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Abstract

The purpose of this thesis is to present analyses on two different meteor trail echo
types: non-specular and underdense specular echoes. By using current theoretical knowledge and numerical modeling, we are able to draw conclusions on both
the role of earthbound atmospheric parameters and turbulence in the evolution
of these trails. These simulations are compared with observations from Fort Macon, Atlantic Beach, North Carolina (34◦ N, 76◦ W ) during June 2001. Comparing
simulations which include or neglect different parameters with observations clearly
show the magnitude to which a parameter contributes to meteor trail evolution.
Simulations are compared with 62 hours of continuous data to show the role
that atmospheric variability has in non-specular meteor echo duration. We show
clearly that the periodicity present in the observed trail duration is also present in
simulations, and is driven by diurnal atmospheric periodicity.
We present 6 hours of comparison with height-matched underdense specular
echoes observed at Fort Macon with simulations which include either perpendicular
or parallel diffusion. This shows modeling turbulent plasma produces stronger
agreement with observations than modeling neglecting turbulent diffusion.

iii

Table of Contents

List of Figures

vi

List of Tables

ix

Acknowledgments

x

Chapter 1
Summary and Thesis Description

1

Chapter 2
Meteor Background
2.1 The Beginning of Meteor Detection . .
2.1.1 Terminology . . . . . . . . . . .
2.1.2 Pre-1900 . . . . . . . . . . . . .
2.1.3 Circa 1900 and onward . . . . .
2.2 Meteor Trail Dynamics . . . . . . . . .
2.3 Current Meteor Studies: 1992-Present .

.
.
.
.
.
.

4
4
4
4
6
9
11

Chapter 3
The Role of Atmospheric Parameters in Non-Specular Meteor
Trail Evolution
3.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.2 The Meteor Echo Atmospheric Dependent (MEAD) Numerical Model
3.3 MEAD numerical model trends . . . . . . . . . . . . . . . . . . . .
3.3.1 Velocity Variability . . . . . . . . . . . . . . . . . . . . . . .
3.3.2 Temporal Variation . . . . . . . . . . . . . . . . . . . . . . .
3.3.3 Entry Angle Variability . . . . . . . . . . . . . . . . . . . . .
3.3.4 Mass Variability . . . . . . . . . . . . . . . . . . . . . . . . .

14
15
16
20
20
21
23
23

iv

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

3.4
3.5

3.6

Radar Setup . . . . . . . . . . . . . . . . .
Observational Techniques . . . . . . . . . .
3.5.1 Simulation Duration Measurements
3.5.2 Data Measurements . . . . . . . . .
Analysis and Discussion . . . . . . . . . .

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

Chapter 4
Derivation of Radar Echo Theory for Underdense Meteor
4.1 The Radar Equation . . . . . . . . . . . . . . . . . . . . . .
4.2 Underdense Meteor Trails . . . . . . . . . . . . . . . . . . .
4.2.1 Fresnel Zones and Underdense Equation . . . . . . .
4.3 Diffusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Chapter 5
Turbulence and Simulating Underdense Specular Echoes
5.0.1 Turbulent Diffusion . . . . . . . . . . . . . . . . . . .
5.1 Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.1.1 Line Density Estimation . . . . . . . . . . . . . . . .
5.2 Data Analysis . . . . . . . . . . . . . . . . . . . . . . . . . .
5.3 Analysis and Discussion . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

24
26
27
27
28

Trails
. . . .
. . . .
. . . .
. . . .

38
38
42
43
45

.
.
.
.
.

47
47
49
50
50
56

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

Chapter 6
Conclusions and Future Work
60
6.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
6.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
Bibliography

63

v

List of Figures
2.1

2.2

2.3

3.1

3.2

3.3

3.4

Plate 5 from Hey et al. (1947) reproduced in M athews (1999). An
early RTI plot which also includes a head-echo and a subsequent
trail echo. The head-echo is the small diagonal line from roughly
107-102 km occurring between 4-5 s. . . . . . . . . . . . . . . . . .
A power map showing examples of specular and non-specular echoes
taken from 07:55 - 08:00 UT on 25 June 2001. Left axis indicate
radar ranges where the viewing directions from Fort Macon radar
crosses the Earth’s magnetic field at an angle of 90 degrees. Notice
that the smearing of the non-specular echoes are due to saturation
of the barker code. . . . . . . . . . . . . . . . . . . . . . . . . . . .
Sample radar returns of overdense and underdense meteor trail echo
shapes. The horizontal axis is a measure of time, divided by the
radar inter-pulse period (IPP), while the vertical axis is signal-plusnoise [V 2 ]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
An artificial radar RTI as if a meteor entered the atmosphere and
ablated at Fort Macon, (34◦ N, 76◦ W ) at 20:00 LT (0:00 UT) on 25
June 2001, weighing 1 microgram, traveling 30km/s. The color bar
indicates growth rate (1/s). This figure illustrates how maximum
trail duration is measured from a simulated RTI plot. . . . . . . .
Estimates of nominal absolute geocentric meteor velocities for Fort
Macon, North Carolina June 2001 (Fentzke, Personal Communication, see (Janches et al., 2006)(F entske et al. 2008) for further
information on the model). These velocities were used during the
numerical simulations. . . . . . . . . . . . . . . . . . . . . . . . .
Estimates of nominal entry angle for Fort Macon, North Carolina
June 2001 (Fentzke, Personal Communication, see (Janches et al.,
2006)(F entske et al. 2008) for further information on the model).
These entry angles were used during the numerical simulations. .
Trail duration as a function of incoming absolute geocentric velocity.
We see a peak at roughly 25 km/s. . . . . . . . . . . . . . . . . .
vi

7

8

11

.

17

.

18

.

19

.

21

3.5

3.6
3.7

3.8
3.9

3.10
3.11

3.12
3.13

3.14

3.15

The effect of the atmospheric parameters on time. As with Figures 3.8 & 3.6, the default parameters are 26 June 2001 0 hour
(UT), 45◦ entry angle, 35 km/s incoming meteoroid velocity, an
initial mass of 1 µg and a latitude and longitude at Fort Macon,
North Carolina (34◦ N, 76◦ W ). In this series of simulations UT is
allowed to vary thus allowing the atmospheric parameters to vary
with everything else held constant. . . . . . . . . . . . . . . . . .
Trail duration as a function of entry angle. We can see a decaying
effect until roughly 85 degrees when we see a drastic increase. . .
Mass exponent, 2 corresponding to 1 µg, 3 corresponding to 10 µg,
etc has an exponential effect on trail duration. Met exponent 1 has
a duration of roughly 3 seconds. . . . . . . . . . . . . . . . . . . .
Google Earth visualization of Fort Macon radar geometry. . . . .
If we look at the entire meteor echo, usually the max power is so
high that the trail duration is misleading (top). By setting a cap to
the signal, close to noise level (usually approximately 3000 in this
data set), we can see more accurately when the trail echo returns
down to noise level, and make a more accurate prediction of trail
duration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
The similarity of electron density from 0 range, 200 to 600 km range,
we can see no significant change over the entire 62-hour duration.
The similarity of neutral temperature from 0 range, 200 to 600
km range, we can see no significant change over the entire 62-hour
duration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
The similarity of horizontal wind from 0 range, 200 to 600 km range,
we can see no significant change over the entire 62-hour duration.
A 20 minute segment of data from Fort Macon. The time ranges
from 10:00 to 10:20 UT, which corresponds to 6:00 til 6:20 LT.
Events used in contribution to this analysis are circled. We search
for any events with a SNR of -3 dB or higher. . . . . . . . . . . .
The simulated trail duration (black) versus the averaged trail durations from Fort Macon (white) from 19:00 06/25/2001 til 15:00
06/28/2001. The gap in the data from 6:00 to 9:00 LT is due to a
data loss during that period. . . . . . . . . . . . . . . . . . . . . .
The simulated trail duration, only allowing atmospheric parameters
to vary, as per Figure 3.5, shown in black versus the averaged trail
durations from Fort Macon (white) from 19:00 06/25/2001 til 15:00
06/28/2001. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

vii

.

22

.

23

.
.

24
26

.

29

.

30

.

31

.

32

.

33

.

33

.

