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Abstract

This study have identified and analysed anomalous meteor head echos detected
by the MU Radar, as well as reproduced an interference anomaly through simula-
tion with the use of an existing analysis pipeline. The parameters used to detect
anomalies were High Start Altitude [HSAA], High Radar Cross Section [HRCSA]
and High Eccentricity [HEA]. A cut-off of the head echo signal were the cause of
the HSAA’s. Trail echos misclassified as head echoes and low agreement with the
multiple emitter location and signal parameter estimation (MUSIC) method gave
rise to the HRCSA’s. The majority of the HEA’s were given a falsely high eccentric-
ity due to high beam angle and trail echos detection. Three found HEA’s showed a
small possibility of having an hyperbolic orbit. Additionally, a simulation was made
which concluded that signal interference will occur between two echos if the range
is the same to the radar.
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Chapter 1

Introduction

1.1 Early history/Overview of the field

To fully understand the beginnings of radar meteor studies, it must be made clear
that the field originated from ionospheric research. Ionospheric researchers devel-
oped an interest of meteors in the 1930s since it was hypothesized that the resulting
wake (made of electrons and ions) left by meteoroids travelling through the atmo-
sphere could have the possibility to cause density fluctuations in the ionosphere
(Skellett 1931).

As World War II begun, rapid developments in radar technology were made.
Through the actions of Germany beginning to attack London with V2 rockets, the
British army responded. To buy some time so the citizens could take shelter, a
rapid and effective effort was made to enable their existing gun-laying radars to
detect echoes from the incoming missiles (Butrica 1996). As the radars were com-
pleted and put to use they sounded the alarm when a possible missile was detected.
However, many times the radars gave out warnings without any missiles aloft. A
physicist by the name of James S. Hey was given the task to investigate this prob-
lem and concluded that the false echoes could be associated with the ionosphere
and meteors. With the help of The Operational Research Group, G. S. Stewart, S.
J. Parsons and J. W. Phillips, they were able to find a correlation between visual
sightings and radar echoes. Moreover, they were able to determine the velocity of
the meteoroids by making use of an improved photographic technique which made
it possible to better capture the echoes on the radar screen.

As the war came to an end the number of scientific radar investigations of me-
teors saw an increase all around the world. Jodrell Bank Experimental station
in Manchester (A. Lovell 1947; Butrica 1996) led the efforts of improving meteor
radar techniques and were later on continued at the NASA meteor research program.

Today, radars have evolved in numerous ways which have enabled for collection
of detailed meteor data, such as the possibility to determine the meteoroid’s orbits
(Sato, Nakamura, and Nishimura 2000) and accurately deduce meteor fluxes.

1
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1.2 Motivation/Aim

In the nature of astrophysics, most science can be difficult to comprehend and feel
distanced without proper knowledge of the relevant subject. Personally, I have
always been attracted to phenomena more ”down-to-earth”, science that can be re-
lated to everyday occurrences. An example of this is when looking up towards the
sky a clear night and observing a meteor swiftly burning through the atmosphere,
illuminating the sky. Meteors have for thousands of years been visually studied,
writings mentioning a so called ”falling star” have been found on ancient Egyptian
papyrus which dates back to somewhere between the twentieth and seventeenth cen-
tury BC (D. Asher, M. Campbell-Brown, and G. Ryabova 2019).

In addition to the optical phenomena done by a meteoroid while entering the
atmosphere it also produces a transient plasma that expands to a trail due to am-
bipolar diffusion (Kero 2008). With the aid of instruments such as radars (RAdio
Detection And Ranging) the possibility of meteoroid detection and study of this
field has rapidly evolved. No longer is this field of study limited to night-time and
clear skies. Radars also have the opportunity to detect small mass meteoroids which
would be too faint for the naked eye to observe. With this thesis work I had a desire
to learn more about the entire process from detection of meteors to determination
of parameters, enabling further analysis. The aim is to study and analyse anomalies
detected by the MU radar, described in section 3.1, which have been processed by
the pipeline analysis program, explained in section 4.2. This is done to ensure that
the program output reflects the reality and is of high quality.

1.3 Objectives

The objectives for this thesis were to do the following:

• Find and analyse anomalous meteor events with regard to the following meteor
parameters; Start Altitude, Radar Cross Section and Eccentricity.

• Find possible explanations for anomalies.

• Determine how these anomalies can be avoided in the future.

• If possible, reproduce the anomalies through simulations.

1.4 Thesis outline

It is desired to ensure that the thesis is easy to follow with a common thread running
through it. This introduction is followed by the theory section, where the reader
becomes introduced to meteors and the underlying physics of meteoroids entering
the atmosphere. Furthermore, meteor head- and trail echoes are explained more
in-depth. The theory section finishes with demonstrating the application of used
equations in meteor- and radar physics. Following the theory section is the instru-
mentation section. Information about the setup and operation of the MU radar can
be found here. Next is the method section. Information about the data that was
used, the database, along with the data processing is presented in the section. The

2 CHAPTER 1. INTRODUCTION
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following section is results where data and plots from the selected events can be
found. They are sorted into subsections dependent on which parameter of the data
that was of interest. The last part of the results section consists of a simulation to
visualize how the data can be reproduced and analysed. The end of the thesis is
split into two sections, discussion and conclusions.

CHAPTER 1. INTRODUCTION 3



Chapter 2

Theory

2.1 Meteors

Meteor is the term for the phenomenon when a meteoroid, leftover material from
the formation of the solar system, passes through a planetary atmosphere, such as
Earth’s.

To fully understand the concept of a meteor it is therefore of importance to
study its initial state before the interaction with the atmosphere, as a meteoroid.
Meteoroids are characterized as being significantly smaller than asteroids and hav-
ing a rocky or metallic body. Since 2017 the International Astronomical Union have
defined that the size of a meteoroid ranges from a small grain (30 µm) up to one
meter in diameter (Koschny and Borovicka 2017). They are acknowledged to mainly
originate as fragments from asteroids and comets but also be the debris from various
interstellar collisions (Rubin and Grossman 2010).

As mentioned in section 1.1, radars have enabled detection of very small-mass
meteoroid’s, which would be difficult, if not impossible, to observe otherwise opti-
cally. Meteor echoes are caused by radio waves sent out from the radar that are
reflected from the ionized plasma created by meteoroid-atmosphere collisions. For
this thesis two classes of echoes will be in focus, head- and trail echoes. Head echoes
are scattered from the dense ionized region near the meteoroid while the trail echoes
come from the tail of electrons left behind. A visualisation of these echoes can be
seen in figure 2.1. As will be further displayed during this thesis, these types of
echoes are dissimilar in many aspects.

2.1.1 Meteoroid composition & classification

Based on meteoroid’s composition and structure, the densities and/or porosities
between two meteoroids can vary to a large extent. To determine the meteoroid
composition spectroscopy is mainly used. If the composition is known, valuable
information regarding important meteoroid properties can be extracted. Important
properties include density, porosity, magnetic susceptibility, compressive and tensile
strength, heat capacity, thermal conductivity, Young’s modulus, sound speed and
more.

4
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Figure 2.1: Concept image over different types of meteor echoes. Figure adopted
from Abe et al. 2015 following an illustration by Takuji Nakamura.

Meteoroids are mainly divided into three classes (G. O. Ryabova, D. J. Asher,
and M. D. Campbell-Brown 2019):

• Iron - Composed primarily of iron with nickel content. Originates from cores
of shattered differentiated parent bodies. Iron meteoroids are subdivided into
four types (I to IV) based upon gallium and germanium concentrations.

