is the initial velocity,
M4z is the maximum absolute magnitude, my, s is the initial photometric mass, PE is the
coefficient that describes the empirical end height criterion and designates the type of fireball
(Ceplecha and McCrosky, 1976). p is the dynamic pressure (see explanation in section 3.5.4)
and LC is the type of light curve (more details in section 3.5.5). Values of individual entries
are given with an accuracy of one or two last digits.

Meteor ZDg Voo Miaz My f PE Type P LC
No. (deg)  (km/s) ) (MPa)
Year [ 1999 [ [
LEOO1 28.5 72.2 -6.0 0.5 -5.57 IITA 0.008 1
3 3
LEOO02 63.29 71.22 -6.2 1.3 -6.04 III1B 0.003 2
5 10
LEOO03 60.0 70.89 -2.9 0.08 -5.48 IITA 0.004 2
2 8
LEO04 57.26 71.07 -6.1 1.5 -5.90 I1IB 0.006 2
3 5
LEOO05 57.68 71.31 -5.5 0.8 -5.89 ITIB 0.005 2
17 9
LEOO06 56.3 71.3 -3.5 0.07 -5.78 IIIB/A 0.002 2
2 3
LEOO07 54.1 72.02 -7.5 2.5 -5.62 IIIA/B 0.013 2
4 11
LEOO08 53.16 71.13 -5.4 0.7 -5.89 I1IB 0.005 2
10 17
LEO09 49.03 71.13 -2.6 0.05 -5.14  II/IIIA 0.011 2
15 24
LEO10 49.5 70.03 -7.5 4.7 -5.67 IIIA/B 0.021 2
2 20
LEO11 48.03 71.32 -3.0 0.09 -5.26 IITA /11 0.011 2
7 11
LEO12 44.43 71.01 -7.8 1.5 -5.53 IITA 0.013 2
4 9
LEO13 42.0 70.06 -6.7 2.2 -5.72 I1IIA/B 0.016 2
4 30
LEO14 39.40 70.90 -4.7 0.15 -5.50 IITA 0.009 2
10 20
LEO15 71.5 71.28 -9.2 8.6 -5.57 IITA 0.009 3
4 13
LEO16 54.52 72.18 -8.0 2.8 -5.69 IIIA/B 0.006 1
5 11
LEO17 46.27 71.8 -5.0 0.3 -5.54 IITA 0.009 2
13 3
Year [ 2006 [ [
LEO50 57.31 71.66 -10.1 50 -5.83 I11B 0.022 1
3 6
LEO51 30.7 70.0 -12.9 500 -6.18 I11B 0.034 1
2 5
LEO52 68.09 71.15 -7.4 5.6 -5.57 IITA 0.010 1
4 5
LEO53 50.66 71.3 -4.7 0.3 -5.70 IIIA/B 0.004 1
9 2
LEO54 31.27 71.4 -7.4 3.6 -5.83 I1IB 0.013 2
12 2

it caused a persistent train.

For two fireballs we can see in the light curve a decrease in brightness of
the persistant train - LEO18 and LEO51. According to photographic records,
LEO18 lasted less than 0.8s, but the light curve lasted for 2.6s. In Figure
3.22 there is a 1.8s long exponential dependency of the train’s brightness on
time I ~ e, where A = -1.22. After the disappearance of the meteor, the
absolute brightness of the train was about -7.5 mag, and lasted 1.8s. It disap-
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Table 3.20: Physical data on the 2001 and 2002 Leonid fireballs. ZD is the zenith distance
of the radiant at the end point of the atmospheric trajectory, vs, is the initial velocity,
M4z is the maximum absolute magnitude, my, s is the initial photometric mass, PE is the
coefficient that describes the empirical end height criterion and designates the type of fireball
(Ceplecha and McCrosky, 1976). p is the dynamic pressure (see explanation in section 3.5.4)
and LC is the type of light curve (more details in section 3.5.5). Values of individual entries
are given with an accuracy of one or two last digits.

Meteor ZDg Voo Mmax M f PE Type P LC
No. (deg)  (km/s) @) (MPa)
Year [ 2001
LEO18 54.31 71.30 -11.9 240 -5.79 IIIB 0.050 1
LEO19 40‘3451 71.;‘:; -11.8 200 -6.02 II1B 0.039 1
LEO20 62.; 71.411421 -6.0 1.2 -4.93 11 0.013 1
LEO21 5581 71.4; -11.5 84 -5.74 IIIB/A 0.016 2
LEO22 49.7421 71.4113 -11.5 93 -6.07 IIIB 0.008 2
LEO23 47;461 71.411é =77 6 -5.42 IITA 0.026 1
LEO24 50.461 701.2 -9.8 29 -5.98 II1B 0.015 1
LEO25 47.3 71.2; -13.0 1000 -5.41 IITA 0.028 3
LEO26 40‘13 711? -10.0 45 -5.96 I1IB 0.015 2
LEO27 37.;3 71.53 -13.8 1100 -5.78 III1B 0.050 1
LEO28 36.;’)1 711.?3 -7.0 2 -5.63 IIIA/B 0.015 1
LEO29 31‘42 71.? -5.8 0.8 -5.94 II1B 0.006 1
LEO30 454411 71.43 -7.8 6 -5.92 IIIB 0.014 2
LEO31 leg 701.? -14.3 2100 -6.22 II1B 0.035 1
LEO32 41.3 68.; -9.0 15 -6.14 IIIB 0.004 1
LEO33 373?) 70.2 -5.2 0.4 -5.68 IIIA/B 0.008 1
LEO34 Bi 67.421 -7.0 3 -5.63 IITA/B 0.025 2
LEO35 321; ’71.(13 -6.5 2 -6.12 I11B 0.007 2
LEO36 27.5 73.; -11.0 60 -5.82 II1B 0.038 1
LEO37 29.8?53 71.18 -8.5 12 -5.55 IITA 0.047 1
LEO38 28.2 711.3 -9.0 14 -6.24 I1IB 0.013 2
LEO39 2; 72.3 -10.0 20 -5.61 IIIA 0.037 1
2 6
Year [ 2002
LEO40 44 71.7 -12.5 170 -6.46 II1B 0.011 1
LEO41 4944;1 72.4§ -6.7 1.7 -5.94 I11B 0.002 2
LEO42 39.;3 72.411é -6.9 2.5 -4.85 11 0.011 1
LEO43 38.9? 71.6i -8.8 8 -5.74 IIIB/A 0.013 1
LEO44 37.5’)j 71.3 -10.6 30 -6.22 I11B 0.013 1
LEO45 36.2 712 -7.1 1.8 -5.38 IITA 0.035 2
LEO46 36.;1 71.3 -6.6 0.63 -5.05 II 0.008 1
LEO47 35.? 71.; -12.7 300 -6.18 II1B 0.031 1
LEO48 32.0;1 70.52) -5.7 0.6 -5.92 111B 0.007 2
LEO49 321; 72.3? -9.1 15 -5.89 I1IB 0.008 2
2 13
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Table 3.21: Radiants and orbital elements (J2000.0) of the 1999 Leonid fireballs with known
time of meteor passage. (ag, dg) is the geocentric radiant, V¢ is geocentric mean velocity
without atmospheric drag (not mesurable on our records) and T is Tisserand’s parameter.
Values of individual entries are given with an accuracy of one or two last digits or with one
standard deviation.

Meteor ag Yl Vg a e q w Q i Ty
No. (deg)  (deg) (km/s) | (AU) (AU) (deg) (deg) (deg)
Year [ 1999 [
LEOO1 152.82  23.05 71.3 64 0.98 0.9824 170.6  233.38595 161.0 -1.08
17 16 3 112 3 8 6 6 4
LEOO02 153.83  21.47 70.36 8.1 0.878 0.9833 171.36  235.28120 162.75  -0.55
5 6 10 6 9 2 18 1 10
LEOO03 154.6  21.65 70.02 6.8 0.856 0.9804 169.2  235.29096 162.0 -0.43
2 10 8 4 8 12 8 1 2
LEO04 153.69  21.68 70.20 7.3 0.866  0.98422 172.09  235.29881 162.48  -0.49
4 3 5 2 4 14 13 1 5
LEOO05 153.81 21.1 70.44 8.2 0.881 0.9828 170.9  235.30074 163.4  -0.57
9 28 10 6 9 6 5 1 4
LEOO06 153.3 22.08 70.4 8.7 0.887 0.9861 174.1 235.30116 162.1 -0.60
24 14 32 2.2 29 7 8 1 3
LEOO07 153.47 21.6 70.15 6.9 0.858 0.9848 172.6  235.31143 162.8 -0.45
12 6 11 6 12 10 1.0 2 1.0
LEOO08 153.42  21.83 70.26 7.6 0.871 0.9854 173.2  235.31285  162.42 -0.52
12 5 17 9 15 4 4 1 11
LEO09 153.65  21.65 70.3 7.6 0.87 0.9844 172.3  235.33041 162.6  -0.51
15 17 24 1.3 2 6 5 1 3
LEO10 154.36 22.7 69.15 4.7  0.790 0.9832 171.0 235.332 160.3  -0.07
6 3 20 4 18 7 6 4 5
LEO11 153.66  21.57 70.45 8.7 0.887 0.9843 172.3  235.33414 162.71  -0.60
8 6 11 8 10 3 3 1 11
LEO12 153.83  21.68 70.14 7.1 0.861 0.9859 171.79  235.34502  162.38  -0.46
6 2 9 4 8 2 13 1 5
LEO13 152.6 22.1 70.2 7.2 0.86 0.9876 176.2  235.35985 162.5 -0.46
48 4 3 1.4 3 9 1.6 1 7
LEO14 153.70  21.48 70.02 6.4  0.847 0.9840 171.9  235.36128 162.8  -0.39
9 13 20 8 18 4 4 1 2
LEO15 154.9 21.63 70.41 8.9 0.889 0.9837 171.9  236.25849 161.9 -0.61
5 15 13 1.0 13 18 1.6 1 4
LEO16 154.29  21.56 71.32 30 0.967 0.9856 173.91  236.26581 162.53  -1.03
6 3 11 10 11 2 19 1 7
LEO17 153.98 21.72 71.0 15 0.93 0.9866 175.0  236.29885 162.4 -0.83
16 12 29 6 3 4 5 1 2

