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Abstract

Meteors typically ablate from 70-130 km in altitude leaving in their wake a trail o f ionized 

plasma that moves with the surrounding neutral winds. Once formed, these trails are visible to 

impinging radar signals. This thesis utilizes meteor plasma trail observations made by the Kodiak, 

Alaska, SuperDARN radar over 2004 and 2005 to develop a technique for the estimation of 

mesospheric-lower thermospheric (MLT) winds and tides and demonstrate the capabilities o f  the 

SuperDARN radar in advancing MLT science.
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C hapter 1 Introduction

Winds result from energy transfer into and within various atmospheric regions. The 

mesosphere-lower thermosphere (MLT) is a particularly active region, so the study o f  MLT winds 

has important implications concerning the chemistry and dynamics o f atmospheric coupling. It is 

within this region that meteors typically ablate and, in doing so, they leave in their wake a trail o f  

ionized plasma that moves with the surrounding neutral atmosphere. Given that the trails reflect 

electromagnetic signals from radar, they serve as excellent tracers o f  neutral winds in the MLT 

region.

While there are multiple medium frequency (MF) meteor wind radars dedicated solely to 

the study o f  the MLT region, a large network o f  identical instruments capable o f  providing a 

global scale view o f  MLT winds could greatly enhance tidal and planetary wave studies [Hussey, 

et al., 2000]. The Super Dual Auroral Radar Network (SuperDARN) is a network o f high 

frequency (HF) radars positioned around the polar regions o f  the northern and southern 

hemispheres. The primary purpose o f  the network is to observe field-aligned plasma density 

irregularities in the E and F-regions o f the ionosphere, thereby monitoring large scale plasma 

convection in the ionosphere. However, in addition to its primary target, these radars also observe 

backscatter from meteor plasma trails [Hall, et al., 1997].

One radar in the SuperDARN network is located on Kodiak Island, Alaska. To improve 

the capabilities o f  that radar in detecting and tracking meteor plasma trails, R. Todd Parris 

designed and implemented a digital receiver and meteor detection software in 2003. At that time, 

the effectiveness o f  the radar upgrades was illustrated by presenting some preliminary meteor 

statistics and MLT wind estimates [Parris, 2003].

This thesis begins by outlining some basic physical concepts relevant to understanding the 

MLT region and radar detection o f  meteor plasma trails, followed by a detailed explanation o f  

SuperDARN. It then presents an in depth analysis o f  meteor trail echoes recorded by the Kodiak 

SuperDARN radar during the years o f 2004 and 2005. The analysis involved writing a substantial 

amount o f  signal processing software to derive parameters including statistical distributions and 

diffusion coefficients o f  the plasma trails, and culminated in an examination o f  MLT winds 

observed by the Kodiak SuperDARN over extended periods o f time.
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C hapter 2 Background

2.1 The Solar System and E arth

Exploration o f almost any aspect o f Earth’s upper atmosphere is very much a study o f the 

interactions between our planet’s environment and interplanetary space. The Earth resides in a 

highly ionized plasma that streams radially outward from the sun. This continuous flow of 

charged particles, traveling at speeds averaging about 400 km/s, pulls with it the sun’s magnetic 

field. The plasma stream is referred to as the solar wind, and the magnetic field as the 

interplanetary magnetic field (IMF). Interactions between both the plasma and the IMF with the 

terrestrial magnetic field serve not only to form the geomagnetic cavity or magnetosphere in which 

the Earth resides, but also influence ionospheric behavior. Therefore, studying the ionosphere can 

provide information about interplanetary space, and vice versa.

Figure 1. Earth’s magnetosphere as formed by the solar wind and interplanetary magnetic field 
[adapted from Kallenrode, 2004].

A magnetosphere is defined as a spatial region where the motion o f charged particles is 

governed by the planet’s magnetic field. In the Earth’s magnetosphere the relative densities o f the 

charged and neutral constituents is such that particle motion is controlled by the magnetic field 

above about 150 km in altitude. However, as the density of the neutral atmosphere increases 

closer to the planet, the relative influence o f  the magnetic field decreases and ion motion begins to 

be dominated by neutral atmosphere flow below about 120 km above Earth’s surface [Kallenrode,

2004].
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2.2

Hubble Spaoe 
_  Telescope

A tm ospheric Regions

Scientists typically describe the atmosphere in terms of 

layers or spheres, where the regions are characterized primarily by 

their temperature gradient. Figure 2, at left, is a simplified overview 

o f  the atmospheric regions o f  Earth and some o f  the phenomenon 

and scientific advancements that take place in the various regions. 

Figure 3 is a temperature profile that displays the extreme 

temperature variations that occur in the lower altitudes and classify 

the atmospheric regions. Extending from approximately 0-15 km 

above ground and containing 75% of the mass in the atmosphere is 

the troposphere. The tropospheric temperature decreases with 

altitude until reaching the tropopause. Above the tropopause is the 

stratosphere, the region in which Earth’s ozone is mostly contained, 

and where the temperature steadily increases up to the stratopause, 

which occurs at about 50-55 km. Extending from approximately 50

80 km is the mesosphere, which is the coldest region o f the 

atmosphere. Just above the mesosphere is the thermosphere ranging 

from about 90-700 km in altitude. The mesosphere and 

thermosphere contain the ionosphere, a partially ionized plasma 

consisting o f electrons and singly charged ions. The ionosphere is 

further defined by the D, E, and F-regions from roughly 50-90 km, 

90-120 km, and 120-400 km, respectively.

International 
Space Station

Space
Shuttle

30km

Noctilucent
Clouds

Meteors

W eather _ 
Balloons '

15 km

A irT ra ffic

Mt. Everest

Figure 2. Atmospheric regions of Earth [adapted from UCAR, 2004].
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Figure 3. Profile of altitude versus temperature for atmospheric regions 0-300 km highlighting 
the MLT region.

The focus o f this thesis is the altitude extent from 60-130 km, a region that will be referred 

to as the mesosphere-lower thermosphere (MLT). The chemical make-up combined with electric 

and magnetic field influences, temperature variations, and other characteristics inherent to the 

MLT region produce a very dynamic atmospheric layer. This makes it a highly desirable region to 

study, but it is relatively inaccessible because it is too high to be probed using radiosondes, yet too 

low to be probed using in situ satellites. Enter: meteor plasma trails!

Meteors ablate in the MLT region leaving in their wake trails o f ionized gas, or plasma. 

These trails serve as targets for radar signals because electrons in the plasma columns act to scatter 

incident electromagnetic waves. Since the ion-neutral collision frequency is significantly greater 

than the ion-gyro frequency in this region, the plasma trails tend to drift with the surrounding 

neutral atmosphere. Therefore, meteor plasma trails act as ‘tracers’ for neutral winds in the MLT 

region.
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2.3 R adar Detection of M eteor Plasm a Trails

Meteor plasma trails are composed o f equal numbers of ions and electrons. Ion motion is 

closely tied to the neutral gas motion in the MLT region, but radar signals detect electromagnetic 

energy that is radiated from electrons. However, electron motion is linked to ion motion, so even 

though radar signals scatter from electrons and not ions, the electron behavior does provide the 

desired information about the neutral atmosphere.

To shed some light on this topic, consider a charged particle in free space. As the 

electromagnetic field o f an incident radar signal acts on a particle, the force felt by the particle is 

primarily the electric ( E )  force, as expressed by the Lorentz equation:

F  = qE  . (2.1)

Newton’s Second Law tells us that the force exerted on a particle is equivalent to the particle mass 

times the particle acceleration,

F  = ma . (2.2)

Therefore, equations (2.1) and (2.2) show that a particle o f charge q will accelerate in the linear 

direction o f the electric field. However, the mass o f electrons is significantly smaller than the 

mass o f ions, which means that electron acceleration will be much greater than that o f the ions 

and, by Maxwell’s equations, they will radiate more power than ions. This means that radars 

detect electromagnetic energy scattered from electrons.

At the formation o f a plasma trail, ions will tend to separate from electrons, but in doing 

so, an electric field is established along with a restoring force. The electrostatic force is very large 

and prevents the separation o f electrons from ions [Hargreaves, 1979]. Therefore, radar signals, 

scattered from electrons, provide knowledge on the neutral gas motion in the MLT region.
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C hapter 3 In troduction to R adar 

3.1 Basic R adar Principles

Conceived in the early part o f the 20th century and honed during the Second World War, 

radar stands for RA dio .Detection And Ranging. It is the process o f radiating electromagnetic 

signals and detecting those signals after they are scattered off o f a target. The basic parameters of 

a target obtained by radar are range, azimuth, velocity, and scattering cross section. While radars 

can vastly differ in design and application, there are fundamental principles behind how radar 

works that are the same from one system to another.

3.1.1 Range, Velocity, and Cross Section

An electromagnetic signal can be described as a sine wave with frequency, f; amplitude, 

A; and phase, ^. Typically one or more o f these parameters is modulated and changes observed 

between the transmitted signal and received signal provide information pertaining to a particular 

target [Levanon, 1988]. For example, suppose there is a target at some range, R, from a radar 

station. The distance, or range, to the target is determined from the time, t, it takes the 

electromagnetic signal to travel from the radar to the target and back, multiplied by the velocity at 

which the signal propagates, c:

ct
R = — . (3.1)

2
In free space c is roughly 3 x 108 m/s and is a close approximation for signals propagating in the 

real atmosphere as well.

While the delay time between the transmitted and received radar signals provides range 

information, the frequency shift (Doppler) between the signals gives target velocity. A single 

radar gives line-of-sight velocity, vLOS , which is the projection o f the velocity o f a target in the

direction towards or away from a radar. Line-of-sight velocity is determined from the observed 

frequency change by

c f D
LOS ~  ^  r  ' ( 3 . 2 )

2f ,
In equation (3.2) f D is the frequency shift, or Doppler frequency, and f 0 is the frequency of the 

transmitted signal.
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Using time delays or frequency changes o f radio frequency (RF) signals to determine 

target range and velocity is relatively straight forward. However, using the power o f an echo to 

determine target characteristics is more complex. In the name o f brevity, a complete explanation 

o f echo return power is not presented here. Texts on radar theory [e.g. Levanon, 1988 or Peebles, 

1998] give thorough derivations o f the radar equation. Suffice it to say, the power received (PR) 

from an echo is dependent upon the power o f the transmitted radar signal (PT), the distance to the 

target (4kR2), the gain o f the antenna(s) (G), the effective scattering cross section o f a target (o), 

and the effective area of the radar’s receiving antenna (A):

PTG Aa

( R )
Wavelength, gain, and effective area are related by:

PR = ^ Z ^  . (3 3)

where wavelength is

A = —  , (3.4)
4n

0 c
A = f , (3.5)J0

c is the speed of light, and f 0 is the transmit frequency o f the radar. Combining equations (3.3) and 

(3.4), the basic radar equation becomes

Pt G 2A2a

PR =  m r -  • <36)
From this the scattering cross section o f a target (o) may be determined.

3.1.2 Types o f Radar

There are two primary types o f RF transmission in radar systems: pulsed and continuous 

wave. Since SuperDARN is o f the pulsed radar variety it will be the focus here. Pulsed radars 

transmit electromagnetic signals that are a train of pulses made by amplitude modulating an RF 

signal with a function that is often rectangular in nature. A visualization o f this may be found in 

Figure 4 .
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Figure 4. Modulation of continuous RF signal with rectangular function. Continuous wave at 
frequency, f  (left); rectangular modulating signal with pulse width t  and pulse separation y  (center); 
total pulsed radar signal (right).

In geophysics, radars are also classified by the type o f scatter that they observe. Coherent- 

scatter radars identify targets that have some degree o f spatial and temporal coherence and 

incoherent-scatter radars identify targets with minimal amounts o f spatial coherence. While both 

coherent-scatter and incoherent-scatter radars can measure high-latitude ionospheric convection 

flows, coherent-scatter radars can monitor a large spatial area with high spatial and temporal 

resolution. The targets most often observed by coherent-scatter radars are field-aligned plasma 

density irregularities which have a sufficient degree o f spatial and temporal coherence to provide a 

large scattering cross section (Figure 5).

m.
Radar

Electromagnetic
Signal

Magnetic 
Field Lines

Figure 5. Radar probing of field-aligned irregularities in the ionosphere [Bristow, 2004].
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3.2 SuperDARN

The Super Dual Auroral Radar Network (SuperDARN) is a system of ground-based, high- 

frequency (HF), coherent-backscatter radars strategically positioned around the northern and 

southern polar caps. Conceived in the early 1980’s by a team at Johns Hopkins University 

Applied Physics Laboratory, each o f the radars in the network is o f similar design and operation. 