• Stony-iron - Composed of roughly even amounts of silicate and metal, with
two primary groups being mesosiderites and pallasites.

• Stony - The majority of stony meteoroids are chondrites, which is, a non-
metallic meteoroid that is structurally similar to its parent body. They are
believed to have formed when various types of dust and small grains originating
from the early Solar System moulded together to create primitive asteroids.

Chondrites are further dived into three classes:

• Carbonaceous - Characterized by refractory lithophile elements where abun-
dances are greater than or equal to 1 (figure 2.2). This class is further sub-
divided into several groups (CI, CM, CK, CO, CV, CR, CB, CH and more)
that varies in matrix abundance and composition.

• Ordinary - Characterized by the refractory lithophile elements having abun-
dances lower than 1 (figure 2.2). This type is the by far most common type of
meteorite fall.

• Enstatite - The minerals found in enstatite chondrites withhold very little to
no iron oxide, contrary to the other chondrite classes.

CHAPTER 2. THEORY 5
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Figure 2.2: Lithophile abundances for chondrites, normalized to CI. Figure adopted
from Borovicka et al. 2019.

Finally, primitive achondrites are a major grouping of meteoroid’s that are sim-
ilar in composition to chondrites although they undergone thorough processing.
Primitive achondrites are believed to have formed in partially differentiated parent
bodies, within their melted zones.

2.1.2 Ablation

As the meteoroid passes through the atmosphere it will begin to lose mass, a process
called ablation. This is due to vaporization, fusion of molten material and fragmen-
tation (Bronshten 2012). This is dependent on the meteoroid’s size and mass, entry
velocity, altitude and meteoroid properties. The ablation rate will determine the
deposition of mass together with influence of the momentum and energy release into
the atmosphere. Meteoroids lose most of their mass through vapour production,
thermal ablation. Ablation is most important for cosmic objects roughly in the
range of 10−4 − 100 m.

If the meteoroid would not fully ablate during the interaction with the atmo-
sphere and makes contact with the planetary surface, it would be classified as a
meteorite.

Ablation may occur as sputtering. If the surface atom (on the meteoroid) re-
ceives energy greater than the surface binding energy it may be ejected i.e physical
sputtering. Physical sputtering is not very temperature dependent and which could
induce mass losses in the upper atmosphere. If energetic incoming particles react
chemically with surface atoms and change ejection behaviour it is known as chemical
sputtering.

Both radar and optical observations are useful to study how small meteoroid’s

6 CHAPTER 2. THEORY
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fragment. Variations in the strength of an echo from a radar may be caused by
returns from two or more individual fragments separated by a significant fraction of
the radars wavelength and moving relative to one another (Kero 2008). Some types
of fragmentation a meteor may undergo are (Borovicka et al. 2019):

• Gross - Breaks into equal sized, non-fragmenting pieces.

• Progressive - Breaks into fragments that fragment themselves.

• Quasi-continuous - Lose smaller surface fragments while staying rather in-
tact.

• Flare - Bursts of fragments.

Even without directly measuring the meteor fragmentation, the light curve pro-
duced can be used to determine the meteor behaviour as it ablates. Classical theory
claims that a homogeneous, single-body meteoroid will, during ablation, have a peak
during the end of the light curve (assuming the meteor shape to remain unmodified).
If a meteor would fragment however, the individual fragments have the possibility
to produce light curves themselves that follows this theory, with the exception of
the sum of these curves would not be classical.

2.1.3 Meteor Head Echoes

Meteor head echoes are described as radio waves being scattered from compact
regions of plasma, co-moving with the meteoroids during atmospheric flight. The
Doppler shift and target range from the received signals can be used to determine
meteoroid velocity (Hawkes, Mann, and Brown 2006).

2.1.4 Meteor Trail Echoes

With the formation of an ionised meteor trail, the transmitted radiation will be
reflected back to the radar by the growing length of the trail. This signal will be
composed out of reflections from different parts of the formed trail, at different times.
The sum of the received reflection will not remain constant, instead the total signal
will be found to be constantly changing, this due to the production of ’in-’ and ’out
of phase’ components throughout parts of the ionized trail. This can be compared
to a diffraction grating where the intensity will shift between strong and weak as
the echo propagates through the atmosphere. The rate of the intensity fluctuations
can be used to estimate meteoroid velocity. The intensity fluctuation rate is affected
by the fact that the meteoroid will decelerate as it collides with atmospheric par-
ticles. The velocity of an observed meteor trail echoes are also linked to the local
wind (Kero 2008). The changing velocities of atmospheric winds with an increasing
altitude can be seen in figure 2.3.

CHAPTER 2. THEORY 7
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Figure 2.3: Wind velocity throughout the atmosphere. Source: COSPAR Interna-
tional Reference Atmosphere

Figure 2.4: Fresnel oscillations taking shape in a meteor trail, observed with
backscatter meteor radar. White Fresnel zones represent that they are in phase
with the first zone and black if out of phase. Figure adopted from Kero (2008).

Figure 2.4 displays the mentioned type of diffraction taking place. With a high
velocity, the meteor enters the figure in the top left and will begin to form an ionised
reflective trail such that an echo is received at the radar. At this time (t0), the path

8 CHAPTER 2. THEORY
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length to the observer is expressed as R0. As the meteor progresses downwards, the
path length to the observer will have changed by λ/2 and the signal from this new
part of the trail will tend to cancel out the measured value from the pre-existing
component of the trail. With this cancellation occurring, the retrieved signal will
diminish in strength. This process is repeated along the entire length of the meteor
trail which eventually will end up in a periodic fading of the returned signal. This
process can be described as Fresnel scattering occurring with the meteor trail being
composed of a number of Fresnel zones (Elford 2004).

All meteor trails are not the same however. In classical meteor radar terminology,
trails are classified as underdense or overdense, depending on the volume density of
electrons in the resulting wake. If the density would be sufficiently low, the radio
waves have the possibility to penetrate the trail causing scattering which happens
independently of the free electrons present within the trail (Blackett and Alfred
Charles Bernard Lovell 1941; A. Lovell and Clegg 1948), known as an underdense
echo. Each electron in an underdense trail scatters the incident wave independently
and the signal received by a radar system is the sum of the contributions from
all individual electrons. If the density is large enough, secondary scattering from
electron to electron becomes important. Hence, the electrons no longer behave as
independent scatterers and the incident wave cannot penetrate the column freely.
From an overdense trail, radio waves are scattered as from a metallic, cylindrical
surface. This behaviour is caused by the central part of the trail being so dense that
the incident radio waves are unable to penetrate it.

The dielectric constant (k) of an ionized gas differs from the vacuum value of
unity due to the number of electrons per m3 (N) according to

k = 1− Nλ2

π
re ∼= 1− 81

N

f 2
(2.1)

where
λ = wavelength of the incident radiation (m)
f = corresponding frequency (Hz)
re = e2/(e0m0c

2) ≈ 2.81̇0−15 m = the electron radius.

If k would be smaller than zero throughout an appreciable volume of ionized gas,
the trail is defined as overdense. The power curves for a typical over- and underdense
can be seen in figure 2.5 respectively 2.6. The appearance of the overdense power
curve is explained through the fact that due to the high electron density the ampli-
tude of the scattered signal will steadily decrease throughout the measurement since
the presence of electrons will be large enough to scatter the incident wave while the
underdense will rapidly decrease due to the trail’s quick dispersion of the electron
density.