34

3.16 Simulations shown with subsequent plots of specific atmospheric
effects to emphasize which parameters have the most significant
effects on the trail duration. All times are in local time (LT). Units
for electron density are Ne/m−3 , neutral temperature in K, and
horizontal winds are in m/s. . . . . . . . . . . . . . . . . . . . . . .
4.1

4.2
4.3

4.4
5.1
5.2

5.3
5.4
5.5

5.6

An isotropic reflector/radiator. Figure (a) assumes that the radiation is spherically uniform in all directions, and as the radius
1
increases, the amount received in a given area drops off as 2 . . .
r
An isotropic reflector/radiator which encounters a reflecting body.
This figure illustrates the the gain function. . . . . . . . . . . . .
A cartoon based on M cKinley (1961). This figure illustrates the
geometry of the meteor trail column which intersects with the radar
beam leading to the fundamental underdense radar equation derived
in this chapter. The path s described between R0 and R will be
what is known as a Fresnel zone. . . . . . . . . . . . . . . . . . .
The C and S fresnel integrals in graphical form. . . . . . . . . . .

37

.

39

.

40

.
.

43
45

Flow chart of numerical model. . . . . . . . . . . . . . . . . . . . .
Illustration of how we estimate the line density. Height ranges from
one Fresnel zone on either side of the height where the radar kvector is perpendicular to the trail are collected and line densities
from these height ranges are averaged to produce a single average
line density throughout the trail. . . . . . . . . . . . . . . . . . . .
Sample output from MEAD2 numerical model. This sample was
run for the Coqui campaign, in Salinas, Puerto Rico in March 1998.
Sample underdense event. This figure illustrates where the beginning and end times of an underdense echo are measured. . . . . . .
Comparison of underdense trail duration with height-matched simulation durations for hours 6-8:00 UT. The left-hand column compares with perpendicular trail diffusion, and the right-hand column
compares with parallel trail diffusion. Mass is approximated at 1
µg for all simulations. . . . . . . . . . . . . . . . . . . . . . . . . . .
Comparison of underdense trail duration with height-matched simulation durations for hours 6-8:00 UT. The left-hand column compares with perpendicular trail diffusion, and the right-hand column
compares with parallel trail diffusion. . . . . . . . . . . . . . . . . .

52

viii

53
54
55

58

59

List of Tables
3.1
5.1

Summary of radar parameters utilized between 25 June and 3 July
2001 in Fort Macon, North Carolina. . . . . . . . . . . . . . . . . .

25

A comparison between the average duration difference between simulation and measured event. The difference from each event and
matched simulation were calculated and averaged to produce each
entry in the chart. . . . . . . . . . . . . . . . . . . . . . . . . . . .

57

ix

Acknowledgments
I would like to acknowledge first and foremost my wife Kiersten for her non-stop
tenacious support throughout my time at PSU. Without her this would have been
an impossible task.
Secondly, Dr. Lars Dyrud and Dr. Julio Urbina were essential to the process
of starting me on this project and helping me on its way to completion.
Siming Zhao also provided me with some MATLAB analysis tools without
which this research would have been much more difficult.
Dr. Diego Janches and Dr. Jonathan Fentzke also provided simulations of
meteor trail velocities shown in Chapter 2.
And finally Dr. David Meisel and Dr. John Mathews for getting my foot in
the door.

x

Dedication

This is for me. I couldn’t have done it without you.

xi

Chapter

1

Summary and Thesis Description
The field of meteor science requires expert knowledge from a variety of disciplines
including astronomy, signal processing, electromagnetics, plasma physics, radar
science, Earth science, and detection theory. The ability to monitor the activity of
bodies a microgram in size hundreds of kilometers above the surface of the Earth
requires precision, which demands a full understanding of the system. Meteor
science tests our understanding of all these topics, which must work in tandem
to explain such a complicated problem. By showing an understanding of meteor
trail behaviour, scientists show that our current theories in these fields can remain
robust in such complex conditions.
Meteor science also has implications on being able to predict global warming
and space weather. As we will encounter in Chapter 2, which provides the uninitiated reader with a background and history of meteor science, meteors also provide
radio disruption, and so an understanding of this phenomenon is critical to clear
communications.
The main subject of this thesis relies on the ability of numerical models to
accurately predict observed events. We have developed numerical models that are
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able to elucidate the driving factors of meteors and apply them to the prediction
and understanding of meteor trail echoes.
We present two separate meteor simulation types: non-specular trail echoes
and underdense specular echoes. Both models simulate meteor echoes by taking
advantage of current atmospheric models and integrating background atmospheric
parameters into instability calculations, line density approximations, and diffusion
coefficient calculations.
Non-specular and underdense specular meteor simulatios are compared against
observations from Fort Macon, Atlantic Beach, North Carolina (34◦ N, 76◦ W ) between 26-28 June 2001. This radar was characterized by a k ⊥ B geometry,
allowing for both specular and non-specular events to be observed. As trail duration is sensitive to both physical and atmospheric parameters, it is the ideal test
to show any disagreement between simulations and observations.
The basis of these comparisons is trail duration, as it is the most variable,
thereby showing the most obvious disagreement, if simulated incorrectly.
The non-specular analysis in Chapter 3 compares an ideal trail simulation for
a given hour against the average of the five longest trails observed during the same
hour. We compare trail duration this way for 62 hours between 21:00 25 June 2001
to 10:00 28 June 2001, local time (LT). The duration of this study, roughly two
and a half days, allows us to see a diurnal variability in trail duration evident in
the observations which is mimicked in the simulations. We go on to show that the
atmospheric parameters used in the simulations share this diurnal variability, and
as such are critical to the evolution of meteor trails.
Chapter 4 derives the underdense specular radar equation which provides the
basis for the underdense specular simulations and analysis of turbulent diffusion
described in Chapter 5.
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In contrast to the non-specular trail echo analysis discussed in Chapter 3, the
underdense specular analysis of Chapter 5 focuses on the diffusion of the meteor
plasma column. We show that turbulent diffusion moves parallel to the geomagnetic field, and when incorporated damps the signal much faster, creating a shorter
echo. Alternatively, perpendicular geomagnetic diffusion neglects turbulence, and
allows a longer diffusion time, resulting in longer echoes. We compare heightmatched simulations against 136 individual observations between 2-7:00 LT, on
26 June 2001. Both graphical and statistical analysis shows a much stronger correlation with turbulent diffusion, providing evidence that turbulent diffusion is a
driving factor in the progress of meteor trails.
Final remarks and thoughts on how this work can be improved in the future
are explained in Chapter 6.

Chapter

2

Meteor Background
2.1
2.1.1

The Beginning of Meteor Detection
Terminology

Before we begin to discuss the history of meteors, it would be useful to establish a few key terms. First, a meteoroid is a non-earthbound, roughly spherical
body encompassing objects of vastly different sizes ranging from sand/dust sized
particles on the order of micrograms to bodies kilometers in diameter. When a
meteoroid enters the Earth’s atmosphere, it is known as a meteor. If the meteor
survives to Earth’s surface, it is called a meteorite. Occasionally meteors in the
atmosphere heat up to the point of becoming a fireball, observable from Earth’s
surface, referred to as a bolide event.

2.1.2

Pre-1900

Meteors and meteorites, in ancient times, were considered an omen (Bjorkman,
1973). As our predecessors turned their eyes to the stars, with virtually no light

5
pollution, surely the notion of a meteor shower, or at that time simply seeing luminous streaks across the sky, must have been a confusing sight. We now know
that bolides and meteorites are not signs from the divine, but rather stony or
metallic bodies careening across our solar system which have now entered Earth’s
atmosphere. Aristotle (350 B.C.E.) attempted to explain this phenomenon in
M eteorology. He thought that comets actually originated from our upper atmosphere, and thus were a totally upper atmospheric phenomenon. The notion that
meteoroids were not atmospheric in origin, but rather an extraterrestrial phenomena was proven when Edmund Halley published Observations of the Moon in 1670
from which the trajectory of Halley’s Comet was calculated, using only telescopic
observations.
Perhaps the most famous meteor event in history, marking the birth of meteor
science began on 13 November 1833 (Brown, 1999). This was the Leonid shower,
which was massively observed across North America and reports of meteors in
scientific journals, e.g. Olmsted, (1834), occurred for the first time. The Leonid
shower derives its name from the mistaken notion that it’s point of origin is the
constellation Leo, which is the shower’s visual center by an earthbound observer.
The actual source of this shower is the comet 55P/Tempel-Tuttle, whose orbit
periodically passes the Earth every 33 years. Predictability of its spectacular
showers have allowed a multitude of meteor studies and publications. This also
marks the origin of the study of periodicity in meteoric behaviour which will feature
largely in this research.