peared when it reached about -5 magnitude. An intensive increase in brightness
started after 0.5s of the atmospheric trajectory, at a height of about 90 km
(and a dynamic pressure of 0.015 MPa). In the light curve of LEO51 the train
is visible for only about 0.1 s after the meteor disappeared, when its brightness
was about -8 magnitude. It disappeared when it reached -5 magnitude (the
sensitivity of the detector).

These three fireballs reached a maximum absolute brightness (correspond-
ing to flares) at a height of 83 km, which corresponds to a dynamic pressure
of 0.048 to 0.050 MPa (differing initial velocities). They all belong to the IIIB
type and the heights of their persistent trains (assumed from merged breaks)
correspond to values of the central altitude of trains published by Yamamoto
et al. (2004). Nevertheless, no dependency on the rate of decrease of brightness
(decay coefficient A), meteoroid initial mass, initial kinetic energy or duration
of the train was observed. Perhaps a higher number of observations of this
type of event are required, and/or more sensitive radiometers. According to
Borovicka and Jenniskens (2000) the decay of line intensity depends on exci-
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Table 3.22: Radiants and orbital elements (J2000.0) of the 2001, and 2006 Leonid fireballs
with known time of meteor passage. (ag, dg) is the geocentric radiant, Vg is geocentric
mean velocity without atmospheric drag (not mesurable on our records) and T; is Tis-
serand’s parameter. Values of individual entries are given with an accuracy of one or two
last digits or with one standard deviation.

Meteor ag (el Vg a e q w Q i Ty
No. (deg)  (deg) (km/s) | (AU) (AU)  (deg) (deg)  (deg)
Year [ 2001 [
LEO18 152.30  23.30 70.18 8.4 0.883 0.9815 169.55  232.73396 160.68  -0.56
3 4 11 7 10 2 14 1 7
LEO19 152.54  23.19 70.57 12.0 0.919 0.9807 169.1 232.78574 160.78  -0.76
8 6 12 1.7 11 4 3 1 11
LEO20 154.25  21.82 70.50 9.5  0.896 0.9842 172.1 235.71460 161.98 -0.64
6 7
LEO21 153.95  22.05 70.32 8.3 0.881 0.98551 173.44  235.75032 161.77  -0.56
2 2 15 9 13 6 9 1 4
LEO22 153.47  21.97 70.53 9.4 0.895 0.9867 175.0  235.76569 162.2  -0.64
17 11 11 9 10 4 6 1 2
LEO23 153.96  21.72 70.58 8.2 0.899 0.9852 173.2  235.77680 162.32  -0.66
5 2 13 1.2 12 2 2 1 5
LEO24 155  21.73 69.73 5.9 0.833 0.980 169  235.77759 161.4 -0.30
7 1
LEO25 152.2 20.92 70.38 7.1 0.861 0.9881 177.5  235.78100 164.6  -0.48
26 12 15 7 14 3 9 1 2
LEO26 153.91 22.19 70.2 7.5 0.87 0.9860 173.96  235.81875 161.5 -0.50
4 13 3 1.5 3 2 25 1 2
LEO27 154.05  21.70 70.72 11 0.913 0.9851 173.12  235.83328 162.33  -0.74
2 5 12 1 11 1 11 1 8
LEO28 154.33 21.4 70.4 8.2 0.88 0.9836 171.6  235.84343 162.6  -0.56
6 6 12
LEO29 154.13  21.80 70.7 10.7 0.91 0.9851 173.1 235.86862 162.11  -0.72
2 4 4 4.3 4 1 2 1 9
Year | 2006 |
LEO50 152.751 22.90 70.80 15.1 0.935 0.98230 170.39  233.43156 161.18 -0.85
14 3 6 1.2 5 9 7 1 5
LEO51 152.59  22.47 69.1 4.5 0.78 0.9819 169.6  233.55075 161.6  -0.02
13 17 5 8 4 8 6 4 3
LEO52 153.76  21.82 70.28 7.8 0.873 0.9846 172.4  235.40783 162.22  -0.52
5 3 5 3 5 2 2 1 5
LEO53 154.13  22.90 70.5 9.8 0.90 0.9844 172.3  235.47881 161.3 -0.66
7 10 2 1.7 2 3 3 2 2
LEO54 154.71 21.37 70.5 9.0 0.89 0.9851 173.2  236.60258 162.4  -0.62
5 13 2 1.7 2 2 3 3 2

tation potential, not on transition probability. This means that the decay is
due to a decrease in temperature (not density), and thus we can say that there
were different courses of temperature (across the cross-section) in the trains of
these three fireballs.

3.5.6 Radiants and orbits

Radiant positions, geocentric velocity and orbital elements for all 34 Leonid
fireballs with known time of passage are presented in Tables 3.21 and 3.22.
Mean orbits of the 1999, 2001, and 2006 fireballs and data for the parent
comet are presented in Table 3.23. The positions of all the observed Leonid
geocentric radiants, normalized to solar longitude 235.1° (maximum of annual
activity), are plotted in Figure 3.23. The radiant motion used is according to
IAU MDC web pages for a right ascension of 0.66° per degree of solar longitude,
and for a declination of -0.33° per degree of solar longitude. The mean radiant
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Table 3.23: Mean orbits of the 1999, 2001, and 2006 fireballs and data for the parent comet
for epoch 1998-08-15 taken from Jenniskens (2006) are presented. Mean orbit of the 1999
Leonids is based only on the 1899 dust trail meteoroids (LEO02 — LEO14) and mean orbit
of the 2001 Leonids is based only on meteoroids recorded on November 18 (LEO23 was not
taken into account). Standard deviations for each entry are shown below.

Year Vg a e q w Q i Ty

(km/s) (AU) (AU) (deg) (deg) (deg)

1999 70.24 7.6 0.869 0.9844 172.3 235.32 162.6  -0.50
15 7 13 18 1.7 3 4

2001 70.5 9.2 0.895 0.9856 173.6 235.80 162.0 -0.64
2 1.4 17 6 7 5 3

2006 70.4 9.2 0.88  0.9837 171.6 234.9 161.7  -0.56
4 3.8 6 15 1.5 1.4 5

55P /Tempel-Tuttel ‘ 70.63 10.338 0.905 0.984 172.229 235.021 162.482 -0.64

is also plotted and is derived from all radiants except LEO25. Mean radiant
values are a = 153.6 + 0.4deg, § = 22.0 £ 0.4 deg, which corresponds to the
radiant position of the Leonid Fireball Night in 1998 (o = 153.63°, § = 22.04°
for Ao = 235.1°) (Betlem et al., 1999). Mean radiants in individual years and
for individual dust trails differ from each other but merge in the range of one
standard deviation. Radiant of the 1899 dust trail in 1999 has values a =
153.5 £ 0.5deg, 6 = 21.8 + 0.4deg and its position and halo-like structure
corresponds to results published by Betlem et al. (2000) and Trigo-Rodriguez
et al. (2002). The radiant of the 1866 dust trail in 1999 has a position «
= 153.6 £ 0.5deg, 6 = 22.02 £+ 0.09deg. The radiant of Leonid fireballs on
November 18, 2001 is o = 153.7 &+ 0.4deg, 6 = 22.1 £ 0.3deg (LEO25 not
taken into account).