The network was designed for the purpose o f measuring and studying large-scale processes in the 

magnetosphere-ionosphere system, in particular the evolution of the convection electric field 

under changing IMF conditions. However, since its implementation, it has proven successful for 

the study o f a far wider range o f magenetospheric and ionospheric phenomena, such as MLT 

winds [Greenwald, et al., 1995; Chisham, et al., 2007].

3.2.1 Locations

In the just over two decades since it was first started, SuperDARN has grown to include 

nearly twenty HF radars whose fields-of-view combine to cover extensive regions o f both the 

northern and southern hemisphere polar ionospheres. In addition to its coverage over the polar 

regions, SuperDARN is slowly expanding to mid-latitudes in an effort to extend both the areas of 

research and the magnetospheric regions that can be studied through their ionospheric conjugacy. 

The radars are operated by a number o f institutions in several different countries. A summary of 

the current operators, locations, and fields-of-view for each radar are given in Table 1.
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Table 1. Locations, fields-of-view, and operating institutions of SuperDARN radars [JHUAPL, 2008].

Northern Hemisphere Radars

w
Location Field-of-View Operating

Institution
Geographic
Coordinates

Geomagnetic
Coordinates

Rankin Inlet,
Nunavut,
Canada

' W

University of 
Saskatchewan

62.82° N 
93.11° W

72.96° N 
28.17° W

King Salmon, 
Alaska, USA I t

Communications
Research

Laboratory

58.68° N 
156.65° W

57.43° N 
100.51° E

Kodiak, 
Alaska, USA

University of 
Alaska Fairbanks

57.60° N 
152.2° W

57.17° N 
96.28° W

Prince George, 
British 
Columbia, 
Canada

w

University of 
Saskatchewan

53.98° N 
122.59° W

59.88° N 
65.67° W
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Table 1 (Continued). Locations, fields-of-view, and operating institutions of SuperDARN radars.

Northern Hemisphere Radars
Location Field-of-View Operating

Institution
Geographic
Coordinates

Geomagnetic
Coordinates

Saskatoon,
Saskatchewan,
Canada > 5

w

University of 
Saskatchewan

52.16° N 
106.53° W

61.34° N 
45.26° W

Kapuskasing,
Ontario,
Canada

W

Johns Hopkins 
Applied Physics 

Laboratory

49.39° N 
82.32° W

60.06° N 
9.22° W

Goose Bay,
Newfoundland,
Canada

Johns Hopkins 
Applied Physics 

Laboratory

53.32° N 
60.46° W

61.94° N 
23.02° E

Stokkseyri,
Iceland

LPCE/CNRS 63.86° N 
22.02° W

65.04° N 
67.33° E

Eykkvyb^r,
Iceland

IV  A

University of 
Leicester

63.86° N 
19.20° W

64.59° N 
69.65° E

Hankasalmi,
Finland

\ | v

University of 
Leicester

62.32° N 
26.61° E

59.78° N 
105.53° E

Wallops Island, 
Virginia, USA

Johns Hopkins 
Applied Physics 

Laboratory

37.93° N 
75.47° W

30.63° N 
75.52° E

Hokkaido,
Japan

Solar-Terrestrial
Environment
Laboratory

43.53° N 
143.61° E

38.14° N 
145.67° W
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Table 1 (Continued). Locations, fields-of-view, and operating institutions of SuperDARN radars.

Location

Halley Station, 
Antarctica

Sanae,
Antarctica

Syowa South, 
Antarctica

Syowa East, 
Antarctica

Field-of-View Operating
Institution

British Antarctic 
Survey

University of 
KwaZulu-Natal

National Institute 
o f Polar Research

National Institute 
o f Polar Research

Geographic
Coordinates

75.52° S 
26.63° W

71.68° S 
2.85° W

69.00° S 
39.58° E

69.01° S 
39.61° E

Geomagnetic
Coordinates

61.68° S 
28.92° E

61.52° S 
43.18° E

55.25° S 
23.00° E

55.25° S 
22.98° E
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Table 1 (Continued). Locations, fields-of-view, and operating institutions of SuperDARN radars.

Southern Hemisphere Radars
Location Field-of-View Operating

Institution
Geographic
Coordinates

Geomagnetic
Coordinates

Kerguelen
Island

CNRS /LPCE 49.35° S 
70.26° E

58.73° S 
122.14° E

Tasmania LaTrobe University 43.38° S 
147.23° E

55.31° S 
133.36° W

Unwin, New 
Zealand

H

LaTrobe University 46.51° S 
168.38° E

55.15° S 
106.54° W
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Figure 6. Illustration of ionospheric scattering of VHF and HF frequencies [Greenwald, et al., 1995].

3.2.2 Mapping Ionospheric Convection

The primary target for SuperDARN radars are field-aligned plasma density irregularities 

(FAI) in the E and F-regions o f the ionosphere. Field-aligned irregularities are simply 

concentrations o f plasma in the ionosphere that tend to remain confined to and diffuse along 

magnetic field lines, as illustrated in Figure 5. Because the irregularities are extended along field 

lines, scattering of radio signals is nearly specular, which means that signals will return to their 

source location only from normal incidence. At high latitudes, magnetic field lines are nearly 

vertical and at very high frequencies (VHF) or higher there is insufficient refraction o f the signals 

to reach perpendicularity and no signals return to the radar. At HF frequencies, however, 

ionospheric refraction causes transmitted radio signals to become orthogonal to the magnetic field 

lines and echoes from FAI are then directed back to a radar (Figure 6). In addition to magnetic 

field influences on impinging radio signals, the amount o f ionospheric refraction is dependent 

upon the plasma electron density which varies diurnally, annually, and with geomagnetic activity; 

therefore, SuperDARN must not only operate in the HF band, but must also be capable of 

operating over an extended frequency range.
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Operating in the HF band from 8-20 MHz, SuperDARN radars are able to measure the 

Doppler shift o f echoes from E and F-region density irregularities and then estimate plasma 

velocity in the ionosphere. As previously mentioned, a single radar is only capable of obtaining 

the projection o f velocities along a line-of-sight. In order to determine the actual velocity of a 

target a pair o f linearly independent line-of-sight velocities must be combined. It is for this reason 

that SuperDARN radars have overlapping fields-of-view (Figure 7). Combining velocity 

measurements of FAI detected by two radars (represented by the blue and yellow arrows) results 

in a vector velocity (represented by the red arrow). Mapping multiple vector velocities displays 

the movement of the bulk plasma flow in the E and F-regions o f the ionosphere and such plots are 

called convection maps.

Figure 7. Combining line-of-sight velocities from SuperDARN radars to map convection.
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Figure 8. SuperDARN convection flow pattern from 05:40:00-05:42:00 UT on July 18, 2004.

Typical ionospheric convection maps derived from combining observations from 

SuperDARN radars look like Figure 8. The origin o f a plasma density irregularity detected by 

SuperDARN radars is depicted by a dot (•) and a ‘tail’ ( \ ) on the dot points in the direction that 

the bulk plasma velocity is moving, while the tail length symbolizes the magnitude of the velocity. 

On such plots, the night side o f the polar cap is represented by a gray mask, which covers the 

bottom portion o f Figure 8.

The main goal o f SuperDARN is to study the evolution o f the global-scale convection 

electric field under changing conditions in the magnetosphere, not simply observe plasma 

velocity. Data from the entire network are merged together, often with data from other sources, to 

form equipotential contours by a procedure that combines a statistical pattern with available 

plasma velocity observations over a given period o f time. In Figure 8, equipotential contours are 

the solid and dashed black lines that are conveniently highlighted with red or blue gradation to 

represent the dawn and dusk convection cells, respectively. The ‘+’ and ‘ x ’ represent the 

locations o f the extreme potential values and the difference between these two extremes gives the 

total cross polar cap potential; in Figure 8 that value is 60 kV. During quiet solar times the cross 

cap potential will typically be less than 50 kV, whereas during active times the potential can reach
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up to 150 kV or more [Chisham, et al., 2007]. The green line on SuperDARN convection flow 

patterns is called the Heppner-Maynard Boundary and characterizes the size o f the convection 

zone. Convection should not occur equatorward o f this boundary.

3.2.3 Antenna Array

Antenna arrays act to increase the radiative gain o f a system in a given direction and allow 

for electronic steering o f that gain [Kraus, 1988]. The main array o f SuperDARN radars consists 

of 16 antennas that produce a main lobe o f radiation that is approximately 3.25° in azimuth and 

nominally 60° in elevation. By electronically time-delaying the transmission o f signals from one 

antenna to the next, SuperDARN radars are capable o f steering the main lobe o f radiation in 16 

directions and ultimately observing over a 52° azimuth sector. The narrow main lobe combined 

with the ability to scan it over a large region o f space allows SuperDARN to maintain decent 

spatial resolution while not restricting the area over which it is able to make observations. And 

since the delay o f signals occurs on a microsecond time scale the radars are able to scan rapidly 

through a number o f beam directions or to dwell on a single beam for an extended period 

[Greenwald, et al., 1995].

3.3 K odiak SuperDARN

The SuperDARN radar located on Kodiak Island, Alaska, is operated by the Geophysical 

Institute at the University o f Alaska Fairbanks. Similar in design to its counterparts, the Kodiak 

radar has 16 log-periodic antennas in its main array, oriented approximately poleward. Each 

antenna sits 15.24 m above ground and 15.24 m away from adjacent towers (Figure 9). Sitting 

100 m behind the main array is an interferometry or secondary array o f 4 log-periodic antennas, 

for the purpose o f calculating echo vertical angle o f arrival. The antennas in the main array are 

used for both transmitting and receiving signals while the interferometry array only receives 

signals.
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Figure 9. Top view of SuperDARN antenna array geometry.

The Kodiak SuperDARN uses Model 608 log-periodic antennas manufactured by Sabre 

Communications Corporation out o f Sioux City, Iowa. The dimensions o f that model appear in 

Figure 10. Log-periodic antennas provide approximately constant gain and impedance across a 

broad bandwidth and the particular model employed at Kodiak are specified for use from 8 to 20 

MHz with a forward gain of approximately 12 dBi for operation between 8-15 MHz and 14 dBi 

for transmissions from 15-20 MHz. Averaged over the band, the front-to-back ratio is 14 dB and 

the voltage-standing-wave-ratio (VSWR) is under 2.0. Figure 11 shows both the azimuthal and 

elevation radiation patterns o f a single antenna o f the Kodiak radar. Figure 12 shows both the 

azimuthal and elevation radiation patterns o f the entire antenna array; note that the elevation 

radiation pattern o f the linear array is the same as a single antenna.

E le m e n t L e n g th

4 .4 2 6  m  

5 .2  m

6 .128 m  

7 .2 0 4  m  -

9 .6 5 6  m  

11 .866  m

E le m e n t Spacing

} 0.73 m  

0 .86  m  

}  1.01 m

1 1  

-

1.18 m

12.09 m  >■ 1 3 9  m

1 1.23 m  

1.52 m

}
}

Figure 10. Sabre Communications Model 608 log-periodic antenna dimensions.

8 .476 m

14 .126  m

1.695 m

14 .9 4 4  m

1 .884  m
1 4 .9 4 4  m
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Figure 11. Normalized azimuthal (left) and elevation (right) radiation patterns at 10 MHz for a single 
log-periodic antenna at the Kodiak SuperDARN radar [Parris, 2003].

Figure 12. Normalized azimuthal (left) and elevation (right) radiation patterns at 10 MHz for the 16 
element linear array of log-periodic antennas at the Kodiak SuperDARN radar [Parris, 2003].

All SuperDARN radars are frequency agile, operating anywhere from 8-20 MHz. Yet, 

most, if  not all, radars are restricted to transmitting on only certain frequencies within that band. 

In the United States, the Federal Communication Commission (FCC) stipulates the allowable 

frequencies that may be used by communication systems. The FCC license granted to the Kodiak 

SuperDARN permits transmitting on 15 bands within the operating range o f the radar (Table 2) 

with an instantaneous bandwidth o f 22 kHz.
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Table 2. Frequency bands of operation for the Kodiak SuperDARN as stipulated by the FCC.

Band
Number

Start Frequency 
(MHz)

Stop Frequency 
(MHz)

Bandwidth
(kHz)

1 8 8.1 100
2 9.04 9.5 460
3 9.9 9.995 95
4 10.15 11.175 1025
5 11.4 11.650 250
6 12.05 12.23 180
7 13.41 13.6 190
8 13.8 14 200
9 14.35 14.97 620
10 15.6 16.36 760
11 17.41 17.55 140
12 18.03 18.068 38
13 18.168 18.780 612
14 18.9 19.68 780
15 19.8 19.99 190

There are 16 transmitters associated with each o f the 16 antennas in the main array o f the 

Kodiak radar. Each transmitter is rated for 600 W  of peak power making the radar capable of 

transmitting a peak power o f 9600 W. However, SuperDARN radars typically transmit about 70 

pulses per second, each around 300 ps in length, which amounts to only 201.6 W  of average 

transmitted power.