6

2.1.3

Circa 1900 and onward

McKinley (1961) indicates that original meteor count studies were done visually,
by humans. Observers would find an area with minimal light pollution, and scientists would sit or lay in a circle, facing upwards, and count any events they could
observe. The circular observation setup allowed for a larger amount of sky to be observed. Thus, preliminary measurements of meteors were simply frequency counts.
These observations could be made more accurate by use of telescopes, binoculars,
or cameras, i.e. optical methods, but the only data available to scientists were
“radiant positions hourly rates and magnitude distributions” (M cKinley, 1961).
Meteors have been photographed as early as the 1890’s but are generally found in
pictures which had been taken for sky patrols or other military reasons. However,
as M cKinley (1961) indicates, these methods are all passive methods, in other
words they entirely depend on energy which is emanated from the meteor itself.
The alternative observation technique, the active method, utilizes energy from an
outside source to be reflected off the body or its surrounding plasma and then collected to produce a visualization of the meteor. Radar reflection, the observational
method employed in this thesis, is an active method.
Mathews (1999) finds that the earliest work published on a radio science approach to meteor studies is from Nagaoka (1929), which refers to meteors as a
‘radio disturbance’. As meteor trails interrupted radio communication, the phenomenon garnered some attention in hopes to either rectify it or find a way to
circumvent it. Thus began the original impetus of meteor studies.
N agaoka (1929) suggested meteor events occurred roughly 100 km above the
Earth’s surface. This coincides with a layer of the ionosphere, roughly 90-150
km in altitude known as the Kennelly-Heaviside layer, based on its independent
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discovery by both Oliver Heaviside and Arthur Kennelly, as a layer of ionized gas
known to reflect radio waves. It is at these altitudes that radars tend to both
patrol and observe meteor events, as they rarely occur above this layer, due to a
lack of ionized gas, and infrequently occur below since most particles will burn up
J.D. Mathews / Journal of Atmospheric and Solar-Terrestrial Physics 66 (2004) 285 – 299

in this region and do not survive to lower altitudes.

Figure 2.1. Plate 5 from Hey et al. (1947) reproduced in M athews (1999). An early
Fig. 1. Plate 5 from Hey et al. (1947) similar to Plate 3 of Hey
RTI plot which also includes
head-echo
a subsequent
trail echo. The head-echo is
and Stewarta(1947)
showing and
a 55 MHz
radar meteor displaying
both
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and an107-102
associated km
complex
anomalous between
trail-echo. 4-5 s.
the small diagonal line
from
roughly
occurring
Fig. 3. Fig. 9 of Hey and Stewart (1946) showing

The first

Note that the lower trail-echo likely corresponds to a terminal
of the anomalous trail-echoing regions.
event. These Plates show the earliest published vertical-pointing,
VHF radar head-echoes in modern RTI format thus
meteor high-power
observations
via radar were drastically different from current
heralding “modern” meteor radar techniques.

At thisIntensity
historical stage—the late 1940s—
methods. Present day meteor studies are visualized by a Range-Time

to be explored in this paper have been
introduced. We next brie!y follow the
large
majority
of
radar
meteors
cluster
near
the
expected
(RTI) plot, shown in antiquated
form in Figure 2.1 and in modern
form in Figideas concerning the head-echo to recen
angle of 90◦ , a substantial number of meteors—especially
McKinley and Millman (1949) invoked
that exhibit head-echoes on the RTI display—do not.
ure 2.2. Altitude or those
range
of the observations are shown on the vertical
axis,
with radiation in product
e"ects and
ultraviolet
They point out that the head-echo moves with the speed of
meteor head- and trail-ionization region
the meteoroid and that the scattering mechanism is likely
time on the horizontal
andtarget.
the Interestingly
intensity they
of the
usually
plotted
in a color
Kaiser (1953)
proposed that the head-echo
that axis,
of a point
also echo
speculate
that
of
standard
di"raction theory scattering fr
the cause of the anomalous trail echo is that the trail breaks
(conductor)
discontinuity
at the develop
contrast scheme. This
allows
the full clouds
evolution
of any
meteor
detected
by
up into
small expanding
of ionization
that also
scat- events
semi-in#nite meteor trail. They also sug
ter as point targets and, more importantly, have a wide scatmeteor echoes” arise from pla
pattern. Their Fig.at9,their
given here
as Fig. 3, illustrates
radar to be observedtering
simultaneously,
respective
height gates.“anomalous
This technolities associated with visual !ares in bright
this point.

ogy has only been around in a large scale capacity for roughly the last two decades,
when computing power became a viable way of both storing and presenting data.
Hey and Stewart (1947) report what M athews (1999) refers to as the first
modern-radar observations of meteors. They provide visual meteor events by way
of somewhat primitive versions of RTI plots using film, as shown in Figure 2.1.
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Since the 1950s radar has become the dominant form of observing meteor
echoes. Thousands of radars have been built with the major purpose of studying meteors and other atmospheric phenomena. A few major installations include
the Arecibo Observatory in Puerto Rico, The Jicamarca Radio Observatory (JRO)
in Peru, the MU radar at Kyoto University in Shigaraki, Shiga prefecture, Japan,
and PFISR in Poker Flats, Alaska.
As early as 1961, it was estimated between one to two hundred million visible
meteors ablate each day in the upper atmosphere (M cKinley 1961). We now
know that there are billions of daily micrometeor events globally. Micrometeors
are unique because of their large surface area relative to their mass, typically
measured in micrograms (M cKinley 1961), and will be the focus of this thesis.
Current estimates indicate that roughly 100 kilotons of micrometeor debris enter
Earths atmosphere every year (M athews et al., 2001; Ceplecha et al., 1998).
Specular Meteor Events

Non-Specular Meteor Events
Figure 2.2. A power map showing examples of specular and non-specular echoes taken
from 07:55 - 08:00 UT on 25 June 2001. Left axis indicate radar ranges where the viewing
directions from Fort Macon radar crosses the Earth’s magnetic field at an angle of 90
degrees. Notice that the smearing of the non-specular echoes are due to saturation of
the barker code.
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2.2

Meteor Trail Dynamics

Chapin and Kudeki (1994) originally theorized the primary cause for radio reflection was the plasma trail the incoming meteor leaves in its wake. This instability
causes what became known as non-specular trail echoes (NSTEs). Small-scale
plasma turbulence is crucial to evolution of phenomena in the ionosphere, including ablation and creation of ionized trails from incoming micrometeors (Dyrud,
2004). As a meteoroid enters Earths atmosphere, it begins to collide with atmospheric particles, thereby heating up the meteoroid (Badger, 2002). As the
meteor temperature increases, surface molecules begin to boil off, a process called
ablation (M cKinley, 1961). These ablated particles collide with other molecules,
causing the release of electrons and production of ions. As the meteor travels down
through the atmosphere, it creates columns of ionization (Badger, 2002), a process
that generally lasts a millisecond or less (Jones, 1995). These electrons oscillate
in the presence of an electric field, giving them a large scattering coefficient, making them heavily radar reflective (M cKinley, 1961). When an unstable meteor
trail produces plasma waves, they remain reflective until the trail diffuses (Dyrud,
2005).
Now that we have described the dynamics of a meteor in the upper atmosphere,
we can now begin to describe different types of echoes. Meteors trail echoes are
characterized by three primary types: the head echo, specular and non-specular
trail echoes.
One of the features of the RTI plot shown in Figure 2.1 is the head echo, which
is produced by the reflections immediately in front of the descending meteoroid,
allowed for the calculation of incoming meteoroid velocities. The head echo on an
RTI plot looks like a small diagonal line which then is sometimes followed by a
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trail echo. A paper entitled “The Meteoric Head Echo” (M cIntosh, 1961) indicates
that there had been some controversy as to the source of the head echo for some
time. As per the paper, current definitions were as vague as “instantaneous echo
apparently moving with the velocity of the meteor” and “a moving echo having
no appreciable enduring characteristics, and with a range-time motion apparently
corresponding to the geocentric velocity of the meteor”. This paper settled the
dispute of the origins of the head echo by showing it is the result of a “coma of
ionization” around the meteor.
Specular echoes are defined by a plasma trail containing a backscattered wave
vector approximately normal to the axis of a slowly diffusing, quasi-cylindrical
plasma trail (Dimant and Oppenheim, 2006). They can be split into two subcategories, underdense and overdense specular echoes. They are differentiated by
their reflection types. Overdense trails have a metallic type of reflection, as the
plasma frequency is higher than the radar frequency. Underdense echoes individually scatter electrons. M cKinley (1961) sets an upper limit on an underdense trail
to be 1014 electrons per meter. An electron line density larger than this usually
produces an overdense reflection.
Underdense echoes are characterized by a steep rise in power followed by an
exponentially decaying fall, as depicted in Figure 2.3a. Ideally, these echoes also
vary sinusoidally during their decay, as we will see simulated in Chapters 4 & 5.
They do not tend to last longer than a half a second.
Overdense echoes do not share this shape. Because this echo type is generally
caused by brighter reflections with higher electron density, they tend to last longer
and are thus subject to deformation by background winds. As seen in Figure 2.3b
this deformation makes the exponential trail look more uniform, sometimes creating a horseshoe shape.
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Figure 2.3. Sample radar returns of overdense and underdense meteor trail echo shapes.
The horizontal axis is a measure of time, divided
  by the radar inter-pulse period (IPP),
while the vertical axis is signal-plus-noise V 2 .