CHAPTER 2. THEORY 9
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Figure 2.5: Power curve of a typical overdense meteoric echo. Figure adopted from
Wislez (1996).

Figure 2.6: Power curve of a typical underdense meteoric echo. Figure adopted from
Wislez (1996).

10 CHAPTER 2. THEORY
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2.2 Radar

2.2.1 Radar equation

The classical radar equation can be described as

Pr =
PtGtGrλ

2σF 4

(4π)3R2
tR2

r

(2.2)

where
Pr = received power
Pt = transmitted power
F = pattern propagation factor
σ = radar cross section
Rt = distance from transmitter to the target
Rr = distance from the target to the receiver
Gt = transmitter antenna gain
Gr = receiver antenna gain
λ = transmitted wavelength

As will be further discussed in section 4.2, the Radar Cross Section [RCS] will be
of importance during the carried out study of anomalous meteor head echoes. The
RCS of a meteor head echo target can be determined from the SNR by modification
of the classical radar equation (e.g. Kero, M. D. Campbell-Brown, et al. 2019;
Skolnik et al. 1962) in the following way

σ =
(4π)3PrR

4

Gr(θ,Φ)Gt(θ,Φ)λ2Pt

(2.3)

where
R = target range
θ = azimuth of target
φ = elevation of target

Here, the received power is defined as

Pr = ζTnoisekBbw (2.4)

where
ζ = Signal to Noise Ratio
Tnoise = equivalent noise temperature
kB = Stefan-Boltzmann constant
bw = receiver bandwidth.

As can be seen, to evaluate the RCS of meteoroid many factors are of importance.
How much of the transmitted power that is reflected and received by the Radar is
highly dependant on the meteoroid itself. The material, composition, shape, po-
larization, edges, size along with incident angle are parameters that all affect the
outcome of the RCS (Toomay and Hannen 2004).
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As mentioned in section 2.1.3, the Doppler shift can be used to determine the
meteoroid velocity. For radar, the Doppler frequency shift can be expressed as

FD = 2FT
VR
C

(2.5)

where
FD = Doppler frequency
FT = transmit frequency
VR = radial velocity
C = the speed of light

It should be noted that only the radial component of the velocity is of importance.
If the observed meteor is moving at a perpendicular angle to the radar, no relative
velocity will be measured. In contrast, if a meteor would be travelling parallel to the
transmitted radar beam, a maximum Doppler frequency shift would be produced.

2.2.2 Gain

The gain, for a transmitting antenna, describes how capable the antenna is of con-
verting the input power to radio waves sent out towards a specified direction. For a
receiving antenna, the gain represents how capable the antenna is of converting the
incident radio waves from a specified direction towards electrical power. The Radar
gain, G, can be determined as follows,

G =
4πAphysea

λ2
(2.6)

where
Aphys = Antenna physical aperture
ea = Aperture efficiency

In the direction of the antenna’s main lobe, the peak value of the gain be found.
Visualizing the gain as a function of direction is known as the gain pattern. The
gain pattern for the used radar in this thesis, the MU Radar, can be seen in figure
3.3.

2.2.3 Cross-correlation

To analyse the given meteor data, the pipeline makes use of cross-correlation. Cross-
correlation is way of measuring the similarity of two signals as a function of the
displacement of the two signals relative to each other. This is also known as a
sliding dot product or sliding inner-product, which is useful when analysing a signal
to identify a specific, known feature. An example of this is to eliminate noise from
the detected signal. By selecting a signal ’f’ of suitable appearance and allow it
to ”slide” over the original signal ’g’ the resulting signal ’h’ will then illustrate an
average of ’f’ during the selected number of time units. This then gives a clearer
signal where significant deviations have been eliminated. The working principles of
cross correlation is illustrated in figure 2.7.

For continuous functions f and g, the cross-correlation is defined as (Ronald
Newbold Bracewell and Ronald N Bracewell 1986):
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(f ? g)(τ) =
∫ ∞
−∞

f(t)g(t+ τ)dt (2.7)

Here, ¯f(t) denotes the complex conjugate of f(t) and τ is the displacement.

2.2.4 Barker code

To simplify how the radar signals should be handled they are compressed into pulses
with a barker code. There are barker codes of lengths 2, 3, 4, 5, 7, 11 and 13-bit.
For the data used in this thesis a 13-bit barker code is used (Kero, Szasz, Nakamura,
et al. 2012). Due to data rate limitations this was the longest code available which
had the ability to oversample by a factor of two at reception using all 25 channels
of the MU radar and enable analysis of an altitude interval ≈ 70–126 km, where
most meteor head echoes appear. The radar range interval is defined by the use of
a 156µs long pulse together with a 6µs sampling. This gives a radar range interval
of 73 – 126 km from where the echo of the whole transmitted pulse sequence is
received. This interval was determined from a computational perspective, if an end
measuring altitude would be located higher up, the MU Radar system will have
difficulties providing accurate data.

Figure 2.7: Working principles of cross correlation. Modified from source:
c©User:Cmglee / Wikimedia Commons / CC-BY-SA-3.0
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Chapter 3

Instrumentation

3.1 MU Radar

For this thesis the data is provided by the MU (Middle and Upper Atmosphere)
radar. The radar was constructed in 1985 and is located at Shigaraki, Japan (34.8N,
136.1E) (Fukao et al. 1985). The technical specifications for the MU radar can be
seen below;

• Frequency: 46.5 MHz

• Peak output power: 1 MW

• Configuration: monostatic, pulsed.

• Antenna: 475 Yagi antennas (aperture = 8.33 103 m2); Beamwidth = 3.6◦;
polarization-linear circular; steerability - 0 − 30◦ from zenith in interpulse
period of 400 µs.

• Transmitter: duty cycle = 5%; bandwidth = 1.65 MHz for max pulse length;
pulse length = 1-512 µs.

• Receiver: bandwidth = 1.65 MHz; Dynamic range 70dB; IF frequency = 5
MHz.

• A/D converter: 12 × 4 channels

• On-line computers: VAX 11/750 and MAP-300 array processor.

• System control: HP9835A.

The radar was upgraded to its present setup, a 25 channel digital receiver sys-
tem, in 2004 in order to enhance its abilities for study and observation of detailed
atmospheric structures, making in known as the most capable atmospheric radar in
the world at that time. Right-handed circular (RC) polarization is transmitted and
left-handed circular (LC) polarization is received by the MU radar, with a 2 degree
phase accuracy (Abe et al. 2015).

475 Yagi antennas (capable of both transmitting and receiving) makes up a
circular antenna array which is 103 meters in diameter with 19 antennas per sub-
group/digital channel. The output from each digital channel is the sum of the
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Figure 3.1: Overlook of the MU Radar. Figure taken from the Research Institute
for Sustainable Humanosphere (RISH).

received radio signal from all 19 antennas per subgroup.

3.1.1 MU radar experimental setup

In order to make use of the most suitable algorithm for analysing meteor head echoes,
Kero, Szasz, Nakamura, et al. (2012) presents a experimental setup where the trans-
mitter and receiver bandwidths are defined by a 6 µs subpulse length and a 6 µs sam-
pling period which is approximately equal to bandwidth of bw = 1/6µ s ' 167 kHz.
This was done to ensure that the receiver bandwidth is wide enough to accommodate
for the meteor Doppler shift. All 25 channels are used in order to enable subgroup
phase offset reduction. This will aid in optimizing the interferometric target position
determination and post-steering of the receiver beam. Due to system limitations,
the maximum continuous data rate is about 20 GB h−1. The peak gain at zentih is
34 dB.