The dependency of orbital elements on the longitude of the ascending node
and right ascension of the geocentric radiant on the node are presented in Fig-
ures 3.24 and 3.25. Linear dependencies are fitted only for meteors belonging
to the Filament (LEOO1, LEO18, LEO19, LEO50 to LEO53). The gray de-
pendency in Figure 3.24 is a linear fit for theoretical radiant motion of 0.66°
in right ascension per degree of solar longitude. Trigo-Rodriguez et al. (2002)
presented values for orbital elements of the 1899 dust trail meteoroids observed
in 1999 which are very similar to each other, but as we can see in Figures 3.24
and 3.25, a large spread of individual elements appears for fireballs recorded
during a short period of activity (and so likely belonging to one dust trail).
The same observation holds also for Leonids from the 1866 dust trail in the
same year, and for Leonids in 2001 (which likely belong to the Filament, but
according to this spread of elements rather to the 1767 dust trail). The ob-
served spread in individual elements corresponding to individual years (dust
trails) is much larger than the accuracy of the elements.

Four Leonids (LEO10, LEO32, LEO34, LEO51) have initial velocities much
lower than that of the mean (71.2km/s), which results in orbits with semima-
jor axes significantly smaller than the mean of all orbits. This was observed
previously by Betlem et al. (1999) and Trigo-Rodriguez et al. (2002). Betlem
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Figure 3.23: Geocentric radiants of the 1999, 2001, and 2006 Leonids for solar longitude
235.1°. Mean radiant position is determined from 30 Leonid fireballs (LEO25 was not taken
into account).

et al. (1999) concluded that this can only occur after a close encounter with
Earth, and that in order to detect a significant number of such meteoroids, the
Earth would have had to cross appropriate dust trails numerous times in the
past. Since the Leonids are very fast and their atmospheric trajectories are
short, one of the less accurate observed parameter is velocity. Due to this fact,
only one meteor with a known time of passage, LEO10, is determined with
sufficient accuracy that we can be confident that it could have experienced a
previous close encounter with the Earth. LEO32 and LEO34, with unknown
times of passage, may have experienced close encounters with the Earth (their
semimajor axes determined from approximate radiant position have values of
2.6 and 2.2 AU, respectively).
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Figure 3.24: Dependencies of right ascension of observed geocentric radiants and inclination
on the longitude of the ascending node for the 1999, 2001, and 2006 Leonids. Vertical
lines denote ascending nodes 235.32°, 235.80°, and 236.28° corresponding to storm fireballs.
Black linear fit corresponds to likely Filament no-storm Leonids. The gray linear fit describes
theoretical radiant motion +0.66°/° in R.A. R? is the coefficient of determination describing
the accuracy of the fit.
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Figure 3.25: Dependencies of the argument of perihelion and perihelion distances on the
longitude of the ascending node for the 1999, 2001, and 2006 Leonids. Vertical lines denote
ascending nodes 235.32°, 235.80°, and 236.28° corresponding to storm fireballs. Black linear
fit corresponds to likely Filament no-storm Leonids. R? is the coefficient of determination
describing the accuracy of the fit.

75



10000 P 2500 . L . I . I . I

— [ ol Btsasse |
8000 — - 2000 — 0 |-
6000 ; ; £ 1500 ; ;
4000 ; ; 1000 ; ;
2000 ; ; 500 ; ;

4 | F _Ml "‘II . " ‘ r

b sl
I 4 I ) I T oI T I T I T I T I

Intensity (Arbitrary linear units)
Intensity (Arbitrary linear units)

Tlme (s) Time (s)

12000

LE027 st. 20 Ondiejov LEOS50 - st. 2 Kunzak [

1 T,=3m8"50 UT L — Qb5Ga0 7"
oo To=0156"07 UT L
8000 —| | 1 [
£ 3000 — |-
4 2000 — ~
4000 — = ' i L
i L 1000 — -

0 0 T T T T T

Intensity (Arbitrary linear units)
Intensity (Arbitrary linear units)

! I

0.6 0.8 04
Time (s) Time (s)

Figure 3.26: Light curves from AFO’s brightness sensors and images of the 2001 and 2006
Leonid fireballs from all-sky cameras. The images from fixed cameras display startrails
and interruptions of the meteors caused by a rotating shutter (15 breaks/second). The
guided image was taken by a guided all-sky camera at Ondfejov Observatory and shows the
entire fireball trail. The 2001 Leonids were recorded by Ondfejov’s radiometer with a time
resolution of 1200 Hz; and the 2006 Leonids by AFQ’s brightness sensor with sampling rate
of 500 measurements per second. All fireballs flew from left to right in the images.
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3.6 Perseids

Perseids are one of the strongest annual showers with one maximum near
August 12 with ZHR slightly varying between 70 and 85 ((Cook, 1973; Hughes,
1990). Perseids are one of the most observed and studied showers, almost 20%
of all photographic orbits in IAU MDC belong to them (Svoren and Kanuchov,
2005). The parent comet is 109P /Swift-Tuttle that returned to perihelion in
December 1992.

In 1991 - 1994 the observed ZHR increased to about 200 - 500 meteors
(Jenniskens et al., 1998) and two separate peaks were observed. Two different
dust components were distinguished in 1993 - a Nodal Blanket (Jenniskens et
al., 1998) in the present node of the comet and a Perseid Filament (Lindblad
and Porubcan, 1994), a ribbon-like structure of dust along the path of the
comet. The Nodal Blanket meteors have very small dispersion in radiant and
speed, on the other hand, filament meteors have significant dispersion, and
thus the Perseid Filament is not caused by particles released during this or the
last return of the comet because planetary perturbations must have had time to
disperse the stream significantly. The Nodal Blanket consists of relatively old
ejecta and its particles are librating around the 1:11 mean motion resonance
with Jupiter, which protected the dust from close encounters with the planet.

Mean radiant position, according to the IAU MDC web pages, is a = 48.3°,
0 = 58.0° for solar longitude A = 140.19° and its motion is dRA = 1.38°, dDE
= 0.18°. Geocentric velocity of annual Perseids is 59.4km/s. Kanuchové et
al. (2005) sorted 560 photographic orbits into 17 filaments with different sets
of orbital elements. These filaments are not distributed in space accidentally

Table 3.24: Atmospheric trajectories of the 2007 Perseids. H is the height above sea level,
Lops is the length of observed trajectory. The subscript ”B” denotes values at the beginning
point of the atmospheric trajectory, the subscript "E” at the end point. N is the number of
stations where the fireball was photographed. Standard deviations for each entry are shown
below.

Meteor N Date Time Hp Hg Lops Duration
No. (UT) (km) (km) (km) (s)
PERO1 2 12.8. 20:37:44 106.4 77.94  60.07 1.00
PERO02 4 12.8. 21:31:20 104.1? 79.3%; 43.23 0.74
PERO3 2 13.8. 1:15:10 100.2; 81.9{1) 21.24 0.33
PERO4 3 13.8. 1:48:05 104.1(2) 81.5421 25.45 0.41
PERO5 2 13.8. 22:13:15 101.4é 8503 26.32 0.44
PERO06 4 13.8.  22:38:43 103.6; 84.7; 28.89 0.46
PERO7 2 13.8. 23:35:58 103.121’) 82.0(1J 28.22 0.47
PEROS 2 13.8. 23:41:11 101.3411 85.4;) 21.49 0.33
PERO09 2 14.8. 0:34:47 104.9513 90.01 18.65 0.27
PER10 6 14.8. 2:02:40 113.6111 76.2; 40.50 0.67
3 2
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Table 3.25: Physical data on the 2007 Perseid fireballs. ZDpg is the zenit distance of the
radiant at the end point of the atmospheric trajectory, v, is the initial velocity, M,,q. is the
maximum absolute magnitude, m;, s is the initial photometric mass, PE is the coefficient
that describes the empirical end height criterion and designates the type of fireball (Ceplecha
and McCrosky, 1976). Standard deviations for each entry are shown below.

Meteor ZDg Voo Miaz Mgy, s PE Type
No. (deg)  (km/s) (2)
PERO1 61.9 59.75 -8.9 37 -5.15 11
PERO2 55.22 59.0411 -6.6 2.5 -4.87 II
PERO3 30.(15 601.(1) -6.0 1.4 -5.18  II/IIIA
PERO04 27.5; 60.22 -7.0 2.4 -5.26  II/IITIA
PERO5 51.4(1)‘ 59.%2 -4.1 0.6 -5.09 11
PERO6 49.1;l 59;411 -5.3 1.1 -5.20 II/IITIA
PERO7 41.53 61.1; -4.6 0.6 -4.94 II
PERO8 42.3; 59451)?1 -5.2 0.8 -5.27  II/IITIA
PERO09 36.6:5) 601; -4.0 0.3 -5.52 IITA
PER10 22.6? 59498 -8.0 15 -5.24  II/IIIA
6 10

but form higher structures.

3.6.1 Observation

Four multi-station Perseid fireballs were in 2007 observed during the night
12/13.8. and in the following night another 7. Results of only ten of them
are presented because the brightest and the longest one (also an infrasound
record available) deserves an individual processing and in this work will not
be mention anymore. Two fireballs observed visually by K. Hornoch (online
database, 2000) left about 20 seconds lasting train visible by naked eye - prob-
ably an afterglow phase of persistent train. The observer mentioned blue color
of both fireballs.