3.3.1 Pulse Sequence

SuperDARN radars transmit a multipulse sequence of unequally spaced pulses, which 

reduces range ambiguity, or range aliasing, by allowing the discrimination o f returns from 

different pulses at different distances. The pulses are separated by a multiple o f fundamental 

spacing (t ) that is typically around 1-2 ms. Pulse widths usually range from approximately 100

300 ps. One o f the multipulse sequences employed regularly by the Kodiak SuperDARN appears 

in Figure 13. This sequence includes 7 unequally spaced pulses with a fundamental pulse 

separation o f t  = 2.4 ms and pulse widths o f 300 ps.
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300 ^s
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>1 l <

0 t 9t 12t 2 0 t 22 t 26t 27 t

Figure 13. Primary pulse sequence utilized by the Kodiak SuperDARN through September 2006.

The radars transmit a pulse sequence every 100 ms. This allows for the transmission o f a 

sequence (65 ms) followed by enough time after the final pulse is transmitted for the radar to 

receive an echo from a range of 3555 km (35 ms). In normal operation the radars transmit 

sequences for 3 to 6 seconds per beam. They form the autocorrelation (ACF) and crosscorrelation 

(XCF) from the samples corresponding to each range then integrate those ACFs and XCFs and

write the result to disk. The radars then switch beam directions and search over a band of

frequencies to determine the frequency with the lowest noise level before resuming transmission.

3.3.2 Autocorrelation and Crosscorrelation

A signal received by a radar may be mathematically represented by a sinusoidal wave with 

some amplitude, A, at the transmit frequency, m0, shifted by the Doppler frequency, m, and a 

constant phase, q>, that is determined by distance from the radar to the target:

X return = A  ' cos((-0 + - ) t  + P) . (3.6)
For brevity, the constant phase can be ignored. The return signal is sampled and mixed with two 

signals having the same frequency as the transmit frequency o f the radar, but shifted by 90° from 

each other:

X m,xj = A  • cos(— t ) and X miXQ = A  • sin(®0t) . (3.7)

The mixing function in electronics is represented by multiplication in mathematics, which 

combining equations (3.6) and (3.7) gives:

X I = X return ' X  mix, = (c° s((®0 + - ) t )) and

X Q X  return * X mixQ = ( c o s ( ( ® 0  +  - ) t  ) ) ^ ( s i n ( ® 0 t ) )
(3.8)

and reduces to

X ,  = | 1 sin(2® 0 + ® )t) | + [ 1 cos(®t)| and

X „  = -cos ((2®0 + co)t) I +
(3.9)

1
2
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The received signal (equation (3.9)) is simply the sum o f two signals: one at two times the carrier 

plus Doppler frequency and one at the Doppler frequency. The higher frequency components of

the signal are filtered out, namely ̂ -2cos((2®0 + ®)t)) and ^-2sin((2®0 + ®)t)) ,leaving only the 

in-phase (I) and quadrature (Q) portions of the received signal at the Doppler frequency:

X ,  = ^  -2cos(®t)] and X q = ^ s i n —t ) ] . (3.10)

Thus, the return signal that is analyzed from this point forward is treated as a complex signal of 

the form:

X  = X ,  + jX q . (3.11)

While the process o f mixing and filtering reduces the return signal to a more tractable form, the 

desired information still remains buried. To infer any useful information from a received signal it 

is necessary to know the characteristics o f the transmitted signal. Consider a monostatic radar that 

transmits the 7-pulse pulse sequence presented in the previous section, with t  = 2.4 ms. The radar 

will transmit a pulse sequence and begin sampling. Let’s assume that the sampling frequency of 

the radar is 3.33 kHz which would correspond to a sample being taken every 300 ^s. Due to the 

characteristics o f the transmitted signal, which sent pulses at times 0t , 9t , 12t , 20t , 22t , 26t , and 

27t , the radar will group samples together that correspond to those intervals. To illustrate, let’s 

assume that the first sample taken on the return signal occurred at t = 450 ^s. If  a target were 

present in that sample then it would also appear in the samples at times t + 9t , t  + 12t , t  + 20t , 

t + 22t , t  + 26t , and t + 27t , or 22.05 ms, 29.25 ms, 48.45 ms, 53.25 ms, 62.85 ms, and 65.25 

ms, respectively. Therefore, the radar will locate and group all seven o f these samples (Figure 14).
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0t 9t 12t 20t 22t 26t 27t

I I I  I * I II I I  I * I I
(a)

Figure 14. Obtaining samples for the formation of autocorrelation and crosscorrelation functions. (a) 
A 7-pulse transmit sequence. (b) A model return signal, Xreturn. (c) Samples of the return signal, X, 
taken at some sample frequency. (d) The samples used for compiling an autocorrelation function and 
the times of those samples.

The main objective for SuperDARN is to determine plasma velocity, which is found from 

the Doppler frequency. Due to the transmission o f unequally spaced pulses, the returns detected 

by SuperDARN result in samples that do not have equal spacing in time (Figure 14d), which 

means that many common techniques for spectral estimation can not be applied directly.

Therefore, an autocorrelation function (ACF) is used to analyze SuperDARN data. An 

autocorrelation function simply describes the statistical relationship between in-phase and 

quadrature, or real and imaginary, parts o f a complex signal at two different times, denoted by:

R x x  = X  (t)X *(t + # ) , (3 .12)

where X(t) is the complex signal (equation (3.11)), and £ is simply some offset in time.
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Figure 15. Forming the auto and crosscorrelation function from unequally spaced samples.

Using the samples from Figure 14d, the ACF is formed as follows (Figure 15). Two sets 

o f the samples are aligned and then one is shifted against the other by a single sample. The two 

samples that align after one o f the sequences has been shifted are multiplied. This process of 

shifting by one sample continues until the first sample, 0t , lines up with the last sample, 27t . The 

locations at which samples overlap during the shifting process are referred to as ‘lags’ and there 

are cases where a shift does not result in any overlapping samples, resulting in missing lags. 

Figure 16 shows all possible sample combinations and resulting lags for the 7-pulse sequence 

being discussed here. Missing lags result from pulses in a transmit sequence that cannot be 

separated by certain distances, and for the sequence in Figure 16 those lags are 16, 19, 21, 23, 24, 

and 25. In addition to missing lags, there are also bad lags which occur when a target return 

happens in the same time interval a pulse is being transmitted.
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6
7
8
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14
15
16
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23
24
25
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26-27
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9-12
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0-9
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9-26
9-27
missing
0-20
missing
0-22
missing
missing
missing
0-26
0-27

Figure 16. Example multi-pulse sequence and lag chart [McWilliams, 2003].

0 9 12 20 22

When the values for each lag have been determined and plotted the ACF looks similar to 

Figure 17. This is a plot o f real ionospheric echo data from a SuperDARN radar and while only 

first 19 lags are displayed it clearly shows the 90° phase difference between the real and imaginary 

signals and a decay in signal power over time, as expected. The frequency at which the ACF 

oscillates is the frequency o f the baseband signal, or the Doppler frequency o f the target.

199B/11/24 - 11:21:06 UT Beam 3; Range Gate 59

Lag

Figure 17. Autocorrelation function of an ionospheric echo [McWilliams, 2003].
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The crosscorrelation function is determined in similar fashion to the autocorrelation 

function, but rather than providing information for target velocity it gives information for 

determining the vertical angle o f arrival for a target. It employs the use o f samples from the main 

and back array o f SuperDARN, where samples from the main antenna array are represented by X  

and samples from the back antenna array are represented by Y  in:

Rxy = X  (t )Y *(t + £). (3.13)

Phase o f the autocorrelation and crosscorrelation functions may be determined by:

T ) = tan -l RSxxS m i  * x € f  T ) = t a n . (314)

The overall phase difference, A $ , for an echo then is the sum of the differences between 

A$avg ACF and A0avg XCF for each lag, divided by the total number o f lags,

0 avg  _ ACF  T )  $  avg _ XC F  ( r )A$ = avg _ XC F  '

lags
(3.15)

This is essential for the calculation o f target angle o f arrival and ultimately the altitude.

3.3.3 Resolving Target Location: Angle o f Arrival, Range, and Altitude

Angle o f  Arrival

The antenna geometry o f SuperDARN, together with the multipulse transmission scheme, 

shapes how the radars calculate target location, velocity, and strength o f an echo. Consider two 

receiving antennas separated by some distance, d  (Figure 18). A wavefront from an echo will be 

incident upon the front antenna and back antenna at a different phase. The phase difference, A $ ,

Incident Echo Wave Front

Ground

Figure 18. Interferometry geometry for determining target angle of arrival.
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between the signal as it is detected by the two separate antennas is used to determine the 

difference in range,

(3.16)

where X is the wavelength o f the return signal. However, most radar systems use interferometry to 

measure the modulo 2n phase difference between antennas, which means that the difference in

nmge b e ^ m e s  ^ M g u ^ s  if .he sparrng ° f  trntemras, d, *  greater than W re,, .his ,s the ^ e ,

the difference in range is calculated by,

Ar = - ^ 1  + n 1 , (3.17)
2n

where n = 0,1,2,3,..., such that Ar < d  . Once a difference in range is determined, the angle of 

arrival, a, o f a target may be calculated by

There may be multiple values o f n that satisfy equation (3.17). If  there are, the angle o f arrival 

(AOA) of a target cannot be calculated with certainty and the target is considered an ambiguous 

echo. Radar systems often implement various methods in order to limit the uncertainty; for 

instance, the meteor detection software operating at the SuperDARN radar in Kodiak, AK, sets

meteors typically ablate. So even if  there are multiple values of n that satisfy the equation, if  one 

and only one value falls between the altitude region o f 70-130 km the meteor is considered 

unambiguous and is retained for analysis.

Range resolution is the ability o f a radar to distinguish between in-line targets. While it is 

primarily determined by pulse widths, the sampling frequency implemented on a radar also 

influences the accuracy with which the range o f targets may be resolved. Observe the pulse 

sequence in Figure 13. A 300 qs pulse width corresponds to a 45 km range resolution (equation 

(3.1)). Sampling a return signal from this sequence at a rate of 3.333 kHz provides one sample 

every 300 qs, which is one sample per 45 km window in space. Increasing the sampling 

frequency to 33.33 kHz provides a sample every 30 qs and allows the range resolution for point 

targets to be improved to 4.5 km without altering the transmit pulse width and sequence.

(3.18)

practical limits on possible angles of arrival that correspond to the altitude region in which

Range
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Altitude

The angle of arrival and range (equations (3.18) and (3.1)) are used to determine target 

altitude. Due to the extent o f ranges over which SuperDARN observes, the curvature o f Earth 

must be taken into account when calculating the altitude o f a target. Referring to Figure 19 and 

applying the Law o f Cosines the true altitude o f a target may be calculated by,

altitude = ^ R 2 + R e2 -  2 (  * Re)cos(« + 900) -  Re . (3 19)

Figure 19. Target altitude calculation geometry.

3.3.4 Grainy Near Range Echoes

In the mid-1990’s, it was discovered that in addition to receiving returns from ionospheric 

irregularities and ground scatter there were quasi-random echoes observed in the near ranges of 

SuperDARN radars [Hall, et al., 1997]. These echoes were called grainy near range echoes 

(GNRE) and later identified as returns from meteor plasma trails. Regardless o f auroral activity, 

the echoes typically occur from 180 to 400 km in range, but often increase to 700-800 km during 

the local morning hours (Figure 20).
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Figure 20. Range-Time-Intensity plot from the Kodiak SuperDARN showing the power of returns for 
January 5, 2005. The blue rectangle highlights the coherent echoes in the near ranges to the radar 
which were identified as meteor plasma trail echoes by Hall, et al., 1997. Note the coherence of 
meteor echoes and the slight increase in range during the local morning hours, 15:00-19:00 UT.

Meteor trails appear as point or hard targets to SuperDARN radars. Point targets are objects 

that are small relative to the range extent of a transmitted pulse and, therefore, any scatter from 

such targets will appear as a replica o f the transmitted signal o f the radar. If  SuperDARN 

transmits pulses of 300 qs in duration, and if  those pulses o f energy were to encounter a meteor 

plasma trail, the return signal would contain images o f the 300 qs transmit pulse. The frequency 

of the return would be close to the transmit frequency, but it would be Doppler shifted by an 

amount proportional to the velocity o f the meteor trail.