Figure 3.2 displays a Range-Time-Intensity [RTI] plot of a typical meteor head
echo measured by the MU radar. What the figure illustrates is the sum of all 25
channels. The detected meteoroid is located at the bottom of the signal. The x-axis
represent time and consists of 512 pulses known as Inter Pulse Periods [IPPs]. The
length of each IPP could be determined through the duty cycle and pulse length as

TIPP =
0.05

1.56 µs
= 3.12 ms (3.1)

A long signal will be spanning across many IPPs, whereas a short one only covers
a few. In total, one single event represents a total measurement of approximate 1.56
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Figure 3.2: Range-Time-Intensity plot of a meteor head echo detected by the MU
radar. The x-axis is constructed out of 512 Inter-Pulse-Periods and the y-axis rep-
resent measuring samples where 1 is the lowest measured altitude (73 km) and 60
the highest (126 km). The meteoroid is located in the bottom of the signal.

seconds.

The Y-axis represents the measuring interval of the radar. In the bottom we find
the lowest value which for the measurements made were 73 km and sample 60 the
highest one - 126 km. The Y axis however stretches to 85 samples and this is due to
the fact that the MU radar makes use of a pulse length of 26 samples so it needs to
have a value of 85 so all samples will be present in the highest measured altitudes.
If a meteoroid would be detected higher than sample 60, not all 26 samples will be
able to be calculated and the signal will be considered as cut-off.

Furthermore, All RTI plots will display the echo with six parallel lines inside.
These blackouts are the result of out-of-phase reception of the received signal (Kero,
Szasz, Nakamura, et al. 2012).

3.1.2 Gain pattern

In section 2.2.2, the significance of gain in radar systems was briefly explained. As
for the MU radar, the gain pattern can be seen in figure 3.3. It can be seen that
highest power is received when the echo originates directly above the radar (Ky =
1). As the angle between the echo direction and radar zenith increases, the strength
of the signal will decrease. The blue lines present in the figure is the result of
cancellation of signals due to destructive interference.
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Figure 3.3: Simulated gain pattern of the MU Radar. Ground projection of wave
vectors Ky and Kx. Kx represents the horizontal direction (1 = North, 50 = West,
100 = South etc.), Ky represents the vertical direction (1 = zenith, 70 = Perpen-
dicular/90 degrees).
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Chapter 4

Method

4.1 Data description

The data used for this thesis was collected from the MU meteor head echo database,
all red data 20160821T052035.mat. This database consisted of almost 200 000
events where the pipeline program assumes a meteor is present in the radar’s FOV
(Field Of View). Each event was described by 31 parameters, all of which can be
seen in appendix A. The data is from 60 campaigns done between June 2009 and
August 2016. The campaigns mainly consisted of constant measuring over a few
hours at a selected date. With every single data file representing 512 consecutive
IPPs, each file will therefore represent 1.56 seconds of measurements, making use of
the used TIPP described in section 3.1.1.

4.2 Data processing

To extract events of interest, the first step was to determine what type of anoma-
lies in the meteor data that should to be analysed. Through discussion with the
supervisors, the meteor parameters of interest were:

• Start Altitude

• Radar Cross Section

• Eccentricity

Several meteor parameters were visualized to identify if any clear anomalies could
be observed directly. Start altitude and RCS stood out, clear anomalies could be
observed when visualizing these parameters of all the meteors in the entire MU
database. These oddities can be seen in figures 5.1 and 5.11.

Briefly described, the eccentricity is a measure of how non-circular an orbit is.
An eccentricity equal to 0 indicates on a perfectly circular orbit, between 0 and 1
- elliptical orbit and if larger than 1 - hyperbolic, which means that the body car-
ries a velocity fast enough to enable escape of the central object’s (in this case the
Sun’s) gravitational pull. Hyperbolic meteoroids are of large interest due to their
interstellar origin. From plotting the database (figure 5.23) it could be seen that sev-
eral meteoroids held an eccentricity over 1. Previously, the existence of meteoroids
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with hyperbolic orbits in the Earth’s atmosphere have been discussed, but so far
the reliability of the data claiming to have found hyperbolic meteoroids have been
questioned (Hajduková Jr, Sterken, and Wiegert 2019). It was therefore of interest
to analyse if any hyperbolic meteoroids existed in the meteor head echo database
and if so, analyse the validity of the data.

4.2.1 Pipeline analysis program

The data was processed using the pipeline analysis program (Kastinen 2016; Kero,
Szasz, Nakamura, et al. 2012). Briefly, the program makes use of combining relevant
algorithms to output an accurate result. A more in-depth description is documented
in the articles mentioned above.

4.2.2 Analysis procedure

Some of the scripts used had to be modified to reach the desired result but in general
the program was left unmodified. The software program used was MATLAB R2019a.

As the parameters were chosen the following step was to separate the anomalous
events from the rest of the data in the MU database. This was done with the two
scripts test dataprocess.m (Start altitude and RCS) and ecc calc.m (Eccentric-
ity). These scripts followed a general structure:

• Load MU database

• Determine parameter of interest and set criteria

• Loop through all meteors against criteria, if a meteor would exceed the value
it is flagged as an anomaly

Parameter Set criteria
Start Altitude 125 [km]
Radar Cross Section 1000 [m2]
Eccentricity 1

Table 4.1: Used criteria per parameter to separate meteor anomalies.

The criterias used to determine if a meteor was an anomaly or not can be seen
in table 4.1. The anomalies were saved in a separate array named event array

which had the following structure: one row for each event and as column all the
parameters listed in appendix A.

The third step was now to enable the extracted events to fully function in the
pipeline program. The pipeline makes use of the radar raw data which is not part
of MU database previously loaded. Now when it is known which meteors that are
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anomalous this information was given to my supervisor, D. Kastinen, who had ac-
cess to the ”raw data database”. Unfortunately only a limited amount of the ”raw
data database” was processed and available before the beginning of the thesis work.
The amount of pre-processed data was therefore slightly limited the analysis done.
To check if the anomalies saved in event array matched any raw data, each of the
anomalous events had to be given a name. A file, file strs, with the events names
expressed as ’YYYYMMDDTHHMMSS’ was created. With the possibility of data
expanding over two separate data files (echo starting at the end of file 1 and ending
in the beginning of file 2), the data file following the anomaly-detected-file was also
saved.

When the raw data for the chosen meteors was retrieved, analysis was made
possible. This was done with the script test analysis2.m, which was a modified
version of pipeline script test analysis. The analysis procedure was done in a
following way:

• Load meteor anomaly raw data

• Load MU antenna characteristics

• Select between which IPPs data should be analysed

• Define fitting parameters

• Analyse the selected event through meteor analyse.m and save result

• Plot result

The result of the analysis was stored in a MATLAB structure named ”meteor”.
Figure 4.1 shows all the stored parameters in the mentioned MATLAB structure.

Connecting the stored parameters with types of interesting anomalies; For High
Start Altitude Anomalies [HSAA], meteor.height along with meteor.velocity

will be of importance. High Eccentricity Anomalies [HEA] will make use of meteor.orbit
and meteor.beam angle. High Radar Cross Section Anomalies [HRCSA] depend on
meteor.power but also on meteor.velocity & meteor.doppler vel to determine
if the observed echo is a head or trail echo.
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Figure 4.1: Breakup of all stored data in the used meteor MATLAB structure.
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Chapter 5

Results

In this section results and statistics are presented for each of the three types of
anomalies mentioned in section 1.3 together with a simulation in attempt to re-
produce a detected interference anomaly.