Non-specular echoes (NSTEs) originate from small-scale electron density irregularities caused by turbulent plasma. NSTEs are radar reflective when these waves
form field aligned irregularities (FAI), i.e. moving parallel to the Earths magnetic
field. We can see several examples of both specular and non-specular echoes in
Figure 2.2. Non-specular echoes are also referred to as range-spread trail echoes
(RTSEs) (M alhotra, 2007). We will retain the non-specular nomenclature as it is
more commonly used by the meteor science community.

2.3

Current Meteor Studies: 1992-Present

The time period between 1992-1997 yielded major advances in Mesosphere Stratosphere Tropospheric (MST) radar studies. This was heavily influenced by the
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major technological developments having to do with computers. Hocking (1997)
cites that this is the beginning of the era of “low-power low-cost” radar. These
radars are relatively inexpensive (roughly $250,000.00) and are capable of running
unattended for vast durations of time and do not require user modification. They
are particularly effective in deriving seasonal variability, as they can create large
data sets for observing long-term trends, ranging from months to years. Their
main drawback is that they operate on relatively reduced power, on the order of
10 kW peak power. With computers becoming a viable way to both store and
visualize data, this meant that digital mass data storage could be taken advantage
of and that enormous data sets could be studied with ease.
When Chapin and Kudeki (1994) put forth the notion that the primary cause
for radio reflection was in fact the turbulent plasma left in the wake of the incoming
meteoroid, radar became the ideal tool to study meteor trails. Combining this
with the ability to build low-cost unmanned radars, an increased radar population
stimulated advances in meteor theory.
Chapin (1996) reported that when measuring head echo counts that there is
a severe dropoff in the amount of meteor events observed after sunrise compared
with the amount counted before sunrise. This contributed to the theory that
there is a periodicity to the amount of events that occur or how long they last.
Recently, Oppenheim et al. (2008) drew specific attention to the diurnal variability
of non-specular echoes at Jicamarca Radar Observatory (JRO). Before dawn, 341
non-specular trails were observed for 1288 head echoes and only 81 trails for 1240
head echoes after dawn. This continues the study of daily trends and variability
in meteor behaviour that serves as the foundation and motivation for this analysis
as well as the continued search for predictable periodicity in meteor data.
The advent of computer usage and fast processing time not only allowed for
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observational processing, but made the possibility of numerical simulations a reality. Dyrud (2004) produced a model to simulate head-echoes and ensuing NTSEs
which incorporates background atmospheric models, and will be featured in the
analysis in Chapter 3. Hinrichs et al. (2009) has used this model to draw conclusions about physical meteoroid parameters the periodicity of meteoroid populations
at the equatorial JRO location. Other models exist which simulate interference
patterns as a result of meteor fragmentation (M athews 2010).
This thesis serves to continue the merging of the observational and simulation
fields. By providing two separate analyses and explicitly comparing simulations
with observation, we elucidate critical trends evident in the evolution of meteor
trails, specifically the role of atmospheric parameters and turbulent diffusion.

Chapter

3

The Role of Atmospheric
Parameters in Non-Specular Meteor
Trail Evolution
The general purpose of this chapter is to explore the degree to which the atmosphere is implicit in the evolution of NTSEs. By comparing trail durations of radar
observations against a numerical model which explicitly integrates atmospheric
modeling, we illustrate the importance of Earth’s atmospheric contributions to
our ability to predict the evolution of these trails.
Maximum trail duration of non-specular echoes has been used to draw conclusions concerning quantitative effects of physical parameters including incoming
velocity, initial meteoroid mass and entry angle, as well as correlating trends such as
more frequent nighttime trail observations (Hinrichs et al., 2009). Hinrichs et al.
(2009) has specifically analyzed a 24 hour meteor simulation for the JRO location.
Inclusion of an electrojet drift model showed that the magnitude of the electrojet
drift, diurnal variation in nominal meteor velocity, and day night changes in con-
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ductivity strongly modulates trail duration at the equator. Thus, recent findings
have shown that numerical modeling is capable of accurately integrating background parameters and predicting diurnal variability present in meteor data. In
this chapter we conduct analysis of trail durations outside of the special conditions
of the magnetic equator, at mid-latitudes.

3.1

Background

As explained in Chapter 2, non-specular trails are a field-aligned irregularity, and
are observed when k ⊥ B. Because the plasma is in the presence of a magnetic
field, the trail is subject to a variety of drift velocities and diffusion rates associated with plasmas, e.g. E×B drift, diamagnetic drift (Chen, 1984), and FarleyBuneman gradient drifts (FBGD)(Buneman et al., 1963, F arley, 1963). As the
plasma diffuses, we are able to observe the duration over which it is unstable. The
geomagnetic field is not the only factor to play a role in the evolution of these
trails. Background winds can move the plasma in a variety of directions, which
can result in a visible change in altitude of reflections. As we will illustrate in
this chapter, neutral temperature and background electron density also play vital
roles in the evolution of these trails. A distinct correlation has been shown in the
periodicity of the duration of NSTE data, collected from Fort Macon, NC, in 2001,
with simulations from the numerical model. From these correlations we are able
to demonstrate the degree to which these background atmospheric parameters are
crucial to explaining the behaviour of these trails.
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3.2

The Meteor Echo Atmospheric Dependent
(MEAD) Numerical Model

The original version of the Meteor Echo Atmospheric-Dependent (MEAD) model
(Dyrud, 2004) has been used to analyze meteor trail evolution in a variety of
publications (Dyrud, 2005, Hinrichs et al., 2009). It has been modified to include
more recent atmospheric models, specified below. The MEAD model is designed
to be sensitive to physical meteor parameters such as incoming meteor velocity,
entry angle, and meteor mass, as well as integrating atmospheric wind, electron
density and neutral temperature models into plasma stability calculations. These
atmospheric models allow the MEAD simulations to produce output sensitive to
both location on Earth as well as what time, e.g. year, day, hour, the event takes
place.
The primary output of the MEAD model is a simulated radar RTI plot of a
head-echo and its resulting non-specular trail, modeled as a turbulent plasma column (Dyrud, 2005). The RTI plot is indicative of the average trail produced during
a given hour at a specific location, given specific physical values, making the assumption that the general atmospheric conditions do not vary significantly over the
course of an hour. Since non-specular echoes occur so long as the trail is reflective,
the MEAD continuously tests the stability of the trail, and the ranges over which
it remains reflective (Dyrud, 2004). It is assumed that the radar beam is perpendicular to the geomagnetic field (Dyrud, 2005). This assumption works because
the majority of long duration echoes emanate from the region of the radar beam
that is perpendicular to the geomagnetic field (Zhou et al., 2001, M alhotra et al.,
2007). A sample simulated RTI is shown in Figure 3.1.
The input atmospheric parameters used in the MEAD model are obtained from
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Max Trail Duration

Figure 3.1. An artificial radar RTI as if a meteor entered the atmosphere and ablated at Fort Macon, (34◦ N, 76◦ W ) at 20:00 LT (0:00 UT) on 25 June 2001, weighing
1 microgram, traveling 30km/s. The color bar indicates growth rate (1/s). This figure
illustrates how maximum trail duration is measured from a simulated RTI plot.

the following sources: 1) the International Reference Ionosphere 07 (IRI07) model
is used to produce electron density estimates (Bilitza et al., 2008), 2) neutral temperature values produced via Mass Spectrometer Incoherent-Scatter (MSISE90)
(Hedin et al., 1988; Labitzke, 1985), and 3) the horizontal wind modeling from
the Horizontal Wind Model (HWM07) model (Drob et al., 2008; Emmert et al.,
2008). MSISE90 was used as opposed to MSISE00 since no major revisions were
made to physical parameters used in this comparison. Modeling characteristics
include: latitude, longitude, time of day, day, and year; and the MEAD model
is sensitive to the following physical meteoroid input parameters: mass, incoming
velocity, entry angle, and meteor composition. In contrast to the precise time and
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Figure 3.2. Estimates of nominal absolute geocentric meteor velocities for Fort Macon, North Carolina June 2001 (Fentzke, Personal Communication, see (Janches et al.,
2006)(F entske et al. 2008) for further information on the model). These velocities were
used during the numerical simulations.

location to be used in the simulations, the physical parameters of the incoming
meteoroids are approximated in a variety of ways.
Due to the Earths rotation, we expect the nominal incoming absolute geocentric
meteoroid velocity to vary as a function of local time during simulations (Sulzer,
2004). This effect is illustrated in Figure 3.2, (Janches et al., 2006) which predicts
the nominal absolute geocentric velocities of incoming meteoroids at Fort Macon,
North Carolina during a 24-hr period in June 2001. Meteoroid velocity is a critical
variable in the calculation of plasma instability, as the initial radius of trail thermalization is heavily dependent on velocity (Dyrud, 2004). Figure 3.4 illustrates
the degree to which velocity plays a role in the duration of non-specular echoes.
Such a large variability shown over the velocity range shows that meteoroid velocity
precision is critical to accurately predicting the duration of these trails. It is these
estimates for velocity and entry angle, shown in Figures 3.2 & 3.3, respectively,

19

 !!