In order to enhance the capabilities o f the Kodiak SuperDARN radar in observing meteor 

plasma trails, a digital receiver was designed and implemented in 2003 along with meteor 

detection software [Parris, 2003]. Ultimately, the aim is to equip all of the SuperDARN radars 

with similar digital receivers and detection software and to combine meteor observations from 

each radar with a model o f the neutrals, thereby advancing the understanding o f dynamics in the 

mesosphere and lower thermosphere (Figure 21).
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Figure 21. Overlapping SuperDARN fields-of-view in the Northern Hemisphere. Only small spots in 
of each radar field (highlighted in blue) are capable of monitoring plasma movements in the MLT 
region. Nevertheless, combining observations from each radar with a model of neutrals may provide 
a clearer understanding to the processes that occur at altitudes below 150 km.
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C hapter 4 Introduction to M eteors

The region o f meteor ablation is a particularly dynamic region o f the atmosphere, varying 

greatly in electron density and temperature. Typical electron densities in the meteor region are on 

the order o f 105 cm-3 or less (Figure 22), whereas the density o f an ionized region left by a meteor 

is on the order o f 1011-1014 cm-3. It is this density difference that gives rise to the reflection of 

propagating radio signals. Thus, in the last several decades radar techniques have been 

increasingly applied to the study o f meteor plasma trails.

Figure 22. Typical electron density profile (left) and temperature profile (right) from 60-300 km 
derived from the MSIS-E-90 Atmosphere Model.

4.1 Electrom agnetic Reflectivity

The transmit pulse o f meteor radars are generally on the order o f a few hundred 

microseconds or less while meteor trails persist anywhere from a few hundred milliseconds to 

several seconds. What's more, at their formation meteor trails are typically several kilometers in 

length which is long compared to the wavelength o f a radar signal and results in specular 

reflection o f radio signals off o f the plasma trails. Therefore, in order to understand the radio 

frequency (RF) reflective properties o f meteor trails over the period o f a single transmit pulse, a 

few assumptions have been generally accepted by the meteor research community [McKinley, 

1961]:

1. A stationary column of ions and free electrons is created in the wake o f a meteor.
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2. The diameter o f that column is small in comparison with the wavelength o f the probing 

RF signal.

3. The column does not expand radially, nor do the electrons recombine, attach or diffuse. 

When a radio wave encounters a trail, if  the electron density o f the trail is low enough

such that the wave penetrates the column, the signal will be scattered by individual free electrons 

that freely oscillate. Meteor trails that meet this criteria are called underdense. Alternatively, 

overdense meteors occur if  the frequency o f the radio signal is lower than the plasma frequency of 

the trail it encounters and is therefore unable to penetrate the trail. In the latter case, electrons are 

no longer considered independent scatterers [McKinley, 1961].

Underdense meteor trails are most common because as a trail diffuses the plasma density 

decreases. The power o f echoes received from an underdense trail decay exponentially in time 

from an initial power, which makes the radar signature o f underdense trails easy to recognize 

(Figure 23). The scattering cross section o f an underdense trail is based upon that o f a free 

electron:

4ne4  . 2

T T sin Ym c
(4.1)

where e is electron charge, m is electron mass, c is the velocity o f light, and y is the angle between 

the electric vector o f the incident wave and the line-of-sight to the receiver [McKinley, 1961]. 

This expression can be used in equation (3.6), the radar equation, to estimate the power received 

by a radar from a single free electron.

Figure 23. Underdense meteor echo signature (left) versus overdense meteor echo signatures (center 
and right) [IMO, 1993].

Tim e Tim e
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Figure 24. Geometry of backscatter from a meteor trail relative to observing radar [adapted from 
McKinley, 1961].

It should come as no surprise that the echo power received from a model underdense trail 

is more complex than simply summing the scatter from all single free electrons in a trail. Figure 

24 shows the geometry o f a meteor path relative to a radar station. The instantaneous amplitude of 

an echo signal from all electrons in a line element ds o f a trail is given by

dAR = (2Z r APr )  q sin|^2nft -  -4^R j  ds (4.2)
1

where APr is the power scattered from a single trail electron, Zr is the input impedance o f the 

receiver, and q in the number o f electrons per meter of a meteor trail. Assuming q remains 

constant along the length o f the trail and integrating equation (4.2) over the length o f the trail gives 

the total field due to all electrons in the trail:

Ar = ( Z r APr )  q J sin^ 2nft -  ds . (4.3)
1

Evaluating the integral in the above equation requires an application o f the approximation 

R = R0 + ——  and transformations x  = 2nft -  4 R l .  and 2s = x(R0l ) 12 to obtain

Ar = ( A W t l  q J sin f  n x 2 >
vx - - rv j

dx . (4.4)
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2 2 n  x n x
Using the Fresnel integrals C = Jcos ^ dx and S  = Jsin ^ dx allows equation (4.4) to be

written in the form

, ( Z R APrR 0z )  , . 0 x
a r = -----------2 -----------q (c  sin x - S  cos x ) . (45)

The total power received from all o f the electrons o f a meteor trail may, therefore, be expressed as

A 2

Pr  = A A ; (4.6)2Zr
substituting AR  into equation (4.6) and reducing gives

p  = Pt G 2X v e 

R 128n3 R03

C 2 + S 2 
2

q 2 . (4.7)

The basic model for electromagnetic reflection off o f a meteor trail sufficiently describes the 

instantaneous power returned from a meteor trail. However, when observed over longer times 

than that o f a single radar pulse, some of the assumptions are violated.

When observed over longer periods o f time, plasma trails do not have uniformly 

distributed ionization along their length, they may or may not have diameters that are small 

relative to a probing radio wavelength, they do expand radially, and the electrons do recombine, 

attach, and diffuse [McKinley, 1961]. In such cases a better estimation o f meteor echo power is a 

calculation o f received power that is based upon a time-varying diffusion factor and is discussed in 

the following section.

4.2 Diffusion

While electron-ion recombination influences meteor echo power, the most important 

factor in reducing meteor detectibility and echo strength is diffusion. Consider a ball o f electrons 

sitting in a neutral gas; each electron is moving at a different velocity, in a different direction -  

colliding. It is assumed that these electrons have a Gaussian distribution o f velocities given by

f ( v )  = n , / A 0) ; (4 .8)

this same distribution is assumed across the diameter o f a meteor trail.
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When considering diffusion, the question becomes how does the number o f electrons 

change in time within a given region o f space? The standard form o f the differential equation for 

radial diffusion o f electrons in plasma is given by

dN D d (  dN \  x
H F  ~ H H r  Vr Hr j  , (4.9)

where N  is the volume density of electrons at a distance r from the center o f a trail and D  is the 

ionic diffusion coefficient [McKinley, 1961]. While little is done here in the way o f deriving 

plasma diffusion equations, further detail on the topic may be found by referring to a text such as 

McKinley [1961] or Chen [1984]; however, one solution to the above equation is

N  (r, t ) = _ T4D— ^n\^D t + r0 )
(d t+r0 2 (4.10)

where q is charge and r0is the initial radius o f the meteor trail. In short, equation (4.10) expresses 

the volume density o f electrons for a diffusive column o f free electrons as a function o f radius and 

time.

Consider Figure 25, a cross-sectional plane o f a meteor trail with uniform electron density. 

The amplitude o f an echo from an electromagnetic signal that has perpendicularly encountered a 

meteor trail is determined by the characteristics o f the corresponding cross-sectional area o f that 

trail and is represented by the following equation:

dA = 2N rdr  J^sin^2nft -  c o s# j dO . (4.11)

Evaluating the integrand above results in

dA = 2nN J 0 ( -4 n -j  rd r  sin(2nft) , (4.12)

2
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d&

Figure 25. Cross section of ionized meteor plasma trail [adapted from McKinley, 1961].

where J 0 is the zeroth-order Bessel Function. Since the wave length o f the probing radar signal is 

significantly larger than the diameter o f a given meteor trail, the return signal does not suffer a 

phase difference and the RF term in equation (4.12), namely sin(2nft), may be omitted. 

Integrating over the radius o f a trail, the total scattered amplitude from the diffusing electrons 

becomes,

A = 2 n J0°N Jo ^ j  r dr . (4.13)

The initial echo amplitude o f a trail may be approximated by considering all o f the electrons in

phase at the trail axis at time t0,

A0 = 2nJ0° Nr dr . (4.14)

With this, ascertaining the expected power o f a meteor echo is relatively straight forward. The

ratio of the meteor trail echo amplitude at any given time relative to the initial echo amplitude is 

given by:

p ( t)
2

V Ao jP (t o )
Integrating A  and A 0, equation (4.15) reduces to the following:

(4.15)

_pW  =
p (t o)

8n2r0232n2 Dt
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where the decay in echo power due to diffusion is represented by e v j and e 

represents the initial width o f the trail.

At any given time the echo power from a meteor trail may be expressed as

2 2 
n r0

12

2 2

p (,) v i2 J V i2 J p(f ) (4.17)p (t) = e v j e v j p (t0 ) .
However, the first radar measurement o f a trail does not occur when the trail is first formed at time

, rather it occurs at time ti:

( 32n2Dt] 1 ( 8n2r02 |
(4.18)

P ( t,) = e V 1  j e V 1 jP(t0 ).
The measurement at time ti then becomes the initial received power, to which all consecutive

measurements are evaluated,

/ 32n2 Dt ] ( 8n2r02

P (t)  = e v 1  j e V 1 jP(t0 ) .
P(tj ) - ( 32n2Dt11 -( 8n2r02 1 .

e ( 12 1 e ( 12 1 P (t0)
Therefore, for some initial measurement taken at time ti = 0, the echo power at time t is

(4.19)

, 32n2Dt
P H  = e
P(0)

Taking the log o f both sides reduces equation (4.20) to

32nn D
log P(t ) = --------2 1 + log P(0). (4.21)

1
This is the form o f an equation o f a line. Solving for the diffusion coefficient results in

D = - 1 T ; (4.22)
32n

where m is the slope o f the log o f observed power as a function o f time. This slope is also the 

inverse o f the decay time (t ) which for underdense meteor trails is further defined as the time 

taken for the echo power to decay by a factor o f e"2, yielding [McKinley, 1961]:

r  = — ^ (4. 23) 
16n D

While the rate o f meteor decay depends upon the diffusion coefficient of the plasma, the 

diffusion coefficient depends upon the temperature o f the plasma. For a single particle, Chen 

[1984] defines the diffusion coefficient as:

(4.20)

32n Dt
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KT
D =  , (4.24)

mv
where K  is Boltzman’s constant, T  is plasma temperature, m is the molecular mass and v is the 

collision frequency o f the species. The assumptions that meteor trails have a Gaussian distribution 

and that kinetic theory is applicable to the study o f diffusion coefficients results in

T  X
D x   ----- , (4.25)

P
where p  is atmospheric density . Therefore, if  the diffusion coefficient for a given meteor trail can 

be determined, then conclusions concerning the temperature and pressure o f the meteor region 

may be deduced.

Recent studies, however, have presented alternative solutions to the relationship between 

the diffusion coefficient, atmospheric temperature, and pressure. Jones [1995] suggests that the 

dependence is

T
D x  — ; (4.26)

P
whereas, Hocking, et al. [1997], propose

T 2
D x — . (4.27)

P
Controversy aside, the diffusion rate has a dependency upon atmospheric temperature and density. 

So it is conceivable that radar data measuring the diffusion coefficients o f meteor trains may be 

used in combination with density (or temperature) data from other sources in order to obtain 

temperature (or density) profiles for the meteor region; but deriving this information is not so 

straight forward.

The relationships among diffusion, temperature, and density presented above pertain to a 

single species o f particle. The MLT region is composed o f ions, electrons, and neutrals and their 

motions are influenced by each other and by the presence o f Earth’s magnetic field. As meteors 

ablate in the MLT region, the diffusion o f particles parallel to the magnetic field varies as a 

function o f plasma temperature, molecular mass, and collision frequency,

KT
D. = ------. (4.28)

11 mv
Based on equation (4.28), electrons tend to diffuse more rapidly than ions because o f their smaller 

mass. Yet in doing so, the electrons establish a space charge and electric field that tends to slow 

them down while speeding up the ions. Ultimately this leads to electrons and ions diffusing at the
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same rate by the process o f ambipolar diffusion. Chen [1984] defines ambipolar diffusion 

coefficient as,

UDe +MeDiDa ^ t e ^  , , (4.29)
U  + Ue

where ^  is the mobility o f ions, jj.e is the mobility o f electrons, D, is the diffusion coefficient of 

ions, and De is the diffusion coefficient o f electrons, as given by equation (4.24). The expression 

for the mobility o f a particle is

U = — , (4 30)
mv

where q is particle charge, m is the mass, and v is the collision frequency.