5.1 High Start Altitude Meteors

A histogram, figure 5.1, was created over the entire database to identify outliers
in the data. The distribution of the meteor start altitudes is the result of several
of factors. The meteoroid velocity, composition and mass together with the atmo-
spheric composition at these altitudes are all responsible of the meteor distribution
shown. A clear increase could be observed in the highest of measured altitudes,
marked with the red circle. A more in-depth view of this data is shown in figure
5.2. Here, it is shown that the majority of these detected meteors are found at an
interval between 125.6-125.8 km. To ensure that no anomalies would be missed, it
was therefore decided to flag all meteors above 125 km as anomalies to see what
could be the possible explanation.

With the criteria set to 125 km, the event detection script (test dataprocess.m)
found 564 anomalies, out of which 42 of these had available raw data in the processed
MU database. The probability of an HSAA occuring can be seen in equation 5.1,

HSAAfraction =
564

196, 072
= 0.2% (5.1)
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Figure 5.1: Measured start altitude for 196 072 meteors events in the MU database.

Figure 5.2: Measured start altitude for all found meteor events above 125 km in the
MU database.
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Initially, to get a basic understanding over what type of meteor echo the detected
anomaly is (if the echo is a head- or trail echo), it is useful to make use of the RTI
plot. Five HSAA events were selected to be displayed in this thesis which can be
seen in figures 5.3 - 5.7. These five HSAA’s were chosen since they represented clear,
interesting cases together with the fact that their characteristics could be related to
a large amount of the other HSAA’s not presented in this thesis.

Figure 5.3: Range-Time-Intensity plot of detected meteor head echo with a measured
start altitude of 125.62 km. Referenced as HSAA 1.
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Figure 5.4: Range-Time-Intensity plot of detected meteor head echo with a measured
start altitude of 125.85 km. Referenced as HSAA 2.

Figure 5.5: Range-Time-Intensity plot of detected meteor head echo with a measured
start altitude of 125.85 km. Referenced as HSAA 3.
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Figure 5.6: Range-Time-Intensity plot of detected meteor head echo with a measured
start altitude of 125.86 km. Referenced as HSAA 4.

Figure 5.7: Range-Time-Intensity plot of detected meteor head echo with a measured
start altitude of 125.24 km. Referenced as HSAA 5.
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As can be seen from figure 5.3, 5.4 and 5.5, the signal of the meteor head echo
is clearly cut-off at the top. Figure 5.6 is an example where only a fraction of the
head echo is being cut-off. It should be noted that not all +125 km meteors are
cut-offs. Figure 5.7 is an example where the head echo happened to be detected at
the very top of the MU radar’s range without being cut-off. The height profile for
the anomaly seen in figure 5.5 can be seen in figure 5.8. The start altitude can be
determined to 125.86 km.

Figure 5.8: Measured meteoroid altitude versus Inter-Pulse-Period for the anomalous
high start altitude meteor HSAA 3.

The velocity of anomaly HSAA 1 and HSAA 3 can be seen in figures 5.9 and
5.10 respectively. For HSAA 1, the velocity seems to remain rather constant at 56.5
km/s while the velocity for anomaly HSAA 3 is decreasing from 70.5 km/s to 69.2
km/s throughout the measurement.
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Figure 5.9: Measured meteoroid velocity versus Inter-Pulse-Period for the anomalous
high start altitude meteor HSAA 1.

Figure 5.10: Measured meteoroid velocity versus Inter-Pulse-Period for the anoma-
lous high start altitude meteor HSAA 3.
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Table 5.1 was made to visualize the different types of HSAA measured. The
numbers represent the date of the anomaly. Here, small cut-offs are defined as
events were the head echo signal is cut off to a minor extent, such as in figure 5.6,
Big cut-offs are events where a major portion of the signal is cut off and finally,
no-cut is simply where no cut-off has been made of the signal, seen in figure 5.7.

Small cut-off Big cut-off No-cut
20090628T031131 20090627T081343 20090627T083313
20090628T040537 20090728T055645 20090627T091550
20090628T061001 20141205T043942 20090628T020810
20090628T071531 20141205T053128 20090628T021446
20090728T023900 20090628T031051
20090728T033950 20090729T052130
20090728T055947 20090729T091257
20090728T084520 20090729T092812
20090728T085722 20090730T034552
20090729T062226 20090730T043344
20090730T033851 20090925T094957
20090730T044612 20090926T030400
20090925T085435 20090926T054032
20090925T100125 20090927T041618
20090926T034016 20141205T032514
20141205T033601 20141205T042604
20141205T034755 20141205T053914
20141205T045542
20141205T045847

Table 5.1: Categorization of meteor events with a start altitude exceeding 125 km.
The numbers represent the date of the anomaly. Small cut-offs are defined as events
were the head echo signal is cut off to a minor extent, such as in figure 5.6, Big
cut-offs are events where a major portion of the signal is cut off and finally, no-cut
is simply where no cut-off has been made of the signal, seen in figure 5.7.

In total 42 HSAA’s were extracted from the MU database. Of these 20 were small
cut-offs, 4 big cut-offs and 18 had an actual start altitude of just at or above 125
km. This means that more than half, 57%, of the available raw data were anomalies
where the signal of detected meteors had been cut-off.
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5.2 High Radar Cross Section Meteors

For the RCS study, events with a radar cross section over 1000 m2 were of interest
which is the data found within the red ellipse in figure 5.11. A more detailed
distribution of this data can be seen in figure 5.12. The event detection script found
188 meteors exceeding this criteria. Of these anomalies, 52 events had available raw
data in the processed MU database. The probability of an HRCSA occurring in the
current database can be seen in equation 5.2.

HRCSAfraction =
188

196, 072
= 0.09% (5.2)

Figure 5.11: Histogram over measured Radar Cross Section for all 196 072 events
in the MU database.
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Figure 5.12: Histogram over MU database events with a measured Radar Cross
Section larger than 1000 m2.

To understand what type of meteors echoes that are being measured, the RTI is
visualized yet again which can be seen in figures 5.13 - 5.15. Figure 5.13 and 5.14
represent the events with the highest recorded RCS values from the available raw
data. For comparison, a event with a RCS just above the criteria can be seen in
figure 5.15 which also was analysed.

Figure 5.13: Range-Time-Intensity plot of detected meteor head echo with a mea-
sured Radar Cross Section 252395.04 m2. Referenced as HRCSA 1.
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Figure 5.14: Range-Time-Intensity plot of detected meteor head echo with a mea-
sured Radar Cross Section 167668.61 m2. Referenced as HRCSA 2.

Figure 5.15: Range-Time-Intensity plot of detected meteor head echo with a mea-
sured Radar Cross Section 1119.75 m2. Referenced as HRCSA 3.
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Due to the similarities in the RTI plot between HRCSA 1 & 3 in both power
and signal but large difference in RCS value, a further analysis was done on these
two anomalies by analysing the power, velocity, Doppler velocity, gain and MUltiple
emitter location and SIgnal parameter estimation method [MUSIC] agreement. MU-
SIC informs about the agreement between the used model in the pipeline program
with the measured signal. The higher the agreement, the more certain the output
is of the exact meteor location. If the value is equal to 1, there is a total mismatch
between the signal and model. Values less than 3.0 indicates on a bad agreement and
that the calculated meteoroid location has an high uncertainty. When the output
is found to be within the interval of 10-30, the agreement is considered good and
indicate that the pipeline is certain of the meteoroid location. Detailed information
about the working principles of MUSIC about have been documented by Schmidt
(1986).