3.6.2 Light curves

Light curves of the 2007 Perseids are similar to each other. Slow increase of
brightness accompanied by several short bursts and an intensive flare (maxi-
mum brightness of the meteor) in 7/8 of the trajectory. Also an inexpressive
or faint terminal flare occurs very often. PER01 and PER10 images show
wakes (merged breaks in the photographs). According to the photograph of
PERO1 the wake is visible from the height of about 84 km (dynamic pressure
0.035 MPa) to 80km (0.070 MPa) and its total length is approximately 8.5 km.
PERO1 reached the maximum of the brightness at the height of 82km, which
corresponds to the pressure of 0.050 MPa.

The wake of PERI10 is, according to the images, about 6 km long from the
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Figure 3.27: Linear dependency of terminal height on initial photometric mass for the 2007
Perseids. R? is the coefficient of determination describing accuracy of the fit.

height of 87 (0.020 MPa) to 82km, where it reached its maximum brightness
similar as PERO1 (dynamic pressure also 0.050 MPa).

3.6.3 Atmospheric behavior

On the basis of atmospheric behavior of the 2007 Perseids we can conclude that
the parent comet 109P /Swift-Tuttle consists of material of similar composition
and strength. According to PE criterion, four meteors belong to type II, five
to border type II/IITA and one to IIIA, whereas the scatter of the PE values is
less than 0.2 and mean value is -5.2. It means that the 109P is composed rather
of hard cometary material. The beginning heights of the meteors, with initial
masses under 3 g, range from 100 to 105km, heavier meteoroids have their
beginning higher. The highest observed fireball was PER10 (113km), which
was caused by the geometry with respect to the nearest station, where appeared
near radiant, and thus had small angular velocity. Because of this fact, it was
recorded as meteor of - 2mag of absolute brightness. From other stations, it
was recorded as -4 mag meteor at the height of about 105km. The terminal
heights, hg, are approximately a linear function of initial mass, m;,¢, - with
increasing m;, s hy decreases (Figure 3.27). It is necessary to mention PERO1
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Table 3.26: Radiants and orbital elements (J2000.0) of the 2007 Perseid fireballs. (ag, dg)
is the geocentric radiant, V¢ is geocentric mean velocity without atmospheric drag (not
mesurable on our records) and T is Tisserand’s parameter. Also mean elliptical orbit from
the 7 fireballs (PERO1, PERO7 and PER10 were not included) and data for the parent comet
for epoch 1995-10-10 taken from Jenniskens (2006) are presented. Standard deviations for
each entry are shown below.

Meteor ag oYl Va a e q w Q i Ty
No. (deg) (deg)  (km/s) (AU) (AU) (deg) (deg) (deg)
PERO1 46.0 58 58.71 12.8 0.93 0.958 152.5  139.65781 112.4  -0.03
6 1 4 8.4 5 4 1.0 2 1.5
PERO02 46.47  59.804 57.96 14.8  0.936  0.9535 151.38  139.69357 109.87  -0.05
3 11 10 1.9 8 4 15 1 7
PERO3 46.3 58.09 59.0 17.8 0.95 0.959 152.7  139.84279 112.8 -0.16
4 15 3 7.7 2 2 7 1 3
PERO04 47.65 57.89 59.21 18.9 0.950 0.9510 150.9  139.86473 113.30  -0.20
3 3 15 4.5 12 5 2 1 11
PERO5 47.07 58.03 58.74 10.6  0.909  0.9603 152.9  140.68178 112.94 0.03
9 3 21 1.9 17 8 3 1 14
PERO6 47.06 58.69 58.80 16.5 0.942  0.9606 153.3  140.69877 112.13  -0.13
6 2 13 2.9 10 5 2 2 9
PERO7 46.30 57.75 60.13 - 1.009 0.9688 155.9 140.73694 114.13 0
13 3 13 11 8 3 2 9
PERO8 46.94 58.53 58.90 16.9 0.943  0.9620 153.6  140.74043 112.39  -0.15
9 3 17 4.1 14 7 3 2 12
PERO09 49.96  58.196 59.1 16 0.94 0.943 149  140.77618 113.2  -0.15
4 14 6 14 5 2 1 2 4
PER10 47.32 59.87 58.96 - 1.004 0.9605 153.7  140.83482 110.77 0
12 7 10 9 7 2 1 11
mean 58.8 15.9  0.939 0.956 152.0 140.3 112.4  -0.13
orbit 4 2.7 14 7 1.6 5 1.2
109P /Swift-Tuttle 59.41 \ 26.092  0.963 0.959  152.989 139.384  113.454  -0.28

Table 3.27: Dynamic pressures of the 2007 Perseid fireballs. pp,.. and p;y are dynamic
pressures at maximum brightness and at terminal flare, respectively. hy,q. and hyy are
appropriate heights. Since the listed heights are based on the light curves from AFQO’s, the
accuracy is about 0.5 km.

Meteor | hmax hif Pmagx Ptf
No. (km) (km) (MPa)  (MPa)
PERO1 82 82 0.050 0.050
PERO02 82 80 0.049 0.069
PERO3 85 0.029

PERO04 84.5 83 0.032 0.042
PERO5 90 0.011

PERO6 91 0.009

PERO7 86 86 0.025 0.025
PEROS8 92 85.5 0.007 0.027
PERO09 95 0.004

PER10 81.5 78 0.055 0.098

that was photographed from two stations with convergence angle between the
two planes beeing only 1.2°. Despite it, this fireball was determined relatively
accurately using the method of skew lines and the results of its atmospheric
behavior agree with other Perseids.

3.6.4 Radiant and orbit

Positions of geocentric radiants calculated for solar longitude 140.19° have got
high dispersion in space of variables a;, § - right ascension and declination.
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Figure 3.28: Geocentric radiants of the 2007 Perseids for solar longitude 140.19°. The dashed
line is radiant motion according to IAU MDC web pages - radiant for A = 140.19° is denoted
by bold cross.

Mean radiant determined from all ten fireballs have o = 47.1 £+ 1.1deg, ¢
= 58.5 £+ 0.8deg and the value of mean geocentric velocity is vg = 59.0 £+
0.5km/s. If PERO1, which have large error of radiant, is not included, then
mean position of radiant remains the same. Also the mean geocentric velocity
remains the same when PER07 and PER10 (parabolic orbits, see Table 3.24)
are not taken into account for its mean value.

Mean heliocentric elliptical orbit (PER01, PER07 and PER10 are not in-
cluded) has elements a = 16 £ 3AU, e = 0.94 £+ 0.01, q = 0.956 + 0.007 AU,
w =152 + 2deg, 2 = 140.3 £ 0.5deg, i = 112.4 £+ 1.2deg. Kanuchova et al.
(2005) studied 560 Perseid orbits from the IAU MDC catalogue of photographic
orbits and recognized 17 individual groups, whose members have identical or-
bits. The most numerous filament has 242 members with v = 59.32km/s and
q = 0.956 AU . Perseids PERO03 and PER04 have similar orbits and probably
belong to this filament. The second most numerous filament has 52 mem-
bers among IAU MDC photographic orbits and from the 2007 Perseids only
PERO09 resembles. Other 2007 Perseids do not resemble any filament proposed

81



{0500 T e . | R |
1 PER01-st. 11 Piimda [ | PER10-st. 14 Cerveni hora
90000 - T, =20"37744.2: UT = T, = 2/02741° UT

B r 8000 — =

75000 — -

] [ 6000 — -
60000 — =

45000 —| —
] 4000 —| —

Intensity (Arbitrary units)
Intensity (Arbitrary units)

30000 — =
4 k 2000 — -~
15000 — -

0.
Time (s) Time (s)

Figure 3.29: Light curves from AFQ’s brightness sensors and images of the 2007 Perseid
fireballs from all-sky cameras. The images from fixed cameras display startrails and inter-
ruptions of the meteors caused by a rotating shutter (PERO1 — 15 breaks/second, PER10 —
30 breaks/second). Both fireballs flew from left to right in the images.

by Karnuchova et al. (2005). PER0O7 and PER10, both probably on parabolic
orbit (both have acurate radiant and velocity, nevertheless, in the range of
one standard deviation of eccentricity can be both orbits elliptical), have el-
ements very diverse to each other, therefore there is no point in determining
their mean orbit. High dispersion of values of orbital elements, positions of
geocentric radiants and geocentric velocities of the 2007 Perseids indicates big
age and spatial dimension of dust cloud of the shower.
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3.7 Comparison

Mutual comparison of individual showers is done here on the basis of their
brightness, atmospheric behavior and heliocentric orbits and dependencies be-
tween the elements.