Alternatively, cross magnetic field diffusion for a single species is given by:

Du
D, = —

1 2 ’ (4 31)
1 + -v2

where mc and v are the particle gyrofrequency and particle collision frequency, respectively [Chen, 

1984]. Referring to Figure 26, below about 90 km in altitude the electron-neutral collision 

frequency (ve) is higher than the electron gyrofrequency (mce). Above 90 km, ve is much less than 

rnce. Conversely, the ion-neutral collision frequency (v,) is significantly higher than the ion 

gyrofrequency (rnct) over the entire MLT region. Considering these particle frequency 

characteristics with equation (4.31), the perpendicular diffusion rate o f electrons and ions below 

approximately 90 km is similar, but in the higher altitude regions the cross field diffusion rate of 

ions is more rapid than the rate o f electrons. The rapid diffusion o f ions creates a separation 

between ions and electrons above 90 km. This charge separation results in an electric field that 

slows ion diffusion and increases the cross magnetic field diffusion rate o f electrons. So again, the 

ions and electrons diffuse at the same rate by the process o f ambipolar diffusion.

In short, ionized meteor plasma trails drift with the surrounding neutral atmosphere 

because the ion-neutral collision frequency exceeds the ion gyrofrequency in the MLT region.

The ambipolar diffusion rate o f the trails is dependent upon the plasma properties o f that region, 

specifically temperature and density. And thus, the Doppler shifts o f meteor trails observed by a 

radar characterize not only the plasma velocity, but the background neutral environment.
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Figure 26. Electron and ion gyrofrequency and neutral collision frequency profiles above 
Anchorage, AK, generated by the International Reference Ionosphere (IRI) model and 
Mass Spectrometer and Incoherent Scatter (MSIS) model, respectively [Parris, 2003].
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C hapter 5 M eteor Detection and Analysis Software

5.1 M eteor Detection Software

From April 2003 through April 2006, software written in C by R. Todd Parris for the 

purpose o f detecting and tracking meteor plasma trails was operating on the Kodiak SuperDARN 

radar. During that time, the radar transmitted a sequence o f seven unequally spaced pulses with a 

fundamental spacing t = 2.4 ms and a pulse width o f 300 ps, as described in section 3.3, Figure 

13. The software collected baseband samples from two receiver channels at a rate o f 33.33 kHz, 

ten times the rate o f the typical SuperDARN sampling frequency.

The noise in the sampled signal was calculated and divided into the echo samples to 

provide a signal-to-noise (SNR) ratio for each sample. The first 200 samples in a pulse sequence 

were then scanned for meteor echoes. Limiting the search for meteor echoes to samples between 

the first and second pulse of the transmit sequence serves to avoid range aliasing problems that 

would otherwise arise; and further limiting the search to around 200 samples is beneficial because 

meteors ablate in the altitude region from 70-130 km, which corresponds to a slant range of 

approximately 100-800 km.

Because meteor echoes act as hard targets, they appear as 300 ps pulses in the baseband 

samples (Figure 27). If  a sample was found to have an SNR of 4 dB or greater, then that sample 

was considered the rising edge o f a meteor echo and a falling edge was looked for 300 ps later. If 

a falling edge was found and if  all o f the samples between the rising and falling edge maintained 

an SNR greater than 4 dB and did not fluctuate more than 50% from their average, then the 

detection was considered a meteor trail echo.
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Figure 27. Oversampled SuperDARN data samples 0 to 200 of a return signal. The first transmit 
pulse appears from sample 0 to 10 followed by two meteor returns extending from samples 53-63 and 
81-91, respectively.

Once a meteor was detected, the entire pulse sequence was searched for signatures of that 

meteor after each pulse (Figure 28). The autocorrelation and crosscorrelation functions were then 

calculated from corresponding samples. Then a line was fit to the phase as a function o f lag. A 

linear fit is used because it is assumed that the velocity o f a meteor remains constant over the 

duration o f a single pulse group, so the phase o f the ACF should increase linearly with time 

(Figure 29). The slope o f the fit is the Doppler frequency,

fD  = , (51 )dt
and allows for the calculation o f the line-of-sight velocity o f a meteor (equation (3.2)).
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Figure 28. A summary of the process of sampling for and detecting meteor plasma trail echoes 
(sample number and location not to scale).
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The phases o f the autocorrelation and crosscorrelation functions are also essential in 

determining a difference in range that arises between a target as detected by the front and back 

arrays o f the radar. Recall the geometry o f the SuperDARN antenna array as presented in section 

3.3, Figure 18. This difference in range was used to calculate the angle o f arrival o f a meteor and 

ultimately to calculate the altitude o f an echo. Taking the difference in phases between the front 

and back antenna arrays gives the change in phase o f an incident wave front:

a 0(T) = 0acf (t ) - 0xcf ( 0 .  (5.2)
The change in phase was applied to

Ar = A ^ X  + nX , (5.3)
2n

where n = 0,1,2,3,... and was incremented until Ar resulted in an altitude between 70-130 km. If 

the echo did not map into the meteor region after multiple increments in wavelength it was not 

considered a meteor echo, and if  there was more than one value of n that satisfied equation (5.3) 

than the echo was retained but considered ambiguous, meaning that it could not be said with 

certainty at what altitude the meteor ablated.

So if  the shape of a transmit pulse was detected, the echo occurred in a near range, there 

was a reasonable fit to the ACF and XCF phases, the target velocity was less than 200 m/s, and the 

altitude was between 70-130 km, then a time stamp along with average SNR, ACF, XCF, range, 

AOA, altitude, and velocity were recorded to file for the detection.

It is important to note that meteor trails will often persist for 500 ms or more. The 

transmission time of SuperDARN pulse sequences are typically around 100 ms so it was usually
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the case that the same meteor was detected by multiple pulse sequences. Therefore, multiple 

detections for the same meteor trail were often recorded to file [Parris, 2003].

5.2 M eteor Analysis Software

In post processing, detections corresponding to the same meteor trail were combined. 

W hat follows is a detailed explanation o f the process for combining radar detections into potential 

meteor echoes and deducing which echoes then meet the criteria for being an actual meteor. It 

should be noted that while the meteor detection software was operating on the Kodiak radar from 

Spring 2003 through Autumn 2006, operating modes of, or upgrades to, the radar produced data 

gaps at various intervals. As a result, the data selected for analysis in this thesis is only from the 

years 2004 and 2005.

The meteor processing software was written in IDL, a computing environment with well 

established programs and functions that allow for data analysis and visualization with relative 

ease. Files containing meteor records from the SuperDARN radar were read and consecutive 

detections that were in the same beam and range gate and within six seconds o f each other were 

combined. Table 3 contains a handful o f meteor detections and highlights those detections that 

correspond to the same meteor echo.

Table 3. A sample of meteor detections grouped into single meteor echoes.

Detection
Number Year Month Day Hour min s ms ps Beam Range Wavelength SNR

0 2004 3 1 1 0 50 459 991 8 242.46 20.42 15.40
1 2004 3 1 1 0 50 758 195 8 242.46 20.42 20.03
0 2004 3 1 1 0 50 957 53 8 237.97 20.42 18.41
0 2004 3 1 1 0 51 56 455 8 71.84 20.42 8.01
0 2004 3 1 1 0 51 56 455 8 242.46 20.42 22.02
1 2004 3 1 1 0 51 155 856 8 242.46 20.42 19.17
2 2004 3 1 1 0 51 255 257 8 237.97 20.42 17.31
3 2004 3 1 1 0 51 652 862 8 242.46 20.42 16.12
0 2004 3 1 1 0 53 540 45 8 224.50 20.42 11.35
0 2004 3 1 1 0 54 632 461 8 237.97 20.42 13.31
0 2004 3 1 1 0 55 228 425 8 228.99 20.42 10.79
0 2004 3 1 1 1 3 912 525 10 71.84 20.49 14.72
0 2004 3 1 1 1 5 502 502 10 107.76 20.49 8.25
0 2004 3 1 1 1 11 574 640 11 71.84 20.52 11.36
1 2004 3 1 1 1 11 971 746 11 71.84 20.52 13.24
2 2004 3 1 1 1 13 64 710 11 76.33 20.52 12.34
3 2004 3 1 1 1 13 561 717 11 71.84 20.52 9.80
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Recall from sections 3.3.2 and 3.3.3 that the autocorrelation and crosscorrelation functions 

are used to determine the Doppler frequency and velocity, as well as target angle o f arrival. 

Therefore, the ACFs and XCFs recorded by the radar for each detection o f a meteor were 

integrated and the integrated values were used to calculate the phase o f the return signal at both 

the front and back arrays, respectively,

h CF T )  = tan "  *XCF T )  = tan "  . (5 5)

The magnitude, or power, o f the ACF and XCF at each lag was then found by taking the square 

root o f the sum of the squares for each lag:

|A C FT ) | = VRe(Rxx T))2 + I m ( xx ( ))2 and
________________________  (5.6)

|XCF (r) | = V R eR X Y (T f + Im(RXY(Tf .

A least squares fit was completed on the ACF magnitudes and any lag that resulted in a power 

more than one standard deviation from the fit was flagged as a bad lag and was discarded. The 

phases o f the remaining lags were averaged together and the phase difference for an echo, A ^ ,

was taken as the sum o f the difference between ^  ACF and ^  XCF for each lag, divided by

the number o f good lags,

Z 0 ficvg ACF ( r ) -  $avg XCF (r) ,A$ = ----------------------------------------. (5.7)
number o f  good legs

Using the last meteor from Table 3, the above processes are illustrated in Table 4 for a 

handful o f lags. The real and imaginary, or in phase and quadrature, components recorded by the 

main array (RXX) and back array (RXY) o f the radar are listed for each detection. Those values were 

applied to equations (5.5) and (5.6) to determine the phase and magnitude o f each lag. While the 

least squares fit to the ACF magnitudes o f each detection are not shown, those lags that were more 

than one standard deviation from the fit were deemed bad lags and removed. The bad lags are 

highlighted in red on Table 4 . Finally, the phases for each good lag o f each detection were 

averaged together and for select lags these averages are shown in Table 5 . After averaging, lag 0 

was the only bad lag because the ACF magnitude o f lag 0 for each detection o f this particular 

meteor was more than one standard deviation away from the fit, lag 16 is missing as a result o f the 

pulse sequence used on the radar, and lag 18 is unavailable due to a glitch in the meteor detection 

software; this leaves 16 good lags for this meteor.
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Table 4. Calculating Oacf and Oxcf and magnitudes for the last four detections in Table 3, 
highlighting bad lags.

Lag (t) 0 1 2 3 4 • • • 16 17 18

D
et

ec
tio

n 
0

Re(Rxx) 453.00 186.38 97.25 249.75 60.25 • • • missing 176.75

U
n

a
va

ila
b

le

Im(Rxx) 0.00 -17.75 4.75 154.25 49.38 • • • missing 131.38

®ACF 0.00 -0.09 0.05 0.55 0.69 • • • missing 0.64
|ACF| 453.00 187.22 97.37 293.54 77.90 • • • missing 220.23
Re(RXY) 134.88 50.50 84.25 428.63 -47.75 • • • missing 270.88
im(Rxy) 63.50 89.63 -16.13 152.13 -89.38 • • • missing 57.75
®XCF 0.44 1.06 -0.19 0.34 -2.06 • • • missing 0.21
xCF| 149.08 102.87 85.78 454.82 101.33 • • • missing 276.96

D
et

ec
tio

n 
1

Re(Rxx) 574.13 262.88 380.88 237.75 269.25 • • • missing 250.63

U
n

a
va

ila
b

le

Im(Rxx) 0.00 42.38 69.75 -97.88 -9.38 • • • missing -36.75
®ACF 0.00 0.16 0.18 -0.39 -0.03 • • • missing -0.15
|ACF| 574.13 266.27 387.21 257.11 269.41 • • • missing 253.31
Re(RXY) -140.88 113.38 -27.50 18.25 113.25 • • • missing 122.13
Im(RxY) -403.13 14.00 -178.88 -110.88 -212.63 • • • missing -93.50

®XCF -1.91 0.12 -1.72 -1.41 -1.08 • • • missing -0.65
|xCF| 427.03 114.24 180.98 112.37 240.90 • • • missing 153.81

D
et

ec
tio

n 
2

Re(Rxx) 497.63 212.38 123.13 249.63 182.63 • • • missing 258.13

U
n

a
va

ila
b

le

Im(Rxx) 0.00 -13.00 -64.50 33.75 102.13 • • • missing 173.13

®ACF 0.00 -0.06 -0.48 0.13 0.51 • • • missing 0.59
|ACF| 497.63 212.77 139.00 251.90 209.24 • • • missing 310.81
Re(RXY) -388.50 -155.63 -132.38 -170.75 -68.25 • • • missing -136.63
Im(RxY) 125.75 82.63 85.13 136.38 114.13 • • • missing 127.13

®XCF 2.83 2.65 2.57 2.47 2.11 • • • missing 2.39
|xCF| 408.34 176.20 157.38 218.53 132.98 • • • missing 186.62

D
et

ec
tio

n 
3

Re(RXX) 265.25 158.75 222.63 140.38 125.25 • • • missing 135.00

U
n

a
va

ila
b

le

Im(Rxx) 0.00 71.50 -29.38 -48.75 -69.25 • • • missing -130.00
®ACF 0.00 0.42 -0.13 -0.33 -0.51 • • • missing -0.77
|ACF| 265.25 174.11 224.55 148.60 143.12 • • • missing 187.42
Re(RXY) -42.50 -53.75 -166.00 34.00 -194.25 • • • missing -245.63
Im(RxY) -2.50 -11.50 43.00 -7.00 -169.00 • • • missing -98.88
®XCF -3.08 -2.93 2.89 -0.20 -2.43 • • • missing -2.76
|xCF| 42.57 54.97 171.48 34.71 257.48 • • • missing 264.78

Table 5. A sampling of average autocorrelation and crosscorrelation phases for a meteor echo with 
four detections.