By first analysing the velocities, an indication can be received whether the
anomalies are head- or trail echoes. The velocities of HRCSA 1 & 3 are shown
in figure 5.16. HRCSA 1 is measured having a velocity of 2 km/s within the first
IPPs before settling for an velocity around 100 m/s. HRCSA 3 is seen to mainly
fluctuate between 4-6 km/s.

Figure 5.16: Measured meteoroid velocity for the high radar cross section anomalies
HRCSA 1 & 3.

If the anomalies Doppler velocity (figure 5.17) exceed the wind speed they can
be concluded to be head echoes (since trail echoes drift with the wind). Both the
HRCSA 1 & 3 echo is seen to be travelling in velocities slightly higher than the
average wind speed for their altitude (figure 2.3).
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Figure 5.17: Measured meteoroid Doppler velocity for the high radar cross section
anomalies HRCSA 1 & 3.

If assumed to be a trail echo, analysing the power curve could inform what type
of trail echo (under- or overdense) the anomaly could be. The power curves can be
seen in figure 5.18. Both echoes are measured to have their highest power within
their first IPPs before gradually decreasing.
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Figure 5.18: Measured meteoroid power vs Inter-Pulse-Period for the high radar
cross section anomalies HRCSA 1 & 3.

The calculated meteor positions of anomalies in regard to the MU radar can be
seen in 5.19. For clarification, the axis of the figures represent wave vectors Kx and
Ky. For example, if Ky = 1 and Kx = 0, the direction of the signal is north, Ky
= 0 and Kx = -1 equals to west etc. If both vectors are equal to zero the signal is
originating from zenith, this area is known as the main lobe. Both of the anomalies
are registered outside of the main lobe. HRCSA 3 can be seen to be located in a
minimum of the MU radar gain pattern.
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Figure 5.19: Detection location of the high radar cross section anomalies HRCSA
1 & 3 in MU radar gain pattern. The x-axis represents wave vectors Kx and the
y-axis represents Ky.

Figure 5.20: Magnification of detection location for the high radar cross section
anomaly HRCSA 3. The x-axis represents wave vectors Kx and the y-axis represents
Ky.
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The agreement with the MUSIC are displayed in figure 5.21 & 5.22. In both
cases, the agreement is below the 3.0 threshold.

Figure 5.21: Measured agreement between the high radar cross section anomaly
HRCSA 1 and the MUltiple emitter location and SIgnal parameter estimation
method [MUSIC].

Figure 5.22: Measured agreement between the high radar cross section anomaly
HRCSA 3 and the MUltiple emitter location and SIgnal parameter estimation
method [MUSIC].

Table 5.2 displays the RCS value distribution of values of the found anomalies.
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RCS value [m2] Amount
<10,000 39
10,000-50,000 10
>50,000 3

Table 5.2: Distribution of the measured Radar Cross Section values for all MU
database meteors with an value larger than 1000 m2.

5.3 Large Eccentricity Meteors

Hyperbolic meteoroids were of interest which meant that the eccentricity criteria was
set to 1. The number of events with an eccentricity above 1 were 3,383. Compared
to the number of total events (196,072) the probability of one of these anomalies
occurring could therefore be determined through equation 5.3. In total 86 events of
the 3383 were found as raw data and used for analysis.

HEAfraction =
3, 383

196, 072
= 1.7% (5.3)

Figure 5.23: Histogram over measured eccentricity for all 196 072 events in the MU
database.

Figure 5.23 displays the calculated eccentricity for all meteors in the database
in a logarithmic scale. From the large amount of events exceeding an eccentricity
of 1, four RTI plots each corresponding to a separate anomaly are displayed in this
thesis. Figure 5.24 & 5.25 were chosen due their echo reassembles a typical head
echo (such as in figure 3.2). It can be seen that HEA 1 is located at lower altitude
and is much shorter than HEA 2, which have had its signal cut-off, classifying as a
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HSAA. The measured eccentricities were 1.06 respectively 1.03, both above the 1.00
condition possibly making the meteoroids hyperbolic.
HEA 3 & 4 both have the characteristics of a ’flatter’ signal, with HEA 3 being
located at the top of measuring range and HEA 4 at a lower altitude. These events
had a measured eccentricity of 3.06 respectively 2.06, far above the 1.00 hyperbolic
criteria.

Figure 5.24: Range-Time-Intensity plot of detected meteor head echo with a mea-
sured eccentricity of 1.06. Referenced as HEA 1.

Figure 5.25: Range-Time-Intensity plot of detected meteor head echo with a mea-
sured eccentricity of 1.03. Referenced as HEA 2.
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Figure 5.26: Range-Time-Intensity plot of detected meteor head echo with a mea-
sured eccentricity of 3.06. Referenced as HEA 3.

Figure 5.27: Range-Time-Intensity plot of detected meteor head echo with a mea-
sured eccentricity of 2.06. Referenced as HEA 4.
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For further analysis, HEA 1 & 3 are also presented with a complimentary plot
(figures 5.28 & 5.29) over the agreement with MUSIC to determine the reliability of
the signal together with the beam angle to ensure that velocity vectors can accurately
be measured which is crucial for orbit calculations.

Figure 5.28: Measured meteor head echo Beam Angle and MUltiple emitter lo-
cation and SIgnal parameter estimation method [MUSIC] agreement for the high
eccentricity anomaly HEA 1.

Figure 5.29: Measured meteor head echo Beam Angle and MUltiple emitter lo-
cation and SIgnal parameter estimation method [MUSIC] agreement for the high
eccentricity anomaly HEA 3.
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5.4 Simulation

When analysing the HSAA meteor data the anomalous signal in figure 5.30 was
discovered by accident. If it was not for the cut-off head echo in the top right of the
figure this signal would most likely never have been found. Still, the signal was of
interest since it had such an odd appearance.

When observing the signal a hypothesis was set that this type of signal could be
the result of a trail echo and head echo that are being detected at the same time
and height by the radar. This was assumed since the observed interference in the
trail echo seems to be travelling downwards with increasing the IPPs, just like the
signal of an head echo. Since the MU radar is observing portions of the sky at the
same time it was also of interest if the signals are taking place in the exact same
location in the sky (colliding) or if they are separated.

To simulate the scenarios mentioned above, a modification of the script
simulate head echo.m was used. Firstly, the head- and trail echo were set so they
took place in the exact same location, a possible scenario where the head echo trav-
els through a trail echo. The result of this can be seen in figure 5.31. Clearly it can
be observed that the radar much indeed will register the signals with interference
occurring. Next, the head and trail echo were set so they were located at different
azimuths, being detected at the same time and had the same range to the radar.
The result of this was almost identical to the previous simulation.

Since the focus for this anomaly was laid upon reconstructing the interfered echo
to the left in 5.30 no effort of reconstructing the echo in the top right of the figure
was made.

Figure 5.30: Range-Time-Intensity plot of meteor head echo with signal interference.
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Figure 5.31: Simulation attempt of the measured anomalous signal found in figure
5.30.
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Chapter 6

Discussion

6.1 High Start Altitude Anomalies

The chance of an HSAA occurring was determined to 0.2% through equation 5.1.
With the majority of meteors mainly occurring from altitudes between 100-110 km
according to figure 5.1, the amount of 125+ km were expected to be low.