   















        





 

Figure 3.3. Estimates of nominal entry angle for Fort Macon, North Carolina June 2001
(Fentzke, Personal Communication, see (Janches et al., 2006)(F entske et al. 2008) for
further information on the model). These entry angles were used during the numerical
simulations.

that are used in this analysis.
Parameters that the MEAD model neglects, are features intrinsic to the physical
radar, such as aspect sensitivity and radar beam shape. This is addressed in
Dyrud et al. (2007) as being second-order features and should be added, but are
not of chief importance at this stage, as primary features should be dealt with
and understood before other factors begin to be included. The composition of
the meteor has been taken into account as well, selected as stony, which assumes
45% oxygen, 15% iron, 9% magnesium, and 31% silicon (Lebedinets et al., 1973).
Composition is used to determine the line density of the ionized column behind the
meteor trail, this setting can be changed to accommodate alternate percentages of
these elements.
After simulating at a variety of different mass estimates, a mass of 1 microgram
was chosen. Meteoroids of higher simulated mass produce exponentially longer
trails, which are not evident in our data, providing unrealistic simulations and
thus discounting them for this comparison (Dyrud et al., 2007). This can be seen
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in Figure 3.8, to be discussed in more detail below. A 10 µg meteor produces trails
in the range of roughly 250 seconds. We see few of this echo-type over the course
of the day. Likewise, meteors of .1 µg mass produce trails of peak length 3 seconds,
which is much too short for the types of trails we are detecting.

3.3

MEAD numerical model trends

Certain trends are shown by simply isolating parameters and varying them in
controlled conditions. By understanding the performance of a given parameter,
we gain insight in how to deduce which parameters have a large effect on trail
duration, and which approximations have the largest impact and greatest need for
accuracy. Our default settings, which are held constant unless a given parameter
is allowed to vary, are as follows: location is set to Fort Macon, North Carolina
(34◦ N, 76◦ W ), velocity is set to 35 km/s, mass is set at 1µg, entry angle is set to
45◦ , and the time is set to 26 June 2001 0:00 hour (UT).

3.3.1

Velocity Variability

The velocities used by the MEAD model are absolute geocentric velocities. Velocity
varies heavily over the course of 24 hours as shown by the estimates in Figure 3.2.
Velocity plays a critical role in the periodicity evident in the trail duration, due
to the heavy sensitivity to this parameter. Figure 3.4 shows the degree to which
trail duration varies as a function of velocity. We can see that at our minimum
and maximum allowable velocities there is a decrease in trail duration, with a peak
occurring at roughly 25 km/s. The curve quickly grows from 15 km/s, and then
more slowly decays down to only a few seconds at 70 km/s. This occurs because
slower meteors will exchange less energy with background atmospheric particles,
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Figure 3.4. Trail duration as a function of incoming absolute geocentric velocity. We
see a peak at roughly 25 km/s.

thus taking longer to ablate and boiling off ions and electrons at a rapid rate,
leaving little to be detected by the radar. Likewise, faster meteors leave ions and
electrons over a much longer range, thus spreading out the amount of electrons
which will be radar reflective. An equilibrium is met between 25-30 km/s, where
we see substantially long trail duration.

3.3.2

Temporal Variation

As we analyze 62 hours worth of data, which spans the course of almost 2.5 days,
we will see a recurring periodicity in the numerical predictions, which is due to
our temporal variation. When the hour is set in the MEAD model, this changes
the atmospheric parameters, whose diurnal variability is shown in Figure 3.5 showing that upper atmospheric background characteristics change drastically over the
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Figure 3.5. The effect of the atmospheric parameters on time. As with Figures 3.8
& 3.6, the default parameters are 26 June 2001 0 hour (UT), 45◦ entry angle, 35 km/s
incoming meteoroid velocity, an initial mass of 1 µg and a latitude and longitude at Fort
Macon, North Carolina (34◦ N, 76◦ W ). In this series of simulations UT is allowed to vary
thus allowing the atmospheric parameters to vary with everything else held constant.

course of 24 hours. Ignoring this hour-to-hour variability in trail duration would
significantly change the outcome of our simulations. Reasons for variation in the
upper atmosphere can be related to the change in conditions between day and
night. When the sun shines on the atmosphere, the photons ionize the atmospheric particles a great deal, corresponding to an increase in electron density.
During night hours, the lack of photons likewise corresponds to a decrease in electron density.
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Figure 3.6. Trail duration as a function of entry angle. We can see a decaying effect
until roughly 85 degrees when we see a drastic increase.

3.3.3

Entry Angle Variability

The angle at which the meteoroids enter Earth’s atmosphere impacts the trail
duration due to an increased ablation time.At steeper entry angles, the meteoroid
will have been in the atmosphere longer, corresponding to more of the meteor
having ablated by the time it crosses the radar beam. We can see this decay in
Figure 3.6.

3.3.4

Mass Variability

Mass is defined in the MEAD model by setting what is referred to as a mass
exponent. This simply refers to the order of magnitude of which mass is to be
simulated. For example, a mass exponent of 2 corresponds to a 1µg meteor. Like-
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Figure 3.7. Mass exponent, 2 corresponding to 1 µg, 3 corresponding to 10 µg, etc
has an exponential effect on trail duration. Met exponent 1 has a duration of roughly 3
seconds.

wise, a mass exponent of 1 corresponds to a .1µg meteor simulation. Since we are
observing changes in mass by orders of magnitude, we see the trail duration change
exponentially. Figure 3.8 illustrates the exponential effect that we see in the trail
duration by changing the massEXP parameter.

3.4

Radar Setup

The University of Illinois Portable Radar was installed at Fort Macon, Atlantic
Beach, North Carolina, (34◦ N, 76◦ W ) to study meter-scale E-Region plasma density irregularities. The antenna array consisted of two-phase subarrays of four 24element collinear coaxial (COCO) strings separated by 50 m in the East-West direc-
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Location
(34.696 N, 76.689 W)
Frequency
49.92 MHz
Transmitter Peak Power
35 kW
Pulse Width
135µs
Inter Pulse Period (IPP)
8 ms
Number of Bauds
9
Range Resolution
2.25 km
Antenna Size
100 m
Antenna Type
Dipole arrays
Elevation
16◦
Beam Azimuth
3.4◦
Range Coverage
200-600km
Power Aperture
177, 879 W · m2
Table 3.1. Summary of radar parameters utilized between 25 June and 3 July 2001 in
Fort Macon, North Carolina.

tion for zonal interferometer measurements with power aperture 177, 879 W · m2 .
Six 20-ft antenna towers were used to support the COCO strings. Two COCO
strings were supported per tower at 80- and 200-inch heights, defining a planar
array, each being separated by 2.5 m in the north-south direction. The bore sight
was pointed 26◦ east of true north. The half-power beamwidth of the antenna was
3.4◦ in azimuth and in elevation the gain pattern reached a maximum value in the
direction perpendicular to the geomagnetic field at E-regions heights at an elevation angle of 16◦ . A summary of the radar parameters can be found in Table 3.1.
The radar operated continuously for 24 hours from June 25 to July 3, 2001. To
date, data from 21:00 25 June 2001 to 10:00 28 June 2001, local time (LT) has
been analyzed.
At higher ranges, the radar beam can be detecting further north in the atmosphere beyond North Carolina. In order to assess what degree of variation this will
have on the simulations, measurements were taken at Fort Macon, the 200 km range
mark, and the 600 km mark. This is documented in Figures 3.10 & 3.11 & 3.12.
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Figure 3.8. Google Earth visualization of Fort Macon radar geometry.

We see that none of these parameters vary in any capacity over this range and so
the location for the simulations is fixed as if observing directly above Fort Macon.