Lag (t ) 0 1 2 3 4 • • • 16 17 18
®avg ACF bad lag 0.0890 -0.0960 0.0990 0.2375 • • • missing 0.0795 missing
® avg XCF bad lag 0.2601 0.8864 0.4670 0.5142 • • • missing -0.2025 missing
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Figure 30. Geometry for electrical separation between front and back arrays of SuperDARN.

If there were three or more detections and ten or more good lags for a single echo then it 

was processed. The range (R) o f a meteor was taken as the average o f ranges for each detection as 

recorded by the radar. The line-of-sight velocity was found by taking the derivative o f the fit to 

the average ACF phase with respect to time, thus solving for the Doppler frequency fd) o f an 

echo, and multiplying that value by the operating wavelength (2) of the radar, divided by two:

fD (5.8)

The vertical angle of arrival and altitude of a meteor were found from the phase o f the XCF. Call 

to mind the antenna spacing and geometry o f SuperDARN and ensuing interferometric 

computations from section 3.3.3. AOA is dependent upon the difference in range (Equation (5.3)) 

o f an incident wavefront and the electrical separation (E) o f the main and back arrays o f the radar:

a  = cos 1
E

(5.9)

If a plane wave was incident parallel to the main array o f the radar, the electrical separation would 

be 100 m; alternatively, were a plane wave to approach perpendicular to the array the electrical 

separation would be 0 m. So it becomes apparent that the electrical separation o f the antenna 

arrays for SuperDARN varies as a function o f beam direction (Figure 30):

E = d  * cos(00_15); (5.10)

and, recall the array separation, d, for SuperDARN is 100 m and the separation between beam 

directions is nominally 3.25° wide, thus,

° 0-15 =[{{beamnum_ 7.5)*3.25° ) * ) j . (5.11)
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The altitude o f a meteor may then be determined by applying earth’s radius (Re), AOA, and 

average range o f an echo to

altitude = ^ R 2 + Re2 _ 2 (  * Re)cos(a + 90°) _ Re . (5 12)

Returning to the final meteor in Table 3, the meteor has 4 detections and 16 good lags. A 

summary of its parameters appear in Table 6 . The SNR values for each detection were 11.36 dB, 

12.24 dB, 12.34 dB, and 9.80 dB and they provide insight into the accuracy o f echo range 

measurements and are essential for analyzing meteor diffusion rates, as will be discussed in the 

following chapter.

Table 6. Summary of meteor parameters for the final four detections listed in Table 3.

Year 2004 Beam 11 Lambda (m) 20.52
Month 3 Number of Detections 4 Doppler (Hz) 0.962
Day 1 Number of Good Lags 16 Velocity (m/s) 9.87
Hour 1 SNRc (dB) 11.36 A® (rad) -0.34
Minute 1 SNR1 (dB) 12.24 Ar (rad) -1.11
Sec 11 SN R  (dB) 12.34 AOA (rad) 1.56
msec 574 SNR3 (dB) 9.8 Altitude (km) 72.95
psec 640 Range (km) 72.96 d  (®ACF)/dt (rad/lag) 0.0145
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C hapter 6 Results 

6.1 M eteor Statistics

On average, there are about four thousand meteors observed by the Kodiak SuperDARN 

radar every day. They are distributed in power, range, altitude, and angle o f arrival and the 

number o f meteors detected varies from morning until night and from season to season. What 

follows are brief synopses o f the distribution o f meteors in the MLT region and some findings on 

the behavior of that region as deduced from meteor plasma trails detected by the Kodiak 

SuperDARN radar.

6.1.1 Daily Distribution

The bulk o f meteor detections occur in the local morning hours when the Earth is rotating 

into particle streams, as shown in Figure 31. This is a typical plot o f the distribution o f meteors 

detected by the Kodiak SuperDARN over a 24-hour period and displays an increase in echoes 

from 12:00 -  19:00 UT, corresponding to 04:00 -  11:00 AKST.

Figure 31. Distribution of meteors detected by the Kodiak SuperDARN radar as a function 
of hour for July 18, 2004.
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6.1.2 Seasonal Distribution

While there is missing data in January and February o f 2004, a side-by-side comparison of 

the number o f daily detections over 2004 and 2005 shows a seasonal trend in observations (Figure 

32). There is a clear minimum in the number o f echoes in the winter and early spring followed by 

a peak during the summer months that tapers off through autumn.

Figure 32. The number of meteor echoes over each day of the year for 2004 (top) and 2005 
(bottom), showing seasonal variation.
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6.1.3 Meteor SNR

The accuracy to which SuperDARN measures the range and velocity o f a meteor echo is 

largely dependent upon the signal-to-noise ratio (SNR) o f returns. Levanon has a thorough 

explanation o f the accuracy o f range measurements using edge detection methods in his text, 

Radar Principles, and shows the precision to which the time o f an echo may be determined is:

(  1 ^ 2
(6.1)

4 f B 2 (SNR )
From this, the uncertainty in range may be found,

^ r  • c. (6.2)
The maximum permissible filter bandwidth, f B, for the Kodiak radar is 22 kHz. Applying 

this to equations (6.1) and (6.2) for a collection o f SNR values results in the time and range 

uncertainties displayed in Table 7 . Because the 30 ps sample rate o f the Kodiak digital receiver 

corresponds to a range resolution o f 4.5 km and the range error for SNR values lower than 4 dB is 

greater than 4.5 km, the meteor detection software eliminated detections that had an SNR less than 

4 dB [Parris, 2003].

Table 7. Time and range uncertainty for the Kodiak digital receiver.

SNR (dB) Time Uncertainty (s) Range Uncertainty (m)
0 2.27e-5 6818
2 1.81e-5 5416
4 1.43e-5 4302
6 1.14e-5 3417
8 9.05e-6 2714
12 5.71e-6 1713
16 3.60e-6 1081
20 2.27e-6 682

In post processing, the distribution o f meteor SNR values typically extended from 10 dB 

to 60 dB with a concentration around 20 dB (Figure 33), which shows that discarding meteor 

echoes with an SNR below 4 dB did not significantly reduce the number o f meteor detections. 

Referring to Table 7, the distribution o f observed SNR would yield an average uncertainty o f less 

than 680 m.
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Distribution of Meteors for day 200 of 2004
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Figure 33. Distribution of SNR values for meteors on July 18, 2004.

6.1.4 Meteor Range

The vast majority o f meteor echoes occur in ranges near to the radar with a peak at 200 

km. However, Kodiak SuperDARN meteor data from the years 2004 and 2005 show an additional 

smaller peak often appearing at 400 km which has been attributed to returns from ground scatter 

off meteor plasma trails (Figure 34).

Figure 34. Distribution of meteors as a function of range for July 18, 2004.
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Figure 35. (a) The intersection of altitude planes with the radiation pattern of SuperDARN. (b) The 
effective radiation pattern of the radar after normalizing the meteor data to the smallest area of 
observation [adapted from Parris, et al., 2004].

6.1.5 Antenna Array Radiation Pattern

As the antenna pattern spreads with range, the area over which SuperDARN observes 

expands with altitude. For this reason it is conceivable that the radar will detect a greater number 

o f meteors at higher altitude regions than at lower regions (Figure 35a). When analyzing the 

altitude distribution o f meteor echoes this is problematic, because it raises question as to whether 

the number o f detections seen at higher altitudes is due to a larger observation area or due to 

increased number o f meteors ablating at those altitudes. Thus the influence o f beam spreading 

must be accounted for when analyzing meteor trail altitude distribution.

In order to determine the difference in area that SuperDARN observes from one altitude to 

another, approximations for the antenna array pattern in both elevation and azimuth must be made. 

Imagine taking a slice o f the radar beam at any given altitude. The shape that would result is 

roughly trapezoidal. Refer to Figure 36, applying trigonometric functions and solving for x 

produces,

x  = -
hx

(6.3)
tan (« j) tan («2) ’

this is the height o f a trapezoid at altitude hi. The bases o f the trapezoid may be found by solving 

for w1 and w2 giving,

h  . _ hj
Wj = 2 -----'-j—r • sin($) and w2 = 2  j —  ̂• sin($).

sin(«2) sin(«1)

The area encompassed by the radar at a given height (h1 in this example) then becomes,

(6.4)
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Figure 36. Geometry used to explore the difference in the area observed by SuperDARN from one 
altitude to another.

area = x  ■ W + w2

Expanding equation (6.5) results in,

area = h
1 1 V sin($) sin($)

(6.5)

(6.6)
tan(cq) tan(«2 )J^ sin(«2) sin(«1)

Since the azimuth and altitude angles o f the radiation beam, namely 6, au and a2, remain constant 

from altitude to altitude, the area o f observation is purely dependent upon altitude. Therefore, in 

order to normalize the beam pattern o f SuperDARN and observe a true distribution o f meteors as a 

function o f altitude, the total number o f meteor detections at a given altitude, m, is multiplied by 

the square o f the lowest acceptable meteor altitude (70 km) divided by the square o f the altitude at 

which a group o f detections occurred,

^(70 km )2 A
mnormalized = m ■

altitudez
(6.7)

2

2
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In addition to detections coming from the main lobe o f the radar, SuperDARN sees a great 

deal o f meteors in its side lobes. Figure 12 in section 3.3 shows a 2-dimensional radiation pattern 

o f the SuperDARN antenna array in both azimuth and elevation. Plotting the number o f meteors 

as a function o f angle o f arrival models this pattern quite closely (Figure 37). Nearly 30% of the 

meteors that are detected by the radar come from directly overhead, but since there is no 

horizontal velocity component available from these detections they are analyzed separately and are 

not considered when examining mesospheric wind characteristics.

AOA
500 

400 

300 

200 

100

0 100 200 300 400 500
Number of Meteors

Figure 37. Polar plot of the number of meteors detected by the Kodiak SuperDARN radar as a 
function of angle of arrival July 18, 2004.

6.1.6 Altitude Distribution

Two plots o f the number o f meteors detected as a function o f altitude for July 18, 2004, 

appear in Figure 38. The dashed line on both plots show the number o f meteors detected without 

accounting for the radiation pattern o f the radar. The solid line represents the number o f counts 

after normalizing the data to eliminate the effects o f beam spreading on the number o f detections 

at a given altitude. In the first plot, all meteor detection were counted, regardless o f whether or 

not they had AOA ambiguity. In the second, only unambiguous meteors are included, meaning 

only those detections that map into the altitude region from 70-130 km once are retained. On
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Figure 38. Distribution of meteors detected by the Kodiak SuperDARN radar as a function of 
altitude for July 18, 2004. (a) All ambiguous and unambiguous detections. (b) Only unambiguous 
detections.

average less than 20% of the meteor echoes seen by SuperDARN are considered ambiguous 

detections and are removed from analysis. From plot (b) in Figure 38, it is inferred that the 

altitude at which the Kodiak SuperDARN unambiguously observes most meteors is around 

110 km. This inference is supported by research that shows HF radars observe a peak or altitude 

ceiling in meteor detections above 100 km, whereas traditional meteor radars operating above 

30 MHz see a peak in ablation around 90-95 km in altitude [Thomas, et al.,1986; Olsson-Steel and 

Elford, 1987].

Since there is a known dependence o f the distribution o f meteors upon the operating 

frequency o f a radar [Thayaparan, 2000] and since SuperDARN is frequency agile over a sizable 

window of the HF band, a brief examination was conducted to see if  this frequency dependence 

could be observed in the SuperDARN meteor data. Unfortunately, the results were non- 

conclusive. In order for the radar to separate meteor detections from ionospheric echoes and 

ground scatter, an echo was considered a meteor only if  it occurred between 70-130 km in altitude; 

therefore, there is simply not meteor data available from the higher altitude regions for observing a 

true altitude distribution o f meteors as a function o f frequency. Another limitation is that 

SuperDARN operates at a frequency best suited for ionospheric conditions at a given time. This 

introduces a potential bias for this study because ionospheric conditions depend on time o f day, 

meaning that SuperDARN may often be operating at a frequency o f 12 MHz during the local 

morning hours, thereby increasing the number o f meteors detected at that frequency simply 

because o f the influx of meteors at that time o f day. Despite these limitations, in viewing Figure 

39, it could be argued that since the number o f meteors detected at the highest frequency ranges
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Figure 39. Meteor distribution as a function of frequency and altitude.