As can be seen from figure 5.3, 5.4 and 5.5, the head echo is clearly cut-off,
meaning that not all of the 26 measuring samples are present, indicating that the
actual start altitude is likely to be outside the radar measuring interval. Through
data analysis, it was found that the Pipeline was unable to determine the height
for the IPPs which could be described by the scenario above. Instead, the Pipeline
outputs NaN for these IPPs. The start altitude is therefore set to the first data point
where all 26 samples are within the radars measuring interval, which is just beneath
126 km. This explains why the pipeline was outputting that several of meteors had
a start altitude of slightly beneath 126 km altitude.

6.1.1 Fix

D. Kastinen made a fix for the problem stated above. HSAA 3 seen in figure 5.5,
is an event with a strong clear signal, which have been cut off. Before the fix done
by Kastinen the pipeline program outputted a start altitude of 125.62 km - after,
it was calculated to 140.73 km. Figure 6.1 displays the height curve of HSAA 3,
which before the fix had the height curve showed in figure 5.8. Figure 5.4 had a
start altitude of 125.85 km according to the MU database. After a fix of the pipeline
had been done by D. Kastinen the same head echo now registered an start altitude
of 133.53 km.

Table 6.1 shows how the measured HSAA displayed in this thesis changed with
the fix applied.
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Figure 6.1: Meteoroid altitude vs Inter-Pulse-Period for measured meteor event
HSAA 3. The red line represents the initial height profile while the blue displays
the profile after adjustments were made to the Pipeline analysis program.
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Anomaly name Database [km] Post-Pipeline [km] Diff [km] Velocity [km/s]
HSAA 1 125.62 140.73 15.11 56.5
HSAA 2 125.85 133.53 7.68 68.7
HSAA 3 125.85 140.71 14.86 70.6
HSAA 4 125.86 131.56 5.70 52.8
HSAA 5 125.24 125.59 0.35 63.9

Table 6.1: Start altitude data for cut-off events before and after adjustments were
made to the Pipeline analysis program together with the total difference.

From figure 6.1 two things can be noted. As previously mentioned the calculated
start altitude is now found to be at 140 km height instead of the previous 125 km.
Along with this it can be observed that this height also is found at IPP 50, much
earlier than the previous measurement where the start altitude was registered at IPP
120. With the fix assuming to work correctly, this confirms that initial measured
start altitude is false. With the help of the pipeline program, high altitude meteor
data will now be analysed differently and output a more accurate result then before
this thesis work.

6.2 High Radar Cross Section Anomalies

The reason for the large RCS value of the analysed meteor echoes is believed to
be the result of two things. The echoes falsely being detected and treated as head
echoes when they actually are trail echoes and/or a low agreement with MUSIC,
indicating on an uncertain meteor location.

Firstly, the trail echo theory is discussed; By directly comparing the appearance
of the RTI plots of the HSAA’s to the HRCSA’s a clear difference can be observed.
The HRCSA’s have a much ’flatter’ appearance, something that could imply that
the radar have picked up meteor trail echoes. A discussed in section 2.1.4, trail
echoes can be identified by observing the volume density of electrons in the result-
ing wake, where possible Fresnel oscillations could occur. In the HRCSA power
spectre presented in this thesis (figure 5.18) these types of oscillations can be found,
strengthening the theory of the detected meteors actually being trail echoes instead
of head echoes. Compared to figure 2.5, the echoes also seem to have the character-
istics of an overdense echo.

To further prove this theory, the velocities of the possible trail echoes were anal-
ysed (figure 5.16). Here, the velocities are found to be much, much lower than
an ’ordinary’ head echo. The measured velocities for the majority of the found
HRCSA’s are fairly close to the occurring winds at the measured altitude, figure 2.3
which displays the changing wind speeds throughout the atmosphere strengthens
the trail echo theory. This could not be said for the HRCSA 3 velocity however,
which velocity is determined to be around 5 km/s - slow enough to be bound to
Earth through gravitation (since the velocity is lower than the Earth’s escape veloc-
ity of 11.2 km/s) but not slow enough to be solely transported by atmospheric winds.
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The reasoning to this occurrence could be that the echo was registered in a min-
imum in the MU radar’s gain pattern (section 3.1.2) which can be seen in figure
5.20. Within the gain minimum, radar signals will be difficult to measure. If a
signal therefore should be detected within such a region the signal must be assumed
to be strong. The pipeline program will handle this by assuming that the reflection
area of the observed meteor must be larger than what is directly measured. With
the uncertainty of the anomaly’s actual position (described later in this section) the
detected signal may therefore have been falsely ’boosted’. The velocity, radar cross
section and other parameters may therefore have been given an inaccurate value
during this process.

In total, all of the 52 analysed HRCSA’s were determined to be trail echoes. A
specular trail echo comes from the ionized column of plasma left behind the mete-
oroid in the atmosphere, as described in Section 2.1.4. Trigo-Rodriguez, Rietmeijer,
and Llorca (2008) mentions that a trail echoes may extend up to lengths of 10 to 20
km. This length combined with a larger diameter as the result of an overdense trail
echo, naturally implies that the radar measures a high RCS (calculated according
to equation 2.3).

Secondly, the interferometry done shows that agreement with MUSIC generally
is low. This implies on that the exact location of the meteor is unclear which makes
the uncertainty for the data greater. The registered echoes with their high RCS
values can therefore not be trusted.

6.3 High Eccentricity Anomalies

In total 86 events were found in the database that had an eccentricity with 1 or
higher. 80 of these were suspected to be trail echoes after observing the RTI plots.
Manually analysing all the data was a time-consuming task, therefore only 14 of
80 were analysed and it was found that these events indeed were trail echoes due
to their velocity and power curve. MUSIC also had problems with getting a clear
signal for the events, resulting in an uncertainty of the echo’s actual position in
the atmosphere. The believed reason to why the program states that the trail echo
events have a hyperbolic orbit is likely due to their measured beam angle, which
was found to be close to 90 degrees (as can be seen in 5.29) for all of the events.
This makes it difficult for the radar to determine all of the velocity vectors of the
believed meteor and outputs it travelling in a hyperbolic trajectory. The remaining
66 events could be closely linked to the 14 analysed anomalies when observing the
RTI plots. The 80 suspected events was therefore all assumed to be trail echoes.

The remaining six anomalies could clearly be characterized as head echoes from
RTI plot and study of previously mentioned parameters. The measured eccentricity
for these events were all slightly above the hyperbolic criteria; 1.03, 1.09, 1.26, 1.06,
1.00 and 1.29. This was calculated from the script orbit determination.m written
by J.Kero and C.Szasz. MUSIC was able to detect these events with a high certainty.
The beam angle was found to be ranging from a minimum of 20 up to 45 degrees
for these events (figure 5.28 for reference), which is good since this implies on clear
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determination of the echoes velocity vectors, which is vital for calculating the orbit.
The eccentricity values was later compared to the calculated eccentricity done by the
pipeline-program. This showed that the result differed between the two methods.
Three of the values were found to be having an eccentricity lower than 1.0 in the
pipeline while the values of the remaining three agreed very closely between the
different analysis methods.

Agreeing events Disagreeing events
20090730T033851 20141205T054220
20141205T043122 20141205T050529
20141205T023638 20141205T010513

Table 6.2: Agreeing and disagreeing high eccentricity events between
orbit determination.m and the pipeline.