3.7.1 Maximum brightness

Dependency of maximum absolute brightness on initial mass given by Pog-
son’s equation (slope of the linear dependency is -2.5) is very well fulfilled for
the Leonids, Perseids, a-Capricornids and Southern d-Aquariids. It is worse
fulfilled for Orionids, where the slope is -2.74 and does not agree for Gemi-
nids, where the slope is -2.14. It is evident from Figure 3.30 that meteoroid
with a specific weight causes the brightest meteor, when it has composition
and orbit as Leonids. After that, Orionids, Perseids and Southern J-Aquariids
follow, which corresponds to the sequence of decreasing geocentric velocity.

-17 | II\IIII| | IIHIII| | IIIIIII| | \IIIIII| | II\IIII| L L

| 1 Leonids L
| O Orionids 0] L
A Perseids

5 S 8-Aquariids 3%
< Geminids

+ a-Capricornids

Maximum absolute brightness M (mag)
-
L]
¢
T

-2 I II\IIII| I IIIHII| l IIIIIII| I \IIIIII| ] II\IIII| T TTT

0.01 0.1 1 10 100 1000 10000
m;,, (2)

Figure 3.30: Dependency of absolute maximum brightness on initial photometric mass as a
result of Pogson’s equation.
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Figure 3.31: Dependency of beginning heights on initial photometric mass for all the studied
showers.

This sequence also is valid due to the fact that differences in composition of
individual meteoroids are not so high for these four showers. In all four cases,
the meteoroids belong, according to the PE criterion, more or less to a soft
cometary material. According to mutual velocities, Geminids should be on the
next place, but in comparison to a-Capricornids, which are the most fragile
type IIIB, the Geminids are compact bodies. That is the reason, why the
sequence changes at this point and brighter meteor is produced by slower and
more fragile a-Capricornid (for meteoroids with the same weight).

3.7.2 Beginning and terminal heights

Dependencies of beginning and terminal heights on initial mass are usualy ex-
pected to produce higher beginning and lower terminal heights for meteoroids
with higher initial masses. This, according to Koten et al. (2004), holds for
faint video Leonids, Orionids and Perseids, while Geminids, having approxi-
mately constant beginning height for whole range of studied masses (1073 to
107! g), are mass-independent. The same results also hold for the fireballs
in this work, only beginning heights are systematicaly shifted lower by 5 to
10 km depending on shower membership (Figure 3.31), which is caused by
sensitivity of detectors used (photographic meteors from 107! to 103g). For
photographic Geminid fireballs there is, in the range from 10° to 10%g, ap-
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Figure 3.32: Dependency of terminal heights on initial photometric mass for all the studied
showers.

proximately constant beginning height of 89 km and for Southern d-Aquariids,
in the range from 107! to 103 g, approximately at the height of 87km. Both
of these showers have substantially lower perihelion distance, in comparison
to other showers, which can be related to this. Around the same height also
beginnings of a-Capricornids were observed (approximately 88km). Unfortu-
nately, from only five meteors, it is ambiguous to say if the beginning heights
are mass-independent. Possible mass-independency of Southern J-Aquariids
can be caused by the equipment used. The same result also hold for Leonids
(more details in section 3.5.3), which fulfill apparent mass-independency of the
beginning heights, hg =111 £ 5km for the range of photometric masses from
107! to 103 g, but from video observations we know that Leonids are not mass-
independent. This apparent mass-independency is caused by the fact that all
Leonids reach at the hight of 111 km an absolute brightness of approximately
—2™. Other faster showers have their beginnings by about 10 to 20 km higher
and for all studied showers hold a condition that terminal height decreases
with increasing initial mass (Figure 3.32).

3.7.3 PE coefficients

According to atmospheric behavior, we can arrange studied streams in order
of strenght of material of their meteoroids. On the basis of the PE criterion
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Figure 3.33: Distribution of strenght of material depending on PE coefficients for all the
studied showers. To distinguish Leonids and Orionids, positions of Leonids are denoted by
small circles. Vertical dashed lines at PE values of -4.60, -5.25 and -5.70 divide the graph
into the meteor types I, II, IITA and IIIB (Ceplecha and McCrosky, 1976). The error bars
presented here are standard deviations of individual mean values.

(Figure 3.33) the softest and the most fragile are a-Capricornids, which are
the type IIIB with mean value of PE beeing -6.01 + 0.25. Leonids follow,
which have, together with Geminids, the biggest dispersion in PE coefficients
(PE = -5.70 &+ 0.35). Therefore the parent comet of Leonids is likely the
most heterogenous one among studied showers. Next shower are Orionids,
with mean PE = -5.48 4 0.30 followed by Perseids and Southern d-Aquariids,
which both have similar mean value of PE. Perseids have PE = -5.17 + 0.18,
which is the smallest spread and corresponds to the suggestion that the parent
comet is very uniform. Southern §-Aquariids have a bit higher PE compared
to Perseids (PE = -5.08 £ 0.25), but it has to be mentioned that the value is
based on three fireballs only. The most solid are Geminids (between types I
and IT) with the biggest dispersion in PE coefficients (PE = -4.76 4+ 0.45), but
in this case we can not be certain if the parent comet is heterogenous or this
spread is caused by changes of physical properties during the close approaches
to the Sun in the perihelion.
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Table 3.28: Values of mean PE coefficients and dynamic pressures, p, for all the studied
meteor showers. p is in MPa, v, is the initial velocity in km/s and n is the number of
meteors used. Gray color text denotes less probable type of fireball. Standard deviations
for each entry are shown below.

| GEM SDA PER ORI LEO CAP

Voo 35.90 42.7 59.99  67.59 71.3  24.80
36 1.1 53 18 9 51

PE -4.72 -5.08 -5.17 -5.48 -5.70 -6.01
42 25 18 30 32 25

P 0.186 0.075 0.027  0.021 0.016  0.013
Type I/I1  II/IIIA  II/IIIA IITA  IITA/IIIB I11B
n 13 3 10 13 54 5

3.7.4 Dynamic pressures

Tensile strength of the material of the studied meteorids can be estimated from
the dynamic pressures determined in specific positions of their atmospheric
trajectories. These positions are either fragmentations or sudden outbursts or
terminal flares or terminal points (for single-body meteor without fragmen-
tation or with smooth light curve without outbursts). On the basis of mean
values of the dynamic pressures (Table 3.28) we can arrange studied streams
as follows (the ranges of the dynamic pressures are shown in Figure 3.34):
the softest and the most fragile are a-Capricornids, with dynamic pressures
in fragmentation points in the range from 0.004 to 0.032 MPa and the mean
value of 0.013 MPa. Leonids follow, which have very similar values of the mean
dynamic pressures in all studied years. In 1999, the mean value is 0.009 MPa
and corresponds to either sudden outbursts or to terminal points. In 2001,
2002 and 2006, majority of the Leonids disintegrated in the Earth’s atmo-
sphere in terminal flare and the mean values of the corresponding dynamic
pressures are in chronological sequence 0.023, 0.014 and 0.017 MPa. The mean
value for all the 54 studied Leonids is 0.016 MPa and appropriate pressures
range from 0.002 to 0.050 MPa. Next shower are Orionids with the mean value
of 0.021 MPa. ORI11 was not taken into account as an outlier (0.074 MPa).
Determined pressures are in the range from 0.007 to 0.074 MPa. Perseids
have the mean dynamic pressure of 0.027 MPa and determined pressures are
in the range from 0.004 to 0.055 MPa. The pressures for Orionids and Per-
seids were determined either from the sudden outbursts or from the terminal
flares. Next shower are Southern d-Aquariids. Unfortunately, only three fire-
balls were studied and the mean determined dynamic pressure is 0.075 MPa.
The dynamic pressures in fragmentation points (according to observed heights
of trails) range from 0.040 to 0.110 MPa. The most solid are Geminids, the
mean dynamic pressure is 0.186 MPa. Geminids have, similarly to their PE
coefficient dispersion, the biggest dispersion in observed dynamic pressures
ranges from 0.011 to 0.535 MPa.