3.5

Observational Techniques

Shorter trail durations infer less detection probability by the instrumentation, thus
this parameter will be of primary importance for this comparison. Since the simulations assume perfect reflectivity and do not account for radar geometry, the
longest trails exhibit the most idealized features and have the most reflectivity,
making them the best candidates for comparison with the simulations.
The averaged duration of the five longest trails per hour at Fort Macon were
compared against durations of simulations run via MEAD for each hour for a 62
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hour duration between 21:00 25 June 2001 to 10:00 28 June 2001.
In order to perform this comparison, two separate trail duration measurement
methods are employed.

3.5.1

Simulation Duration Measurements

As mentioned above, the main output of the MEAD numerical model is a simulated
radar RTI plot, as shown in Figure 3.1. What this RTI plot specifically shows is
the plasma instability one would expect to measure if ideally detecting a meteor
at the exact atmospheric conditions described by our atmospheric models, on 25
June 2001, with an incoming meteoroid mass of exactly 1 microgram, traveling
exactly 30 km/s. What we measure, as shown in the figure, is the maximum trail
duration. This does not usually correspond to the maximum or minimum height
of detection. The MEAD model is also capable of calculating the maximum trail
duration.

3.5.2

Data Measurements

In order to analyze the trail duration of non-specular meteors present in our 62
hour-long data set, we examine a portion of data which includes our event and the
surrounding noise. To determine the duration, we examine signal as a function of
time. A sample event is analyzed in Figure 3.9. As we can see from Figure 3.9a,
the event peak can spike orders of magnitude beyond noise level. This leaves us
with what appears to be a relatively short meteor event. In this analysis we cap the
signal level at 10,000 V 2 . This is close to the approximate noise level of 3000 V 2 .
By setting this ceiling to our observations, we lose the signal peak, which is of little
importance to us, and are able to see in great detail where the signal returns to
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noise level, thus making an accurate measurement of trail duration. This analysis
considers events with signal to noise ratio (SNR) of -3dB or higher. Figure 3.13
shows a 20 minute segment of our data from 10:00 til 10:20 UT at the -3 dB noise
floor. We can see that the shape of the events is roughly similar to that seen in
the simulations. Candidate events measured are circled in the figure. This type of
plot is available for the entire 62-hr analysis.

3.6

Analysis and Discussion

This section illustrates the degree to which the background atmospheric properties are implicit in the evolution of non-specular meteor plasma trail echoes. By
comparing trail durations of radar data against the MEAD model which explicitly
integrates atmospheric modeling, we show the significance of our planet’s upper
atmospheric contributions in our ability to predict the evolution of these trails.
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Figure 3.9. If we look at the entire meteor echo, usually the max power is so high that
the trail duration is misleading (top). By setting a cap to the signal, close to noise level
(usually approximately 3000 in this data set), we can see more accurately when the trail
echo returns down to noise level, and make a more accurate prediction of trail duration.
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Figure 3.10. The similarity of electron density from 0 range, 200 to 600 km range, we
can see no significant change over the entire 62-hour duration.
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Figure 3.11. The similarity of neutral temperature from 0 range, 200 to 600 km range,
we can see no significant change over the entire 62-hour duration.
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Figure 3.12. The similarity of horizontal wind from 0 range, 200 to 600 km range, we
can see no significant change over the entire 62-hour duration.
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Figure 3.13. A 20 minute segment of data from Fort Macon. The time ranges from
10:00 to 10:20 UT, which corresponds to 6:00 til 6:20 LT. Events used in contribution to
this analysis are circled. We search for any events with a SNR of -3 dB or higher.
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Figure 3.14. The simulated trail duration (black) versus the averaged trail durations
from Fort Macon (white) from 19:00 06/25/2001 til 15:00 06/28/2001. The gap in the
data from 6:00 to 9:00 LT is due to a data loss during that period.
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Figure 3.15. The simulated trail duration, only allowing atmospheric parameters to vary, as per Figure 3.5, shown in black
versus the averaged trail durations from Fort Macon (white) from 19:00 06/25/2001 til 15:00 06/28/2001.
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Figure 3.14 compares these simulations with the data averages from Fort Macon and both present a distinct diurnal periodicity over the 62-hour period. The
figure illustrates that by incorporating atmospheric characteristics we can begin
to emulate the peaks and valleys present in the data averages. By comparing only
the atmospheric varying parameters, as per Figure 3.5, we can see how much of the
atmosphere is implicit in these simulations. This is shown in Figure 3.15, where
the peaks tend to show greater correlation when velocity variability is excluded.
Figure 3.16 separates each individual atmospheric parameter and compares
it with the averaged trail durations. Figure 3.16 demonstrates the relationship
between duration and ionospheric electron density. Three distinct peak periods
of increase in trail duration directly falls during times when the electron densities
and neutral temperatures diurnally increase.
We can see that this variability observed in our data averages is also present
in background atmospheric parameters. It is apparent that the largest contributor
to the periodicity is the electron density, which almost perfectly matches what we
observe in the simulations and data. Neutral temperatures and horizontal winds
also play roles which we can see in the periodic fluctuations in Figure 3.16, but
do not nearly stand out as much as the background electron density.
This study shows that a relationship between the background upper atmospheric parameters and trail duration exists, with the greatest emphasis on background electron density. These results demand better accuracy in velocity modeling, as this parameter is at least equally critical to properly simulating the evolution
of these trail echoes. The current velocity model provided a solid starting point for
this analysis, but are estimates, and are not based on our data set. Between the
hours of 0-6:00 (LT) the velocities tend to decrease, as the sky would be directed
opposite the motion of Earth. From Figure 3.4 it is apparent that the decrease
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in velocity to roughly 30 km/s results in a drastic decrease in trail duration. Because incoming meteoroid velocities play a critical role in the estimation of these
trail echoes, any inaccuracy will have a vast effect on the predicted durations. This
could explain the disagreement between peaks in the simulations each day between
20-23:00 LT. A global model for meteor velocity would be invaluable for predicting
these trails worldwide.
This extended continuous data set has shed new light on the diurnal variability of meteor trail duration. It has also shown that current models are able
to anticipate this phenomenon when considering Earth’s background atmospheric
characteristics.
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Figure 3.16. Simulations shown with subsequent plots of specific atmospheric effects to
emphasize which parameters have the most significant effects on the trail duration. All
times are in local time (LT). Units for electron density are Ne/m−3 , neutral temperature
in K, and horizontal winds are in m/s.

Chapter

4

Derivation of Radar Echo Theory for
Underdense Meteor Trails
In Chapter 3, we mention that a drawback of the MEAD model is that radar
geometry is neglected. In order to improve the MEAD model, it is modified to
include radar parameters by way of the underdense specular radar equation. The
radar equation to be derived in this chapter, while useful, is subject to a variety of
assumptions. First, the radar is assumed to be monostatic, i.e. it both transmits
and receives. This means that the receiver gain and transmitter gain will be exactly
the same. We also assume that there are no system losses and that there is perfect
phase matching. This assumption can normally be adjusted for by calibrating the
radar system.

4.1

The Radar Equation

The main equation used to produce simulated underdense specular radar echoes
in the next chapter is the underdense specular radar equation (M cKinley, 1961):
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−32π 2 Dt
PT G2 (θ, φ) λ3 σe q 2 S 2 + C 2
−8π 2 r02
Exp
PR =
Exp
[W ] (4.1)
128π 3 R03
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λ2
λ2
where PR is the received power [W ], PT is the transmitted power [W ], G is
the antenna gain, λ is the radar wavelength [m], σe is the radar cross section of
a single electron [m2 ], q is the electron line density [elec/m], R0 is perpendicular
distance from the radar to the meteor trail [m], C and S are Fresnel integrals, D
is the electron diffusion coeffiient [m2 /s], and r0 is the initial radius of the plasma
column. In order to fully grasp the modeling done in the next chapter, we should
understand the fundamentals of how this equation is derived.
The derivation of the radar equation begins with a description of a radiator of
electromagnetic energy, our transmitter. The main assumption made about this
transmitter is that the radiation is isotropic, i.e. uniform in all directions.

r1

Isotropic reflector

r2

Figure 4.1. An isotropic reflector/radiator. Figure (a) assumes that the radiation is
spherically uniform in all directions, and as the radius increases, the amount received in
1
a given area drops off as 2 .
r
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G(θ,φ)
r1

Isotropic reflector

r2

Figure 4.2. An isotropic reflector/radiator which encounters a reflecting body. This
figure illustrates the the gain function.