When the raw data is being processed to determine the eccentricity of the me-
teoroid, the process is sensitive to which IPPs that are being included in the cal-
culation. This is most likely the reason why half of the head echo eccentricities
are disagreeing (table 6.3) between the pipeline and orbit determination.m, since
they have been processed differently.

In total, 93 % of the possible hyperbolic events were trail echoes. 7 % of the
events were head echoes where only half of them had an eccentricity larger than 1.0
after further analysis. This means that out of given data from the MU database, 3.5
% of the detected hyperbolic events have the possibility to have an eccentricity of
1 or larger (assuming that the pipeline is accurate). Still, these possible events are
required to undergo more in-depth studies than was done in this thesis to determine
the possibility of an hyperbolic orbit. The more strict criteria set by these studies
will result in fewer possible candidates (Hajduková Jr, Sterken, and Wiegert 2019).

6.4 Simulation

When analysing the simulated signal where the head- and trail echo are colliding it
can clearly be observed that interference is occurring between the head- and trail
echo. Comparing to the real signal, the simulated signal does have a large resem-
blance.

As the head- and trail echo were set at different azimuths, an almost identical
result as in the previous simulation was presented. With this information, it could
be proven that this type of interference in signals occurs between two echoes if the
range is the same to the radar.

This supports that fragmentation of meteoroids should be resulting in interfer-
ence when measured, which have been observed with radar systems before by Kero,
Szasz, Pellinen-Wannberg, et al. (2008).
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6.5 The importance of publishing correct data

It is of great importance to ensure that data is tested thoroughly to ensure that it
is correct and accurately represents what occurs in reality. When anomalies such as
the ones described in this thesis is found it is of great priority to analyse and find
proof of the nature behind the presented data.

Jumping to conclusions without thoroughly examining important details has
happened before, one of the more famous examples of this is the OPERA exper-
iment which was done in 2011. The Oscillation Project with Emulsion-tRacking
Apparatus (OPERA) was a scientific instrument used for detecting tau neutrinos
from muon neutrino oscillations. At first researchers reported that muon neutri-
nos had been detected which traveled at a velocity faster than the speed of light
(Adam, Agafonova, Aleksandrov, Altinok, et al. 2012). Publishing such ”physics-
breaking” results have to be done carefully and with proper testing. Naturally, large
portions of the scientific community was very sceptical to their findings. With the
added pressure of disbelieving scientists the researchers at the OPERA experiment
did eventually find that a fiber optic cable was attached improperly along with a
clock oscillator ticking too fast. After these effects had been taken into account it
was eventually shown that the speed of neutrinos were consistent with the speed of
light (Adam, Agafonova, Aleksandrov, Anokhina, et al. 2013). The effects of this
eventually lead to a internal vote where more than half of the voting collaborating
institutes claimed no confidence in the leadership of the experiment resulting in res-
ignation from both the OPERA leader and the experimental coordinator.

With this I wanted to express how important it actually is to allow measure-
ments and data to undergo testing and analysis to eliminate any false data before
publishing, such as I have done in this thesis. Not only will false claims hurt involved
institutes but it also has the possibility to affect the scientific community on such a
scale that certain individuals are left responsible which could have an unfortunate
ending such of them losing their careers all based on one mistake.
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6.6 Future work

With the work made in this thesis it has been shown that measured data should
not always be trusted and used without a proper data analysis and quality control.
Due to time constraints and other aspects the presented data analysis was limited
to three meteor parameters. Naturally, a meteor is dependent on many, many more
parameters which can be seen in Appendix A. Future work within this field should
be made upon more of these parameters, i.e end altitude for meteorite studies, to
ensure data quality.

A reoccurring problem throughout this thesis has been the lack of raw data.
During the later half of the time laid upon this thesis, efforts have been made
by my supervisors to grow and extend the number of events available in the raw
data database, which they have succeeded in. The possibility to further detect and
analyse anomalies from the MU database therefore exists. By continuing this study,
a complete understanding of the distribution and types of the anomalies present in
the data could be achieved.
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Chapter 7

Conclusions

This thesis began with introducing the reader to basic concepts of meteoroids and
meteors in section 2.1. More specifically, subsection 2.1.2 focused on the occurring
interactions between meteors and the atmosphere along with 2.1.3 & 2.1.4 explain-
ing the underlying physics and difference between head- and trail echoes. Moreover,
the fundamentals of radar technology and important equations were presented in
section 2.2.

The MU radar has been used for the measurement and collection of meteor data.
Chapter 3 describes the working principles of the radar along with the antenna array
structure and the resulting gain pattern.

Specifications for the meteor data used along the analysis procedure was pre-
sented in chapter 4. The used database is briefly described in section 4.1. The
reasoning to what types of anomalies; Start Altitude, Radar Cross Section and Ec-
centricity, were to be analysed in this thesis is found in section 4.2. In addition, a
description of the used MATLAB program’s together with their general structure
was also present in this section.

The results of the anomaly analysis were displayed in Chapter 5. This chapter
was divided into four sections where 5.1, 5.2 and 5.3 represented the results for a se-
lected anomaly parameter each. Section 5.4 presented the results for the simulation
which were done in an attempt to reproduce a detected anomaly. This was followed
up with chapter 6 where the results were discussed.

The High Start Altitude Anomalies were determined to be the result of echoes
being ’cut-off’, which led to the start altitude being allocated to the highest ’un-
cut’ sample available within the measuring interval. The High Radar Cross Section
Anomalies was found to due to the radar falsely detecting trail- instead of head
echoes. The characteristics of trail echoes, combined with a low agreement with
MUSIC was the believed reason to why the MU radar registered the abnormally
large cross sections. This was followed with the study of High Eccentricity Anoma-
lies, where the majority of the found events were determined as trail echoes. The
resulting high beam angle of these echoes resulted in the pipeline having difficulties
to determine the velocity vectors - an outcome where a falsely calculated orbit is the
result. Only six of the found anomalies were head echoes, where half of these were
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shown to have a possibility of withholding an hyperbolic orbit after being analysed
through the pipeline program and MATLAB script orbit.determination.m, but
requires a more in-depth analysis to determine the hyperbolic orbit probability.

A simulation of signal interference occurring between two echoes was made. The
conclusion from the result was that this type of interference may occur both in direct
collisions of two echoes, such as a head- and trail echo, but also if the range is the
same to the radar with different azimuths.
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Appendix A

Alldata parameters

1. [km] Altitude
2. Counter from non-reduced file
3. Year
4. Month
5. [UT] Day+fraction of day
6. [degrees] Azimuth
7. [degrees] Zenith distance
8. [km/s] First phase velocity data point
9. [JST] Hour of observation
10. Number of data points used in interferometry
11. Number of data points in results
12. Interferometric standard deviation in x direction (east-west) km (multiplied
with altitude to get distance)
13. Interferometric standard deviation in y direction (north-south) km (multiplied
with altitude to get distance)
14. Day
15. Hour, minute, second
16. Microsecond (.ssssss)
17. [m/s] Mean Doppler velocity
18. [m/s] Range rate = Time-of-flight velocity =linear fit of range
19. Correlation coefficient IPP vs x
20. Correlation coefficient IPP vs y
21. Correlation coefficient x vs y
22. [m/s] error margin for meteoroid velocity
23. [degrees] error margin for azimuth
24. [degrees] error margin for zenith distance
25. [degrees] error margin for azimuthal angular distance
26. [s] duration
27. [m2] RCS
28. [K] meteor equivalent signal temperature
29. [km] start altitude
30. [km] end altitude
31. [m/s] Last phase velocity data point
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