Studied showers are arranged in the same order as according to PE cri-
terion. PE criterion describes meteors according to behaviour at the very

87



80 | |
_ Leo
D
70 — Ori B
e = —
Per
£
= i
=y
& 50 — =
W
I~
= . SDA
2 = =
=
= 40 — —
Gem
| . ______________________________________________________________________________ |
30 — —
Cap
- oEEE——
20 | | | '
0.00 0.03 0.06 0.09 0.12
Dynamic pressure (MPa)

Figure 3.34: The ranges of dynamic pressures observed for Leonid, Orionid, Perseid, South-
ern d-Aquariid, Geminid, and a-Capricornid fireballs. The mean values of the dynamic
pressures are denoted by black crosses and are plotted for the mean initial velocities (Table
3.28). The mean value for the Geminids is 0.186 MPa and lies out of the graph’s defined
area. The maximum observed dynamic pressure for Geminids have the value of 0.535 MPa.

beginning and at the terminal point, while dynamic pressure is a value de-
rived from only one point ”somewhere” along the trajectory. The fact, that
these two approaches leads to the same result means, that the point ”some-
where” also (as PE coefficient) depends on more parameters and not only on
the material tensile strength. Very probable dependant variable is initial pho-
tometric mass. In Figure 3.35 we can see approximate increasing dependancy
of dynamic pressure on initial photometric mass and similar dependency for
individual PE types in Figure 3.36. The dashed lines plotted in Figure 3.35
are only approximate border lines and the linear dependencies in Figure 3.36
correspond to exponential increas of p with increasing m;,¢, p ~ mf}lf, where
the exponent A has similar values for different PE types. From the type I
fireballs to the type IIIB fireballs the values are 0.22, 0.29, 0.24 and 0.30.
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Figure 3.35: Dependency of dynamic pres-
sure, p, on initial photometric mass, m;,,
for all the studied fireballs. The dashed
lines plotted are only approximate border

Figure 3.36: Dependency of dynamic pres-
sure, p, on initial photometric mass, m;y¥,
for individual PE types of all the studied
fireballs. The linear dependencies plotted

lines. have similar values of the slopes. From the

type I fireballs to the type IIIB fireballs the
slopes are 0.22, 0.29, 0.24 and 0.30.

3.7.5 Orbital elements

A confirmation of selection effect, laid on meteoroids intersecting the Earth’s
orbit, is given by the gray-denoted curve in Figure 3.37, which was taken from
Steel (1996). Observed dependencies of arguments of perihelion on perihe-
lion distances correspond to this. The upper branch in the graph consists of
meteoroids that met the Earth in their ascending nodes, which corresponds
to Geminids, a-Capricornids, Leonids and Perseids. The lower branch con-
sists of meteoroids, which are observed in their descending nodes, Southern
0-Aquariids and Orionids belong to this group. Dependencies w-q are linear
for all showers in the scale of Figure 3.37, but if we plot this dependency for in-
dividual showers, linear dependency holds only for Leonids, Orionids, best for
Perseids and maybe also for Southern §-Aquariids (three orbits only), i.e., for
showers with high inclination of orbit to the ecliptic plane, where the selection
effect is more evident.

Another dependencies were observed and recognized among studied show-
ers. For Geminids and Southern d-Aquariids the dependency of geocentric
velocity on eccentricity was recognized (Figure 3.38). The dependency arises
from the law of conservation of energy. Both these showers have substantially
lower perihelion distance in comparison to the other showers, where the de-
pendency is remarkable not at all. Likely higher gravitational action of the
Sun in the perihelion area is the reason for the dependency. Next dependen-
cies observed are inclination on declination of geocentric radiant for Orionids
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Figure 3.37: Dependency of argument of perihelion on perihelion distance as a result of
selection effect. Gray dots represent the requirement that the meteoroids have to have node
near 1 AU and were taken from Steel (1996).

(Figure 3.2 on page 35), geocentric velocity on right ascension of geocentric
radiant for Southern d-Aquariids (Figure 3.14 on page 56), and temporal de-
pendencies of orbital elements of the 2006 Southern d-Aquariids on longitude
of the ascending node (equations on page 58).

3.7.6 Comparison with meteorite dropping fireballs

During decades long operation of all-sky photographic observation of fireballs
in the Czech part of the EN approximately twenty meteors with predicted
terminal mass were recorded (Table 3.29). Even if meteorites were recovered
only in one case, the probability of meteorite fall of weight in the range from
hundreds of grams to tens of kilograms was high. In contrast to the meteorite
dropping fireballs, which belong to a sporadic backgroung with unknown par-
ent bodies, meteors of major streams have the parent object known — comet or
asteroid — and obtaining of their samples would help to better understanding
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Figure 3.38: Dependency of geocentric velocity on eccentricity for the Geminid and Southern
d-Aquariid stream, which have substantially lower perihelion distance in comparison to other
showers.

of these bodies. Hence I have performed comparison between shower fireballs
and meteorite dropping fireballs in order to say if shower fireball can produce
meteorite fall and which preatmospheric properties of such meteoroid have to
be satisfied.

The comparison was performed on the basis of beginning and terminal
heights, PE coefficients, initial velocities, and decelerations. Only fireballs
with predicted terminal mass higher than or equal to 1 kg (Table 3.29), and
based on all-sky photographic observation within the scope of the EN were
used for the comparison.

When we compare beginning heights, PE coefficients, and initial velocities,
we can see in Figure (3.39) similarities between beginning heights of Geminids,
Southern J-Aquariids, and a-Capricornids and meteorite dropping fireballs.
Similarities between these showers and meteorite dropping fireballs also are
visible for PE coefficients and initial velocities (Figure 3.40). Nevertheless,
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Table 3.29

: Meteorite dropping fireballs with terminal mass larger or equal to 1kg

Name Date hp hg Voo VE Moo mpg Mnaz Type
(km) (km) (km/s)  (km/s) (kg) (kg) (mag)
The Alps 12.6.1977 78 25.7 14.1 8.9 850 30 -12.8 11
Zdar 9.10.1983 83.754  25.17 15.047 4.66 16.1 1.5 -8.3 I
Neuberg 4.12.1983 72.9 29.5 16.8 11.2 42 4 -11.0 1/11
Valeé 3.8.1984 83.82 19.17 12.406 3.085 380 16 -9.9 I
Valmez 13.8.1985 76.7 27.5 15.13 4.8 87 2.1 -10.6 1/11
Koln 16.8.1985 75.9 30.1 24.5 7.3 125 1 -13.0 1/11
Janov 4.10.1987 71.1 19.0 15.834 2.8 500 75 -11.7 I
- 24.12.1987  70.090  23.19 16.79 8.9 424 10 -13.3 I/11
- 14.5.1988 78.71 26.96 12.686 4.9 353 1 -11.6 11
Benesov 7.5.1991 97.723  16.046  21.086 2.0 15000 10 -18.5 11
Neuberg I11 9.3.1992 97.8 20.0 18.72 4.2 30 10 -9.9 I
Meuse 22.2.1993 77.3 21.5 26.74 7 3000 2.7 -17.3 I/11
Tisza 25.10.1995  80.54 26.5 29.23 12.1 890 2.6 -16.1 I/11
Jindfichtv Hradec | 23.11.1995  93.79 20.40 22.200 0.93 3600 2 -16.9 /11
Vimperk 31.8.2000 81.82 21.46 14.915 6.4 150 5 -13.8 I
Turji-Remety 17.11.2001  81.37 13.5 18.483 4.3 4300 400 -18.0 I
Neuschwanstein 6.4.2002 84.95 16.04 20.95 2.4 300 20 -17.2 I

a-Capricornids have high values of PE (they are very fragile) and Southern
0-Aquariids have high initial velocity. Only Geminids fulfill both dependencies
and in adition also the third one and the most important one — dependency
of terminal height on initial mass (Figure 3.41). An extrapolation of linear fit
of dependency of terminal height on initial mass for the 2006 Geninids inter-
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Figure 3.39: Dependency of beginning heights on initial photometric mass. Gray dots mark
meteorite dropping fireballs.

92




-4.60
80 ‘ | | | ‘ : | 1
_ I | II
I
70 — : 7 : —
I [
_ | | L
I ‘ [
60 — I [ —
. I I [
2 - | | | =
E I I [
~ 50 — I I | -
& I I |
2 _ I SDA | [ L
E ! e !
> 40 —| I [ [ |
] I Gem I [
;_* | . “| oy RIS S | -+ | |
- I I [
I I [
30 — o | \ ) —
™ | | Cap
= | ® | A I e -
| ® I [
20 — ® I ® I [ —
° ¢ de ' ‘
— ® o0 [ PY | | ~
o o | |
10 T i | I M 1 } - |
-4.0 -4.5 -5.0 -5.5 -6.0 -6.5
PE coefficient

Figure 3.40: Dependency of PE coefficients on initial velocity. Gray dots mark meteorite
dropping fireballs.

sects the area of meteorite dropping fireballs (gray dots in Figure 3.41), thus
Geminid meteoroid with specific physical properties could probably produce
meteorite dropping fireball. I have simulated Geminids with different initial
properties to determine these specific physical properties.

The model is based on differential equations for single non-fragmenting body
above sphere (Equations 2.1 — 2.4) with atmospheric pressure and tempera-
ture for individual height and geographical latitude taken from CIRA86 atmo-
sphere (to determine atmospheric density), and luminous efficiency, 7, from
ReVelle and Ceplecha (2001). Meteor beginning is taken for absolute bright-
ness of -4mag and terminal point either for absolute brightness of -4 mag or
for velocity of 3km/s or for zero mass. Geminids were simulated for northern
latitude 50° and with initial slope to the vertical of 45°. Input parameters
are initial velocity, v, = 35.90km/s (Table 3.28), initial mass, m.,, ablation
coefficient, o, zenith distance of radiant, zg = 45°, and meteoroid bulk density,
pa = 3500kg/m? (mean value taken from Wetherill (1986) and Ceplecha and
McCrosky (1992)).