(red line) o f the radar seem to fall well below the 130 km altitude limit and the number of meteors 

at lower frequencies (black, blue, and green lines) appear to top out at 130 km that were the 

altitude limit increased above 130 km perhaps a distribution would show that at higher operating 

frequencies less meteors are detected with a lower altitude ceiling, while lower operating 

frequencies might show a greater number o f meteors at higher altitude ceilings. Exploring the 

ceiling as a function o f time of day could also provide greater insight.

6.1.7 Overhead Echoes

It was anticipated that plotting meteor echoes that are detected directly overhead o f the 

radar would show a clear altitude distribution o f meteors. Two plots appear in Figure 40. The 

first plot (Figure 40a) is a distribution of all meteors that came from overhead on July 18, 2004. 

This plot again shows the unnormalized data (dashed line) and the data normalized (solid line) to 

account for the effect o f beam spreading, but it does not display a clear peak in meteor detections 

at any given altitude. The second plot (Figure 40b) eliminates all ambiguous detections for July 

18, 2004. Nearly 95% of the echoes detected directly overhead o f the radar are ambiguous 

detections, however, the few unambiguous detections that did occur on July 18, 2004, do show a 

peak altitude around 110 km. This agrees with the results found from analyzing the main lobe 

data.
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Figure 40. Distribution of meteors detected directly overhead the Kodiak SuperDARN radar as a 
function of altitude for July 18, 2004, showing both unnormalized (dashed) and normalized (solid) 
data for beam spreading affects. (a) All ambiguous and unambiguous detections. (b) Only 
unambiguous detections.

6.1.8 Ionospheric Absorption

As HF signals traverse the lower ionosphere, collisions o f electrons with the neutral 

atmospheric constituents causes energy to be lost from the signal. This energy loss, termed 

absorption, occurs primarily in the D-region and lower E-region where the electron-neutral 

collision frequency is high. The amount o f absorption depends on the plasma density in these 

regions, which is seasonally dependent.

Figure 38b showed the number o f meteors detected tends to steadily increase from 70 to 

90 km, where things seemed to stabilize until a second steady increase began from 100 to 110 km. 

It is uncertain why this trend occurs. If  absorption were playing a role, then it would be expected 

that the increase would be more prominent in the winter months when absorption is low than in 

the summer months when absorption is high. Therefore, the numbers o f meteors as a function of 

altitude were separated into seasons and plotted. The result was that the detection o f meteors as a 

function o f altitude seems not to be influenced by absorption since the shape o f the profile is not 

significantly different from season to season (Figure 41).
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Figure 41. A plot of the number of meteors over altitude as a function of season with the goal of 
observing whether or not absorption is the cause for the non-linear increase in detections up to the 
peak at 110 km.

6.1.9 Meteor Lifetimes

As previously explained, SuperDARN radars transition their main lobe o f radiation into 

16 directions and ultimately observe a 52° sector o f space. The transition from one beam to the 

next typically occurs every 3 to 6 seconds which could limit the capability o f the radar to observe 

enduring meteors if they had lifetimes longer than this time. Fortunately, the Kodiak SuperDARN 

radar often operates in a special mode to conduct collaborative ionospheric studies with the High 

Frequency Active Auroral Reseach Program (HAARP) in Gakona, AK. These studies typically 

require that the radar dwell on beam 9 for extended periods o f time.

Meteor echoes detected by beam 9 during times o f HAARP studies in 2004 and 2005 were 

collected and the lifetimes o f the echoes were explored. Lifetime is not the rate at which a meteor 

plasma trail diffuses, but rather the approximate length o f time for which a meteor trail remains 

visible to the radar. In short, the beam transitioning o f SuperDARN does not significantly limit its 

capability to observe enduring meteors as it is very rare for a meteor to last several seconds or 

longer (Figure 42).
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Figure 42. The distribution of the length of time over which meteor trails were visible in beam 9 for 
July 18, 2004. SuperDARN rarely observes meteors that persist for several seconds or longer.

6.1.10 Diffusion Coefficients

As shown in section 4.2, the rate at which a meteor diffuses (D) is related to the slope of 

the log o f observed power as a function o f time (m),

D  = - A m L . (6.8)
32n

Since power is assumed to decay exponentially over the lifetime of a meteor as defined by,

P(t ) = P(0)- e ~mt, (6.9)

solving for m results in

log(p(t) )"  log (p(0))m = (6.10)
log(e)

In order to examine diffusion rates in the mesosphere-lower thermosphere, equation (6.10) 

was applied to the SNR values for individual underdense meteor echoes. To begin, the maximum 

SNR value for a meteor was identified (Figure 43).



62

Measured SNR Values for a Single Meteor Detection

Time (ms)

Figure 43. Identifying the maximum SNR of a meteor echo.

That maximum was considered P(0) and was subtracted from each o f the SNR values obtained for 

an echo. Those results were then divided by log(e) to obtain values normalized to the peak SNR 

of a meteor (Figure 44).

Normalized SNR Values for a Single Meteor Detection

Time (ms)

Figure 44. Normalizing the SNR values of a meteor echo to the peak.

Each meteor power signature was then time shifted such that the peak power occurred at time 

t = 0, resulting in a signature that had a high initial power followed by power decay (Figure 45). 

After the peak is observed, it is assumed that the meteor is underdense and the power decrease is 

due to diffusion o f the trail.
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Normalized SNR Values Shifted to t=0

time (ms)

Figure 45. Time shifting the power signature of meteor echo to t = 0 ms.

Multiple meteors were processed in this fashion and then averaged over periods o f several hours, 

days, weeks, or months and altitude regions. Figure 46 shows a daily average o f meteor SNR 

decay for July 18, 2004, over 10 km altitude bins. Note that the fits were limited to 500 ms or 

less. This restriction was made because there are more meteor echoes with lifetimes between 

0-500 ms than there were meteors with lifetimes greater than 500 ms, thereby producing relatively 

smooth decays in SNR up to that time. The slope o f the averaged data was then used in equation

(6.8) to determine diffusion rates in the meteor region.
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Figure 46. Average meteor decay over 10 km altitude bins for July 18, 2004. Note that the fits to 
decay are limited to 500 ms as the bulk of detections have short lifetimes and there is little variation 
from one range of altitudes to the next.
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Figure 47 and Figure 48 show the distribution o f diffusion coefficients over each month of 

the year for 2004 and 2005, respectively. They range from ~2 to ~11 m2/s with a peak at ~8 m2/s. 

The rates themselves correspond to those found in previous studies [Greenhow and Neufeld, 1955] 

and the distributions agree closely with prior work in the SuperDARN community [Yukimatu and 

Tsutsumi, 2002].
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Figure 47. Distribution of diffusion coefficients observed by Kodiak SuperDARN over each month in
2004. The meteor detection software was inoperable in January and February of this year.
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Figure 48. Distribution of diffusion coefficients observed by Kodiak SuperDARN over each month in 
2005.
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Research has shown that diffusion rates increase exponentially with height through the 

meteor region and often show daily and seasonal variations [McKinley, 1961; Yukimatu and 

Tsutsumi, 2002]. Yet the Kodiak SuperDARN meteor data does not show these same trends. 

Rather, there appears to be very little variation over altitude, day, or season (Figure 49 and Figure 

50). Diffusion rates as a function of frequency were also explored and those results were 

inconclusive.
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Figure 49. Average diffusion coefficients as a function of altitude as observed by Kodiak SuperDARN 
over each month of 2004.
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Figure 50. Average diffusion coefficients as a function of altitude as observed by Kodiak SuperDARN 
over each month of 2005.
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6.2 M esospheric-Lower Therm ospheric W inds

6.2.1 Meridional and Zonal Velocities

Radars are only capable o f detecting line-of-sight velocities. In typical SuperDARN 

operation the observations from two radars with overlapping fields-of-view are combined to give a 

vector velocity. The region in which meteors are detected corresponds to the near ranges of 

SuperDARN, an area that is not typically observed by two radars (see Figure 21). In order to 

deduce some sort o f directionality o f mesospheric winds from the line-of-sight velocities of 

meteor plasma trails, the following assumptions are made, as adapted from Bristow, et al. [1999]:

1. The vertical component o f the wind is zero.

2. The wind is uniform over the area covered by the 16-beam radiation pattern of

SuperDARN.

The first assumption is made because it has been found to be generally true that the atmosphere at 

meteor altitudes is in hydrostatic equilibrium, so all vertical motions are small compared to 

horizontal motions [Holton, 1992]; the second may be made because, at the ranges where meteors 

are detected, SuperDARN observes an area that is less than 350 km in width and mesospheric 

waves and tides are typically much larger in scale.

If the wind is uniform over the area covered by the radar scan, then the line-of-sight 

velocity measurements should vary with radar beam direction as

v,. = v • et , (6.11)

where vt is the line-of-sight velocity along beam i, v  is the wind vector, and ei is the unit vector 

along beam i. The wind vector can be expressed as a north-south component and an east-west 

component, v n and ve , respectively; thus performing the dot product in equation (6.11) results in,

vt = vn cos^ -+  Ve s in^ , (6.12)

which represented in column vector form is,

(6.13)

1
o>1

cos^ o sin# 0

_v 15 _ cos# 15 sin# 15

vn

ve
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The set o f linear equations in (6.13) may be represented by a matrix equation,

d = Gm , (6.14)

where d is defined as the data vector of m observations, G as the object array, and m as the model 

vector o f n parameters. In the absence o f noise, the model vector can be found by simply 

multiplying both sides by the inverse o f G. In the presence o f noise, equation (6.14) becomes

d = Gm + n , (6.15)

so the problem is no longer deterministic and a fitted solution is required. In the case of 

SuperDARN meteor data, d is the measured line-of-sight velocities (v), G represents a projection 

on the beam directions ($), and m is the vector o f wind components (vn and ve) which may be 

solved for by employing the least squares solution [Aster, et al., 2005]

m = (g  t G )-1 G T d .

To begin, the horizontal velocity o f each meteor is calculated by

V  T D C

horz

(6.16)

(6.17)
cos (a )  ’

where vLOS is the meteor line-of-sight velocity measured by the radar, a is the angle o f arrival, and 

vhorz is the horizontal velocity component. MLT winds are not expected to change over short time 

intervals and they are assumed uniform over the area observed by SuperDARN, so individual 

horizontal velocities are averaged over each beam o f the radar per hour (Figure 51).

Figure 51. 9-day window of hourly averaged horizontal velocities (vhorz) around July 18, 2004.
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Representing the radiation pattern o f the radar in column vector form requires the 

determination o f the angle, 6, at which each beam of the radar is directed relative to true north.

The boresight for the Kodiak SuperDARN is 30° off o f true north and the width o f each beam is 

nominally 3.24°. As a result, the peaks o f each beam off o f true north for beam 0 to 15 occur 

around 5.7°, 8.94°, 12.18°, 15.42°, 18.66°, 21.9°, 25.14°, 28.38°, 31.62°, 34.86°, 38.1°, 41.34°, 

44.58°, 47.82°, 51.06°, 54.3°, respectively. For a single hour, the average horizontal velocity and 

the theta value for the corresponding beam are then applied to equation (6.12) and the average 

meridional and zonal velocities for an hour are determined (Figure 52 and Figure 53). It should be 

noted that the magnitude o f the zonal velocities is higher than the meridional velocities which 

agrees with observations o f MLT winds made by other instruments [de la Pena, et al., 2005; 

Jacobi, et al., 2008].

Figure 52. 9-day window of hourly averaged meridional velocities (vn) around July 18, 2004.

Figure 53. 9-day window of hourly averaged zonal velocities (ve) around July 18, 2004.
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In analyzing mesospheric wind velocity, one goal is to identify periodic components. 

Theoretical models o f the structure and evolution o f planetary-scale traveling waves have been 

supported by observations o f 2-day, 4-day, 5-day, 10-day, and 16-day waves in the atmosphere 

[Salby, 1984]. In the mesosphere and lower thermosphere, multiple studies have also shown 

evidence of a 9-day periodicity and 1-day (diurnal), 12-hour (semidiurnal), and 8-hour tides [Lei, 

et al., 2008; de la Pena, et al., 2005; Beldon, et al., 2006]. While each of these wave and tidal 

components has been observed in the atmosphere, they all may or may not be present in the MLT 

region nor seen by the Kodiak SuperDARN radar. In order to determine which periodicities, 

waves, and tides were present in the Kodiak MLT data from 2004 and 2005 a Fast Fourier 

Transform or FFT was applied.