With isotropic radiation, the power will propagate spherically outward, thus
the same amount of power must be spread over the surface area of a sphere of
constantly increasing radius, as shown in Figure 4.2. For example, let 10 W of
power be radiated, and let r1 = 1 m and r2 = 10 m. The formula for the surface
area of a sphere is 4πr2 therefore the Poynting flux at each radius is: S1 =
0.795775 W/m2 and S2 =

10 W
4π(10 m)2

10 W
4π(1 m)2

= 0.00795775 W/m2 . Power drops off as

=
1
.
r2

This also satisfies conservation of energy.
Assume that our medium of propagation is both lossless and homogenous, with
r
µ
some intrinsic impedance η =
, where µ is the magnetic permeability and  is

the electric permittivity of the medium, the Poynting flux is:

S=



Pt
2
G
(θ,
φ)
W/m
4πr2

where G is the antenna gain which satisfies the normalization condition:

(4.2)
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Z

2π

π

Z

G (θ, φ) sin θ dθ dφ = 4π
0

(4.3)

0

This condition demands that the maximum solid angle that can be occupied is a
full sphere, which is 4π steradians.
Assume that some of this power interacts with a reflecting body in the sky, at
radius r, with cross section σ. This means that the power that will be reflected is:

PRCS =

Pt
G (θ, φ) σ [W ]
4πr2

(4.4)

Let us also assume that this reflected power does so isotropically, we again are left
with a similar equation to Eq 4.2, due to a situation similar to Figure 4.2:

Sr =


PRCS 
W/m2 .
2
4πr

(4.5)

Since the same device is transmitting and receiving GR = GT = G. When a
fraction of this power is collected back at the radar, we know that the radii are
the same in both the transmitted and reflected cases, therefore

Pr =

Pt G (θ, φ) σ
Aef f [W ]
16π 2 r4

(4.6)

where Aef f is the amount of effective collecting area of the radar. For a monostatic
radar, the effective aperture size is

Aef f =
which gives

λ2 G (θ, φ)
[m2 ]
4π

(4.7)
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Pr =

Pt G2 (θ, φ) λ2 σ
[W ]
64π 3 r4

(4.8)

as the power received by a radar transmitting power Pt with gain G (θ, φ), and
wavelength λ from an object at distance r and radar cross section (RCS) σ.

4.2

Underdense Meteor Trails

M cKinley (1961) is the main source for this derivation of the equation for the
underdense specular trail equation.

Assumptions
As explained in Chapter 3, when a meteor enters the Earth’s atmosphere, it leaves
in its wake a column of ionized plasma. We assume that the column does not
expand in any capacity, nor is there any change in the population of electrons
by recombinations. Furthermore, we assume that each electron behaves as if in a
vacuum, i.e. neglecting any interaction with other electrons in the column. Also,
let the RCS of each electron be defined as

σe = 4πre2 sin2 γ

(4.9)

where γ is the angle between “the electric vector of the incident wave and the line
of sight to the receiver”. For electron backscatter, i.e. γ = 90◦ , we can calculate
the RCS of an electron to be:

 
σe = 1 × 10−28 m2

(4.10)
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Figure 4.3. A cartoon based on M cKinley (1961). This figure illustrates the geometry
of the meteor trail column which intersects with the radar beam leading to the fundamental underdense radar equation derived in this chapter. The path s described between
R0 and R will be what is known as a Fresnel zone.

4.2.1

Fresnel Zones and Underdense Equation

In the previous section, we derived the power delivered to the receiver by a single
scatterer as shown by Equation 4.8. Thus, for a single electron, our return power
is:

∆Pr =

Pt G2 (θ, φ) λ2 σe
[W ] .
64π 3 r4

(4.11)

This is only for a single electron. We must sum up all of the contributing electrons
in the column to get a realistic value for returned power. It is here that we introduce
the notion of a F resnel zone. A Fresnel zone is the length on either side of the
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column, starting from where the radar k-vector is perpendicular with the trail, as
shown in Figure 4.3 as distance s, which includes all the electrons that will radiate
in phase and contribute to the received signal.
The peak amplitude due to a single electron scatterer is

√

2Z∆PR , where Z

is the input impedance of the receiver. This leads to an instantaneous amplitude
contribution of all electrons (of line density q) in element ds (including time-varying
phase modulation) as,


p
4πR
ds
dAR = 2Z∆PR q sin 2πf t −
λ

(4.12)

which makes the contribution from the entire zone:


Z s
p
4πR
AR = 2Z∆PR q
sin 2πf t −
ds.
λ
s1

(4.13)

This integral, albeit complicated, can be simplified:

AR =

p
2Z∆PR q [C sin χ − S cos χ]

(4.14)

where we made the substitution χ = 2πf t − 4πR0 /λ and
Z

x

C=

cos πx2 2 dx

(4.15)

sin πx2 2 dx

(4.16)

x1

Z

x

S=
x1

which are commonly known as F resnel integrals, shown in Figure 4.4.
Lastly, we can represent our power PR from all of the electrons scattering inphase in the column as:
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(a)

(b)

Figure 4.4. The C and S fresnel integrals in graphical form.



PT G2 (θ, φ) λ3 σe q 2 S 2 + C 2
A2R
=
[W ]
PR =
2Z
128π 3 R03
2

4.3

(4.17)

Diffusion

If we look at the Fresnel integrals of Figure 4.4, and compare it with the underdense
meteor echo shown in Figure 2.3, we don’t see the same decaying pattern. This
comes with the inclusion of a diffusion term. If the trail were to simply exist in
a cylindrical form, it would look like Figure 4.4. However, these electrons diffuse
away from each other, especially when in the presence of a magnetic field, to be
described in the next chapter. For now, it suffices to say that if we include a
diffusion term D in the form of a decaying exponential, we finally arrive at the
form of our underdense meteor trail radar equation (McKinley 1961, Sugar 1964):
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PT G2 (θ, φ) λ3 σe q 2 S 2 + C 2
−32π 2 Dt
A2R
−8π 2 r02
=
Exp
PR =
Exp
[W ]
2Z
128π 3 R03
2
λ2
λ2
(4.18)
where r0 is the initial radius of the plasma column, typically roughly 2 m (Hess
et al, 1976). This equation will be used to model underdense specular trails,
and particularly modify the diffusion characteristic D to model turbulent plasma
diffusion.

Chapter

5

Turbulence and Simulating
Underdense Specular Echoes
The role of turbulence in the evolution of meteor trails has been the subject of
debate for some time now. A numerical model which simulates underdense specular
echoes could be used to both integrate and neglect turbulent diffusion effects and
compare the simulations with observations. This comparison addresses the issue
of turbulent plasma in underdense meteor trail echoes and provides preliminary
results that indicate turbulent diffusion as a driving factor in meteor trail evolution.
The underdense equation was derived in Chapter 4. Here we address how this
equation is implemented to determine the role of turbulence in the evolution of
these meteor trails.

5.0.1

Turbulent Diffusion

The parameter that will be the focus and variable in this analysis is the diffusion
coefficient, D, in Equation 4.18. This controls the rate at which damping occurs.
As the meteor loses its surface molecules and collides with atmospheric particles in

48
its wake, a plasma is formed, which randomly mixes en route to equilibrium. This
random motion is known as turbulence. If turbulence plays a role in the evolution
of meteor trails, the trails will be much shorter than if turbulence does not have an
effect. From M cKinley (1961) the classical equation for the diffusion coefficient
neglecting turbulence is

D = 100.067H−5.6

(5.1)

where H is the height between 80-110km. This diffusion coefficient is used in the
second panel of Figure 5.3. If the column develops Farley-Buneman/gradient-drift
(FBGD) waves (Buneman et al., 1963), they can become turbulent. FBGD waves
propagate parallel to a magnetic field in its presence. Thus, if turbulence is present
in our trails, the trail will diffuse at the parallel diffusion rate. This will result in
shorter trail durations. Otherwise, the diffusion rate will be a combination of the
parallel and perpendicular diffusion rates. This will cause the trails to be longer
in duration.
Chen (1984) defines diffusion coefficients for ions and electrons as:

Di =

kTi
mi νi

(5.2)

De =

kTe
me νe

(5.3)

where νx is species x collisional frequency with neutral particles, mx is mass of
species x, Tx is temperature of species x, and k is the Boltzmann constant. We
then define electrons diffusing transverse to the magnetic field by (Ceplecha, 1998):
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De⊥ = De

νe2
νe2 + ωe2

(5.4)

where ωe is the electron gyro-frequency. We can define our parallel and perpendicular diffusion coefficients in terms of these variables as (Cepleha, 1998):

D⊥ =

Di De⊥
Di + De⊥

(5.5)

and as ambipolar diffusion, (Chen, 1984),

Te
Dk = Di 1 +
.
Ti


(5.6)

It is these values that we will use as the parallel and perpendicular diffusion coefficients in our model.