The only one parameter, remaining to estimate, is ablation coefficient. Only
7 Geminids with known ablation coefficient are presented in this thesis. I have
found it like insufficient statistical set, so I have combined them together with
42 photographic Geminids published by Spurny (1993, 1994). Histogram of
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Figure 3.41: Dependency of terminal heights on initial mass. Gray dots mark meteorite
dropping fireballs and gray diamonds simulated Geminids of 1, 5, 10, and 30kg and o =
0.014 5% /km? (error bars correspond to o from 0.006 to 0.018 s> /km?). The linear dependency
is the least square fit for the terminal heights of the 2006 Geminids.

relative frequency of these ablation coefficients is in Figure 3.42. Mean value is
0.014 s /km? but the most frequent ablation coefficients have values less than
or equal to 0.010s%/km? - favourable for deep penetration. I have simulated
Geminids with different initial masses and ablation coefficients and have found,
that limit ablation coefficient for nonzero terminal mass was 0.018s*/km? for
initial velocity of 35.90km/s. It means that Geminid meteoroids with higher
ablation coefficients ablate their entire mass. The dependency of terminal
height on terminal velocity for simulated Geminids and observed meteorite
dropping fireballs is in Figure 3.43. Geminids with initial masses 1, 5, 10
and 30kg for ablation coefficients from 0.006 to 0.018 s*/km? were simulated.

Table 3.30: Specific physical properties of Geminid meteoroids for probable meteorite fall.
o is the apparent ablation coefficient, m., the initial mass, hg the terminal height, and mg
the terminal mass. Details about the model used are in the text on page 93.

o ‘ Meo hg mpg H o ‘ Moo hg mpg
(®km~?) | (kg) (km) (g) || (°km~?) | (kg) (km) (g)
0.006 1 32.6 24 0.014 1 40.2 0.5

5 28.0 109 5 35.8 1.1
10 26.0 211 10 34.0 1.6
30 23.0 608 30 31.2 3.6
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Figure 3.42: Histogram of relative frequency of ablation coefficients for 48 photographic
Geminids (Spurny, 1993, 1994).

The result is, that Geminids with ablation coefficient less than approximately
0.010s?/km? and with initial mass higher than 5kg fulfill terminal properties
of meteorite dropping fireballs.

Observed Geminids with high initial mass have often high value of abla-
tion coefficient and are type II fireballs, while type I Geminids with ¢ ~
0.010s%/km? use to be with m, < 1kg. When we combine these two types
of Geminids we obtain ideal meteoroid for deep penetration and probable me-
teorite fall (Table 3.30). A 5kg-Geminid meteoroid with o = 0.006 s /km? is
required for significant terminal mass higher than 100 g. 200 g of terminal mass
results from 10 kg meteoroid and 600 g from 30 kg meteoroid. Remember, that
this holds for non-fragmenting meteoroid, and thus real terminal masses would
be probably even smaller.
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Chapter 4

Conclusions

Main results on the 98 fireballs are summarized in this chapter. Further details
are presented in individual sections for each shower.

4.1 Orionids

Results of atmospheric trajectories, orbits, light curves and physical properties
of 13 Orionid fireballs recorded by cameras of the Czech Fireball Network are
presented. The fireballs were recorded during high Orionid activity on three
nights of October 2006 and one night of October 2007. The main conclusions
are as follows:

e Unusually high activity of bright Orionids over relatively long period dur-
ing four consecutive nights from October 20-24, 2006 and similarly in 2007
was observed on the basis of single station photographic data and radio-
metric records. The lack of multi-station photographic data from second,
third and fourth observing nights in 2006 and from almost all four nights
in 2007 was partly caused by bad weather conditions over the Czech Re-
public and partly also by decreasing number of bright meteors. Only 6
fireballs were recorded from more than one station in second and third
night in 2006 and in 2007 and their orbital characteristics slightly dif-
fer from the filament (Table 3.5). They rather better correspond to the
background values (Lindblad and Porubc¢an, 1999).

e According to analysis of light curves and atmospheric penetration ability,
defined by PE coefficient, was found that all recorded Orionid meteors do
not significantly differ from each other and belong to a weak and fragile
component of interplanetary matter, as expected since the Orionids are
associated with comet 1P /Halley. On the basis of heights of terminal flares
the material of Orionid meteoroids is beeing destroyed under pressure
ranges from 0.02 to 0.11 MPa.

e Precise mean radiant position and orbital elements of the very distinct
filament that produced the observed outburst of Orionid activity in morn-
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ing hours of 21%" of October 2006 were determined. This filament only
slightly differs from mean shower characteristics determined from TAU
MDC photographic data by Lindblad and Porubc¢an (1999) or from DMS
video data (de Lignie and Betlem, 1999).

e From very consistent mean values of orbital elements of fireballs belonging
to the conspicuous filament of the 2006 Orionid outburst was found that
this high activity could be caused by meteoroids trapped in 1:5 resonance.

4.2 Geminids

Results of atmospheric trajectories, orbits, light curves and physical properties
of 13 Geminid fireballs recorded by cameras of the Czech Fireball Network are
presented. The fireballs were recorded during two nights of December 2006.
The main conclusions are as follows:

e No expressive terminal flares were observed in the light curves, only three
fireballs have small outburst at the end of the trajectory, which corre-
sponds to asteroidal atmospheric behavior rather than cometary. This is
partly confirmed on the basis of atmospheric results because seven mete-
ors belonged to type II — generally connected with hard or solid cometary
material, and four meteors to type I — asteroidal material.

e Periodic changes of brightness were presented in the first half of the me-
teors by three light curves from AFO’s radiometers (from six applicable).
Frequency of cyclic changes ranges from about 10 to 100 Hz in observed
heights from about 90 to 70km. Two these fireballs show exponentialy
increasing frequency of change of brightness with rates similar to rate
of exponential increase of air density during the atmospheric penetra-
tion. This resulted in the fact that these changes of brightness could be
described by rotation of the body and its spin-up in the atmosphere. Ap-
proximate ages 2400 and 650 years of the two meteoroids were calculated
from derived initial rotation.

e No high-frequency (up to several hundred Hz) pulsation of brightness of
Geminids that start suddenly, approximately in the middle of a meteor

trajectory, was observed, as mentioned by several authors (Astapovich,
1958; Halliday, 1988).

e Type I Geminid fireballs are effectively decelerated in the atmosphere.
Using gross-fragmentation model (Ceplecha et al., 1993) mean value of
apparent ablation coefficient for the type I meteors was determined, oype 1
= 0.018 4 0.005s?/km?. Two type II fireballs with sufficient deceleration
led to similar value, another one type II Geminid with smaller deceleration
led to o = 0.042 + 0.002s? /km? .
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e The 2006 Geminid fireballs in the range of initial masses 10° to 103 g
have approximately constant beginning height of 89km, and thus are
mass-independent. Terminal heights then decrease with increasing initial
masses.

e Values of radiant position and also geocentric velocity well correspond to
long-term annual values given by IAU MDC web pages. Also the mean
orbit agree with the mean orbit based on 38 photographic orbits from
IAU MDC published by Gajdos and Porub¢an (2004).

4.3 «a-Capricornids

Results of atmospheric trajectories, orbits, light curves and physical properties
of 5 a-Capricornid fireballs recorded by cameras of the Desert Fireball Network
are presented. The fireballs were recorded during two nights in July and one
night in August 2006. These fireballs are probably the first five photographic
a-Capricornids recorded from the southern hemisphere. The main conclusions
are as follows:

e According to atmospheric behavior and the end height PE criterion these
meteors belong to the weakest component of interplanetary matter (type
IIIB). It means that parent comet 169P /NEAT is likely composed of the
most fragile material.

e Strenght of the material of IIIB a-Capricornids corresponds to the range
of dynamic pressures from 0.012 to 0.025 MPa. This values are derived
from terminal flares for ITIB meteors, which occured between 76 and 80 km
(meteoroids with masses from 20 to 120g). The range of dynamic pres-
sures from 0.004 to 0.032 MPa corresponds to the first flares observed,
and thus probably to the fragmentation points. The IITA /B fireball had
the first flare at 73km (0.032 MPa), terminal at 65km (0.11 MPa). All
noted meteoroids are very similar to each other in their composition and
course of ablation, and thus we can assume approximately homogenous
composition of the parent comet.

e Despite of low value of initial velocity these soft and fragile a-Capricornid
meteoroids are not sufficiently decelerated in the Earth’s atmosphere.
This is likely caused by properties of the material, which reaches its
strenght befor deceleration become measurable.