An FFT is an algorithm that reveals the presence and relative strength o f periodicities in a 

set o f data. It requires a set o f input data that is equally spaced in time or frequency. With an 

average meteor velocity calculated per hour, the data set o f velocities from SuperDARN is equally 

spaced in time. To determine the dominant frequency components in the MLT wind data a 9-day 

window of velocity measurements was taken from the beginning of a year, any hourly averages 

missing in that window were interpolated, and an FFT was performed to obtain a power spectrum. 

The data window was then shifted by one day and the process o f interpolating missing 

measurements and using the FFT to obtain spectrum was repeated until an entire year o f data was 

analyzed. Spectra from each shift were then averaged together over a year.

Each o f the previously mentioned periodicities were observed at one time or another in the 

Kodiak SuperDARN data; however, the 9-day, 5-day, 2-day, diurnal, semidiurnal, and 8-hour 

were most common. Figure 54 and Figure 55 show the average power spectrum of horizontal, 

meridional, and zonal velocities for the years 2004 and 2005. The vertical lines on the plots 

correspond to the expected location o f the spectra for each o f the six primary frequency 

components sought in the wind data. Clearly the diurnal, semidiurnal, and 8-hour tides were the 

most prevalent.

6.2.2 Frequency Components
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Figure 54. Average power spectra of horizontal, meridional, and zonal velocities for 2004.
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Figure 55. Average power spectra of horizontal, meridional, and zonal velocities for 2005.
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6.2.3 Magnitude o f Waves and Tides

Performing an FFT on time series o f both meridional (vn) and zonal (ve) velocities 

identifies which frequencies contain the most power and are most prevalent in MLT winds 

detected by SuperDARN. Bristow, et al. [1999], discuss implementing those frequencies in a 

model o f the form

i t  ) = Z  ( 4  sin + Bi cos mit)
i=1

(6.18)

to retrieve wave amplitudes as a function o f time. In this model, u is an array o f velocities, N is 

the total number o f wave modes sought in the winds and rni are the corresponding wave 

frequencies. A i and Bi are the amplitudes o f the sine and cosine components o f each mode.

Thus to examine the temporal behavior o f the various wave modes, a window of data was 

taken from a year long time series o f hourly averaged meridional or zonal velocities (Figure 56). 

Any velocities in that window over 200 m/s were considered erroneous measurements and 

removed. A Levenberg-Marquardt least-squares minimization and fit was then applied using the 

model expressed in equation (6.18) with N  = 6 frequencies corresponding to 9-day, 5-day, 2-day, 

diurnal, semidiurnal, and 8-hour modes. Figure 57 displays the actual velocity measurements 

(black line) with the corresponding model (green line) for a single 12-day window of data.

Figure 56. Time series of measured meridional velocites for a 12-day window of data from 2004.
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Measured Meridional Velocities and Model
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Figure 57. Time series of measured meridional velocities (black line) and model velocities (green line) 
for a 12-day window of data from 2004.

Fitting the model to a single window of velocities resulted in an amplitude (At) and phase 

( )  for each o f the six wave frequencies. These two values were associated with their frequency 

and the hour at the center o f the window before the window shifted by a single hour and the 

procedure was repeated. This process o f fitting, shifting, and storing wave amplitude and phase 

information was completed on year long time series o f winds.

It was determined that fitting the model to a 12-day window of measured velocities 

resulted in reasonable fits for the higher frequency components o f the winds while reducing the 

influence o f lower frequency components. To combat this issue, a window of data comparable in 

length to each frequency component was used. That is to say, when exploring the influence o f the 

9-day periodicity in the winds, a 12-day window o f velocities was fit to the model; whereas for the 

5-day wave a 9-day window of velocities was used, for the 2-day wave and diurnal tide a 3-day 

window was used, and for the semidiurnal and 8-hour tides a 1-day window o f data was used.

Plots showing the magnitude o f each frequency component o f the winds for every hour of 

the year were made. It was anticipated that a strong semidiurnal tide would appear almost 

continuously throughout 2004 and 2005 along with regular, albeit smaller magnitude, diurnal and 

8-hour tides because the plots in Figure 54 and Figure 55 revealed discernible spectra for these 

tides. The semidiurnal tide certainly occurred more regularly and with higher magnitude over 

both years, but not with any striking consistency or great scale. For example, Figure 58 shows the 

magnitude o f six wave modes extracted from hourly averaged meridional meteor plasma trail 

velocities from September 18, 2004, to October 1, 2004 (year hour 6300 to 6600). In this figure
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the semidiurnal tide is clearly stronger than the other wave components. However, there are large 

periods of time during which the semidiurnal tide has similar magnitudes as the other wave 

modes, as seen in the bottom plot o f Figure 58 which ranges from November 7, 2004, to 

November 20, 2004. Similar behavior was observed over 2005 (Figure 59). Again, the wave 

modes extracted from the hourly averaged zonal velocities have generally higher magnitudes than 

the meridional, but there are few noticeable trends or major points o f interest (Figure 60 and 

Figure 61). The wind estimates were taken from averages over the entire meteor region,

70-130 km, as over smaller altitude bins hourly averaged velocities were too sparse to implement 

the techniques selected for use in this thesis.
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Figure 58. Meridional waves and tides from 2004. The top plot is of hourly data from
September 18 to October 1, 2004. The bottom plot shows hourly data from November 7 to
November 20, 2004.
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Figure 59. Meridional waves and tides from 2005. The top plot is hourly data from September
18 to October 1, 2005. The bottom is data ranging from November 7 to November 20, 2005.
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Figure 60. Zonal waves and tides from 2004. The top plot ranges from August 25 to
September 7, 2004 and the bottom plot ranges from October 2 to October 15, 2004.
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Figure 61. Zonal waves and tides 2005. The top plot ranges from August 25 to September 7, 
2005 and the bottom plot ranges from October 2 to October 15, 2005.
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Averaging the meridional and zonal wave amplitudes over every season o f 2004 and 2005 

provides further evidence in support o f meridional and zonal waves having a strong semidiurnal 

tide from season to season while also reinforcing the fact that the zonal wave modes had greater 

magnitude than the meridional. Figure 62 shows the average magnitude o f the meridional wave 

components for both years. There was a decrease in the magnitude o f the semidiurnal tide in the 

summer months and a peak o f the diurnal tide in the spring. Alternatively, Figure 63 shows the 

average magnitude o f the zonal wave components and the average magnitude o f the semidiurnal 

tide appears to decrease in the spring o f each year.
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Average Magnitude of Meridional Waves and Tides over Winter 2004 Average Magnitude o f Meridional Waves end Tides over Spring 2004

Figure 62. Seasonal averages of meridional wave and tide magnitudes for 2004 (top) and 2005 
(bottom).
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Figure 63. Seasonal averages of zonal wave and tide magnitudes for 2004 (top) and 2005 (bottom).
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C hapter 7 Sum m ary

7.1 SuperDARN, M eteor Plasm a Trails, and M LT W inds

The Super Dual Auroral Radar Network (SuperDARN) is a collaboration between 

multiple countries and institutes to operate and maintain a chain o f high frequency, coherent 

backscatter radars oriented around both the northern and southern polar caps. While the primary 

goal o f these radars is the detection o f field-aligned plasma density irregularities for the purpose of 

studying ionospheric convection, they also observe reflections from meteor plasma trails in the 

near ranges. Because meteors ablate in the altitude region from approximately 70-130 km, 

detection and tracking o f meteor plasma trails provides insight to the neutral atmosphere. 

Therefore, improving the meteor detection capabilities o f SuperDARN radars is desirable for 

advancing knowledge o f that region. In 2003, R. Todd Parris designed and implemented a digital 

receiver for the Kodiak Island, Alaska, SuperDARN radar. The meteor plasma trail data collected 

by that system over the years 2004 and 2005 were analyzed in this thesis.

The Kodiak radar observes the bulk o f meteors in the ranges near to the radar, typically 

from 100 to 300 km. It detects more meteors in the local morning hours than any other time of 

day and more meteors in the summer months than any other time of year. On average the number 

o f meteors detected by the radar peaks at an altitude o f 110 km with most o f the plasma trails 

diffusing at a rate of 8 m2/s.

Determined from meteor trail line-of-sight velocities, an average horizontal velocity was 

used to calculate meridional and zonal velocity components for every hour o f the year.

Periodicities in these plasma velocities were determined by applying the FFT algorithm. Strong 

8-hour, 12-hour, and 24-hour frequency components were found in the horizontal velocities, as 

well as in the corresponding meridional and zonal velocity components. Those frequency 

components, along with the 9-day, 5-day, and 2-day frequency components, were used in the least- 

squares fitting o f meteor velocities because each has been observed in prior studies o f MLT winds 

and regularly appeared in the spectra throughout the SuperDARN meteor data. The semidiurnal 

tide was the most prevalent wave mode observed over the years o f 2004 and 2005, though other 

modes were dominant during some intervals. Visual inspection o f the time series did not show 

obvious correlations among the various waves modes.

Various sources of error may have contributed to the results presented, including noise, 

assuming no vertical wind, and assuming uniform winds over the field-of-view. The impact of
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noise was minimized by requiring a minimum 4 dB SNR for detections. The other sources of 

error are limitations o f the technique applied to extract MLT winds and can be resolved only by 

having a second radar with a field-of-view that overlaps the common volume of observation.

7.2 Contributions to Science

The research completed here both supports and refutes previous findings within the 

SuperDARN community [Chisham, et al., 2007; Hall, et al., 1997; Yukimatu and Tsutsumi, 2002]. 

The Kodiak radar is the only radar in the network that has implemented a digital receiver with the 

goal o f improving range resolution and enhancing the capabilities o f the radar in detecting meteor 

plasma trails. All prior research has been completed using the normal data stream of the radars. 

Ultimately, the goal is to outfit each o f the SuperDARN radars with a digital receiver and begin 

researching a global scale view of MLT winds. And although there are multiple MF meteor wind 

radars throughout the world that are dedicated solely to this area o f research, a large global 

network o f identical instruments such as SuperDARN can provide additional measurements to 

greatly enhance tidal and planetary wave studies [Hussey, et al., 2000].

7.3 C urren t and F u tu re  W ork

In 2006, the Radar Operating System (ROS) was upgraded on the Kodiak SuperDARN 

and since that time the meteor detection software has been inoperable. One change in the ROS 

was how the raw samples were gathered and stored by the radar, and another was switching from a 

7-pulse multi-pulse transmit sequence to an 8-pulse sequence (Figure 64). Neither change grossly 

alters the process o f detecting meteors as discussed in section 3.3 o f this thesis. Nevertheless, 

upgrades and alterations are being made to the meteor detection software so it may be 

reincorporated into the normal operation o f the radar and better detect meteor plasma trails. For 

instance, it is believed that searching oversampled data for a peak o f the matched filter response 

rather than for a 300 ps square pulse as the signature o f a hard target will provide better accuracy 

for determining whether or not an echo is a meteor while also improving precision in range 

measurements. There is concern that changing from the 7-pulse transmit sequence to the 8-pulse 

sequence could reduce the accuracy o f the phase fitting employed in the meteor detection process 

because o f the missing lag (lag 6) introduced early in the lag sequence. Provisions have also not 

been made to distinguish between underdense and overdense meteor echoes.
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0 14 22 24 27 31 42 43

1 42-43
2 22-24
3 24-27
4 27-31
5  22-27
6 missing
7 24-31
8  14-22
9 22-31
10 14-24
11 31-42
12 31-43
13 14-27
14 0-14
15 27-42
16 27-43
17 14-31
18 24-42
19 24-43
20 22-42
21 22-43
22 0-22
23 missing
24 0-24
25 missing
26 missing
27 missing
28 14-42
29 14-43
30 missing
31 0-31
32 missing
33 missing
34 missing
35 missing
36 missing
37 missing
38 missing
39 missing
40 missing
41 missing
42 0-42
43 0-43

Figure 64. Multi-pulse sequence and lag chart implemented on all SuperDARN radars in 2006.
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In short, further modifications to or improvements upon current meteor detection and 

processing software could very well lead to more definitive and significant conclusions o f MLT 

winds and dynamics. As advancements are currently underway to make the Kodiak SuperDARN 

capable o f operating as an imaging radar, perhaps these improvements will be made. Certainly the 

ability o f the radar to determine the azimuth direction o f a target will be greatly improved, since 

previously there was no way to distinguish whether an echo had actually come from the main 

beam of the radar or from a side lobe.
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