5.1

Modeling

This numerical model is an extension and modification of the MEAD model described in Chapter 3. In this section we will explain the mechanics of the model
in slightly greater detail. This model does rely on the same atmospheric models
described in Chapter 3 and is sensitive to the same incoming meteoroid parameters. We incorporate radar geometry insofar as we define the angle of the radar
k-vector and use this in our range/height calculations.
Starting with input parameters, this model runs the MSISE model to calculate
neutral temperatures, and the IRI model to produce background electron densities.
The neutral temperatures as well as the initial mass, velocity and entry angle are
inputted into an ablation function which uses a fourth-order Runge-Kutta solver
to produce mass and velocity arrays over the entire altitude range. These are nec-
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essary as when the meteor begins to ablate it begins to lose mass. This change in
mass along with collisions with neutral particles will produce a change in velocity.
These arrays combined with the composition input are used in an ionization function along with the background particle densities to output a line density. This
line density is modified to produce line density q in the radar equation. This value
is then used to produce our output underdense echo. A flow chart of MEAD2 is
shown in Figure 5.1.

5.1.1

Line Density Estimation

Assuming a 1 µg mass, the ablation function creates a line density estimation for
each altitude range. Using simple trigonometry we are able to calculate the height
ranges that will be encompassed in a Fresnel zone on either side of the point of
perpendicularity between the radar beam and the trail. These line densities are
averaged to produce a nominal line density, q in Equation 4.18.
A sample output of our underdense model is shown in Figure 5.3. We can
see the ranges over which a meteor event is expected (non-zero line density) in
Figure 5.3(a), sample underdense echoes with absent, parallel, and perpendicular
diffusion rates in Figure 5.3 (c),(d) and (e) respectively. The figure also shows how
the diffusion coefficients vary as a function of height.

5.2

Data Analysis

Specular echoes are characterized by a short vertical line on an RTI plot. Sample
specular events are shown in Figure 2.2 in Chapter 2.
To calculate the duration of the event, an altitude range and portion of data
which includes our echo and some surrounding noise is selected. The beginning
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of the initial rise of the echo is measured as the start time. The end time is
determined when the echo returns to noise level. This is illustrated in Figure 5.4.
This event is indicative of most observed trails. Starting and ending times tend to
be straightforward, as opposed to the measuring techniques in Chapter 3, where
the return to noise level may have been slightly less obvious.
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Figure 5.1. Flow chart of numerical model.
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Incoming Meteor Trail
Fresnel
Zone

Antenna
Ground

Figure 5.2. Illustration of how we estimate the line density. Height ranges from one
Fresnel zone on either side of the height where the radar k-vector is perpendicular to the
trail are collected and line densities from these height ranges are averaged to produce a
single average line density throughout the trail.
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Figure 5.3. Sample output from MEAD2 numerical model. This sample was run for
the Coqui campaign, in Salinas, Puerto Rico in March 1998.



Figure 5.4. Sample underdense event. This figure illustrates where the beginning and end times of an underdense echo are
measured.
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5.3

Analysis and Discussion

A six hour set of observations from Fort Macon, Atlantic Beach, North Carolina
(34◦ N, 76◦ W ) between 6-11:00 UT was analyzed, which overlaps with the data
analyzed in Chapter 3. The duration of each underdense meteor echo candidate
was calculated via techniques described in the Data Analysis section.
Each individual event is compared against a height-matched simulation of both
parallel and perpendicular diffusion. These simulations look similar to events in
Figure 5.4 (d) and (e). Heights from the data are compared with a simulation run
to the nearest 5km. For events occurring at altitudes lower than 90km and higher
than 110 km, they are rounded either up or down to their nearest simulated height
range. This is due to modeled non-zero line densities in these ranges.
Figures 5.5 & 5.6 show each event with its corresponding simulation, the lefthand side comparing transverse-geomagnetic trail diffusion, and the right-hand
side comparing parallel-geomagnetic trail diffusion. Simply by visual inspection, a
significantly greater correlation with the parallel trail diffusion can be seen. This
is confirmed by a statistical analysis in Table 5.1. The table shows the average
difference between trail length and simulated trail length for both diffusion cases
for each hour, with the mean parallel diffusion difference being .15 and the nominal
perpendicular diffusion difference being .45. Standard deviation is also calculated,
with a perpendicular diffusion almost double the parallel diffusion values.
This analysis proves that turbulent parallel diffusion of the plasma shows
greater correlation with observed underdense trail duration, suggesting that turbulence plays a significant role in meteor trail evolution. Our comparison also
tests the validity of the numerical model, which provides a reasonable range of
values matching observations. By using current plasma physics and meteor the-

57
UT
Count Avg. Diff. ⊥ Avg. Diff. k St.Dev. ⊥ St.Dev. k
6 : 00
16
0.34
0.12
0.18
0.08
7 : 00
16
0.45
0.13
0.15
0.08
8 : 00
30
0.42
0.15
0.19
0.08
9 : 00
25
0.44
0.15
0.16
0.08
10 : 00
29
0.45
0.12
0.14
0.09
11 : 00
20
0.47
0.14
0.17
0.09
Table 5.1. A comparison between the average duration difference between simulation
and measured event. The difference from each event and matched simulation were calculated and averaged to produce each entry in the chart.

ory, we show via simulation that turbulent diffusion better predicts observed trail
duration.
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Figure 5.5. Comparison of underdense trail duration with height-matched simulation
durations for hours 6-8:00 UT. The left-hand column compares with perpendicular trail
diffusion, and the right-hand column compares with parallel trail diffusion. Mass is
approximated at 1 µg for all simulations.
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Figure 5.6. Comparison of underdense trail duration with height-matched simulation
durations for hours 6-8:00 UT. The left-hand column compares with perpendicular trail
diffusion, and the right-hand column compares with parallel trail diffusion.

Chapter

6

Conclusions and Future Work
6.1

Conclusions

This chapter offers some concluding words and summarizes the work presented in
this thesis.
First, a numerical model developed by Dyrud (2004) was modified to incorporate up-to-date background atmospheric models. This model was run over a vast
62 hours to compare average trail duration against observations made at Fort Macon, North Carolina (34◦ N, 76◦ W ). The five longest non-specular trails from each
hour were averaged to compare against a simulation run at each hour, representing
an ideal echo at those specific conditions. Both the data and the simulations reflect
a diurnal periodicity which stems from both velocity and atmospheric variability.
By isolating each atmospheric parameter, we are able to show that the periodic
trends match almost exactly. This indicates that our upper atmosphere plays a
large role in the evolution of non-specular trail echoes. The velocity contribution indicates a need for better velocity estimation models. The undeniable role
played by the atmosphere means that modeling accuracy is crucial to the progress
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of this field. If we can accurately model meteor trails, we can take advantage of
their atmospheric dependance and use them as small satellites to monitor upper
atmospheric phenomena.
Second, we modified this MEAD model to simulate underdense specular trail
echoes, using the radar equation derived in Chapter 4. By defining parallel and
perpendicular diffusion coefficients, we are able to elucidate the role which turbulence plays in the evolution of meteor trails. By height-matching simulations of
both diffusion types with 136 underdense specular meteor events, observed over 6
hours at Fort Macon, North Carolina (34◦ N, 76◦ W ), it becomes clear from both a
graphical and statistical perspective that turbulent diffusion more accurately models underdense specular echoes when comparing trail duration. This addresses the
issue of the role of turbulence in the evolution of meteor trails in a supportive way.

6.2

Future Work

This work has paved the way for a significant deal of future work to further our
understanding of meteors.
Two major echo types neglected in this thesis are overdense specular meteor
echoes and head-echoes. By modeling overdense specular echoes and utilizing the
head echo simulations from the MEAD model we will be able to characterize any
meteor type. This could be used to predict which type or reflection will be observed
given background atmospheric parameters and incoming meteor characteristics.
In order to continue making the predictions more accurate, the numerical model
could be modified with learning algorithms supplied with observations from the
new radar to be built at Penn State. By detecting meteors at the radar, we could
then use the numeric models to calculate physical characteristics of the incoming
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meteors.
This work could also be expanded for more comparisons over longer durations.
These exhaustive comparisons merely scratch the surface of the amount of data
available from Fort Macon in 1999 and 2001, as well as other data taken from
Salinas, Puerto Rico in 1998 and 1999. By extending these comparisons over the
course of three different years, major trends could be elucidated from the simulation
and data comparisons.
This research has shown numerical modeling as a powerful tool which can
elucidate driving factors in meteor trail evolution, which can continue to make
critical predictions about meteor trail phenomena in the future.
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