e The 2006 a-Capricornids radiated from not very compact area of geocen-
tric radiants, whose mean value agrees with radiant position published
by Jenniskens (2006). Also the heliocentric orbits agree with mean pho-
tographic orbit of 27 TAU MDC meteors (Gajdos and Porubéan, 2004),
only inclination of the 2006 a-Capricornid mean orbit is a bit smaller and
corresponds rather to inclination of the parent comet than to long-term
photographicaly observed value given by the authors.
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4.4 Southern /-Aquariids

Results of atmospheric trajectories, orbits, light curves and physical properties
of 3 Southern §-Aquariid fireballs recorded by cameras of the Desert Fireball
Network are presented. The fireballs were recorded during one night in July
and two night in August 2006. These fireballs are probably the first three
photographic Southern d-Aquariids recorded from the southern hemisphere.
The main conclusions are as follows:

e According to atmospheric behavior, the 2006 Southern d-Aquariid mete-
oroids consist of solid cometary material (PE types II to IIIA). Beginning
height for both type II fireballs was the same (88.3km) and all three,
in the range of initial masses 10~! to 10® g, have approximately constant
beginning height 87 km, and thus may be mass-independent. This results
from three observed meteors only, and thus it is evident that it will need
further study to confirm this.

e On the basis of light curves the course of radiation differs between type
IT and IITA Southern é-Aquariids. Type II has gradual increase of bright-
ness, about maximum some short flares occure and fades towards the end.
Maximum lies approximately in 3/4 of the trajectory, which corresponds
to a single-body meteor without deceleration. Completely different is the
light curve of type IIIA. Its course of the light curve is something like
mirrored single-body profile. Directly at the beginning of the trajectory
rapid increase of brightness takes place and after reaching the maximum
in 1/3 of the trajectory fades out very slowly.

e Decrease of brightness of persistent train was observed in the light curve
of SDAO03. The decrease can be described as an exponential dependency
of intensity on time, I ~ e?* with A = -9.07. The train had, after the
meteor disappearance, absolute brightness -4 to -5 mag, its total observed
duration was 0.8 s and maximum absolute brightness about -10.7 mag.

e The mean geocentric radiant is shifted by about 3° in right ascension
and 1° in declination in comparison with values published on the TAU
MDC web pages. New formula for radiant motion in right ascension was
proposed for these three meteors.

e Orbital elements of Southern d-Aquariids are time dependent. Except the
inclination, where the decrease with increasing node is not well corelated,
all the other elements are linear functions of the ascending node.

4.5 Leonids

Results of atmospheric trajectories, light curves and physical properties of
54 Leonid fireballs and orbits of 34 of them are presented. The fireballs
were recorded within the Czech Fireball Network and during the Dutch-Czech
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Leonid expedition in Spain. The fireballs were recorded during three nights
in November 1999, two nights in 2001, one night in 2002, and three nights in
2006. The main conclusions are as follows:

Five individual dust trails (released from the comet in 1800, 1833, 1866,
1899, 1932) were identified as probable sources of some of the observed
Leonid fireballs, and the next trail (1767) as a less probable source. In

each year, fireballs from the Filament were also photographed (except for
2002).

An apparent non-dependence of beginning heights on initial photometric
mass was observed and recognized as a result of the use of all-sky cameras.
Nevertheless, this non-dependence suggests the existence of a height hy;,
(equal to 111 £+ 5km) which is the height where all Leonids reach an
absolute magnitude of about —2™.

Most of the observed Leonids did not survive dynamic pressures higher
than 0.02 MPa. The highest dynamic pressure of 0.19 MPa was observed
in the terminal flare of LEO25, which was the deepest penetrating Leonid
fireball among those studied.

According to atmospheric behavior and the PE criterion we can conclude
that the parent comet 55P/Tempel-Tuttle is not homogeneous. Three
different fireball types were observed among the presented Leonids: II,
IITA, and IIIB. The most numerous is type IIIB, which was derived for
more than one half of the fireballs.

Two main types of light curves were recognized for the Leonids. The first
type shows only one dominant flare near the end of a visual trajectory,
after which the final fading portion of the light curve is very steep. This
sudden end of the luminous trajectory is typical for bright fireballs of the
PE type IIIB. The second type shows a symmetric shape, smooth course
of brightness without flares, and looks like the light curve of a single-body
model of a meteor. This light curve is typical for faint Leonid meteors.

Three fireballs left persistent train bright enough beeing detectable by
radiometers. Decrease of the brightness of these trains are exponential
functions of time, I ~ e with different values of A. Even if these three
trains were not observed by the same detector, course of their brightness is
similar. The first detection after the meteor disappearance having -8 mag,
the last one on the sensitivity limit -5 mag. Nevertheless, no dependency
among the rate of decrease of brightness (decay coefficient A), meteoroid
initial mass or duration of the train was found out. The decay is due to
decrease of temperature, not density (Borovicka and Jenniskens, 2000),
and thus we can say that there were different courses of temperature in
the trains of these three fireballs.
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e The mean geocentric radiant (here normalized to solar longitude 235.1°)
agrees with the position of the geocentric radiant for Leonids from the
1998 Fireball Night, and a halo-like structure of radiants was recognized
for meteors from the 1899 dust trail in 1999.

e A significant spread in orbital elements among meteoroids belonging to
one dust trail was observed.

4.6 Perseids

Results of atmospheric trajectories, orbits, light curves and physical properties
of 10 Perseid fireballs recorded by cameras of the Czech Fireball Network are
presented. The fireballs were recorded during two nights in August 2007. The
main conclusions are as follows:

e All the light curves of the 2007 Perseids are similar to each other. Slow
increase of brightness accompanied by several short bursts takes place and
an intensive flare (maximum brightness of the meteor) appears before the
end, in 7/8 of the trajectory. After that also an inexpressive or faint
terminal flare occurs very often.

e According to atmospheric behavior and the PE criterion we can conclude
that parent comet 109P /Swift-Tuttle consists of material of similar com-
position and strenght. The scatter of the PE values is less than 0.2 with
the mean value of -5.2, which corresponds to border type II/IIIA and pre-
sumption that the comet is composed rather of hard cometary material.

e The 3 meteors have orbits, which resemble 2 of 17 Perseid filaments pro-
posed by Kanuchova et al. (2005).

e Geocentric radiants have high dispersion in right ascension and declina-
tion even if errors of individual radiant positions are small. High dis-
persion of values of orbital elements, positions of geocentric radiants and
geocentric velocities of the 2007 Perseids indicate big age and spatial di-
mension of dust cloud of the shower.

4.7 Comparison

Results of atmospheric trajectories, orbits and physical properties of the 98
fireballs from 6 different showers are presented. The main conclusions are as
follows:

e Beginning heights for studied Orionids and Perseids increase slowly with
increasing initial mass. On the other hand, photographic Geminids (ini-
tial mass from 10° to 10® g) and Southern §-Aquariids (107! to 10 g) were
observed in approximately constant beginning heights of around 88 km.
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Both of these showers have substantially lower perihelion distance in com-
parison to the other showers, which can be related to this. Also begin-
nings of the a-Capricornids occured around the height of 88 km but with
higher dispersion, and thus it is difficult to say if the beginning heights
are also mass-independent. Possible mass-independency of the Southern
0-Aquariids can be caused by the equipment used. The same result also
hold for the Leonids, which fulfill apparent mass-independency of the be-
ginning heights, hg =111 £ 5km, for the range of photometric masses
from 107! to 103 g, but from video observations we know that Leonids
are not mass-independent. This apparent mass-independency is caused
by the fact that all Leonids reach at the hight of 111km an absolute
brightness of approximately —2™.

For all studied showers hold a condition that terminal height decreases
with increasing initial mass.

According to atmospheric behavior we can arrange studied streams in
order of strenght of material of their meteoroids. On the basis of the PE
criterion the softest and the most fragile are a-Capricornids, which are
the type IIIB. Follow Leonids, Orionids, Perseids, Southern d-Aquariids
and the most solid are Geminids (between types I and II). The most
heterogenous parent body is 3200 Phaeton of Geminids, the most uniform
is 109P /Swift-Tuttle of Perseids.

On the basis of the mean values of dynamic pressures we can arrange
studied streams in the same order. According to the spread of dynamic
pressures, Geminids have the most heterogenous parent body and the
most homogenous one have a-Capricornids and Perseids.

The height of the fragmentation point (based on the flares in the light
curves) does not depend only on the tensile strenght of the material (based
on the dynamic pressure at this point) but also on the initial photometric
mass of the meteoroid. The dynamic pressures, observed at the point of
fragmentation, increase with increasing initial photometric masses.

The dependency, ariseing from the low of conservation of energy, between
geocentric velocity and eccentricity was observed only for streams with
the lowest perihelion distance — Geminids and Southern J-Aquariids.

Comparison with meteorite dropping fireballs results in probable mete-
orite fall of Geminid meteoroid with ideal initial preatmospheric proper-
ties. Non-fragmenting body with initial mass of 5kg, initial velocity of
35.9km/s, and ablation coefficient of 0.006 s*/km? results in 100 grams of
terminal mass.
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